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ELECTROCARDIOGRAM
RECONSTRUCTION FROM IMPLANTED
DEVICE ELECTROGRAMS

FIELD OF INVENTION

[0001] The present invention is related to the field of
cardiology. In one embodiment, the present invention con-
templates generating a reconstructed electrocardiogram
(rEKQ) free of extraneous electrical activity. For example,
an implanted device detects intracardiac electromyograms
(EMG’s) that are compared with a traditional surface EKG
pattern (i.e., for example, a 12-lead surface EKG; sEKG) to
calculate EMG/sEKG correlation parameters. The EMG/
sEKG correlation parameters are then used to transform the
EMG vectors into an rEKG. Such rEKGs are useful for
diagnostic and therapeutic purposes. The implanted device
may be a sensor device, a pacemaker and/or a defibrillator.

BACKGROUND OF THE INVENTION

[0002] Implanted devices are well suited for recording
intracardiac electrical potentials (i.e., for example, electro-
myograms; EMG) because they are isolated from electrical
signals from outside the body. The morphology of an EMG
reflects local and global electrical activity of the heart. There
has been a dramatic increase in the utilization of implantable
cardioverter defibrillators (ICD’s) and pacemakers and as a
result, there is an abundance of EMG information available.
However, few attempts have been made to extract informa-
tion from the EMG’s aside from the discrimination of
supraventricular (SVT) and ventricular tachycardias (VT).
One reason that these attempts have not been successful is
due to the fact that the unknown and arbitrary orientation of
the recording device prevents rapid interpretation by medi-
cal personnel.

[0003] What is needed is an electrocardiogram reconstruc-
tion technique using electrical potentials obtained from a
device implanted within a patient.

SUMMARY

[0004] The present invention is related to the field of
cardiology. In one embodiment, the present invention con-
templates generating a reconstructed electrocardiogram
(rEKG) free of extraneous electrical activity. For example,
an implanted device detects intracardiac EMG’s that are
compared with a traditional surface EKG pattern (i.e., for
example, a 12-lead surface EKG; sEKG) to calculate EMG/
sEKG correlation parameters. The EMG/SEKG correlation
parameters are then used to transform the EMG vectors into
an rEKG. Such rEKGs are useful for diagnostic and thera-
peutic purposes. The implanted device may be a sensor
device, a pacemaker and/or a defibrillator.

[0005] In one embodiment, the present invention contem-
plates a method, comprising: a) providing: 1) a traditional
electrocardiogram (sEKG) derived from skin surface elec-
trodes; i) at least one intracardiac electromyogram (EMG)
derived from an implanted cardiac device, wherein said
device is connected a plurality of electrode leads; b) com-
paring said sEKG and said EMG to obtain an EMG/sEKG
correlation parameter; and ¢) calculating a reconstructed
electrocardiogram using said correlation parameter and said
EMG. In one embodiment, the electrode leads are selected
from the group comprising right-sided leads or left-sided
leads. In one embodiment, the leads are selected from the
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group comprising extended V-leads or extended A-leads. In
one embodiment, the sEKG is collected at the same time as
said EMG. In one embodiment, the sEKG is collected at a
different time as said EMG. In one embodiment, the skin
surface electrodes are in known positions. In one embodi-
ment, the device electrode leads are in known positions. In
one embodiment, the known positions are determined by a
technique selected from the group consisting of radiography,
ultrasonography, computerized acoustic tomography, and
magnetic imaging resonance, or other imaging techniques,
including but not limited to, impedance localization, or
magnetic mapping techniques

[0006] In one embodiment, the present invention contem-
plates a system, comprising: a) an implanted cardiac device
comprising a positional sensor, wherein said device is con-
nected to a plurality of electrode leads, and wherein said
leads provide intracardiac electromyograms (EMG); b) a
computer comprising at least one microprocessor, wherein
said computer is operably linked to said cardiac device; ¢) a
plurality of EMG/sEKG correlation parameters residing on
said at least one microprocessor, wherein each parameter is
derived from differential data, from said positional sensor;
and d) an algorithm residing on said at least one micropro-
cessor, wherein said algorithm calculates a reconstructed
EKG (rEKG) using said EMG and said correlation param-
eters or is calculated through an orthogonal vectorcardio-
gram (VCG) as an intermediate. In one embodiment, the
rEKG is calculated on-demand. In one embodiment, the
rEKG is calculated automatically and continuously. In one
embodiment, the automatic calculation is performed in
respounse to alterations in said EMG. In one embodiment, the
automatic calculation is performed in response to alterations
in said positional sensor data. In one embodiment, the at
least one microprocessor further comprises a plurality of
rEKG threshold exceedances. In one embodiment, the rEKG
threshold exceedance provides a warning signal. In one
embodiment, the rEKG threshold exceedance provides a
preliminary diagnosis. In one embodiment, the method
further comprises a transmission device capable of sending
data selected from the group consisting of EMG, EMG/
sEKG correlation parameters, positional data, and rEKG to
a remote location.

[0007] A method, comprising: a) providing: i) a subject
exhibiting symptoms of a cardiac disease; ii) a system
capable of calculating a reconstructed electrocardiogram
(rEKG) specific for said subject; iii) a testing parameter
known to detect said cardiac disease; b) administering said
testing parameter to said subject under conditions such that
said rEKG detects said cardiac disease. In one embodiment,
the detected cardiac disease comprises ischemia. In one
embodiment, the method detects cardiac structural diseases,
including but not limited to, cardiac muscle diseases (i.e., for
example, pericarditis, myocarditis, etc.). In one embodi-
ment, the method detects pulmonary diseases (i.c., for
example, pulmonary embolism, pulmonary hypertension,
chronic obstructive pulmonary disease, etc.). In one embodi-
ment, the method detects central nervous system disorders
(i.e., for example, stroke, cranial bleeding, etc.). In one
embodiment, the method detects cardiac conduction system
diseases (i.e., for example, sick sinus syndrome, atrioven-
tricular nodal block of degrees 1, 2 and 3, etc.) In one
embodiment, the detected cardiac disease comprises elec-
trolyte abnormalities. In one embodiment, the detected car-
diac disease comprises a myocardial infarction. In one
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embodiment, the detected cardiac disease comprises heart
rhythm discrimination. In one embodiment, the testing
parameter comprises at least one medication. In one embodi-
ment, the testing parameter comprises a stress test. In one
embodiment, the testing parameter comprises a salt com-
plex.

DEFINITIONS

[0008] The term “traditional electrocardiogram” or “stan-
dard electrocardiogram™ as used herein is abbreviated as
“sEKG” and refers to a heart rhythm tracing generated by
collecting electrical signals from skin surface electrodes.
These sEKGs comprise the P-Q-R-S-T heart waveform
complex useful in diagnosing a variety of cardiac diseases.
[0009] The term “skin surface electrodes™ as used herein
refers to any electrically conductive material placed upon
the skin surface capable of transmitting electrical potential
information. A properly placed array of skin surface elec-
trodes connected to a conventional electrocardiograph
device can result in the production of an sEKG.

[0010] The term “intracardiac electromyogram” as used
herein is abbreviated as “EMG” and refers to a cardiac
muscle contractility tracing generated by collecting electri-
cal signals from electrode leads placed in specific heart
locations. These EMGs comprise relative contraction/relax-
ation rates for each heart location useful in diagnosing a
variety of cardiac disorders.

[0011] The term “electrode leads™ as used herein refer to
any electrically conductive material placed on the exterior or
interior surface of a heart muscle (i.e., for example, ven-
tricular muscle and/or atrial muscle) capable of transmitting
electrical potential information. A properly placed array of
electrode leads connected to an implanted cardiac device
(i.e., for example, a defibrillator and/or a pacemaker) can
result in the production of an EMG.

[0012] The term “EMG/SsEKG correlation parameter” as
used herein refers to a product of an algorithm comprising
EMG and sEKG data calculations. This algorithm may vary
depending upon the relative positioning of the heart within
the chest cavity of the same subject (i.c., for example, an
EMG/SEKG correlation parameter taken in the supine posi-
tion will differ from an EMG/sEKG correlation parameter
taken in the standing position). Consequently, the correlation
parameter may be used to correct for an unknown electrode
lead position in order to provide an rEKG.

[0013] The term “reconstructed electrocardiogram” as
used herein is abbreviated as “rEKG” and refers to the
generation of a conventional P-Q-R-S-T heart waveform
pattern by utilizing an algorithm based upon an EMG/sEKG
correlation parameter and EMG data.

[0014] The term “implanted cardiac device” as used herein
refers to any device capable of providing functional heart
data. For example, such a device may comprise a pacemaker,
a defibrillator or other sensor device. Further, these devices
may also comprise a positional sensor that is calibrated to
detect gravitational forces such that the anatomical position-
ing of the heart may be determined. Such devices may be
hardwired, or preferably are wireless, to support data com-
munication with remote data collection devices (i.e., for
example, a desktop computer and/or laptop computer). An
implanted cardiac device is operably connected to a plurality
of electrode leads capable of two-way electrical signal
transmission. For example, electrode leads may include, but
are not limited to, right-sided leads (contacting the right side
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of the heart), left-sided leads (contacting the left side of the
heart), extended V-leads (contacting the ventricle) and/or
extended A-leads (contacting the atria).

[0015] As used herein, the term “atria” refers to the upper
principal cavity of the heart auricle (i.e., the sinus venosus)
and is situated posteriorly to the smaller cavity of the auricle,
the appendix auricula. The human heart comprises two atria,
one on the left side of the heart and a second on the right side
of the heart. Consequently, the term “atrial” references any
matter of, or concerning, either one or both atria.

[0016] As used herein, the term “ventricle” refers to the
lower. and largest, compartment of the heart. The human
heart comprises two ventricles, one on the left side of the
heart and a second on the right side of the heart. Conse-
quently, the term “ventricular” references any matter of, or
concerning, either one or both ventricles.

[0017] The term “at the same time” as used herein refers
to the collection of different data sets in near real-time.
While not necessarily simultaneously, it is preferred that
such data sets are collected within 5-100 msec, preferably
within 25-75 msec, and most preferably within 30-50 msec
of each other.

[0018] The term “at different times” as used herein refers
to the collection of different data sets separated in time. For
example, such time separations may include, but are not
limited to, minutes, hours, days and/or years.

[0019] The term “computer” as used herein refers to any
device capable of performing serial and/or parallel math-
ematical calculations utilizing an algorithm (e, for
example, a software program) that resides within the device.
Generally, such algorithms reside on a plurality of micro-
processors that are in electrical communication with the
computer, wherein the microprocessors can receive, store,
and transmit data.

[0020] As used herein, the term “microprocessor” refers to
a programmable digital electronic component that incorpo-
rates the functions of a central processing unit on a single
semi-conducting integrated circuit.

[0021] As used herein, the term “storage memory” refers
to any electronic means that is capable of retaining digitized
information or computer software programs. The digitized
information may be binary or complex formulas or equa-
tions capable of receiving, and processing, input from atrial
or ventricular sensing leads.

[0022] The term “differential data” as used herein refers to
the comparison of two or more data sets describing the same
endpoint but under dissimilar environmental conditions. For
example, the calculation of an EMG/SsEKG correlation
parameter when a subject is supine, represents differential
data when compared to the calculation of an EMG/SEKG
correlation parameter with the same subject is standing.
[0023] The term “on-demand” as used herein refers to an
instruction to perform an rEKG calculation a single time.
Such an instruction is generally provided by a medical
technician, doctor, and/or patient in response to an unex-
pected medical condition, or as part of an expected testing
protocol.

[0024] The term “automatically” as used herein refers to
an instruction to perform an rEKG calculation whenever
specific, pre-identified, conditions exist. Such conditions
may be part of an algorithm residing on a computer micro-
processor that trigger the calculation of an rEKG. The series
of rEKGs are then placed in memory storage for later
retrieval.
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[0025] The term “threshold exceedances™ as used herein
refers to any preset limit for a physiological condition
reflected by an rEKG value. Generally, when such preset
limits are exceeded a subject’s medical condition has been
significantly altered that may, or may not, require medical
attention. For example, a threshold exceedance may signal a
warning that medication administration is overdue. Alterna-
tively, a threshold exceedance may provide sufficient infor-
mation such that medical personnel can establish a prelimi-
nary diagnosis for a suspected cardiac disease.

[0026] The term “symptom” as used herein refers to any
alteration of a measurable biological response (i.e., for
example, respiration, heart rate, blood cell count, hormone
levels etc.) that are outside normal limits as generally
accepted by the medical profession.

[0027] The term “cardiac disease” as used herein refers to
any alteration of heart function based upon parameters
including, but not limited to, electrical and/or muscular
balance. Specific cardiac diseases may include, but are not
limited to, myocardial infarction, ischemic cardiomyopathy,
angina pectoris, heart rhythm arrhythmias, tachycardias,
congestive heart failure, and/or atrial fibrillation, nerve
conduction disorders, thrombophilia, atherosclerosis, hyper-
tension, arteriosclerosis, cardiomyopathy, hypertension,
and/or arterial or venous stenosis, or valvular heart disease

[0028] “Symptoms of cardiac disease” as used herein
refers to any clinical manifestation of a disease state asso-
ciated with the heart and the central or peripheral arterial and
venous vasculature. For example, said clinical manifesta-
tions include, but are not limited to pain, weakness, high
blood pressure, elevated plasma cholesterol, elevated
plasma fatty acids, tachycardia, bradycardia, abnormal elec-
trocardiogram, external or internal bleeding, headache, diz-
Ziness, nausea and vomiting. Thus, a patient suffering from,
or exhibiting symptoms of, cardiovascular disease may
detect certain symptoms (i.e., pain), while other symptoms
may not be noticeable to the patient, but are detectable by a
health care provider (i.e., elevated blood pressure).

[0029] As used herein, the term “patient” or “subject”
refers to a human or non-human organism that is either
symptomatic or asymptomatic for cardiovascular disease.
Preferably, a human patient is under the supervision of a
physician or hospitalized.

[0030] As used herein the phrase, “patients at risk for
cardiac disease” refer to patients who have an increased
probability, as compared to the general population, of devel-
oping some form of cardiac disease in their lifetime. Patients
at risk for cardiac disease generally have one or more risk
factors for cardiac disease. Risk factors for cardiac disease
include, but are not limited to, a history of smoking, a
sedentary lifestyle, a family history of cardiovascular dis-
ease, lipid metabolic disorders, diabetes mellitus and obe-
sity.

[0031] The term “testing parameter” as used herein refers
to any substance or activity that modifies heart function such
that an underlying cardiac disease may be detected. For
example, the administration of a medication may detect
angina and/or ischemia (i.e., for example, nitroglycerin).
Alternatively, administering a subject to a treadmill stress
test may detect a risk for myocardial infarction. Further,
administering a subject a salt complex (i.e., for example, a
mixture of sodium chloride and potassium chloride) may
detect electrolyte imbalances.
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[0032] As used herein, the term “system” refers to any
integrated single device, or multiple devices connected
together, that function in a coordinated manner to produce a
desired result. One example illustrated herein, describes a
system that calculates an rEKG in real-time with the col-
lection of EMG data.

[0033] As used herein, the term “algorithm” refers to a
precise list of precise steps, and/or a finite list of well-
defined instructions, for accomplishing some task that, given
an initial state, will terminate in a defined end-state.
[0034] The term “augmented vector right” or “AvR” as
used herein, refers to any electrode lead having a positive
electrode on the right arm. The negative electrode comprises
a combination of the left arm electrode and the left leg
electrode, which “augments” the signal strength of the
positive electrode on the right arm. The “AvR” represents
one (1) of the standard twelve (12) projections of the 12-lead
EKG.

[0035] The term “augmented vector left” or “AvL.” as used
herein, refers to any electrode lead having a positive elec-
trode on the left arm. The negative electrode comprises a
combination of the right arm electrode and the left leg
electrode, which “augments” the signal strength of the
positive electrode on the left arm. The “AvL” represents one
(1) of the standard twelve (12) projections of the 12-lead
EKG.

[0036] The term “augmented vector foot” or “AvF” as
used herein, refers to any electrode lead having a positive
electrode on the left leg. The negative electrode is a com-
bination of the right arm electrode and the left arm electrode,
which “augments” the signal of the positive electrode on the
left leg. The “AvF” represents one (1) of the standard twelve
(12) projections of the 12-lead EKG.

BRIEF DESCRIPTION OF THE FIGURES

[0037] FIG. 1 depicts a cutaway drawing of an exemplary
human heart showing the configuration of one embodiment
of dual chamber implantable cardiac pacer/defibrillator.
[0038] FIG. 2 shows an exemplary normal sinus rhythm
tracing in a mouse.

[0039] FIG. 3 presents an exemplary data comparison of a
pig rEKG tracing taken from Lead 1 of an implanted
defibrillator with its paired SEKG tracing.

[0040] FIG. 4 presents an exemplary data comparison of a
pig rEKG tracing taken from Lead III of an implanted
defibrillator with its paired SEKG tracing.

[0041] FIG. 5 presents an exemplary data comparison of a
pig rEKG tracing taken from Lead V1 of an implanted
defibrillator with its paired SEKG tracing.

[0042] FIG. 6 depicts the superimposed tracings of
recorded (blue) and reconstructed (red) EKG tracings
obtained from three EKG projections (AvR, AvL and AvF)
in human patients implanted with a defibrillator. Each EKG
reconstruction represents 700 matrix relationships.

[0043] FIG. 7 depicts the superimposed tracings of
recorded (blue) and reconstructed (red) EKG tracings
obtained from three EKG projections (AvR, AvL and AvF)
in human patients implanted with a defibrillator. Each EKG
reconstruction represents 100 matrix correlations.

DETAILED DESCRIPTION

[0044] The present invention is related to the field of
cardiology. In one embodiment, the present invention con-
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templates generating a reconstructed electrocardiogram
(rEKQG) free of extraneous electrical activity. For example,
an implanted device detects intracardiac electrograms
(EMG’s) that are compared with a traditional surface EKG
pattern (i.e., for example, a 12-lead surface EKG; sEKG) to
calculate EMG/SsEKG correlation parameters. The EMG/
sEKG correlation parameters are then used to transform the
EMG vectors into an rEKG. Such rEKGs are useful for
diagnostic and therapeutic purposes. The implanted device
may be a sensor device, a pacemaker and/or a defibrillator.

1. Heart Function

[0045] The operation of the heart is regulated by electrical
signals produced by the heart’s sinoatrial (SA) node. Each
signal produced by the SA node spreads across the atria and
ventricles of the heart, depolarizing the muscle fibers as it
spreads. Atrial and ventricular contractions occur as the
signal passes. After contracting, the myocardial cells repo-
larize during a short period of time, returning to their resting
state. Once repolarized, the muscle cells are ready to be
depolarized again by a signal from the SA node.

[0046] At rest, the normal adult SA node produces a signal
approximately 60 to 85 times a minute, causing the heart
muscle to contract, and thereby pumping blood to the
remainder of the body. This constitutes the repetitive, cyclic
behavior of the heart. Fach cycle in the operation of the heart
is called a cardiac cycle.

[0047] Atrial geometry, atrial anisotropy, and histopatho-
logic changes in the left or right atria can, alone or together,
form anatomical obstacles. The obstacles can disrupt the
normally uniform propagation of electrical impulses in the
atria. These anatomical obstacles (called “conduction
blocks”) can cause the electrical impulse to degenerate into
several circular wavelets that circulate about the obstacles.
These wavelets, called “reentry circuits,” disrupt the nor-
mally uniform activation of the left and right atria. Abnot-
mal, irregular heart rhythm called arrhythmia, results. This
form of arrhythmia is called atrial fibrillation, which is a
very prevalent form of arrhythmia.

[0048] To analyze the heart’s operation, a variety of tech-
niques have been developed for collecting and interpreting
data concerning the electrical activity of the heart. One of
the most basic of these approaches is the electrocardiogram
(EKG). As an electrical signal spreads across the heart, an
EKG repetitively measures the voltages at various electrodes
relative to a designated “ground” electrode. The EKG typi-
cally plots each lead over an interval of time such that the
heart’s electrical activity for one or more cardiac cycles is
displayed for purposes of monitoring or analysis. The three
most common EKG’s are known as the “12 lead”, the “18
lead,” and the vector cardiograph.

[0049] A cardiac cycle as measured by the EKG is parti-
tioned into three main elements, which reflect the electrical
and mechanical operation of the heart. The portion of a
cardiac cycle representing atrial depolarization is referred to
as a “P-wave.” Depolarization of the ventricular muscle
fibers is represented by “Q”, “R”, and “S” points of a cardiac
cycle. Collectively these “QRS” points are called an
“R-wave” or a “QRS complex.” The portion of a cardiac
cycle representing repolarization of the ventricular muscle
fibers is known as a “T-wave.” It is through the use of an
EKG that one is able to determine whether fibrillation is or
is not occurring and allows one to manipulate the heart tissue
to provide treatment.
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1I. Pacemakers

[0050] A pacemaker maintains the heart rate of a patient
between a certain programmable range. For example, in
humans that range is typically between 60 to 80 beats per
minute (lower rate) and 120 to 160 beats per minute (upper
rate). In one embodiment, the present invention contem-
plates a pacemaker for stimulating the independent conduc-
tion zones and reestablishing functional communication
between the zones. A pacemaker automatically applies a
pacing impulse to the heart of sufficient magnitude to
depolarize the tissue. The device is adapted to continue
delivering intermittent pacing to the heart in the event that
the heart fails to return to its normal behavioral pattern, and
has the ability of automatically regaining sensing control
over a functional heart, thereby insuring that further pacing
is inhibited.

[0051] The pacemaker circuit comprises two basic sub-
systems; a sensing system, which continuously monitors
heart activity; and a stimulation system which upon receiv-
ing a signal from the sensing system applies a pacing
impulse to the myocardium through an intravascular elec-
trical lead. A first bipolar lead may be coupled to the pulse
generator and has an electrode located at its distal end to
sense and pace the atrium. Alternatively, the atrial leads may
comprise separate sensing and pacing electrodes. A second
bipolar lead coupled to the generator is used for sensing and
pacing the ventricle. Alternatively, the ventricular leads may
comprise separate sensing and pacing electrodes. A circuit is
provided for applying impedance measuring current pulses
between one of these electrodes and the others.

[0052] A. Sensing Elements of a Pacemaker

[0053] In astandard dual chambered pacemaker, the sens-
ing circuits monitor activity both in the atrium and ventricle.
If a sensed event occurs in the atrium, this initiates a
ventricular paced event if no ventricular activity occurs
during the programmed atrio-ventricular delay. If no sensing
occurs in the atrium or ventricle, pacing is initiated to
maintain the programmed lower rate.

[0054] When the pacemaker device is used for the present
invention, similar sensing algorithms will be useful in the
appropriate pacing of the various intracardiac segments. It is
particularly desirable that the pacemaker include a sensor of
a physiologic parameter related to demand for cardiac
output, such as an activity sensor, a respiration sensor or an
oxygen saturation sensor. Various dual chamber pacing
devices have incorporated some form of sensor to provide a
physiologic pacing rate. Similar sensing is contemplated for
the present invention to maintain a physiologic rate.
[0055] B. Pacing Flements

[0056] In a standard dual chamber pacemaker, pacing of
both atrium and ventricle is possible. In the current inven-
tion, pacing of the various elements will take place once
requested by the sensing algorithm. The standard burst
generator pacemaker employs appropriate technology for
the generation of stimulation pulses in the form of individual
pulses or pulse trains having an amplitude up to 7 V and a
pulse width of up to 1 msec. Most pacemakers have these
parameters as a programmable option. The pacing rate is
also programmable in most pacemakers and the range is
between 35 to 160 beats/min.

[0057] Given that the circuitry for pulse generation has
become well known to those skilled in the art, no detailed
disclosure is included herein. Specific timing, amplitude,
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duration and the number of pulses is controlled by a micro-
processor via data bus under the control of a program stored
in memory.

III. Implantable Cardiac Defibrillators

[0058] Implantable cardiac defibrillators (ICDs) have sig-
nificantly reduced the risk of sudden death following hos-
pital discharge, but arrhythmia risk and associated mortality
remains an important problem. Buxton et al, Current
Approaches To Evaluation And Management Of Patients
With Ventricular Arrhythmias, Med Health R 1, 84(2):58-62
(2001) Arrhythmias are known to occur in patients having
congestive heart failure, atrial fibrillation, ventricular tach-
varrhythmias, and bradyarrhythmias. Atrial fibrillation, in
particular, is treatable with rate control anticoagulation or
cardioversion followed by maintenance of sinus rhythm. In
patients surviving malignant ventricular arrhythmias, how-
ever, implanted cardiac defibrillators are especially benefi-
cial. Specifically, in patients with coronary artery disease,
decreased ejection fraction, with or without nonsustained
ventricular tachycardia, defibrillator implantation can
improve survival. Lampert et al., Management Of Arrhyth-
mias, Clin Geriatr Med, 16(3):593-618 (2000)

[0059] Identifying the mechanism of an arrhythmia based
on intracardiac electrograms has become a challenge in the
clinical use of implantable cardiac defibrillators. Implant-
able cardiac defibrillators are primarily designed to deliver
therapy for life-threatening ventricular arrhythmias but fre-
quently deliver inappropriate shocks during supraventricular
tachycardias. Tanaka S., An Overview Of Fifth-Generation
Implantable Cardioverter Defibrillator, Ann Thorac Cardio-
vasc Surg., 4:303-311 (1998); Thompson et al., supra; Gold
et al., A New Defibrillator Discrimination Algorithm Utiliz-
ing Electrogram Morphology Analysis, Pacing Clin Electro-
physiol. 1999; 22:179-182 (1999); Barold et al., Prospective
Evaluation Of New And Old Criteria 1o Discriminate
Between Supraventricular And Ventricular Tachycardia In
Implantable Defibrillators, Pacing Clin Electrophysiol.,
21:1347-1355 (1998); and Schaumann et al., Erhanced
Detection Criteria In Implantable Cardioverter-Defibrilla-
tor To Avoid Inappropriate Therapy, Am I. Cardiol., 78:42-
50 (1996)

[0060] In one embodiment, the present invention contem-
plates an implantable cardiac defibrillator 13 attached to
pacemaker 14. See, FIG. 1. It is not intended that the scope
of the present invention by limited by the herein exemplary
device. In fact, many possible engineering designs are
compatible with the embodiments described herein.

[0061] The pacemaker/defibrillator is implanted in a sur-
gically-formed pocket in the flesh of the patient’s chest 10,
or other desired location of the body. Signal generator 14 is
conventional and incorporates electronic components for
performing signal analysis and processing, waveform gen-
eration, data storage, control and other functions, power
supply 40 (battery or battery pack), which are housed in a
metal case (can) 15 compatible with the tissue and fluids of
the body (i.e., biocompatible). The device is microproces-
sor-based with substantial memory, logic and other compo-
nents to provide the processing, evaluation and other func-
tions necessary to determine, select and deliver appropriate
therapy including electrical defibrillation and pulses of dif-
ferent energy levels and timing for ventricular defibrillation,
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cardioversion, and pacing to the patient’s heart 16 in
response to ventricular arrhythmia and supraventricular
tachycardia.

[0062] Composite electrical lead 18 which includes sepa-
rate leads 22 and 27 with distally located electrodes is
coupled at the proximal end to signal generator 14 through
an electrical connector 20 in the header of case 15. Prefer-
ably, case 15 is also employed as an electrode such as
electrical ground, for unipolar sensing, pacing or defibrilla-
tion. Unlike the defibrillator devices used in previous meth-
ods, the signal generator and lead(s) of the present invention
may be implemented for atrial and ventricular sensing,
pacing and defibrillation. Defibrillating shocks of appropri-
ate energy level may be applied between the case and
electrode 21 on lead 22 implanted in the right atrium 24
through the superior vena cava 31, or between the case and
electrode 26 on lead 27 implanted through the superior vena
cava in the right ventricle 29. Leads 22 and 27 and their
associated distal tip electrode 32 (to a separate conductor)
and distal tip electrode 35 (also to a separate conductor
within the lead), respectively, may be used for both a sensing
lead and a pacing lead in conjunction with the circuitry of
signal generator 14. One of skill in the art may easily
recognize that separate sensing and pacing leads are also
compatible with this described system. To that end, electrode
32 is positioned in the right atrium against either the lateral
or anterior atrial wall thereof, and electrode 35 is positioned
in the right ventricle at the apex thereof.

[0063] Active or passive fixation of the electrodes may be
used to assure suitable excitation. Tip electrode tip 35
preferably has a standard 4 to 8 millimeter (mm) configu-
ration, and is provided with soft barbs (tines) to stabilize its
position in the ventricle. Each of the electrodes, those used
for defibrillation and cardioversion, as well as those used for
sensing and for pacing, are electrically connected to separate
conductors in leads 22 and 27.

[0064] If desired, rather than simply using metal case 15
as an electrode, a conductive pouch 37 comprised of a
braided multiplicity of carbon fine, individual, predomi-
nantly isotropic wires such as described in U.S. Pat. No.
5,143,089 (herein incorporated by reference) is configured
to receive, partly enclose and maintain firm electrical contact
with the case. This serves to enhance the effectiveness of the
anodal electrode of the case and establish a better vector for
the electric field produced by the defibrillation shock wave-
form, and thereby lower the defibrillation threshold. The
conductive pouch can be electrically connected directly to
an extension lead 38 composed of similar carbon braid of
about 7 french diameter which is implanted subcutaneously
for connection to an epicardial or pericardial patch electrode
(not shown) or as a wire electrode (as shown) through an
opening formed by puncture surgery at 39. The conductor
for electrode 36 of lead 38 may be implanted subcutaneously
to a point 39, and then by puncture surgery through the
thoracic cage and the pericardial sac, under a local anes-
thetic. The lead 38 is run parallel to the sternum, through the
puncture, and then through the patient’s thoracic cage and
into the pericardial sac. It may even be threaded through the
thoracic cage, the pericardial space about the left ventricle
and atrium, and back along the right atrial appendage,
external to the heart. The distal end 36 of lead 38 is
preferably placed close to the left atrium of the patient’s
heart to provide an increase in electric field strength and
support the strong vector of the electric field according to the
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heart chamber to be defibrillated. Selection of the chamber
(i.e., atrium or ventricle) which is to undergo defibrillation
is made by choosing the appropriate endocardial counter-
electrode (21 or 26, respectively) to be energized together
with the carbon electrode, if the case 15 or conductive pouch
37 is not used directly as the other electrode.

[0065] Fabricating the electrode portion of conductor 38
(from the point of entry 39 into the thoracic cage) of carbon
braid provides the desirable features described earlier
herein. Proper intracardiac positioning improves the vector
for defibrillation through the atrium as well as the ventricle.
[0066] Atrial coil electrode 21 is used for bipolar sensing
as well as a counter-electrode for defibrillation. Hence,
electrode 21 is preferably also composed of a braided carbon
fiber material described in the *089 patent, to take advantage
of its very low polarization and low defibrillation threshold,
to allow the intrinsic rhythm to be detected almost imme-
diately after delivery of a shock for accurate determination
of the current status of electrical activity of the atrium. The
features of low polarization and accurate sensing are impor-
tant for detection and evaluation of atrial status since atrial
signals have magnitudes of only about 20% to 25% those of
ventricular signals because of the smaller atrial mass. The
braided carbon fiber structure of electrode 21 is also desir-
able to provide a large effective electrical surface area (for
example, in a range from three to six square centimeters)
relative to its considerably smaller geometric area, which
provides greater energy efliciency for defibrillation.

[0067] As with atrial electrode 21, ventricular electrode 26
of lead 27 is positioned for use as a defibrillation electrode
as well as for bipolar sensing in the ventricle. For defibril-
lation, electrode 26 also cooperates with the metal case 15,
pouch electrode 37, or pericardial electrode 36, whichever of
these latter electrodes is used in the defibrillator implemen-
tation. Again, a braided conductive structure for electrode 26
provides it with an effective surface area considerably larger
than its actual exposed surface area. As an alternative, the
electrode may be composed of fine metallic filaments and
fibers of platinum iridium alloy, braided together to offer
similarly desirable electrode characteristics.

[0068] Thus, the tip electrodes of leads 22 and 27 are used
for sensing and pacing of the respective atrial and ventricu-
lar chambers as in a conventional pacemaker, with dual-
chamber pacing, dual-chamber sensing, and both triggered
and inhibited response. Further, the defibrillator 13 uses a
transvenous electrode for ventricular defibrillation and
stimulation and an atrial bipolar lead for sensing and atrial
defibrillation, so that atrial defibrillation is performed with
one of the same electrodes used for atrial stimulation and
sensing.

[0069] Rather than terminating at distal tip electrode 32,
the latter electrode may be positioned at mid-lead of the
atrial transvenous lead 22 which extends and is threaded
through right atrium, ventricle, pulmonary valve, and into
the left pulmonary artery, with a coil counter-electrode 42
connected to a separate conductor of the lead. With this
alternative embodiment, a defibrillating waveform can be
applied between electrode 42 and atrial defibrillation elec-
trode 21 upon detection of atrial fibrillation. In that configu-
ration, electrode 42 would replace signal generator case 15,
conductive pouch 37, or lead portion 36 as the selected
electrode, and enables a strong vector for the electric field
through right and left atrium. Rather than placement in the
left pulmonary artery, electrode 42 may be positioned in the
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distal coronary sinus for defibrillation of the atrium in
conjunction with electrode 21.

[0070] Defibrillation of the atrium and ventricle is
achieved by application of defibrillation waveforms of suit-
able shape and energy content between appropriate elec-
trodes, such as electrode 36 and electrode 21 for atrial
fibrillation, or between electrode 42 and electrode 21 for
atrial fibrillation; or between electrode 36 and electrode 26
for ventricular fibrillation, in which atrial electrode 21 can
be used additionally as either anode or cathode. The case 15
can serve as the anode for delivery of the shock as well, and
can provide ground reference potential for unipolar sensing
and pacing, in both chambers.

IV. Intracardiac EMG—EKG Construction

[0071] In one embodiment, the present invention contem-
plates a method comprising generating an rEKG pattern
using intracardiac EMG vectors and EMG/sEKG correlation
parameters. In one embodiment, the EMG vectors are col-
lected from patients implanted with devices including, but
not limited to, pacemakers, defibrillators, cardiac rhythm
management devices, or any other device that provides
intracardiac signals. Although it is not necessary to under-
stand the mechanism of an invention, it is believed that EKG
reconstruction expands the use of implantable devices gen-
erally used for arrhythmia detection and treatment, to overall
cardiac diagnostics. Some advantages of using EKG recon-
struction diagnostics instead of traditional EKG diagnostics
is that it provides real-time continuous monitoring, which
can be used for multiple purposes including but not limited
to: 1) ischemia detection; ii) myocardial Infarction detection;
i) electrolyte abnormalities detection; iv) assessment of
effect of medications; or v) improved rhythm discrimination.
[0072] Various methods have been reported that may
detect intracardiac electrical potential fields or cardiac elec-
trogram recordings. U.S. Pat. No. 4,649,924, Further, meth-
ods have been reported for: i) automated EKG analysis of
heart rate (U.S. Pat. No. 5,738,104); 11) determination of ST
segment deviation (U.S. Pat. Nos. 4,546,776 and 3,868,
567); iii) providing real-time monitoring of heart function
via external systems (U.S. Pat. No. 4,679,144); and iv)
providing computer assisted monitoring (U.S. Pat. No.
5,003,983). Methods for detecting changes in the major
deflection of the electrocardiogram QRS axis and axis shift
with filtering of recordings from an implantable device have
also been reported. U.S. Pat. Nos. 6,324,421 & 6,397,100
(all of the above patents are herein incorporated by refer-
ence). These previously reported methods, however, do not
establish a method for converting arbitrary electrical fields
obtained inside the body or inside the heart from an
implanted device into reconstructed surface electrocardio-
grams (i.e., for example, an rfEKG) that are interpretable for
subsequent analysis.

[0073] A specific implementation of a reconstructed vec-
torcardiogram (VCG) from an implanted device has been
described. See, U.S. Pat. No. 6,766,190, There are however,
several differences between this technique and those
described herein.

[0074] For example, the *190 patent describes forming a
VCG from implanted device recordings, which are com-
pared to the Frank method. In some embodiments of the
present invention, a reconstructed VCG or EKG provides an
accurate reconstruction of surface EKGs thereby allowing
for rapid interpretation by presently trained physicians.
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Further, the *190 patent does not describe or provide any
method for reconstructing surface EKG tracings from mea-
sured VCGs.

[0075] The *190 patent also uses an external electrical
pulse to adjust gain and determine the x-axis orientation of
the VCG with regard to the externally measured EKG. In
some embodiments of the present invention, this is done via
a correlation algorithm obtained from single simultaneous
measurement of surface EKG with recordings from the
implanted device.

[0076] Algorithm methods described within the *190 pat-
ent provide that three orthogonal constant current pulses are
used to determine the axes of the implanted device. In some
embodiments of the present invention, no external electrical
field or current generation is required to determine the
orientation or adjust the gain of the implanted device—this
is done by simultaneous recording from the device and
surface of the heart’s own electrical activity.

[0077] A technique using a matrix to convert voltage
signals from an implanted device into a surface EKG has
also been reported. Kroll et al., U.S. Pat. No. 6,980,850. The
*850 patent describes a matrix conversion from vectorcar-
diograph to electrocardiogram is described using a series of
weighting signals (step 352). These weighting factors are
then adjusted by the device to form an emulated EKG. In
some embodiments of the present invention, methods of
forming a reliable surface EKG emulation are described
using simultaneous recording of a surface EKG and intrac-
ardiac EKG. In one embodiment, an exact solution for the
transformation from implanted recording data is calculated
via matrix inversion. Although it is not necessary to under-
stand the mechanism of an invention, it is believed that this
process provides an exact orientation of the vectors that
reconstruct the EKG, thereby supplying a reproduction of
the tracing that can be scaled simply by multiplying by a
single constant. In another embodiment, a method recon-
structs the surface EKG by exhaustive search of all possible
orientation of the projection vector. Although it is not
necessary to understand the mechanism of an invention, it is
believed that numerous scaling factors are systematically
used in an algorithm to find a “best fit” of the reconstructed
vector and this scaling factor is then recorded for subsequent
reconstructions.

[0078] The *850 patent uses a series of weighing factors
Km without determination of the axis of projection of the
implanted electrogram. This is unlike the presently
described embodiments wherein the relative location of the
recorded vector can be determined, and thus the contribution
of change from various positions (sitting/standing) can be
easily compared. There is no described provision for the
immediate and exact calculation of the relative orientation of
the recorded vector in the *850 patent.

[0079] In one embodiment, the present invention contem-
plates a method comprising calculating the relative spatial
orientation of intracardiac EMG device leads to that of
traditional SEKG electrodes (i.e., for example, a 12-way
electrode pattern). Although it is not necessary to understand
the mechanism of an invention, it is believed that transfor-
mation of implanted device intracardiac vector recordings to
form reconstruction correlations of the surface electrocar-
diogram uses knowledge of the spatial orientation of the
leads.

[0080] In one embodiment, the present invention contem-
plates a method comprising recording a simultaneous tradi-
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tional sEKG with an implanted device EMG recording by
calculating EMG/SEKG correlations. In one embodiment,
the calculating comprises developing a transformation algo-
rithm capable of recreating an orthogonal vectorcardiogram
and/or reconstructed electrocardiogram. In one embodiment,
the sEKG and intracardiac EMG recordings are made at the
same time. In one embodiment, the sEKG and intracardiac
EMG recordings are made at different times. Although it is
not necessary to understand the mechanism of an invention,
it is believed that sSEKGs recorded at a different time from
an intracardiac EMG recording, the patient EKG should be
substantially similar during both recordings.

[0081] In one embodiment, the present invention contem-
plates a method comprising reconstructing an rEKG using
EMG/SEKG correlations and intracardiac EMG vectors.
Although it is not necessary to understand the mechanism of
an invention, it is believed that once EMG/rEKG correla-
tions are obtained in a subject, a subsequent rEKG does not
require a paired SEKG for comparison. In one embodiment,
the method further comprises avoiding electrical interfer-
ence from near field EMGs by placing the implanted device
and/or leads sufficiently far from the myocardium. In
another embodiment, the method further comprises avoiding
electrical interference from near field EMGs by recording
from a lead during periods in cardiac cycle without adjacent
myocardial depolarization.

V. Method For 12-Lead Reconstruction

[0082] In one embodiment, correlation transformations
relating the intracardiac and surface/external recordings are
formed according to segmental temporal indexing to the
QRST depolarization pattern. In one embodiment, each
portion of the cardiac depolarization cycle has its own
relation between the device and surface recordings. In one
embodiment, the relationship may be direct matrix transfor-
mation or include scaling, filtering, or other post-processing
as needed to ensure fidelity. In one embodiment, the trans-
formation may change based on empiric relationship as the
recorded depolarization pattern changes. In one embodi-
ment, during each segment, different or redundant device
recording lead vectors may be eniphasized or removed by
aspects of the transformation.

[0083] In one embodiment, multiple dipoles are used as a
model to generate the relationship between intracardiac and
surface/external recordings. In one embodiment, these mul-
tiple dipole locations are empirically determined and located
in a configuration in three-dimensional space to maximize
fidelity between the correlated tracings. In one embodiment,
the dipoles are assigned weighting based on their proximity
to the recording lead and the temporal location of the cardiac
depolarization wavefront. In one embodiment, this relation-
ship may include temporary augmentation of the effect of a
nearby dipole, or the removal of this dipole during a
blanking period due to nonlinear, near-field, or other unde-
sirable effects.

[0084] In one embodiment, complete three-dimensional
models of cardiac depolarization are formed through voltage
mapping from imaging or body surface potential mapping,
with potential supplementation from external one-time
imaging modalities including MRI or CT, and used to model
the depolarization pattern and thus compute a relationship
between the intracardiac device potentials and the surface
EKG.
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V1. Methods for Using rEKGs

[0085] In one embodiment, the present invention contem-
plates utilizing existing data obtained from intracardiac
EMG’s to generate an rEKG in real-time and continuously,
for the purposes of monitoring, diagnosing, and treating
patients.

[0086] Currently, there are no implantable devices being
used to detect ischemia, myocardial infarction, electrolyte
imbalances, or drug effects on the heart (i.e., for example,
QT prolongation). Current technology has only provided
implanted devices that detect EMG’s for heart rhythm
discrimination.

[0087] In one embodiment, the present invention contem-
plates a method for diagnosing and/or treating a patient for
conditions selected from the group comprising ischemia,
myocardial infarction, cardiac toxicity from medications,
electrolyte imbalances, etc. In one embodiment, an rEKG
can be used to discriminate between various forms of
abnormal rhythms of both ventricular and supraventricular
origins. In one embodiment, an rEKG can be used for
warning the patient about an abnormality. This results in the
utility of seeking early medical attention as well as initiating
automated intervention by an implanted device (i.e., for
example, delivery of medication or early warning to a
911-emergency frequency or other a remote medical moni-
toring station).

[0088] In one embodiment, the present invention contem-
plates a method for reconstructing an individualized 12-lead
surface EKG through vector transformation from intracar-
diac EMG’s. In one embodiment, a patient may have a
3-vector intracardiac EMG recorded. In one embodiment, a
first vector is recorded from an implanted device to an RV
distal tip. In one embodiment, a second vector is recorded
from an implanted device to a proximal coil on an RV lead.
In one embodiment, a third vector is recorded from a region
selected from the group comprising the implanted device,
distal coil, or proximal coil to a tip of a right atrial lead
and/or left ventricular lead, or any other intrathoracic elec-
trode system (i.e., for example, a subcutaneous array, epi-
cardial patches or leads). In one embodiment, the method
further comprises simultaneously recording a 12-lead sur-
face EKG.

[0089] In one embodiment, the method further comprises
transforming the recorded EMGs and sEKGs into a EMG/
sEKG correlation parameter. Although it is not necessary to
understand the mechanism of an invention, it is believed that
this transformation will encompass information about lead
electrodes and implanted device positions as well as about
chest geometry and heart positioning within the chest. It is
further believed that because the heart shifts within the chest
in response to different body positions, a different transfor-
mation, and therefore a different EMG/SEKG correlation
parameter, can be obtained for these multiple positions
including, but not limited to, the supine, prone, standing,
sitting, and decubitus positions.

[0090] In one embodiment, the method further comprises
using the EMG/SEKG correlation parameter to generate an
rEKG while continuously processing EMG in real time. In
one embodiment, the EMG/sEKG correlation parameter is
automatically changed upon receiving altered input from a
positional sensor within the implanted device. In one
embodiment, the altered input changes the EMG/sEKG
correlation parameter from supine to prone. In one embodi-
ment, the altered input changes the EMG/SEKG correlation
parameter from standing to sitting. In one embodiment, the
altered input changes the EMG/sEKG correlation parameter
from sitting to decubitus.
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[0091] In one embodiment, the method further comprises
analyzing the rEKG in real time within the implanted device
and/or a remote telemetry station. In one embodiment, the
analyzing identifies an rEKG threshold exceedance. In one
embodiment, the rEKG threshold exceedance identifies a
condition including, but not limited to, ischemia, myocardial
infarction, drug toxicity, and/or electrolyte imbalances. In
one embodiment, the method further comprises alerting
either the subject and/or medical personnel to take appro-
priate actions in response to an rEKG threshold exceedance.
VII. Calculation of an rEKG

[0092] Various mathematical techniques could be applied
to reconstruct a 12-lead surface EKG from 3 independent
intracardiac (IC) EMG vectors. For example, by using an IC
EMG and the spatial position of the various intracardiac
electrodes as determined by imaging, such as, but not
limited to a CT scan or an MRI. Alternatively, by using an
IC EMG and a baseline 12-lead EKG obtained simultane-
ously. The method described herein is only one of a multi-
tude of possible methods. The extent of this invention
disclosure is not limited to this method but encompasses all
other possible methods of reconstruction of 12-lead surface
EKG from IC EMGs.

[0093] A “device axes” refers to the orientation in 3-space
of the basis vectors for measurement of electrical readings of
the implanted device. EKG axes refer to the orientation of
the vectors to which the standard cardiac electrical activity
are projected (e.g. I, II, 1II, VI, etc.)

[0094] An arbitrary vector V on lead I may be expressed
by:

1=V IES(dimpv (I o))

For any vector of dimension n, v(n), a complete set of basis
vectors is defined by n non-collinear vectors. Thus, for n=3
(3d space), vector v=[v(x) v(vy) v(z)] on the basis vectors:

A=[a)ay)a(2)],
B=[bx)b(y)b(z)],
C=[c®)c(y)c(z)],

where
a=a(xWE)+a(yv(y)+az)vz)
b=+ V() +h(Z V)

c=cxVxHcYWE)+eZv(z)

and,
[abe]=[AIBIC]-[vxWy)v)], @)
and

Y ME)I-I4IBICT fabe]. )

If one starts with an “encoded” vector v on basis 1, j, and k,
similarly v=[v(x) v(y) v(z)] and

=[]
J=hEGYE)
k= [k@)k(y)k(z)]

and measured projection [i j k] on basis vectors i, j, and k,
need [a b ¢] on basis vectors a, b, and c.



US 2017/0367605 A9

[0095] Consequently, we have:
v=[INK] (k) 4
and
{abe)=[41BIC]v 5
thus,
{abe)=[41BIC]-[ILJK]~(ijk) (6)

This result is similar to change of basis operations as used
in linear algebra.

[0096] In one embodiment, reconstruction of a known
basis vector orientation of vectors A, B, and C, an arbitrary
vector can be projected onto new basis using (1). In one
embodiment, standard 12-lead sEKG data may be recon-
structed from EKG measurement of any three non-planar
vectors of known orientation through (1).

[0097] In one embodiment, the present invention contem-
plates the reconstruction of unknown basis vectors.
Although it is not necessary to understand the mechanism of
an invention, it is believed that by using multiple readings of
the same electrical activity vector in three-dimensional
space, it is possible to solve for an unknown basis vector set
in terms of known basis vectors.

[0098] An “unknown basis set” as used herein, refers to
measurements from an implanted device. A “known basis
set” as used herein, refers the orientation of lead positions on
a standard electrocardiogram (i.e., for example, an sEKG).

[0099] In one embodiment, the present invention contem-
plates solving three unknown basis vectors by using a
minimum of three simultaneous measurements of known-
axis projections of a given vector. In one embodiment, the
solving comprises an exact solution. In one embodiment, a
standard depolarization loop (a single or signal-averaged
QRS complex) is simultaneously recorded in both the sur-
face and device projection axes, thereby providing a plural-
ity of discrete measurement points. In one embodiment, the
discrete measurement points are used to calculate the EMG/
sEKG correlation parameter.

[0100] Although at least one of the above embodiments
provides an exact solution for three unknown basis vectors,
exhaustive search approaches may also be used to find
unknown implanted device axes. In one embodiment, basis
vectors for the implanted device are proposed and a projec-
tion of a known ventricular cardiogram (VCG) and/or
recorded sEKG tracing onto this proposed basis is calcu-
lated. The method further comprises comparing the calcu-
lated basis vector projection to recorded measurements from
an implanted device, thereby providing a score based on
scaled differences. The method further comprises repeating
this projection and scaled score calculation for all possible
basis vectors, with the best scoring vector (i.e., for example,
the closest fit) is chosen as the basis vector for the implanted
device.

[0101] In alternative embodiment, the exhaustive search
method comprises iterative refinement, wherein the pro-
posed basis vectors are continuously compared to the
expected output and altered in a direction to improve the
correlation. Although it is not necessary to understand the
mechanism of an invention, it is believed that this modifi-
cation provides for faster search times and ultimately
increased precision.
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[0102] Once the calculated EMG/SEKG correlation deter-
mines the relative axes of measurement (basis vectors) for
the implanted device, the method further comprises directly
calculating an rEKG using EMG input and the EMG/SEKG
correlation. Alternative embodiments comprise providing an
intermediate conversion of the EMG input into a vectorcar-
diogram and subsequent projection into known standard
EKG recording leads.

VIII. Cardiac Diseases

[0103] The present invention contemplates several
embodiments wherein cardiac diseases are either detected
and/or treated by real-time rEKG monitoring. One advan-
tage of the present invention is that a patient having an
implanted cardiac device capable of transmitting EMG
information can be continuously monitored for cardiac func-
tion.

[0104] While several illustrative cardiac diseases detected
by some embodiments of the present invention are discussed
below, other diseases may be detected by these embodiments
as well. In one embodiment, the method detects cardiac
structural diseases, including but not limited to, cardiac
muscle diseases (i.e., for example, pericarditis, myocarditis,
etc.). In one embodiment, the method detects pulmonary
diseases (i.e., for example, pulmonary embolism, pulmonary
hypertension, chronic obstructive pulmonary disease, etc.).
In one embodiment, the method detects central nervous
system disorders (i.e., for example, stroke, cranial bleeding,
etc.). In one embodiment, the method detects cardiac con-
duction system diseases (i.e., for example, sick sinus syn-
drome, atrioventricular nodal block of degrees 1, 2 and 3,
etc.). In one embodiment, the method detects respiratory rate
via small variations in impedance. In one embodiment, such
impedance measurements could be used to enhance the
specificity of a diagnosis, and to compensate/reproduce the
changes in the EKG-device relationship caused by respira-
tory-dependent changes in heart position.

[0105] A. Ischemic Cardiomyopathy

[0106] TIschemic cardiomyopathy is generally believed to
lead to congestive heart failure due to coronary artery
disease. Patients with this condition may at one time have
had a heart attack, angina, or unstable angina. A few patients
may not have noticed any previous symptoms. As used
herein the term “ischemic” means that an organ (such as the
heart) is not getting enough blood and oxygen. Ischemic
cardiomyopathy results when the arteries that bring blood
and oxygen to the heart are blocked. There may be a
build-up of cholesterol and other substances, called plaque,
in the arteries that bring oxygen to heart muscle tissue.
Ischemic cardiomyopathy is the most common type of
cardiomyopathy in the United States and affects approxi-
mately 1 out of 100 people, most often middle-aged to
elderly men.

[0107] Risk factors for ischemic cardiomyopathy include,
but are not limited to, personal or family history of heart
attack, angina, unstable angina, atherosclerosis, or other
coronary artery diseases; high blood pressure; smoking;
diabetes; high fat diet; high cholesterol; and/or obesity.
[0108] Symptoms of ischemic cardiomyopathy include,
but are not limited to, chest pain; palpitations; irregular or
rapid pulse; shortness of breath; cough; fatigue, weakness,
faintness; decreased alertness or concentration; decreased
urine output; excessive urination at night; overall swelling;
and/or breathing difficulty when lying down. A physical
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examination may be normal, or it may reveal signs of fluid
buildup (leg swelling, enlarged liver, “crackles” in the lungs,
extra heart sounds, or an elevated pressure in the neck vein).
There may be other signs of heart failure. A diagnosis of
ischemic cardiomyopathy is currently limited to a test show-
ing that the pumping function of the heart is too low (i.e., for
example, decreased ejection fraction). A normal ejection
fraction is around 55-65%, but most ischemic cardiomyo-
pathy patients have a much lower ejection fraction.

[0109] Several types of medications have been prescribed
for ischemic cardiomyopathy including, but not limited to,
angiotensin converting enzyme inhibitors (i.e., for example,
captopril or lisinopril), adrenergic beta-blockers (i.e., for
example, metoprolol or carvedilol), and diuretics (i.e., for
example, furosemide, spironolactone, or eplerenone).

[0110]

[0111] Angina pectoris is referred to as a stable angina
having chest pain or discomfort that typically occurs with
activity or stress. The pain usually begins slowly and gets
worse over the next few minutes before going away. It
quickly goes away with medication or rest, but may happen
again with additional activity or stress. Angina is caused by
too little blood flow to the heart. The most common cause of
angina is coronary heart disease (CHD). Situations that
increase blood flow to the heart may cause angina in people
with CHD. These include exercise, heavy meals, and stress.

[0112] Some risk factors for angina include, but are not
limited to, maleness; diabetes; family history of coronary
heart disease before age 50; high blood pressure; high LDL
cholesterol and low HDL cholesterol; lack of exercise;
obesity; and or smoking. The most predominant symptom
for angina comprises chest pain that occurs behind the
breastbone or slightly to the left and feels like a tightness,
heavy pressure, squeezing, or crushing pain. The pain may
spread to shoulder, arm, jaw, neck, back, or other areas. The
pain typically occurs after activity, stress, or exertion and
lasts 1 to 15 minutes and can be relieved with rest and/or
nitroglycerin administration. Other medicines that may be
used to treat angina include, but are not limited to, blood
thinners (i.e., for example, coumadin, aspirin or clopi-
dogrel); cholesterol-lowering drugs; and blood pressure
medicines (i.e., for example, calcium channel blockers, beta
blockers, and angiotensin-converting enzyme (ACE) inhibi-
tors).

[0113]

[0114] A myocardial infarction is the medical term for the
more commonly used term, heart attack, and is a conse-
quence of low blood flow causing the heart to starve for
oxygen. Heart muscle dies or becomes permanently dam-
aged. Most heart attacks are caused by a blood clot that
blocks one of the coronary arteries. The coronary arteries
bring blood and oxygen to the heart. If the blood flow is
blocked, the heart starves for oxygen and heart cells die. A
clot most often forms in a coronary artery that has become
narrow because of the build-up of a substance called plaque
along the artery walls. Sometimes, the plaque cracks and
triggers a blood clot to form. Occasionally, sudden over-
whelming stress can trigger a heart attack.

[0115] Some estimates suggest that as many as 200,000 to
300,000 people in the United States die each year before
medical help is sought, thereby artificially lowering the
actual diagnosis rate. It is estimated, however, that approxi-
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mately 1 million patients visit the hospital each year with a
heart attack. About 1 out of every 5 deaths are due to a heart
attack.

Risk factors for a myocardial infarction include, but are not
limited to, hereditary factors; maleness; diabetes; aging;
high blood pressure; smoking; high fat diet; high L.DLs and
low HDL (“good”) cholesterol. Alternatively, higher-than-
normal levels of homocysteine, C-reactive protein, and
fibrinogen may also increase myocardial infarction risk.
[0116] While chest pain is the predominant symptom of a
myocardial infarction, sometimes little or no chest pain
oceurs (i.e., for example, a silent heart attack). The pain may
be felt in only one part of the body or move from your chest
to your arms, shoulder, neck, teeth, jaw, belly area, or back.
The pain can be severe or mild and feel like a squeezing or
heavy pressure; a tight band around the chest; heavy chest;
and/or bad indigestion. The Pain usually lasts longer than 20
minutes and, unlike angina pectoris, rest and nitroglycerin
does not completely relieve the pain. Other symptoms of a
heart attack include but are not limited to, shortness of
breath; nausea or vomiting; anxiety; cough; fainting; light-
headedness; dizziness; palpitations; and/or sweating.
[0117] D. Electrolyte Abnormalities

[0118] FElectrolytes are minerals in your blood and other
body fluids that carry an electric charge. It is important for
the balance of electrolytes in your body to be maintained,
because they affect the amount of water in your body, blood
pH, muscle action, and other important processes. You lose
electrolytes when you sweat, and these must be replenished
by drinking lots of fluids.

[0119] Electrolytes exist in the blood as acids, bases, and
salts (such as sodium, calcium, potassium, chlorine, mag-
nesium, and bicarbonate) and can be measured by laboratory
studies of the blood serum.

[0120] Any increased and/or decreased level of blood
serum electrolyte alter the ability of a cell membrane (i.e.,
for example, a cardiac cell membrane) to properly maintain
its electrical potential. In the case of a cardiac cell membrane
an altered electrical potential has an adverse effect on the
ability to depolarize and maintain a synchronized heart beat.
Such a condition can lead to heart rhythm abnormalities
such are ventricular tachycardia, supraventricular tachycar-
dia, atrial arrhythmias, and/or ventricular arrhythmias.
[0121] E. Cardiac Arrhythmias

[0122] A cardiac arrhythmia is generally considered any
disorder of the heart rate or heart rhythm, such as beating too
fast (i.e., for example, tachycardia), too slow (i.e., for
example, bradycardia), or beating irregularly.

[0123] Normally, a 4 chambered heart (i.e., for example, 2
atria and 2 ventricles) contract in a very specific, coordinated
manner. The electrical impulse that signals a heart to con-
tract in a synchronized manner begins in the sinoatrial node
(SA node), which is a group of cells that regularly, and
spontaneously, depolarize thereby acting as a natural pace-
maker. The depolarization signal leaves the SA node and
travels through the 2 upper chambers (atria). Then the
depolarization signal passes through another node (the AV
node), and finally. through the lower chambers (ventricles).
This path enables the chambers to contract in a coordinated
fashion.

[0124] Problems can occur anywhere along this conduc-
tion system, causing various arrhythmias. Examples include,
but are not limited to: 1) supraventricular tachycardia: a fast
heart rate that originates in the upper chambers (atria),
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wherein the most common are atrial fibrillation or flutter,
and atrioventricular nodal reentry tachycardia; ii) ventricular
tachycardia: a fast heart rate that originates in the lower
chambers (ventricles); and iii) bradycardia: a slow heart rate
due to problems with the SA node’s pacemaker ability, or
other interruption in conduction through the natural electri-
cal pathways of the heart.

[0125] The risks of getting a tachycardia or bradycardia
varies greatly, depending on the condition of your heart,
prior heart attack, blood chemistry imbalances, or endocrine
abnormalities.

[0126] Arrhythmias may also be caused by some sub-
stances or drugs, including, but not limited to, adrenergic
beta blockers, psychotropics, sympathomimetics, caffeine,
amphetamines, or cocaine. Sometimes antiarrhythmic medi-
cations—prescribed to treat one type of arrhythmia—can
actually cause another type of arrhythmia. Some types of
arrhythmias may be life-threatening if not promptly and
properly treated.

[0127] Symptoms of arrhythmias may include, but are not
limited to, fast or slow heart beat, palpitations; skipping
beats; fainting: light-headedness; dizziness; chest pain;
shortness of breath; changes in pulse pattern; paleness;
sweating; and/or cardiac arrest

[0128] Current treatment to restore a normal rhythm may
include, but are not limited to, intravenous medications,
electrical “shock™ therapy (i.e., for example, defibrillation or
cardioversion), or implanting a temporary pacemaker to
interrupt the arrhythmia.

[0129] Supraventricular arrhythmias may be treated with
anti-arrhythmic drugs. However, some supraventricular
arrhythmias can be treated and cured with radiofrequency
ablation, eliminating the need for lifelong drug therapy.
[0130] Increasingly, most ventricular tachycardias are
treated with an implantable cardioverter-defibrillator (ICD).
As soon as arrhythmia begins, the ICD sends a shock to
terminate it, or a burst of pacing activity to override it.
[0131] Bradycardias that cause symptoms can be treated
by implanting a permanent pacemaker.

Experimental

1. Animal Studies

[0132] Preliminary experimental results using EKG recon-
struction in pigs suggest that ischemia detection and local-
ization occur in the major coronary artery distributions.
Further, such data reflects the various effects of medications
such as procainamide, isuprel, and others using the ventricu-
lar EMG vectors obtained from implanted devices (data not
shown).

[0133] Animal studies have been completed using pigs
showing that 12-lead EKG were reconstructed in an indi-
vidualized way from intracardiac EMG’s and that the result-
ing rEKG’s can detect ischemia in the different territories of
the coronary vasculature (the left anterior descending artery,
the Left circumflex artery, and the right coronary artery). In
these studies, an implantable defibrillator was surgically
placed in pigs followed by cardiac catheterizations. During
the catheterizations, the coronary arteries were temporarily
occluded intracardiac signals detected by the defibrillator
were recorded. 12-lead sEKG’s were also recorded at base-
line and during coronary occlusion. rEKG’s were then
calculated using the sEKG and EMG data that were similar
to the recorded ones and reliably identified ischemia.
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[0134] The data provides paired comparisons of rEKG
tracings to the corresponding sEKG tracings for electrode
leads I, IT1, & V1. See, FIGS. 3-5 respectively.

II. Human Patients

[0135] The method of reconstruction of a 12-lead EKG
from intracardiac recordings by using multiple matrices, as
opposed to only one matrix, has been examined in human
patients with an implanted defibrillator. The concept of
reconstructing a 12 lead EKG from the intracardiac signal
recorded from the ICD involves finding a transformation
that would take us from one to the other. The transformation
is a matrix of numbers. The transformation can be made
simple (1 matrix to convert from IC signal to surface EKG)
or complex (multiple matrices). In a multiple matrix trans-
formation, the cardiac cycle (1 beat with a P wave, a QRS
wave, and a T wave) is divided into multiple portions, with
each portion being represented by a separate matrix. The
number of divisions can vary from one to more than two
thousand. While computational complexity increases as the
number of matrices increase, the result is a higher fidelity
EKG reconstruction.

[0136] The graphs in FIGS. 6 and 7 depict the superim-
posed tracings of recorded (blue) and reconstructed (red)
EKG tracings obtained from three EKG projections (AvR,
AvL and AvF) in human patients with an implanted defi-
brillator. The AvR, AvL, and AvF projections represent three
(3) out of the standard twelve (12) projections of the 12-lead
EKG.

[0137] The reconstructed EKG projections depicted in
FIG. 6 represent 700 matrix relationships. Note that the
major deflections are largely preserved as compared to the
recorded (original) EKG tracings. FIG. 6 also demonstrates
that in Lead AvR, the T wave of the third beat has an altered
morphology.

[0138] The reconstructed EKG projections depicted in
FIG. 7 represent 100 matrix correlations. As demonstrated
by FIG. 7, areas of poor correlation have a more significant
effect.

1-17. (canceled)

18. A method, comprising:

a) providing:

1) a subject exhibiting symptoms of a cardiac disease,
wherein said subject has an implanted cardiac
device;

il) a system comprising said implanted cardiac device
and a microprocessor wherein said microprocessor
comprises a plurality of rEKG threshold exeedances,
wherein said microprocessor is capable of calculat-
ing a reconstructed electrocardiogram (rfEKG) spe-
cific for said subject;

ili) a testing parameter known to detect said cardiac
disease;

b) calculating said rEKG with said microprocessor while
said testing parameter is administered to said subject
and

¢) comparing said rEKG to said plurality of rEKG thresh-
old exeedances with said microprocessor by analyzing
or displaying said rEKG such that said cardiac disease
is diagnosed.

19. The method of claim 18, wherein said diagnosed

cardiac disease comprises ischemia.

20. The method of claim 18, wherein said diagnosed

cardiac disease comprises electrolyte abnormalities.
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21. The method of claim 18, wherein said diagnosed
cardiac disease comprises a myocardial infarction.

22. The method of claim 18, wherein said diagnosed
cardiac disease comprises heart rhythm discrimination.

23. The method of claim 18, wherein said testing param-
eter comprises at least one medication.

24. The method of claim 18, wherein said testing param-
eter comprises a stress test.

25. The method of claim 18, wherein said testing param-
eter comprises a salt complex.

# % % k&
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