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(57) Abstract: An integrated vectorcardiogram (VCG) device having 3 pairs of electrodes placed in three orthogonal directions with
the capability to continuously measure the electrical activity of the heart. All of the electrode pairs may be contained within a single
miniaturized housing thereby eliminating the need for cumbersome wires required with current 12-lead ECG systems, while provid -
ing the same amount and quality of information as the 12-lead ECG system. The integrated VCG device also includes a communica-
tions function to allow the data collected by the electrodes to be transmitted wirelessly to a remote device, such as a pacemaker, to
control its function or to a remote monitoring station for continuous real-time patient monitoring.
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INTEGRATED VECTORCARDIOGRAM SYSTEM AND

METHOD OF USE

CROSS-REFERENCE TO RELATED APPLICATION

This patent application claims priority t©o U.S. Provisional Patent Application No.
62/025,308, entitled, “Vectorcardiogram (VCG) System and Mathod,” filed on July 186, 2014,

the contenis of which are hereby incorporated by reference.
FIELD OF THE INVENTION

Embodiments of the invention relate, generally, to cardiac monitoring. Certain
embodimenis of the present invention relate more specifically o an integrated
vectorcardiogram device and method for advanced, portabls, long term and/or continuous

monitoring of a patisnt’s electrical heart activity.
BACKGROUND OF THE INVENTION

Vectorcardiography is a method o calculate, for each time instani, the magnifude and
direction of electrical forces generaled by the hearl, commonly referred to as the resuliant
cardiac, or hearl, vector, as sensed by elecirical ieads mounted on the skin surface of a
patient. A vectorcardiogram (VCG) presents a compact three-dimensional {30} view of the
depolarization, or depolarization cycle, of the heart. The resultant cardiac vector may be
viewed as three (3) projections of the polarization event of the heart on the coronal (frontal),
fransverse (horizontal) and sagitial (verdical} plane or directly as a vector.
Vectorcardiography is presently used mostly for didactic purposss o teach students of
biomedical sciences, physiological aspects of sisctrocardiography. The 34sad VCG and
the 12-ead ECG (electrocardiogram) present the same comprehensive diagnostic

information concerning the elecirical activity of the hsart, albeil in different formats.

To the frained clinician, an ECG conveys a large amaount of information about the siructure
of the heart and the funclion of its slectrical conduction system. Among other things, an
ECG can be used to measure the rate and rhythm of heartbeats, the size and position of
the heart chambers, the pressnce of any damage to the heart's muscle cells or conduction

system, the effects of cardiac drugs and the function of implantad pacemalers.

Current ambulatory moniforing systems have limiled monitoring capability’ and do not have
the diagnostic-quality moniforing fidelity of the 12-ead ECG, somelimes referred fo as the
“gold standard” for electrocardiography in the medical induslry. Additionally, 12-4ead ECG

machines contain wires that connect the leads o the ECG machine, thereby restricting
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patisnt mobility and rendering the ECG machines nsarly impossible to be used by the

patisnt outside the clinic or hospital.

Accordingly, what is needed in the art is an improved integrated veclorcardiogram system
and methodology that facilitates continuous, real-time, comprehensive, unoblrusive,
remote, diagnostic-quality cardiac monitoring. However, in view of the art considered as a
whole at the time the present invention was made, it was not obvious to those of ordinary

skill in the field of this invention how the shortcomings of the prior art could be overcome.
SUMMARY OF THE INVENTION

According to certain embaodiments of the present invention, an integrated veclorcardiogram
system may be provided, where either all or substantially all of the leads (e.g., ali but a
single lead externally connecied to the infegrated VOG device) are completely contained
within the inlegrated vectorcardiogram system, thereby at least substantially, f not

completely, eliminating external wires.

in one embodiment, an integrated vectorcardiogram (VCG) device for measuring cardiac
electrical aclivity of a patient is provided. The integrated VCG device includes a pair of
substantially orthogonal X-axis electrodes, a pair of substantially orthogonal Y-axis
electrodes and a first Z-axis electrode of a pair of substantially orthogonal Z-axis electrodes,
the electrodes contained within a housing adapted to be in contact with a patient in a
vectorcardiogram measurement position fo sense cardiac elecirical signals of the patient.
The integrated VCG device further includes, analog processing circuitry contained within
the housing, the analog processing circuitry coupled o receive the cardiac electrical signals
sensed by the pair of substantially orthogonal X-axis electrodes, the pair of substantially
orthogonal Y-axis electrodes and the first Z-axis elecirode of the pair of substantially
orthogonal Z-axis electrodes. The integraled VOG device additionally includes, a second
Z-axis electrods of the pair of substantially orthogonal Z-axis electrodes adapted o he in
contact with the patient in a vectorcardiogram measursment position and coupled {o the
analog processing circuitry, the second Z-axis elecirode to sense cardiac electrical signals
of the patient and the analog processing circuiiry to recsive the cardiac electrical signals
from the second Z-axis electrode. The VCG device further includes, an analog-to-digital
converter contained within the housing, the analog-to-digital converter coupled to the
analog processing circuitry to convert the cardiac electrical sighals to  digital
vectorcardiogram data, a digital signal procassor contained within the housing, the digital
signal processor coupled to receive the digital vectorcardiogram data from the analog-to-
digital converter 1o generale processed digital vectorcardiogram data and telematry

circuitry contained within the housing, the telemeilry circuilry coupled {o receive the
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processed digital vectorcardiogram data from the digital signal processor and to transmit

the data {o a remote device.

in one embodiment of the integrated VG device, the second Z-axis slectrode of the pair
of subsiantially orthogonal Z-axis slsctrodes may be conlainad within the housing. In an
additional embodimeant, the second Z-axis slsctrode of the pair of substantially orthogonal
Z-axis electrodes may be coupled to the analog processing circuitry by an external lead

and adapted {o contact the patisnt in a measurament position.

in an additional embodiment, a method for measuring cardiac electrical activity of a patient
includes, positioning a vectorcardiogram device in a measurament position relative to a
patient, wherein the veclorcardiogram dsvice includes a pair of substantially orthogonal X-
axis electrodes, a pair of subsiantially orthogonal Y-axis electrodes and a first Z-axis
electrode of a pair of substantially orthogonal Z-axis elecirodes, the elecirodes contained
within a housing adapted to be in contact with a patient in a vectorcardiogram measurament
position to sense cardiac electrical signals of the patient. The integrated VOG device
further includses, analog procsessing circuitry contained within the housing, the analog
proceassing circuitry coupled 1o receive the cardiac electrical signals sensed by the pair of
substantially orthogonal X-axis slectrodes, the palr of substantially orthogonal Y-axis
electrodes and the first Z-axis slectrode of the pair of substantially orthogonal Z-axis
glectrodes. The integrated VGG device additionally includes, a second Z-axis electrode of
the pair of substantially orthogonal Z-axis electrodes adapted {o be in contact with the
patient in a vectorcardiogram measurement position and coupled {o the analog processing
circuitry, the second Z-axis electrode to sense cardiac electrical signals of the patient and
the analog processing circuitry to receive the cardiac electrical signals from the second Z-
axis electrade. The integrated VUG device further includes, an analog-to-digital converter
contained within the housing, the anslog-to-digital converter coupled to the analog
processing circuitry to convert the cardiac electrical signals to digital veclorcardiogram
data, a digital signal processor contained within the housing, the digital signal processor
coupled to receive the digital veclorcardiogram data from the analog-to-digital converter o
generate procassed digital vectorcardiogram data and telemelry circuitry contained within
the housing, the telemetry circuitry coupled o the receive the processed digital
vectorcardiogram data from the digital signal processor and to fransmit the data to a remote

davice.

in the method of the present invention, the second Z-axis electrode may be intemal or
external {0 the housing of the inlegrated VCG device. Additionally, the measurement
position of the integrated VOG device may be external to the patient, wherein the device is

in contact with the skin of the patient, or allernatively the measurement position of the
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integrated VCG device may be internal to the patient, wherein the device is implanted within

the body of the patient.

in various embodiments, the present invention provides an improved integrated
vectorcardiogram  system  and methodology  that facilitates  continuous, reabtime,

comprehensive, unoblrusive, remote, diagnostic-quality cardiac moniforing.
BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the invention, reference should be made to the following
detailed description {noted that if "ground” is not mentioned in the measurements figures,
there was no ground reference used when taking those measurements), faken in

connection with the accompanying drawings, in which:

FIG. 1 flustrates the VOG in three Cartesian planes with VCG loops indicated, in

accordance with an embodiment of the present invention.

FIG. 2 is llustration of the integrated vectorcardiogram system in accordance with an

embodiment of the present invention.

FiG. 3A shows the measured signals for different distances for a pair of electrodes in the

X-axis, in accordance with an embodiment of the present invention.

FiG. 3B shows the measured signals for different distances for a pair of electrodes in the
X-axis (with a shorter time interval shown for clarity}, in accordance with an embodiment of

the pressnt invention.

FIG. 4 shows the measured signals between a pair of slectrodes in the Z-axis, in

accordance with an embodiment of the presant invention.

FiG. A is perspective view of a single lead external integrated VYOG showing the front and

back faces of the device, in accordance with an embodimeant of the present invention.

FIG. 58 is perspective view of an oplimized external integrated VCG with a capacitively
coupled Z-lead showing the front and back faces of the device, in accordance with an

embodiment of the present invention.

FIG. 6 is a functional block diagram of an integrated VCG with external Z lead, in

accordance with an embodiment of the present invention.

FIG. 7 is a functional block diagram of an optimized external integrated VCG with a

capacitively coupled Z-lead, in accardance with an ambodiment of the present invention.
FIG. 8 is a side view of an oplimized external integrated VCG showing the Z-lead acquiring
the cardiac signals wirelessly through capacitive coupling in accordance with an

embodiment of the present invention.
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FIG. 9 is a functional block diagram of an intemal integrated VOG, in accordance with an

embodiment of the present invention.

FIG. 10 is a side view of an internal integrated VCG showing the Z-{sads separatsd by the

indicated depth, in accordance with an embodimeant of the presant invention.

FIG. 11A shows the measured and noise filtered signal in the X-axis for the measured
distance between a pair of slecirodes, X=1.8 cm, in accordance with an emhbodiment of the

present invention.

FIG. 118 shows filtered signals for the measured distances of 18 emin X axisand 22 om

inY axis and Z axis, in accordance with an embodiment of the present invention.

FIG. 12 shows the X, Y and Z tracing acquired simultaneously with an experimental muiti-
fead extemal integrated VCG at a distance of 1 om belween slectrodes in both X and Y

directions, in accordance with an embaodiment of the present invention.

FIG. 13A shows the integrated VUG loops plotied in caronal (X-Y} plane, in accordance

with an embodiment of the present invention.

FIG. 13B shows the integrated VCG loops plotted in sagittal (Y-Z) plane, in accordancs

with an embodiment of the present invention.

FiG. 13C shows the integrated VCG loops ploited in transverse (X-Z) plane, in accordance

with an embodiment of the present invention.

FiG. 14 shows the integrated VOG loops plotled in three dimensions as the cardiac vecior

trajectory, in accordance with an embodiment of the present invention.

FiG. 15 shows measured lead aVF compared with aVF lead derived from integrated VCG

leads, in accordance with an embodiment of the present invention.

FiG. 16A shows the cardiac vecior projected in the coronal (XY) Plane with integrated VO G
device in normal orentation (blue), 45 degree anti-clockwise rotatlion (red), and de-rotated

in software (black) , in accordance with an embodiment of the present invention.

FiG. 168 shows the cardiac vector prajectad in the coronal (XY) Plane with integrated VOG
device in normal orientation (blue), 45 degree clockwise rotation {red}, and de-rotated in

software {black) , in accordance with an embodiment of the present invention.

FIG. 17A shows the comparison of X and Y Leads recorded with normal slectrode
placement and sofiware-recovared leads {slectrodes weare rotated in the anli-clockwise

direction}, in accordance with an embodiment of the present invention.
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FIG. 178 shows the comparison of X and Y Leads recorded with normal slectrode
placement and software-recovered lsads {(electrodes were rotated in the clockwise

direction}, in accordance with an embodimeant of the present invention.
DETAILED DESCRIPTION OF THE INVENTION

in the following detailed description of the invention, reference is made to the
accompanying drawings, which form a part thereof, and within which are shown by way of
iHustration specific embodiments by which the nvention may be practiced. it is o be
understood that other embodiments may be utilized and structural changes may be made

without departing from the scope of the invention.

As used in this specification and the appended claims, the singular forms g7, “an”, and
“the” include plural referents uniess the content clearly dictates otherwise. As used in this
specification and the appended claims, the term “or” is generally emploved in ils sense

including *and/or” uniess the context clearly dicltates otherwise.

Generally, the infegrated veclorcardiogram methodology is discussed herein {0 enable
comprehensive, continuous, real-ime moniloring of the cardiac electrical aclivity of a
patient utilizing a small form-factor device that can be worn on the body of the patient. The
principal advantage of the integrated veclorcardiogram is that it provides the same
information as the 12-ead ECG butl with fewer leads. This is achieved by manipulating the

cardiac vector to vield a conventional ECG signal.

in one embodiment, the invention comprises a system and method based on a
vectorcardiogram that can continuously monitor, in three dimensions, the electrical activity
of the heart with a miniaturized, poriable device that enables secure continuous recording
of an individual’s heart activity. The integrated vectorcardiogram described herein provides
the same amount of information as the 12-lsad ECG (which is known as the “gold standard”
in the field of cardiology), but requires less data (fypically only ¥4 of the data as the ECG)
o be transmitted. For every time sample, a three-slement veclor, comprised of the X, Y
and Z voltage amplitudes, is fransmilted. The very small integrated vectorcardiogram
device of the prasent invention is ideally similar in size to a small adhesive bandages,
although other sizes are contemplated, which can be placed on-body or can be implanted
in the human body. The invention provides long ferm and continuous remote, wired or
wireless, monitoring of a patient’s electrical heart activity. The present invantion provides a
small, portable integrated vectorcardiogram device that can be worn on-body or implanted
within a patient, enabling comprehensive and continuous data collection having a quality
at least equal to that available from a 12-lead ECG without requiring wires associated with

the current 12-lead ECG machines.

[eM)
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In one embodiment, the integratad vectorcardiogram of the present invention provides a
cost effective, compact, portable and wirelessly communicating VCG-based device.
Through this inventive technology, continuous real-time remote felemonitoring of a patient’s
heart activity becomes possible. The Haolter monitor system, which is currently the standard
for ambulatory monitaring of the electrical activity of the heart, is limited in the sense that it
can sense only 1-2 dimensions of the heart's electrical activity with 1-3 leads, and is
obtrusive due to electrical wires crowding the chest arsa. Moreovsr, the Holter monitor can
be used for anly a limited period of time. The Holtar monitor system can be replaced by the
integrated VOG system of the present invention for improved cardiac monitaring. Morsaover,
the integrated VYOG of the present invention can reduce the complexity and the cost of
intensive care unit (ICU} cardiac monitoring. In addition, physicians can potentially send
patients home eatlier because the doctors can have continuous remote monitaring of the

patients, thereby reducing the overall medical expenses.

Furthermaore, continuous remote maonitoring of a patient may assist in the prediction of a
cardiac event, which may allow physicians to provide preventative health care for the
patient, allowing improved patient care and reduced overall medical costs. Research shows
that predictive pre-cursor’s can be found in the 12-lead ECG in the case of cerfain hean-
related abnormalities. For example, life threatening coronary morbidity and mortality was
linked to non-specific §T-T wave changes in an ECG. It was concluded that patients who
develop non-specific 3T-T wave changes without explanation require rigorous preventative

management against coronary heart disease.

FIG. 1 illustrates a view of the VUG signal from three Cartesian planes O-Y, Y-Z and X-Z}.
The integrated VOG uses three orthogonal systems of leads 1o obtain the 3D electrical
reprasentation of the heart. The integrated VOG and ECG are both reflections of the
electrical cardiac activity of the heart, however, they differ in the recording methodology
emploved. The qualily and the quantity of information in the integrated VOG is at lsast as
comprehensive as the 13Jead ECG and may contain more information that is useful in

certain circumstances.

in particular, from FIG. 2, the direction of the cardiac, or heart, vector can be computed
from the VOG loops (dashed green curves in FIG. 2). Each VOG loop is a projection of the

cardiac vecior on the three Carlesian planes.

In accordance with an embadiment of the present invention, an integrated
vectorcardiogram device, having a small form factor, is presented herein, wherein the
integrated VCG device may be parl of an integrated vectorcardiogram system. The

integrated VCG device of the present invention has a very small form factor, such that i
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can bg an ambulatory device and can continuously monitor the slectrical activity of the heart

of a patient in three dimeansions.

The integrated VUG device of the present invention contains three pairs of orthogonal leads
that are integrated info a small, wearable, device that is designed to be unobtrusive to daily
patient activity. Due to the small size of the device, a greatly reduced inter-glecirode
distance {(as comparad to the classic VCG system) is required. In the development of the
integrated VUG device, the main challenge is 1o construct a small device, wherein the pairs
of electrodes used to capture the electrical activity of the heart in the X, Y and Z dimensions

are separated by small inter-electrode distancas.

The miniaturized infegrated VOG device of the present invention may also incorporate
artificial intelligence (machineg learning) technology, security and device authsntication, and
wireless communication capabilitiss. The integrated vectorcardiogram systemn may be
comprised of a miniaturized wireless inlegrated VCG device 28, a mobile data system 28

such as, but not limited to, a smart phone and an associated server 38, as shown with

.,

reference to FIG. 2. FIG. 2 also iusirates an optional Pacemaker 40 (Cardiac
Resynchronization Therapy Device/Implantable Cardioverter Defibrillator) that may be a
part of the integrated vectorcardiogram system, which can be controlisd by the integrated

vectorcardiogram device 0 reguiate the signals to the patient’s heart 45.

The intagrated vectorcardiogram system enables continuous, comprehensive, long-term,
information collection from an culpatient, or in an in-hospital patient, that is identical in

content to the data available from the office-based 12-lead ECG. This capability has never

been available before.

in one embodiment, the integrated vectorcardiogram device of the present invention is
designad to be positioned on the body of a patient, wherain the electrodes are integrated
into the housing of the device, or are alternatively adhered to the ouler surface of the
housing, and are positioned to ba in contact with the skin surface of the patient to collect
the cardiac elactrical signals of the patient’s heart. In ordar to integrate the slsctrodes within
the housing of the device, 3 minimum allowabls distancs between the slectrodes needs to
be determinad. To determine the minimum allowable distance between the electrodes, two
pairs of electrodes may be placed on the body of the patient, wherain ong pair of electrodas
is positioned in the X-axis and ancther pair of slectrodes is positioned in the Y-axis, at
various distances. in this embodiment, for the Z-axis, one Z-axis electrode may be placed
on the chest of the patient and the other Z-axis electrode may be placed on the back of the
patient. It was delermined that positioning slectrodes along all three axas, cenlerad on the
heart and two inches above the xiphoid aliows for optimization of lead placements for

orthogonality and maximum signal fidelity.
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As the distancs between the leads in the X and Y axes is decreasad, the amplitude and
wave shaps of the signals will, at some point, suffer loss of amplitude and become distoried,
as a resuit of a loss of orthogonality. As such, the 3-lead VCG signal will be degraded
relative to that of g 12-lead ECG.

With reference (o FIG. 3A and FIG. 3B, electrical activity of the heart for different distances
between the electrodes was measured and data was oblained for distancss between about
12.6 o and about 1.8 om for electrode leads in the X-axes and for distances belween
about 8.0 cm and about 2.2 cm for slectrode lsads in the Y-axes. As illusirated, the
measursd signals suffer loss of amplitude and become distorted as the distance hetween
the electrodes is decreased. FIG. 4 iHustrates the signal data obtained in the Z-axds,
whersin a first Z-axis electrode was placed on the chast (Z+), and the other electrode was
place on the back {(Z-} and measurements were taken with and without a ground lead. The
information provide in FIG. 3A, FIG. 3B and FIG. 4 is useful o determine the minimum
distance required belwsen the electrodes pairs 1o provide a satisfactory and accurate
diagnostic VG signal. The effect of a ground iead in the X-axis and Y-axis electrodes may

also be considered by incorporating a ground lead into the measurements.

As can be seen in FIG. 3A, FIG. 38 and FIG. 4, the closer the distance between the leads,
the smaller the amplitude of the signal and the smaller the signal-to-noise ratio, since the
noise power remains the same. These signals illustrated in FIG. 3A, FIG. 3B and FIG. 4

are presentad in scalar form and will be subsequently transmitted in vector form P( Y, Z.

The rasults provided in FIG. 34, FIG. 3B and FIG. 4 show that an acceptable 3-lsad VOG
signal can be obtained from three pairs of orthogonal electrodes that are separated by a
minimum distance. Incorporating signal procsessing that allows ths slectrodes to be
separated by @ minimum distance provides for an integrated VCG device having @ compact
form factor that can be used to collect the cardiac electrical signals of a patient. As shown
with reference to FIG. BA, In one embodiment of the present invention, the VUG device 148
comprises a pair of substantially orthogonal X-axis electrodes 100, 105 and a pair of
substantially orthogonal Y-axis electrodes 118, 1158 confained within a housing 130 or
positioned on a substantially planar back surface of the housing 138. in this embodiment,
a first Z-axis sleclrode 120 s conlained within the housing 138 and a second Z-axis
elecirode 128 is connecied to the device 148 by a lead. In operation, the integrated VCG
device 140 is placed in contact with the chest of the patient at a proper measurement
position such that the X-axis electrodes 100, 105, the Y-axis slectrodes 110, 115 and the
first Z-axis electrode 120 are in conlact with the skin of the patient. The second Z-axis
electrode 125 is then placed on the back of the patient to form a pair of Z-axis orthogonal
leads. The placement of the electrodes in contact with the skin of the palient and in an

appropriate measurement posifon on the chest of the patient is effeclive in coliecting the

g
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cardiac electrical signals of the patient. The housing 138 may further include a display 138

on a substantially planar front surface of the device 1308,

in an additional embodiment, with reference o FIG. 5B, the second Z-axis electrods 1258
may also be incorporated into the housing 138 and separated from the first Z-axis electrode
o provide a pair of substantially orthogonal Z-axis electrodes utilizing capacitive coupling.
In this embodiment, the integrated VCG device 148 comprises a pair of substantially
orthogonal X-axis elecirodes 108, 148, and a pair of substantially orthogonal Y-axis
electrodes 118, 115 contained within a housing 138 and positioned on a substantially planar
back suiface of the housing 138. In this embodiment, a first Z-axis elactrode 120 and the
second Z-axis slsctrode 125 are both contained within the housing 138, wherein the first
Z-axis electrode 128 is positioned on the back swiface of the housing 130 and the second
Z-axis electrode 125 is positioned within the interior of the housing 138, or alternatively, on
the front surface of the housing 138, and separated from the first Z-axis electrode by a
predetermined distance 145 1o establish capacitive coupling between the Z-axis electrodes
128, 125. In operation, the integrated VCG device 148 is placed in contact with the chest
of the palient at a proper measurement position such thatl the X-axis electrodes 100, 105,
the Y-axis electrodes 118, 115 and the first Z-axis elecirode 120 are in contact with the skin
of the patient. The placement of the X-axis electrodes and the Y-axis electrodes, and the
capacitive coupling of the Z-axis electrodes, is effective in coliecting the cardiac electrical
signals of the patient when placed in 2 measurement position. The housing 130 may further

include a display 138 on a substantially planar front surface of the device 138

The distance between the Z-axis electrodes may be established by fabricating the
integrated VCG device housing 138 to be slightly thicker than the integrated VCG device
Hustrated in FIG. 3A, wherein the second Z-axis elactrode that is exiernal to the device. By
incorparating both Z-axis electiodes into the slightly thicker housing 130 of the VOG device
148, non-contact, capacitive coupling between the second Z-axis electrode 125 and the
first Z-axis electrode 120 that is in contact with the body tissue can be utilized (o measure
the Z-auis of the VUG signal. The predeiermined distance 145 between the Z+ 120 and Z2-
1235 electrodes is estimated {o be in the range of about 5 om to about 2 cm, to provide the
raquired signal through capacitive coupling. As such, the first Z-axis electrode 128 in
combination with the second Z-axis elecirode 130 acquires the cardiac signal from the body
tissue without needing o establish contact between the second Z-axis electrode 130 and
the body lissue. The advantage of this embodiment is that are no wired leads that are
raquired to be placed on the body tissue external to the intsgrated VOG device 140, thereby
allowing for a much less obtrusive, fully integrated, portable integrated VCG device 148

that allows for continuous remote monitoring of the patients ECG functions.

10
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In a patticular embodiment, the housing 138 of the integrated VCG device 148 may be a
shielded enclosurs with dimsnsions of approximately 8.65 cm x .35 cm. However, this is
not intanded to be limiting and smaller dimansions of the housing ars within the scope of

ths present invention.

With reference fo FIG. 6, a functional block diagram representation of an external integrated
VCG device 208 is illustrated.  In this embodiment, “extarngl” is used to refer to an
embadiment of the VOG davice 208 that is adapted {o be positionsad in a mseasurement
positicn on the skin surface of a patient. In this embodiment, the X-axis electrodas 2085,
218, the Y-ais slectrodes 218, 220 and one of the Z-axis electrodes 228 are integrated
into the housing 148 and are positioned on a back surface of the housing 148 to establish
contact with the skin of a patient. The other Z-axds elecirode 238 is connecled to the device
280 by an external wire and is placed on the back {or other suitable location) of the human
body, as previously daescribed. This single external Z-axis slectrode 230 may be held in
place using a bandage, strap or any other davice dasigned {o hold the electrode 230 in
place on the patient’s back. In one embodiment of the invention, the wire and single Z-axis
elecirode 238 may be integraled within a sirap, such as a single strap, that can be securely
fastened around the patient's chest and back. Thus, the number of wires required to monitor
a patient’s individual cardiac rhythm is significantly reduced over the current 12-lead ECG
machines. Using a sirap to hold the electrode 238 for the Z-axis in place can be used for
ambulatory, in-patient and out-patient monitoring allowing for greater comfort and mohbility

for the patient.

The integrated VOG device 200 may further include analog processing circuitry 248, The
analog processing circuilry receives the signals on the six (8} X, Y and Z isads and may
pass the signals through a differential amplifier and subsequenily through a band-pass filter
to remove high frequency noise. The amplified and filtered signals may then be passed
through a buffer amplifier of the analog processing circuitry 245 to optimally match
impedance with an analog-to-digital (A/D) converter 286, As such, the amplified, band-pass
signals are converied into high-resolution digital data at the A/D converter 250, In this
embodiment of FIG. 8, the analog-to-digital converier 250 is integrated into the integrated
YOG device 240.

Following the conversion of the analog signals acquired by the electrodes to digital data at
the A/D converter 280, the digital dala may be stored in a memory andfor ransmitfed o a
digital signal processor 2858 for further processing. The digital signal processor 288 may
include hardware and software for performing various signal processing functions, such as
removal of residual 60 Hz power-line noise, adaptive filtering funclions fo recalibrate and
re~-orthogonalize the elecirodes and transformation of the 3-lead VUG signal data o a 12-
lead ECG.

"
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The integrated VCG device 208 may further include telemetry circuitry 280, which may be
embodied as a wireless fransmission protocol. The telemetry circuitry 260 may receive the
digital data from the digital signal processor 255 and may wirelessly transmit the digital data
t a personal device or 1o a server 280, In a particular embodiment, the telemetry circuitry
260 may be a wireless communicalion system using an appropriate protocol {e.q.,
BLUETOOTH, BLUETOOTH low-energy, ZigBee, WiFi, sic.} that receives the processed
data from the digital signal processor 288 and transmits the integrated VCG device 200
information, diagnoses, data analysis reports, etc. through an intermnal antenna 280.
Considering a sampling rate of 1 KHz, and g 12-bif analog-to-digital converter, a nominal
bit rate of 36 Kbps may be suitable for transmitting the three VCG signals, although other
rates are within the scope of the present invention. Such a data rate, along with the
necessary protacol and control and management overhead, can easily be accommaodated
by a Bluetooth Low Energy wireless maodule that can support rates up to 1 Mbps. In order
to provide securily between two communicating entities, the profocol may be used fo
provide encryption and authentication. The receiver of this data can be any unit desired by
the user, for exampie an electronic device (a.g., computer, smartphone, tablel, hand-held
device} connected wirelessly, a hospital server connected through a Wireless Local Area
Metwork (WLAN), a celiular network or a combination of devices. Upon transfer of the
integrated VOG information to the electronic device, the electronic device can moniior the
information in real-time andfor use the information for further processing. In addition, the
external integrated VOG device 200 can also exchange intelligent information with a

pacemalker or other implaniable Cardioverter/Defibrillator device 288,

The infegrated VO G device 200 may further include a microcontroller 278 in communication
with the analog processing circuitry, the A/D converter 2580, the digital signal processor and
associated memory 255 and the telemelry circuitry 260. The microcontroller is in
communication with the digital signal processor 255 and may be configured to drive the
user interface/display 265 that can be used to query the integraied VCG system for
information/diagnoses, to adjust settings, to reprogram the system and to toggle between

various modes {e.q.,

4.

G-lead mode, sleep mode, ICU mode, training mode, ete).
Additionally, the digital signal processor 255 and microcontrolier 278, and/or associated
circuitry, will also contain a trainable learning system thal analyzes the VCG data, leams

various VG patterns, and oufputs useful information and diagnoses for the patient.

With reference to FIG. 7, a funclional block diagram representation of an external integrated
VOG device 300 having an inlegrated second Z-axis electrode is illustrated. In this
embodiment, "external” is used to refer to an embodiment of the integrated VCG device
344 that is adapted to be positioned in a measurament position on the skin surface of a

patient. it this embodimant, the X-axis electrodes 305, 310, the Y.axis electrodes 315, 320

12
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and both of the Z-axis elecirodes 328, 330 are integrated into the housing 348 and are
positioned on a back surface of the housing 348 to establish contact with the skin of 3
patient. As shown with reference to FIG. 8, in this embodiment, the positive Z-axds slectrode
325 is separated from the negative Z-axis electrode 338, in the Z-axis direction, by a
predetermined distance that is established within the housing 340. In one embiodiment, ane
of the Z-axis slectrodes 3258 may be positioned on a back surface of the housing 340 and
the other Z-axis electrode 330 may be positioned on, or near, a front surface of the housing
3448 to establish the predetermined distance between the Z-axis elecirodes 3258, 330. Ina
particular embodiment, the inter-electrode distance between the Z-axis electrodaes 328, 330
may be aboul 1 cm. The separation between the Z-axis electrodes 325, 338 aliows for
acquisition of the VCG signal from the proximal body tissue 388 ulilizing capacitive
coupling. As such, in this embodiment, all of the electrades necessary to acquire the VOG
signal are confained within the housing 348, Thus, all of the external wires required io
monifor a patient's individual cardiac rhythm are eliminated, in comparison with the 12 leads
required in conventional 12-lead ECG machines. A strap may be used {0 secure the device
300 1o the body of the patient, or alternalively, the back surface of the device 300 may
include a substance that allows for removable adherence to the surface of patient’s skin.
The device 300 having integrated electrades is advantageous for use for ambulatory, in-

patient and out-patient monitoring allowing for greater comfort and mobility for the patient.

The integraled VCG device 380 may further include analog processing circuiry 348, The
analog processing clrcuilry receives the signals on the six (8} X, Y and Z leads and may
pass the signals through a differential amplifier and subsequently through a band-pass filter
to remove high frequency noise. The amplified and filtered signals may then be passed
through a buffer amplifier of the analog processing circuitry 345 to optimally maich
impedance with an analog-to-digital (A/D) converter 388, As such, the amplified, band-pass
signals are converied into high-resolution digital data at the A/D converter 350, In this
embodiment of FIG. 8, the analog-to-digital converter 258 is integraled into the VCG device
354.

Following the conversion of the analog signals acquired by the electrodes to digital data at
the A/D converter 350, the digital data may be slored in a memory andfor transmilled to a
digital signal processor 3858 for further processing. The digital signal processaor 355 may
include hardware and softwars for performing various signal processing functions, such as
ramoval of residual 60 Hz powerdine noise, adaptive filtering functions to recalibrate and
re-orthogonalize the slectrodes and transformation of the 3-lead VCG signal data to a 12-
lead ECG.

The integrated VOG device 388 may further include lelemelry circuilry 360, which may be

embodied as a wireless transmission protocol. The telemelry circuitry 360 may receive the



WO 2016/011273 PCT/US2015/040780

(¥4

10

40

digital data from the digital signal processor 355 and may wirelessly transmit the digital data
0 a personal device or 1o a server 380, In a particular embodiment, the telemelry circuitry
360 may be wireless communication system comprising an appropriate protocol {e.g.,
BLUETOOTH, BLUETOOTH low-energy, ZigBee, WiFi, sic.} that receives the processed
data from the digital signal processor 388 and transmits the integrated VCG device 308
information, diagnoses, data analysis reports, etc. through an internal antenna 3380.
Considering a sampling rate of 1 KHz, and a 12-bil analog-to-digital converter, a nominal
bit rate of 36 Kbps may be suitable for transmitting the three VCG signals, although other
rates are within the scope of the present invention. Such a data rate, along with the
necessary protacol and control and management overhead, can easily be accommodated
by a Bluetooth Low Energy wireless maodule that can support rates up to 1 Mbps. In order
to provide securily between two communicating entities, the protocol may be used o
provide encryption and authentication. The receiver of this data can be any unit desired by
the user, for exampie an electronic device (a.g., computer, smartphone, tablel, hand-held
device} connected wirelessly, a hospital server connected through a Wireless Local Area
Metwork (WLAN), a celiular network or a combination of devices. Upon transfer of the
integrated VCG information to the electronic device, the electronic device can monitor the
information in real-time andfor use the information for further processing. In addition, the
external integrated VOG device 300 can also exchange intelligent information with a

pacemalker or other implaniable Cardioverter/Defibrillator device 388,

The infegrated VOG device 380 may further include a microconirolier 378 in communication
with the analog processing circuitry, the A/D converter 358, the digital signal processor and
associated memory 385 and the telemelry circuitry 360. The microcontroller is in
communication with the digital signal processor 3585 and may be configured to drive the
user interface/display 365 that can be used to query the integrated VCG system for
information/diagnoses, to adjust settings, to reprogram the system and to toggle between

various modes {e.q.,

4.

G-lead mode, sleep mode, ICU maode, training mode, et}
Additionally, the digital signal processor 355 and microcontrolier 378, and/or associated
circuitry, will also contain a trainable machine leaming system that analyzes the VOG dats,
learns various VCG patterns, and outputs useful information and diagnoses concerning the

patient.

With reference fo FiG. 9, a funclional block diagram representation of an internal inlegrated
VOG device 400 having an inlegrated second Z-axis electrode is illustrated. In this
embodiment, “internal” is used to refer to an ambodiment of the VUG davice 400 that is
adapted to ba implanted in the chest area of the patient. In this embodimant, the Xeaxis
electrodes 485, 418, the Y-axis slectrodes 418, 420 and both of the Z-axis electrodas 425,
438 are integraled into the housing 448 or adhered {o the back surface of the housing 440,



WO 2016/011273 PCT/US2015/040780

(¥4

10

40

to establish contact with the skin of a patient. As shown with refersnce o FIG. §, in this
embadiment, the posilive Z-axis electrode 423 is separated from the negative Z-axis
electrode 434, in the Z-axis direction, by a predeiermined distance that is established within
the housing 4484, In one embodiment, one of the Z-axis electrodes 425 may be positioned
on a back surface of the housing 448 and the other Z-axis electrode 430 may be positioned
on, or near, a front surface of the housing 448 o establish the predelermined distance
between the Z-axis electrodes 425, 438, In a particular embodiment, the inter-electrode
distance between the Z-axds electrodes 425, 438 may be about 1 om. The separation
between the Z-axis slectrodes 428, 430 aliows for acquisition of the VGG signal with divect
contact with body tissus. As lllustrated with reference to FIG. 1}, in which a side view of
the integrated VGG device 400 is shown, the separation of the Z-axis leads 425, 438 in this
embadiment allows the device to collect cardiac signals from the nearby tissue when the
vectorcardiogram device 408 is implanted inlo the body of the patient. In one such an
embodiment, the tissue can be separated by a maximum distance equal to the thickness
of the implanted VCG device 400 and is sufficient to obtain a comprehensible signal in the
body environment. As such, in this embodiment, all of the electrodes necessary to acquire
the VYOG signal are contained within the housing 448, Thus, all of the external wires
required to monitor a patient’s individual cardiac rhythm are eliminated, in comparison with
the 12 lsads required in conventional 12-ead ECG machines. The implanted device 400
having integrated slectrodes is advaniageous for use in out-patient monitoring of the

patient,

The integraled VCG device 480 may further include analog processing circuiiry 448, The
analog processing clrcuilry receives the signals on the six {(8) X, Y and Z leads and may
pass the signals through a differential amplifier and subsequently through a band-pass filter
to remove high frequency noise. The amplified and filtered signals may then be passed
through a buffer amplifier of the analog processing circuitry 445 to optimally match
impedance with an analog-to-digital {A/D) converter 450, As such, the ampiified, band-pass
signals are converied into high-resolution digital data at the A/D converter 458, In this
embodiment of FIG. 8, the analog-to-digital converter 458 is integraled into the VCG device
450

Following the conversion of the analog signals acquirad by the electrodes to digital data at
the A/D converter 450, the digital data may be slored in a memory andfor transmilled to a
digital signal processor 485 for further processing. The digital signal processaor 455 may
include hardware and softwars for performing various signal processing functions, such as
ramoval of residual 60 Hz powerdine noise, adaptive filtering functions to recalibrate and
re-orthogonalize the slectrodes and transformation of the 3-lead VCG signal data to a 12-
lead ECG.
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The integrated VCG device 488 may further include telemetry circuitry 480, which may be
embodied as a wireless fransmission protocol. The telemelry circuitry 488 may receive the
digital data from the digital signal processor 455 and may wirelessly transmit the digital data
t a personal device or 1o a server 480, In a paricular embodiment, the telemetry circuitry
460 may be wireless communication sysiem comprising an appropriate protocol {e.g.,
BLUETOOTH, BLUETOOTH low-energy, ZigBee, WiFi, sic.} that receives the processed
data from the digital signal processor 488 and transmits the integrated VCG device 400
information, diagnoses, data analysis reports, etc. through an intemnal antenna 430,
Considering a sampling rate of 1 KHz, and g 12-bif analog-to-digital converter, a nominal
bit rate of 36 Kbps may be suitable for transmitting the three VCG signals, although other
rates are within the scope of the present invention. Such a data rate, along with the
necessary protacol and control and management overhead, can easily be accommodated
by a Bluetooth Low Energy wireless maodule that can support rates up to 1 Mbps. In order
to provide securily between two communicating entities, the profocol may be used fo
provide encryption and authentication. The receiver of this data can be any unit desired by
the user, for exampie an electronic device (a.g., computer, smartphone, tablel, hand-held
device} connected wirelessly, a hospital server connected through a Wireless Local Area
Metwork (WLAN), a celiular network or a combination of devices. Upon transfer of the
integrated VOG information to the electronic device, the electronic device can monitor the
information in real-time andfor use the information for further processing. In addition, the
external integrated VOG device 400 can also exchange intelligent information with a

pacemalker or other implaniable Cardioverter/Defibrillator device 488,

The infegrated VO G device 400 may further include a microcontraller 478 in communication
with the analog processing circuitry, the A/D converter 450, the digital signal processor and
associated memory 485 and the telemetry circuilry 460, In the present invention, digital
signal processing can be used o reduce or eliminate spurious effects via ampiification of
waald signals, filtering, and adaptive signal cancellation. Additionally, post-reception signal
processing technigues may be used to compensate for degradation or distortion in the
signal and to restore signal orthogonality. Additionally, in this embodiment, the user
interface/display is removed from the device and the VCG device 480 may be controlled by
a ramote device that wirelessly communicates with the microcontroller 478 contained in the
device 488. The remote device can be used to query the integrated VCG sysiem for
information/diagnoses, to adjust seitings, to reprogram the system and o toggle between
various modes {e.g., G-lead mode, sleep mode, ICU mode, training mode, eic.).
Additionally, the digital signal processor 455 and microcontrolier 478, and/or associated

circuitry, can also optionally contain a trainagble learning system that analyzes the VGG
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data, learns various VCG patierns, and outputs useful information and diagnoses for the

patient.

in an additional embodiment of the integrated VCG device of the invention, a 2-dimensional
frontal plane VCG may be utilized instead of a 3-dimensional VCG. In this allernative
embodiment, a pair of orthogonal X-axis slectrodes and a pair of Y-axis electrodes may be
incorporated into the housing and use to collect the electrical cardiac signals of the patient.
in this embodiment, the Z-axis electrodes are eliminated and the information provided by

the 2-dimensional frontal plane VOG is equivalent to at Isast € leads of the 12-lsad ECG.

Embodiments of a miniaturized integrated VCG device, as described in the present
invention, allows the necassary electronics and associated elecirodes to {it info a single
package that is small encugh to be non-intrusive and that can be worn by the patient. Both
the external and internal embodiments of the integrated VOG device may additionally
include a baitery to reduce the power line noise. Uillizing battery power for the device will
eliminate the 60 Hz noise directly from the power source and additional filtering may be
used o remove other 80 Hz noise resulting from electrical and magnetic coupling of the
circuitry, as wall as other noise, for example. In one embodiment, differential amplifiers for
each dimension (X, ¥ and Z} may be incorporated in the analog processing circuitry to
eliminate common-made naise and the output of the amplifiers may be filtered using a 0.5-
158 Hz band-pass filier to reduce thermal noise bandwidth. The filtered signals may then
be passed through an oscilloscope with a built-in analog-to-digital A/D) convearter to provide
digital dala representalive of the collected VCG signals. During digital signal processing,
the 60 Hz noise may be remaoved, orthogonality may be restored, the stored data may be
processed, and the signal can be made available in real-time. Signal processing techniques
may further remove noise slements and resiore the loss of amplitude and orthogonality as

sensors are moved doser together.

FIG. 11A illustrates the measured signal, before noise removal, and the filtered signal, after
noise removal, for the X-axis at a distance belween the pair of slectrodes equal 1o about
1.8 cm. In this embediment, the circuit is battery powered, analog filtered and shielded fo
reduce a majority of the noise, but noise filtering or canceliation is still typically necaessary.
In an exemplary embodiment, MATLAB code may be used to remove 80 Hz power line
noise and other noise either via filtering or adaptive filtering. As seen, the posi-processing
block helps fo remove the 60 Hz noise and other unwanied signals, as the ECG
measurements with 80 Hz noise is inpul to the MATLAB-based filtering utilizing a second
order R {infinite impuise response} notch filter. Thus, the noise can be removed, as
Hustrated with reference to FIG. 11A. The algorithm used o filter the signal may be

designed such that the integrated VCG device will be sensilive to the specific spechral
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content of the ECG signal around 80 Hz and may additionally be trained to adaptively lsam

and cancel "noise” at other fraquencies, or alternatively set to 80 Hz in certain couniries.

The filtered signals for the shortest distances in the X-axis (1.8 cmy), Y-axis (2.2 cm), and
Z~axas are Hlustrated with reference o FIG. 118, As shown in FIG. 118, the amplitude of
the signal in the Z-axds is larger than the X-axes and Y-axes because the distance between
the Z-axis leads is very large compared o the inter-electrode distance in the Xeaxds and the
Y-axis, considering that one of the Z-axds electrodes was placed on the back of the patient.

FIG. 12 shows the plots of the X and Y leads where the electrodes were placed 1 cm apart.

FIG. 13A Hllustrates a plot of the VCG loops based upon the acquired cardiac vector
projected in the X-Y plane. FIG. 138 illusirates a plot of the VCG loop based upon the
acquired cardiac vector projected in the Y-Z plane and FIG. 13C illusirates a plot of the
VOG loop basad upon the acquired cardiac vector projected in the X-Z. FIG. 14 illustrates
the VCG loops plotted in three dimensions based upon the VOP loops shown in FIG. 13A,
138 and 13C.

Post-reception signal processing techniques can additionally be used to convetrt the 3-lead
VOG signals o the 12-lead ECG that is more familiar fo physicians. There is a linear
relationship between the 3-lead VCG signals and sach of the 12-lead ECG signals. Hance,
there is a 12 x 3 transformation matrix that converts the 3-lead VCG vector o the 12-lead
ECG. in one embuodiment, the digital signal processor of the integrated VOG device of the
present invention may implement adaptive filtering techniques, such as those employing a
least-squares algorithm, a least-mean-squares {(LMS) algorithm or a recursive least-
squares aigorithm {(RLE) to learn the 12x3 transformation matlrix that is unique to the

specific patient.

Beacause the human chest is not truly planar in shape, the X and Y axes may be inclined,
thareby causing the VCG leads to lose orthogonality. The angle of inclination depends upon
the body type of the patisnt and cannot be astimated prior to instaliation of the integrated
VCG device. By using the 12-lsad ECG the angles of inclination can be calculatad and
orthogonality can be resiorad via sofiware implamented in the digital signal processor. in
an sxemplary embodiment, ai the time of fitting of the 3-lsad VOG device, the patient may
also be fitted with a standard 12-ead ECG. The 3-lead YOG device and the 12-lead ECG
machine may be synchronized and used to read the cardiac signals (VGG and ECG) of the
patient, substantially simultansously. The ECG leads may then be ramoved from the
patient, leaving the integrated VYOG device in place. The cardiac signals read by the
integrated YCG and the ECG may then be transmitted o an external server or device fo
perform the calibration. The 12-ead ECG signals and a 3x12 inverse transformation matrix

that is determined via research prior o the fitting of the VUG device, are used to calibrate
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the integrated VCG device. It is envisioned that the inverse transformation matrix will be
applicable to all body typss and can therefore be emploved for all patients. However, in an
altsrnative ambodiment, it may be necessary to detarmine multiple inverse transformation
matrices that are unique to specifically identified body types o allow for adequate
calibration of the integrated VOG device. The 3x12 inverse fransformation matrbdis applied
o the 12-lead ECG signals to obtain a normal signal that is not distoried as a result of the
curvature of the patient's chest. This normal signal is then compared with the signal
measurad from the integrated VUG device. The integrated VUG devics is then corrected
by rotating # by a quantity that minimizes the error between the normal signal and the
integrated VCG signal.  Following the calibration of the integrated VCG device, the
corrected integrated VGG signal may then be then recorded and stored on the integrated

VGG device as a reference cardiac vecior.

If the integrated VOG device is exdernal and in contact with the skin of the patient, the
device can be remaoved by the patient at any time, such as 1o replace the batleries in the
device. When the patient reattaches the device, it is likely that the placement of the device
will be at least slightly different than the placement during the original fitting of the device
performed by the physician. Further correction for any incorrect placement (by the patient)
or inadvertent disorientation of the device can be performed o re-esiablish orthogonality
via signal processing that rolates and or transiales the VOG signal in software or by
physically orienting the device. The reference cardiac vector that is stored in the VOG
device, as previously described regarding the initial fitling of the integrated VCG device,
may additionally be used as a reference for correcting distortion resulling from the
subsequent misplacement of the device by the patient, principally in the form of incorrect
orientation in the XY plane. The signal fidelity may suffer from incorrect placement of the
YOG device. This incorrect placement may be characterized as an inadverient rotation or
translation from the correct orienlation and location. A method that corrects the effects of
such an inadvertent rotation in software, without requiring patient involvement, is providsd
by the present invention. The method utilizes the reference cardiac vector that was
determined at the initial filting to correct for the subsequent misplacement of the device.
The cardiac vector from the rolaled VOG recording is eratively rofated {in software) in
small angles such that the minimum mean square error (MMSE) between the disoriented

cardiac vactor and the reference cardiac vactor is minimized.

in cerlain embodiments of the present invention, the digital signal processor of the
integrated VOG system may be configured to adaptively lsarn the 12 x 3 matrix
transformation that converts the VCG signal to the "gold standard” 12-ead ECG signal

when the 3-tead VOG device is initially installed on the patient. The 12-lead ECG contains
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12 signals (lsads) commonly referred to as: |, H, ll, aVR, aVi, aVF, V1, V2, V3, V4, V5,
and V8. When the 12-lead ECG and the 3-lead VOG devices that are atached to the patient
are synchronizad, an adaptive signal processing technigue may be used to process the
fransformation coefficients that are used to convert the 3-lead VCG signal to the 12-lead
ECG. In one embodiment, each of the 12 measured ECG signals may be compared with
each of the 3 measured VCG signals and the coefficients in the matrix transformation may
be computed to achieve the bast matching coefficients by minimizing the mean-squared
error between each of the measured 12 ECG and the ECG signals derived from the 3-lead

VGG signal.

The process required to obtain the transformation coefficiants involves measuring the ECG
and VCG leads simultaneously and obtaining the coefficients using a suitable algorithm. In
an exaemplary embaodiment, the ECG lsads corresponding to |, aVF, and V2 were measurad
with the X, Y and Z leads of the VCG device, substantially simultansously. The least-square
meathod was then employad o determing the transformation coefficients. FIG. 15 lllustrates
the measured ECG lead, aVF and the aVF lead derived from the VOG leads using the

calculated transformation coefficients.

FIG. 18A illusirates the projection of the cardiac vector iy the XY plane for a normal
orientated VCG device, the projection when the VCG device is rolated by 45° in the
clockwise direction, and the software-corrected cardiac vector projection. FiG. 168 shows
a similar figure, wherein the integrated VOG device was inadvertently rotated in the
clockwise direction. FIG. 17A ilusirates the X and Y leads when recorded in the normal
orientation and when recovered from an VCG device rotated in a clockwise direction and
FIG. 17B illustrates the X and Y leads when recorded in the normal orientation and when
recoverad from an VCG device rofated in and anti-clockwise direction. In an additional
embodiment, the angle of rotation {o correct the effects of inadvertent rotation of the device

may be analytically computed as an alternative 1o the iterative approach.

it is further contemplated herain that the batiery in the device can be designed fo
accommodate the longHife requiremeants that are important for implanted devices. Similarly,
a low-power wireless protocot {e.g., BLUETOOTH Low Energy) can be chosen in order to

adhers to the SAR (Specific Absorption Ratia) power limitation requirements in the body.

Tao save power, the device does not necessarily continuously wirelessly communicate, but
may have embedded intelligence that determines and only communicates to report cardiac
events. This enables event-driven communications, which is power conserving relative {o

continuous fransmission.

Ancther optional feature is that the implanted VCG device wirelsssly communicates, with

or faorms a network with other cardiac implantad devices within the patient {(s.g., pacemaker,
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ICD, etc.), or with other devices where the coordinated information recorded and
fransmifted by the network of devices is of medical benefit to the ussr, operator, medical
tsaum, etc. For exampls, the implanted VCG device can communicate advanced/intelligent
actuation decisions {0 a pacemaker or train the pacemaker to make bettsr decisions. it is
expectad that the limited sensing capability and intslligence presant in the cardiac implant
can benefit significantly from the VCG device’s monitoring capability. As such, the number
of false positive shocks administersed by these cardiac implants, which is presently a
problem, can be significantly reduced by the cardiac implant being trained to make belter

decisions.

Importantly, it has been shown herein that a VCG device can be made with all five
electrodes (X+/-, Y+/- and Z+)} leads fully integrated into the device, thereby eliminating any
external leads or parmitting only a single external electrade {Z-). The Z-axds lead can also
make elecirical contact with the skin or not make slectrical contact with the skin, or be
incorporated info a main external integrated devics by adding depth between the two leads.
Further, the devices may be calibrated relative to a 12-sad ECG. The VCG devices may
also measure respiration via measuraed changes in bio-impedance, along with controlling

or training cardiac implants, such as pacemakers.

The inventive integrated vectorcardiogram system of the present invention allows long term
and continuous remote monitoring of a patient's electrical heart aclivity. The implications
are potentially profound and include: (1) providing a less expensiva, less obtrusive, device
compared to the 12dead ECG sysiem {(the "gold standard™; (2) compreheansive and
continuous remote tele-monitoring of a patient; (3} capable of replacing the current Holter
moniior system; {4) ICU cardiac monitoring bacoming much less complex and costly; (5)
physicians potentially sending patients home earlier because the doctors can have
continuous remofe monitoring of the patients; (8} Cardiac implants benefitting from
intelligent monitoring information; and (7} predicting potentially fatal cardiac events and

alerting patients to seek medical care fo avert said event

The primary component of the Integrated Vectorcardiogram system of the prasent invention
is the integrated VCG device. Prasented herein are proof-of-concept experimental rasults
that strongly support the above assertions. Moreover, it is shown herein how fo collect and
process the signals of the electrical activity of the heart using the integrated VOG device,
The learning system and communication capabilities are part of the inlegraled VCG system,
such that it can learn the patterns of the collected data and make decisions that are sent fo
the pacemaker (CD/CRT) that control actuation. As such, the VUG learning system of the
present invenlion may also be trained o not only recognize, but predict cardiac

abnormalities.
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The vactorcardiogram system of the present invention captures the electrical condition of
the heart by recording the 3-D cardiac vector signal, using a minimal lead distance. The
capturad signals are then filterad and converted to digital data. The data is then processed
using an algorithm for noise removal and re-orthogonalization. The corrected VOG leads
are then either transmilted t© the hospital/physician/implanted device, as-is or after

conversion to a 12-lsad ECG.

The present invention may be embodied on various computing platforms that perform
actions responsive to software-based instructions.  The following provides an antecedent

basis for the information technology that may be utilized to enable the invention.

The computer readable medium described in the claims below may be a computer readable
signal madium or a computer readable storage medium. A computer readable siorage
medium may be, for example, but not limited o, an slsctronic, magnetic, optical,
electromagnetic, infrared, or samiconductor systam, apparatus, or device, or any suifable
combination of the foregoing. More specific examples {a non-sxhaustive listy of the
computer readable siorage medium would include the following: an electrical conneclion
having one or more wires, a portable computar diskeite, a hard disk, a random access
mamory (RAM), a read-only memory (ROM), an erasable programmable read-only memory
(EPROM or Flash memory), an optical fiber, a poriable compact disc read-only memory
{CD-ROM), an optical storage device, a magnetic storage device, or any suifable
combination of the foregoing. In the context of this document, a computer readable storage
medium may be any fangible medium that can contain, or store a program for use by orin

connaction with an instruction execution system, apparatus, or device,

A computer readable signal medium may include a propagated data signal with computer
readable program code embodied therein, for example, in baseband or as part of a carrier
wave. Such a propagated signal may take any of a variety of forms, including, but not limited
to, electro-magnetic, optical, or any suitable combination thereof. A computer readable
signal medium may be any computer readable medium that is not a computer readable
storage medium and that can communicate, propagate, or transport a program for use by

or in connection with an instruction execution system, apparatus, or device.

Program code embodied on a computer readabls medivm may be transmitted using any
appropriate medium, including but not imited to wireless, wire-line, optical fiber cable, radio
fraquency, etc., or any suitable combination of the foregoing. Computer program cods for
carying out operations for aspects of the present invention may be wrilten in any
combination of one or more programming languages, including an object oriented

programiming languags such as Java, G#, C++ or the like and conventional procedural
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programiming languages, such as the "C" programming languags or similar programming

languages.

Aspects of the prasent invention are described below with reference to illustrations and/or
block diagrams of methods, apparatus {systems} and computer program products
according o embodiments of the invention. It will be understood that each element in the
fHustrations can be implemented by computer program instructions. These computer
program instructions may be provided o a procsssor of a general purpose compuier,
special purpose computat, or other programmable daia procassing apparaius to produce
a maching, such that the instructions, which exscute via the processor of the computer or
other programimable data processing apparatus, create means for implemanting the

functions/acts specified in the flowchart and/or block diagram block or blocks.

These computer program instructions may also be storad in a computer readable medium
that can direct a computsr, other programmable data processing apparatus, or other
devices to function in a particular manner, such that the instructions stored in the computer
readable medium produce an article of manufacture including instructions which implement

the function/act specified in the flowchart andfor block diagram block or blocks.

The computer program insbructions may also be loaded onio a computer, other
programmable data processing apparatus, or other devices to cause a series of operational
steps ta ba performed on the computsy, other programmable apparatus or other davices to
produce a computer implamented process such that the instructions which sxecute on the
computer or cther programmable apparatus provide processes for implementing the

functions/acts specified in the flowchart and/or block diagram block or blocks.

While ceriain aspects of conventional technologies have been discussed io facilitale
disclosure of the invention, Applicants in no way disclaim these technical aspects, and it is
contemplated that the claimed invention may encompass one of more of the conventional

tachnical aspscts discussed hersin.

The present invention may address one or more of the problems and deficiencies of the
prior art discussed above. However, it is contemplated that the invention may prove useful
in addressing other problems and deficiencies in a number of technical areas. Thersfore,
the claimed invention should not necessarily be construed as limited to addressing any of
tha particular problems or deficiencies discussed harein.

in this specification, where a document, act or item of knowledge is referred to or discussed,
this refsrence or discussion is not an admission that the docurment, act or item of knowledge
or any combination thersof was at the priority date, publicly available, known (o the public,

part of common gensral knowledge, or otherwise constitutes prior art under the applicable
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statutory provisions; or is known to ba relevant to an attampt to solve any problam with

which this specification is concerned.,

The advantages sst forth above, and those mads apparent from the foregeing description,
are efficiently atlained. Since certain changes may be made in the above construction
without departing from the scope of the invention, it is intended that all matters contained
in the foregoing description or shown in the accompanying drawings shall be interpreted as

fHustrative and not in a limiting sense.

it is also to bs understood that the following claims are intended to cover all of the gensric
and specific featuras of the invention herein describad, and all statements of the scope of

the invention that, as a matter of languags, might be said to {all therebelween,
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What is claimed is:

A vectorcardiogram device for measuring cardiac electrical activity of a patlient, the

davice comprising:

a pair of substantially orthogonal X-axis electrodes and a pair of substantially
arthogonal Y-axis electrodes, the electrodes contained within a housing
adapted to be in contact with a patient in a vectorcardiogram measurement

position to sense cardiac electrical signals of the patient;

analog processing circuitry contained within the housing, the analog
pracessing circuilry coupled {0 receive the cardiac electrical signals sensed
by the pair of substantially orthogonal X-axis electrodes and the pair of

substantially orthogonal Y-axis electrodes;

an analog-to-digital converter contained within the housing, the analog-to-
digital converter coupled to the analog processing circuitry to convert the

cardiac electrical signals o digital vectorcardiogram data;

a digital signal processor contained within the housing, the digital signal
pracessor coupled to receive the digital vectorcardiogram data from the
analog-to-digital converter 1o generate processed digital vectorcardiogram

data; and

telematry circuitry contained within the housing, the telemetry circuitry
coupled to the receive the processed digital vectorcardingram data from the

digital signal processor and o transmit the data to a remaote device.

The vectorcardiogram device of claim 1, further comprising a first Z-axis electrode of
a pair of substantially orthogonal Z-axis electrodes, the first Z-axis electrode
contained within a housing adapted (o be in contact with a patientin a
vectorcardiogram measurement position and coupled to the analog processing
circuitry, the first Z-axis electrode to sense cardiac electrical signals of the patient and
the analog processing circuitry to receive the cardiac electrical signals from the first

Z-axis electrode.

The vectorcardiogram device of claim 2, further comprising a second Z-axis electrods
of the pair of substantially orthogonal Z-axis electrodes adapted to be in contact with
the patient in a vectorcardiogram measurement position and coupled o the analog
processing circuitry, the second Z-axis electrode to sense cardiac electrical signals of
the patient and the analog processing circuitry to receive the cardiac electrical signals

from the second Z-axis electrode.
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12.

13.

4.

5.

The vectorcardiogram davice of claim 3, wherein the second Z-axis slectrode of ths

pair of substantially orthogonal Z-axis electrodss is containad within the housing.

The vectorcardiogram device of claim 3, wherein the first Z-axis electrode and the
second Z-axis slectrode of the pair of substantially orthogonal Z-axis slectrodes are

separated by a predetermined distance within the housing.

The veclorcardiogram device of claim 3, wherein the second Z-axis electrode of the
pair of substantially orthogonal Z-axis electrodes is coupled to the analog processing
circuitry by an external lead and is adapted to contact the patient in 2 measurement
position.

The veclorcardiogram device of claim 1, wherein the analog processing circuitry

comprises at ieast one amplifier.

The veclorcardiogram device of claim 7, wherein the analog processing circuitry

comprises at least one filter coupled to the at least one amplifier.

The vectorcardiogram device of claim 8, wherein the analog processing circuitry
comprises at least one amplifier buffer coupled between the at least one filter and the

analog-to-digital convarter.

. The vectorcardiogram device of claim 1, further comprising a microconirolier coupled

to the analag processing circuitry, the analag to digital convertsr, the digital signal

processor and the telemetry circuitry.

. The veciorcardiogram device of claim 10, further comprising at least one of a user

interface and a display coupled to the microcontrolier.

The vectorcardiogram device of claim 1, wherein the digital signal processor further
comprises a transformation matrix to transform the digital vectorcardiogram (VCG)

data to electrocardiogram (ECG) data.

The vectorcardiogram device of claim 1, wherein the digital signal processor further
comprises 3 patient specific ECG calibration transformation malrix to calibrate the
digital vectorcardiogram data.

The vectorcardiogram device of claim 1, wherein the digital signal processor further

comprises a reference cardiac vector to correct the effect of inadvertent rotation of
the VCG device.

The vectorcardiogram device of claim 1, wherein the telemetry circuilry is wireless

telemetry circuitry.
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16. The vectorcardiogram device of claim 1, wherain the remote device is sslected from

the group consisting of a compuier, a smartphone, a8 native device, a tablet, a server,

or other electronic device.

17. A method for measuring cardiac electrical activity of a patient, the method comprising:
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positioning a veclorcardiogram device in a measurement position relative to a

patient, wherein the veclorcardiogram device comprises;

a pair of substantially orthogonal X-axis electrodes and a pair of
substantially orthogonal Y-axis electrodes, the eleclrodes contained
within a housing adapled (o be in contact with a patient in a
measurement position to sense cardiac electrical signals of the

patient;

analog processing circuitry contained within the housing, the analog
processing circuitry coupled fo receive the cardiac electrical signals
sensed by the pair of substantially orthogonal X-axis electrodes and

the pair of substantially orthogonal Y-axis electrodes;

an analog-to-digital converter contained within the housing, the
analog-to-digital converter couplad to the analog procassing circuitry
o convert the cardiac electrical signals to digital vectorcardiogram

data;

a digital signal processor contained within the housing, the digital
signal processor coupled to receive the digital vectorcardiogram data
from the analog-to-digital convarter 1o generate procassed digital

vectorcardiogram data; and

telemetry circuifry contained within the housing, the telemetry
circuitry coupled {o the receive the pracessed digital
vectorcardiogram data from the digital signal processor and to

transmit the data 1o a remote davice.

18. The method of claim 17, whersin the vectorcardiogram device further comprises a

first Z-axis slectrode of a pair of substantially orthagonal Z-avds electrodes, the first Z-

axis electrade contained within a housing adapted to be in contact with a patient in g

35 vectorcardiogram measurement position and coupled to the analog processing

circuitry, the first Z-axis electrode to sense cardiac electrical signals of the patient and

the analog pracessing circuitry 1o receive the cardiac electrical signals from the first

Z-axis electrode.
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18.

20.

21.

22.

24.

25.

28.

The method of claim 18, wherein the vectorcardiogram further comprises a second Z-
axis electrode of the pair of substantially orthogonal Z-axis electrodes adapted to bs
in contact with the patient in a veclorcardicgram measurament position and couplad
to the analog processing circuitry, the sscond Z-axis electrods to senss cardiac
alactrical signals of the patient and the analog procassing circuitry o receive the

cardiac electrical signals from the second Z-axis electrode.

The method of claim 18, whearein the second Z-axis electrods of the pair of

substantially orthogonal Z-axis electrodes is contained within the housing.

The method of claim 18, whearein the second Z-axis electrods of the pair of
substantially orthogonal Z-axis electrodes is coupled to the analog processing
circuitry by an external lead and is adapted to contact the patient in a measurement
position.

The method of claim 17, wherein the measurement position is external to the patient.

. The method of claim 17, wherein the measurement position in internal to the patient.

The method of claim 17, further comprising transforming the digital vectorcardiogram

{(VCG) data to slectrocardiogram (ECG) data using & transformation matrix.

The method of claim 17, further comprising calibrating the digital veciorcardiogram

™

data using a patient specific ECG calibration transformation matrix.

The method of claim 17, further comprising correcting the effect of inadvertent

rotation of the integrated VCG device using a reference VCG signal.

. Acsystem for measuring the cardiac electrical activity of a patient, the system

comprising:

a veclorcardiogram device for measuring cardiac elecirical activity of a

patient, the device comprising:

a pair of substantially orthogonal X-axis electrodes, a pair of
substantially orthogonal Y-axis electrodes and a first Z-axis elecirode
of a pair of substantially orthogonal Z-axis electrodes, the electrodes
containad within a housing adapted fo be in contact with a patient in
a veclorcardiogram measurement position {o sense cardiac electrical

signhals of the patient;

analog processing circuitry contained within the housing, the analog
processing circuitry coupled o receive the cardiac electrical signals

sensed by the pair of substantially orthogonal X-axis electrodes, the
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pair of substantially orthogonal Y-axis electrodas and the first Z-axis

electrode of the pair of substantially orthogonal Z-axis electrodes;

a second Z-axis electrode of the pair of substantially orthogonal 2-
axis elecirodes adapted o be in contact with the palient in a
vectorcardiogram measurement position and coupled to the analog
processing circuitry, the second Z-axis electrods to sense cardiac
electrical signals of the patient and the analog processing circuitry to
receive the cardiac electrical signals from the second Z-axdis

electrods;

an analog-to-digital converter containad within the housing, the
analog-to-digital convarter coupled o the analog processing circuilry
to convert the cardiac electrical signals to digital vectorcardiogram

data;

a3 digital signal processor contained within the housing, the digital
signal processor coupled to receive the digital vectorcardiogram data
from the analog-to-digital converter 1o generale processed digital
vaectorcardiogram data;

telemetry circuifry contained within the housing, the telemelry
circuitry coupled o the receive the processed digital

vectorcardiogram data from the digital signal processor;

a remote device in communication with the telemetry circuitry of the veciorcardiogram

device; and

a cardiac resynchronization therapy (CRT) pacemaker in communication with the

telemetry circuitry of the veclorcardiogram device.
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