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7) ABSTRACT

An apparatus for monitoring a patient post operation having
electrically conducting leads which are adapted to extend
from inside the patient. The leads having electrodes adapted
to communicate with a heart of the patient and apply
electrical signals to the heart. The electrodes providing
cardiac signals to the computer in response to the electrical
signals so the computer can determine in real time at least
one of heart volume, end diastolic heart volume, end systolic
heart volume, stroke volume, change in heart volume,
change in stroke volume, contractility, respiration rate or
tidal volume regarding the patient.
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METHOD AND APPARATUS FOR
MONITORING A PATIENT

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This is a 371 application of PCT application num-
ber PCT/US2017/041720 filed Jul. 12, 2017, which claims
priority from U.S. provisional application Ser. No. 62/362,
416 filed Jul. 14, 2016, all of which are incorporated by
reference herein.

FIELD OF THE INVENTION

[0002] The present invention is related to using informa-
tion with a post-surgical patient in regard to leads that extend
from the patient’s chest after the chest has been closed. (As
used herein, references to the “present invention” or “inven-
tion” relate to exemplary embodiments and not necessarily
to every embodiment encompassed by the appended claims.)
More specifically, the present invention is related to using
admittance information with a post-surgical patient in regard
to leads that extend from the patient’s chest after the chest
has been closed.

BACKGROUND OF THE INVENTION

[0003] This section is intended to introduce the reader to
various aspects of the art that may be related to various
aspects of the present invention. The following discussion is
intended to provide information to facilitate a better under-
standing of the present invention. Accordingly, it should be
understood that statements in the following discussion are to
be read in this light, and not as admissions of prior art.
[0004] Standard care for open heart surgery is to place two
or more temporary pacing wires into the heart. These wires
are used to pace the heart if the patient heart rhythm needs
adjustment. Often these wires go unused. One embodiment
of the present invention attaches to these temporary pacing
wires to make cardiac measurements. A low and safe current
is injected from one pacing wire to another. The frequency
of this current is high enough and the amplitude is low
enough that this current does not damage or stimulate the
heart. Voltage is measured on these electrodes or on other
nearby electrodes also placed on the heart. The voltage and
current data are combined to derive electrical admittance.
Prior art allows for the derivation of cardiac function from
these electrical measurements, such as heart rate, left ven-
tricular end diastolic volume, left ventricular end systolic
volume, left ventricular stroke volume and ejection fraction.
However, herein are presented techniques to remove respi-
ratory and motion artifacts, improving the signal to noise
ratio. It is critical that complex electrical properties be
measured so the contribution of the myocardial muscle can
be removed, resulting in a signal sensitive to the volume of
blood in the heart. The availability of such a device will
allow for continuous monitoring of cardiac function during
the post-surgical recovery.

[0005] One example of how this would work in post-
surgical applications, suppose a patient who has undergone
an open heart surgery decompensates in the hospital the day
after his/her surgery. The treating physician would have two
potential treatments for this emergency situation that are
opposite in nature. If the heart is weaker (low contractility,
normal EDV, higher ESV than normal, lower SV than
normal), then the treatment is to give a positive inotrope
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(this raises pressure, and blood flow in hearts that have
enough blood). If instead the patient is decompensating
because of low volume, (low EDV, but normal contractility,
normal ESV, potentially lower SV) then the treatment is to
give more fluids like TV saline. Choosing the wrong treat-
ment can lead to further decompensation of the patient, and
these decisions are often made somewhat uninformed,
because of the lack of hemodynamic information.

[0006] Itis important to note that the electrodes being used
in this invention are normally only used for ECG measure-
ment, and pacing in emergency situations, such as when
heart block occurs due to the surgical intervention the patient
is recovering from. Currently, if a doctor needs to know
more about the volume status (or hemodynamic status) of
the patient to determine correct treatment, a Swan Ganz, or
other pressure/flow measurement intervention must be per-
formed. Usually this involves a consult with an interven-
tional cardiologist. In the situation where the present inven-
tion is used, the time necessary for this procedure, the extra
interventional cardiologist, and the associated risks of addi-
tional catheterization in a weak heart can be avoided.

BRIEF SUMMARY OF THE INVENTION

[0007] The present invention is a bedside monitor that
measures cardiac and pulmonary function using electrical
impedance and electrical admittance in, on, and across the
heart. Electrical impedance (7) is the ratio of the effort
divided by flow as electrical energy flows through an object.
EBlectrical admittance (Y) is the ratio of flow divided by
effort. The impedance and admittance of living tissue are
complex numbers; this means electrical energy is both
reduced in amplitude and delayed in time (phase shift) by the
tissue during transfer. Prior art has defined the electrodes and
the relationship between electrical properties and heart
physiology. Prior art also defined method that provides
accurate measurements that are both low power and small in
size.

[0008] Herein is presented in substantial detail several
possible embodiments of a method and apparatus, based on
complex measurements of electrical admittance, which will
allow for monitoring of cardiac and pulmonary functions.
First, prior art describes how to perform admittance mea-
surements from standard pacemaker leads. The signal pro-
cessing techniques presented here significantly improves
signal to noise ratio when measurements are taken within the
pacemaker while the patient is ambulatory. A second sce-
nario for this method and apparatus is for a bedside monitor
for patients with temporary pacing wires.

[0009] A first embodiment is to incorporate the method
and apparatus [19-24] to pacemakers and AICDs, using
currently deployed bi-ventricular and AICD leads, to elec-
trically detect either true LV preload, or an increase in LV
preload from baseline. Bi-ventricular and the RV AICD
leads are already located in the ideal locations—the lateral
LV epicardium and the right ventricular (RV) septum. Since
blood has 5-fold higher conductivity than myocardium, the
preferential path for a substantial fraction of the current flow
will be the LV blood volume. This low-power admittance
device can be “piggy-backed” onto implanted AICD and
bi-ventricular pacemakers to serve as an early warning
system for impending heart failure. Piggy-backed means one
can take an existing pacemaker design and add this device
to it, without major redesign of the pacemaker itself. This
means the admittance circuits need not be included in one of
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the internal pacemaker chips; rather it could be added to the
system without redesigning the pacemaker circuits them-
selves. In particular, the device uses the same catheters, the
same communication channel, and the same power source as
the pacemaker. The device can be triggered by the pace-
maker or it can run untriggered (i.e., it runs periodically).
The output of the device will be a true/false warning signal,
or a quantitative measure of heart volume. In this configu-
ration, the inventive device does not alter how the pace-
maker operates.

[0010] A second embodiment of the method and apparatus
is for post-surgical monitoring. Standard care for open heart
surgery is to place two or more temporary pacing wires into
the heart. These wires are used to pace the heart if the patient
heart rhythm needs adjustment. Often these wires go unused.
One embodiment of the present invention attaches to these
temporary pacing wires to make cardiac measurements. A
low and safe current is injected from one pacing wire to
another. The frequency of this current is high enough and the
amplitude is low enough that this current does not damage
or stimulate the heart. Voltage is measured on these elec-
trodes or on other nearby electrodes also placed on the heart.
The voltage and current data are combined to derive elec-
trical admittance. Prior art allows for the derivation of
cardiac function from these electrical measurements, such as
heart rate, left ventricular end diastolic volume, left ven-
tricular end systolic volume, left ventricular stroke volume
and ejection fraction. However, herein is presented methods
to remove respiratory and motion artifacts, improving the
signal to noise ratio. It is critical that complex electrical
properties be measured so the contribution of the myocardial
muscle can be removed, resulting in a signal sensitive to the
volume of blood in the heart. The availability of such an
apparatus will allow for continuous monitoring of cardiac
function during the post-surgical recovery.

[0011] The present invention pertains to an apparatus for
monitoring a patient post operation. The apparatus com-
prises a computer disposed external to the patient. The
apparatus comprises a stimulator for producing electrical
signals. The apparatus comprises electrically conducting
leads in communication with the computer which are
adapted to extend from inside the patient. The leads having
electrodes adapted to communicate with a heart of the
patient and apply the electrical signals to the heart. The
electrodes providing cardiac signals to the computer in
response to the electrical signals so the computer can
determine in real time at least one of heart volume, end
diastolic heart volume, end systolic heart volume, stroke
volume, change in heart volume, change in stroke volume,
contractility, respiration rate or tidal volume regarding the
patient.

[0012] The present invention pertains to a method for
monitoring a patient post operation. The method comprises
the steps of providing cardiac signals to a computer disposed
external to the patient from electrically conducting leads in
communication with the computer which extend from inside
the patient, the leads having a plurality of electrodes adapted
to contact a heart of the patient. There is the step of
determining with the computer from the cardiac signals in
real time at least one of heart volume, end diastolic heart
volume, end systolic heart volume, stroke volume, change in
heart volume, change in stroke volume, contractility, respi-
ration rate or tidal volume regarding the patient.
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[0013] The present invention pertains to an apparatus for
monitoring a heart of a patient. The apparatus comprises a
computer. The apparatus comprises electrodes in communi-
cation with the heart. The electrodes providing cardiac
signals to the computer from which the computer determines
attributes of the heart. The computer separating cardiac,
respiratory and motion components from the cardiac signals.
[0014] The present invention pertains to a method for
monitoring a heart of a patient. The method comprises the
steps of providing cardiac signals to a computer from which
the computer determines attributes of the heart from elec-
trodes in communication with the heart. There may be the
step of separating cardiac, respiratory and motion compo-
nents by the computer from the cardiac signals.

[0015] The present invention pertains to an apparatus for
monitoring a patient. The apparatus comprises a coniputer.
The apparatus comprises a switch in communication with
the computer and controlled by the computer. The apparatus
comprises a first electrode adapted to be in communication
with a muscle of the patient and in communication with the
switch. The apparatus comprises a second electrode adapted
to be in communication with the muscle of the patient and
in communication with the switch. The apparatus comprises
a third electrode adapted to be in communication with the
muscle of the patient and in communication with the switch.
The apparatus comprises a fourth electrode adapted to be in
communication with the muscle of the patient and in com-
munication with the switch. The computer choosing which
of the second, third or fourth electrodes to which the first
electrode will deliver current to create a first vector having
an associated muscle signal which is received by the com-
puter for the computer to measure admittance regarding the
muscle.

[0016] The present invention pertains to a method for
monitoring a patient. The method comprises the steps of a
computer controlling and changing with a switch in com-
munication with the computer which pairs of electrodes of
a plurality of electrodes in communication with a heart of the
patient to produce a plurality of vectors each having asso-
ciated cardiac signals at a given time. There is the step of
determining with the computer at least one of heart volume,
end diastolic heart volume, end systolic heart volume, stroke
volume, change in heart volume, change in stroke volume,
contractility, respiration rate or tidal volume regarding the
patient using admittance from the cardiac signals of each
vector.

[0017] Insummary, a technique and an apparatus has been
developed, which uses existing electrodes placed on or
around the heart that is capable of measuring heart volume,
change in heart volume, and/or stroke volume.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

[0018] In the accompanying drawings, the preferred
embodiment of the invention and preferred methods of
practicing the invention are illustrated in which:

[0019] FIGS. 1A and 1B show a basic idea of the Bedside
Cardiac Monitor used to measure cardiac and pulmonary
fanction. Two or more electrodes placed in or around the
heart using one or more pacing wires.

[0020] FIG. 2 shows a one pacing wire is placed on the
anterior surface of the LV, and one pacing wire placed on the
posterior surface of the LV. The principle of operation is to
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position the electrodes such that current flows across the
blood in the ventricles. In this figure current flows across the
left ventricle.

[0021] FIGS. 3A-3F show pacing wires come in different
sizes and shapes. In each case, there is exposed metal that
makes direct electrical contact with the myocardial tissue.
Since these are temporary electrodes, there is a safe and
effective means to remove the pacing wires.

[0022] FIG. 4 shows two pacing wires with four electrodes
are placed on the anterior surface of the left ventricle.
[0023] FIG. 5 shows a zoomed in view of four electrodes
are placed on the anterior surface of the left ventricle and the
resulting current lines.

[0024] FIG. 6 shows two or more electrodes are placed left
of the heart and two or more electrodes are placed right of
the heart.

[0025] FIG. 7 shows two or more electrodes are placed
anterior to the heart and two or more electrodes are placed
posterior to the heart.

[0026] FIG. 8 shows a prototype circuit with stimulator,
sensor and signal processor.

[0027] FIG. 9 shows an example 20 kHz current stimulus.
[0028] FIG. 10 shows a CardioVol device used to measure
cardiac and pulmonary function.

[0029] FIG. 11 shows a CardioVol PCB used to measure
cardiac and pulmonary function.

[0030] FIG. 12 shows measured and processed data show-
ing the pulmonary and cardiac signals derived from the same
data set.

[0031] FIG. 13 shows admittance measured from elec-
trodes placed in the right ventricle.

[0032] FIG. 14 shows FFT of the data from FIG. 13.
[0033] FIG. 15 shows inverse FFT of the data from FIG.
14 selecting the heart rate and the next to harmonics.

[0034] FIG. 16 shows pulmonary obtained during exer-
cise.

[0035] FIG. 17 shows a heart with three pacemaker leads.
[0036] FIG. 18 shows a device with 4 banks of analog

switches used to collect multivector signals.

[0037] FIG. 19 shows hexapolar measurement using 6
electrodes to measure LV volume.

[0038] FIG. 20 shows tubes with electrodes as well as
electrodes attached to the heart.

[0039] FIG. 21 shows tubes with electrodes as well as
electrodes attached to the heart and two external pacemak-
ers.

DETAILED DESCRIPTION OF THE
INVENTION

[0040] Referring now to the drawings wherein like refer-
ence numerals refer to similar or identical parts throughout
the several views, and more specifically to FIGS. 1A, 1B, 2,
3A-3F, 4 and 5 thereof, there is shown an apparatus 110 for
monitoring a patient post operation. The apparatus 110
comprises a computer 29 disposed external to the patient.
The apparatus 110 comprises a stimulator 112 for producing
electrical signals. The apparatus 110 comprises electrically
conducting leads 25 in communication with the computer 29
which are adapted to extend from inside the patient. The
leads 25 having electrodes 3 adapted to communicate with
a heart 2 of the patient and apply the electrical signals to the
heart 2. The electrodes 3 providing cardiac signals to the
computer 29 in response to the electrical signals so the
computer 29 can determine in real time at least one of heart
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volume, end diastolic heart volume, end systolic heart
volume, stroke volume, change in heart volume, change in
stroke volume, contractility, respiration rate or tidal volume
regarding the patient.

[0041] The computer 29 may determine in real time and
continuously using admittance the at least one of heart
volume, end diastolic heart volume, end systolic heart
volume, stroke volume, change in heart volume, change in
stroke volume, contractility, respiration rate or tidal volume
regarding the patient. The computer 29 and the stimulator
112 may be disposed in and part of an external pacemaker
7 which can electrically stimulate the electrodes 3 and pace
the heart 2. The leads 25 may be pacing leads 25 with the
electrodes 3 that pace the heart 2 from the pacemaker 7, or
leads 25 with the electrodes 3 placed on one or more chest
tubes 69 which extend from the patient and are disposed
adjacent the heart 2 of the patient, as shown in FIGS. 20 and
21. FIG. 20 shows all the pacing wires from all the elec-
trodes 3 connect with a single pacemaker 7 having the
admittance device. FIG. 21 shows two distinct and separate
pacemakers 7, each having its own admittance device. In
FIG. 21 the electrodes 3 on the tubes 69 connect with one of
the pacemakers 7 and the sewn in electrodes 3 connect with
the other pacemakers. The chest tubes 69 are placed around
the heart 2 within the heart 2 and pericardial space. Each
chest tube would have multiple electrodes 3 embedded in the
plastic and could interact with electrodes 3 sewn into the
heart 2 as backup pacing wires, or serve as independent
electrodes 3 without interaction with the pacing electrodes 3.
The electrodes 3 with the tubes 69 operate the same way as
described herein for the electrodes 3 that are attached or
sewn to the heart 2. Both the chest tubes 69 and pacing wires
are all placed routinely after open heart surgery.

[0042] The pacing leads 25 may be either unipolar pacing
wires 11 each having one electrode, bipolar pacing wires 11
having to pacing wires, or quadrupole pacing wires 12 each
having four pacing wires, as shown in FIGS. 3A-3F. There
may be at least four electrodes 3 where a first two of the
electrodes 3 conduct current and a second two electrodes 3
receive voltage resulting from the current from the first two
electrodes 3. The apparatus 110 may include a SinDac 28
disposed in the pacemaker 7 which generates a sine wave at
a specific frequency in regard to the current, as shown in
FIG. 8.

[0043] The apparatus 110 may include a sensor 114, a
signal processor 116 of the computer 29 and a low-power
circuit 30; where an average current to operate the sensor
114, stimulator 112 and signal processor 116 is less than 14
mA, and the low-power circuit 30 is used to deliver the
current to the current electrodes 3, as shown in FIGS. 9-11.
The apparatus 110 may include a low-power amplifier 42
and ADC 46 used to collect voltage signals for the computer
29 to use for analysis. The computer 29 may separate
cardiac, respiratory and motion components from the car-
diac signals. The apparatus 110 may include a switch 58 in
communication with the computer 29 that controls and
changes which pairs of electrodes 3 of the plurality of
electrodes 3 produce the cardiac signals at a given time.
[0044] The present invention pertains to a method for
monitoring a patient post operation. The method comprises
the steps of providing cardiac signals to a computer 29
disposed external to the patient from electrically conducting
leads 25 in communication with the computer 29 which
extend from inside the patient, the leads 25 having a
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plurality of electrodes 3 adapted to contact a heart 2 of the
patient. There is the step of determining with the computer
29 from the cardiac signals in real time at least one of heart
volume, end diastolic heart volume, end systolic heart
volume, stroke volume, change in heart volume, change in
stroke volume, contractility, respiration rate or tidal volume
regarding the patient.

[0045] There may be the steps of placing the plurality of
electrodes 3 in contact with the heart 2, externalizing elec-
trical leads 25 extending from the electrodes 3 with respect
to the patient, and connecting the leads 25 to the computer
29. The determining step may include the step of the
computer 29 determining in real time and continuously the
at least one of heart volume, end diastolic heart volume, end
systolic heart volume, stroke volume, change in heart vol-
ume, change in stroke volume, contractility, respiration rate
or tidal volume regarding the patient using admittance
associated with the heart 2. There may be the step of
providing current signals from a stimulator 112 to the
electrodes 3 to generate the cardiac signals.

[0046] The computer 29 and the stimulator 112 may be
disposed in and part of an external pacemaker 7 which can
electrically stimulate the electrodes 3 and pace the heart 2.
The leads 25 may be pacing leads 25 with the electrodes 3
that pace the heart 2 from the pacemaker 7. There may be at
least four electrodes 3, and there may be the steps of a first
two of the electrodes 3 conducting current and a second two
electrodes 3 receiving voltage resulting from the current
from the first two electrodes 3. There may be the step of a
SinDac 28 disposed in the pacemaker 7 generating a sine
wave at a specific frequency in regard to the current.
[0047] There may be the step of the computer 29 separat-
ing cardiac, respiratory and motion components from the
cardiac signals. There may be the step of a switch 58 in
communication with the computer 29 controlling and chang-
ing which pairs of electrodes 3 of the plurality of electrodes
3 produce the cardiac signals at a given time.

[0048] The present invention pertains to an apparatus 110
for monitoring a heart 2 of a patient. The apparatus 110
comprises a computer 29. The apparatus 110 comprises
electrodes 3 in communication with the heart 2. The elec-
trodes 3 providing cardiac signals to the computer 29 from
which the computer 29 determines attributes of the heart 2.
The computer 29 separating cardiac, respiratory and motion
components from the cardiac signals. See FIGS. 12-16.
[0049] The apparatus 110 may include an EKG channel in
which the computer 29 measures heart 2 rate. The computer
29 synchronizes admittance signals associated with the
cardiac signals to the heart rate and then filters the admit-
tance signal so respiratory and motion artifacts are removed.
The computer 29 may collect admittance data of the heart 2
over a window of time T. The computer 29 may perform a
Fast Fourier Transform on the admittance data collected in
the window.

[0050] The computer 29 may select frequency compo-
nents in regard to the admittance data on which the computer
29 has performed the Fast Fourier Transform. The computer
29 may perform an inverse Fast Fourier Transform to
re-create cardiac signals from the heart 2. The computer 29
may perform a root mean squared calculation on the cardiac
signal as a measure of left ventricular stroke volume, where
a maximum signal of the calculation is related to diastolic
volume and a minimum signal of the calculation is related to
systolic volume.
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[0051] The present invention pertains to a method for
monitoring a heart 2 of a patient. The method comprises the
steps of providing cardiac signals to a computer 29 from
which the computer 29 determines attributes of the heart 2
from electrodes 3 in communication with the heart 2. There
may be the step of separating cardiac, respiratory and motion
components by the computer 29 from the cardiac signals.
[0052] There may be the steps of measuring with the
computer 29 a heart rate of the patient, synchronizing
admittance signals associated with the cardiac signals by the
computer 29 to the heart rate of the patient and filtering the
admittance signal so respiratory and motion artifacts are
removed by the computer 29. There may be the step of the
computer 29 collecting admittance data of the heart 2 over
a window of time T. There may be the step of the computer
29 performing a Fast Fourier Transform on the admittance
data collected in the window.

[0053] There may be the step of selecting with the com-
puter 29 frequency components in regard to the admittance
data on which the computer 29 has performed the Fast
Fourier Transform. There may be the step of the computer 29
performing an inverse Fast Fourier Transform to re-create
cardiac signals from the heart 2. There may be the step of the
computer 29 performing a root mean squared calculation on
the cardiac signal as a measure of left ventricular stroke
volume, where a maximum signal of the calculation is
related to diastolic volume and a minimum signal of the
calculation is related to systolic volume.

[0054] The present invention pertains to an apparatus 110
for monitoring a patient, as shown in FIGS. 17-19. The
apparatus 110 comprises a computer 29. The apparatus 110
comprises a switch 58 in communication with the computer
29 and controlled by the computer 29. The apparatus 110
comprises a first electrode 32 adapted to be in communica-
tion with a muscle of the patient and in communication with
the switch 58. The apparatus 110 comprises a second elec-
trode 34 adapted to be in communication with the muscle of
the patient and in communication with the switch 58. The
apparatus 110 comprises a third electrode 36 adapted to be
in communication with the muscle of the patient and in
communication with the switch 58. The apparatus 110
comprises a fourth electrode 38 adapted to be in communi-
cation with the muscle of the patient and in communication
with the switch 58. The computer 29 choosing which of the
second, third or fourth electrodes 34, 36, 38 to which the first
electrode 32 will deliver current to create a first vector
having an associated muscle signal which is received by the
computer 29 for the computer 29 to measure admittance
regarding the muscle.

[0055] The computer 29 may choose the first electrode 32
to deliver current to the second electrode 34 to generate a
first vector having a muscle signal from the second electrode
34, and then the computer 29 may choose the first electrode
32 to deliver current to the third electrode 36 to generate a
second vector having a muscle signal from the third elec-
trode 36. The computer 29 may calculate an associated
admittance for each vector from each vector’s associated
muscle signal. The switch 58 may include a plurality of
banks of analog switches that are controlled by the computer
29. The banks of switches in electrical communication with
the electrodes 3.

[0056] The computer 29 may activate at least two of the
banks of switches at a same time so current is directed to
multiple electrodes 3 at the same time to create multiple
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vectors and the computer 29 averages together voltages from
muscle signals associated with different vectors from the
same time. The apparatus 110 may include a sensor 114
which includes two of the plurality of banks of analog
switches used to select multiple admittance vectors, a low-
power amplifier 42 connected to the two banks of switches.
The low-power amplifier 42 connected to an ADC 46 of a
signal processor 116 of the computer 29. The computer 29
having a software algorithm to measure heart volume from
electrical property measurement associated with the vectors.

[0057] The first electrode 32 may be adapted to be in
contact with the muscle of the patient or on a chest tube
extending from the patient and disposed adjacent the muscle
and in communication with the muscle. The second elec-
trode 34 may be adapted to be in contact with the muscle of
the patient or on the chest tube or on another chest tube and
in communication with the muscle. The third electrode 36
may be adapted to be in contact with the muscle of the
patient or on the chest tube or the other chest tube in
communication with the muscle. The fourth electrode 38
may be adapted to be in contact with the muscle of the
patient or on the chest tube or the other chest tube and in
communication with the muscle.

[0058] The present invention pertains to a method for
monitoring a patient. The method comprises the steps of a
computer 29 controlling and changing with a switch 58 in
communication with the computer 29 which pairs of elec-
trodes 3 of a plurality of electrodes 3 in communication with
a heart 2 of the patient to produce a plurality of vectors each
having associated cardiac signals at a given time. There is
the step of determining with the computer 29 at least one of
heart volume, end diastolic heart volume, end systolic heart
volume, stroke volume, change in heart volume, change in
stroke volume, contractility, respiration rate or tidal volume
regarding the patient using admittance from the cardiac
signals of each vector.

[0059] There may be the steps of the computer 29 choos-
ing a first electrode 32 to deliver current to a second
electrode 34 to generate a first vector having a cardiac signal
from the second electrode 34, and then the computer 29
choosing the first electrode 32 to deliver current to a third
electrode 36 to generate a second vector having a cardiac
signal from the third electrode 36. There may be the step of
the computer 29 calculating an associated admittance for
each vector from each vector’s associated cardiac signal.
The switch 58 may include a plurality of banks of analog
switches and including the step of the computer 29 control-
ling the banks of switches, the banks of switches in electrical
communication with the electrodes 3.

[0060] There may be the step of the computer 29 activat-
ing at least two of the banks of switches at a same time so
current is directed to multiple electrodes 3 at the same time
to create multiple vectors and the computer 29 averages
together voltages from cardiac signals associated with dif-
ferent vectors from the same time. There may be a sensor
114 which includes two of the plurality of banks of analog
switches used to select multiple admittance vectors, a low-
power amplifier 42 connected to the two banks of switches.
The low-power amplifier 42 connected to an ADC 46 of a
signal processor 116 of the computer 29. The computer 29
may have a software algorithm for measuring heart volume
from electrical property measurement associated with the
vectors.
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FIGURES—REFERENCE NUMERALS

[0061] 1—Admittance device

[0062] 2 Heart

[0063] 3—Tip of the cardiac pacing wire (electrodes)
[0064] 4—Cardiac pacing wire

[0065] 5—Paths as current flows between one electrode

and another

[0066] 7—Pacemaker

[0067] 10—Exposed contact area for a unipolar elec-
trode pacing wire

[0068] 11—FExposed contact areas for a bipolar elec-
trode pacing wire

[0069] 12—Exposed contact areas for a quadripolar
electrode pacing wire

[0070] 20—Right ventricle

[0071] 22— Left ventricle

[0072] 24— Wireless ink

[0073] 25— Lead wires between electrodes and device

[0074] 26—Apparatus to mount electrodes on the skin
surface

[0075] 27—Four or more electrodes making electrical

contact with the skin

[0076] 28—One or more SinDACs used to create a sine
wave at a specific frequency

[0077] 29—Microcontroller

[0078] 30—Voltage to current circuit applying current
to electrodes 1 and 4

[0079] 32—Electrode 1, current stimulation

[0080] 34— FElectrode 2, voltage sensing

[0081] 36—Electrode 3, voltage sensing

[0082] 38— FElectrode 4, current stimulation

[0083] 40—Resistance R2-3 represents the resistance

from the blood volume in the heart

[0084] 42—Low power amplifier

[0085] 46—ADC with sampling synchronized to Sin-
DAC outputs

[0086] 48—Software algorithm to measure heart vol-
ume from electrical property measurements

[0087] 50—Standard RV lead with three electrodes

[0088] 52—Standard coronary sinus lead with two or
four electrodes

[0089] 54—Standard RA lead with two electrodes

[0090] 58—Analog switch used to select multiple
admittance vectors

[0091] 61—Shocking coil on RV lead

[0092] 62—Ring electrode on RV lead

[0093] 63—Tip electrode on RV lead

[0094] 64—Ring electrode on RV lead

[0095] 65—Tip electrode on RV lead

[0096] 66—Ring electrode on RV lead

[0097] 67—Tip electrode on RV lead

[0098] 110—The apparatus

[0099] 112—The stimulator injects a safe current into
the tissue

[0100] 114—The sensor measures the response due to

that stimulation

[0101] 116—The signal processing, both analog and
digital
[0102] Description of Some Components

[0103] 3—The tip of the cardiac pacing wire can have 2 or
4 electrodes, which make direct electrical connection to the
myocardial tissue. The tips are designed so the pacing wire
can be safely removed after the need for emergency cardiac
pacing is no longer needed.



US 2019/0298997 A1

[0104] 4—Cardiac pacing wire(s), which are externalized
for post-surgical pacing. Examples include http://www.os-
cor.com/medical-devices/heartwires-TME64-66-224-226.
html.

[0105] 5—Current flows through the left ventricular blood
pool. The resulting voltage generated is a function of the
amount of blood in the left ventricle.

[0106] 10—Some tips are designed for thin-wall tissue
like atria, but are designed for thicker wall tissue like
ventricles.

[0107] 11—Two electrode configuration can be achieved
with one pacing wire with two electrodes.

[0108] 12—Four electrode configuration can be achieved
with one pacing wire with four electrodes. An example of a
quadripolar pacing wire is http://www.oscor.com/medical-
devices/heartwires-TME227 html, incorporated by refer-
ence herein.

[0109] 24—Wireless link can be a standard like Bluetooth
Low Energy (BLE), IEEE802.11 Wifi, or a proprietary RF
link depending on the application.

[0110] 32—FExamples of these electrodes include but are
not limited to nonpolarized types such as Ag—AgCl, and
polarized types such as silver, platinum and gold.

[0111] 42—TLow power amplifier

[0112] One example of a low power amplifier is the Texas
Instruments INA322. This instrumentation amp runs with
490 pA of supply current, and has bandwidth of 2 MHz at
a gain of 25.

[0113] 58—Analog switch used to select one electrode for
each of the four signals.

[0114] 112—The stimulator generates a safe current that is
injected into the tissue.

[0115] 114—The sensor measures the voltage response
due to that stimulation.

[0116] 116—The signal processing removes motion arti-
facts and derives cardiac and pulmonary functions from the
combination of stimulus and response.

[0117] In the operation of the invention, conductance
measurements have been available as an invasive tool to
detect instantaneous LV volume since 1981 [25, 26]. Con-
ductance tetrapolar electrodes are usually placed on a cath-
eter located within the heart chamber to determine instan-
taneous volume. Conductance systems inject current (5) into
the tissue, and volume is determined from the returning
voltage signal. Prior art shows how to separate the blood and
muscle components from the combined voltage signal to
determine LV preload from previously implanted AICD and
bi-ventricular pacemakers.

[0118] Post-surgical management of patients undergoing
heart surgery is a complex process involving multiple medi-
cations and fluid balance. To treat a post-surgical patient that
is getting worse, the physician needs to know if the con-
tractility is dropping, the SV is dropping, or neither is
dropping. The availability of a real-time bed-side monitor of
cardiac function will significantly improve patient care
without increasing risks to the patient or altering standard
surgical procedures.

[0119] There are several novel ideas employed in this
bedside admittance device:

[0120] 1) The method and apparatus uses pacing elec-
trodes, EKG electrodes, or other electrodes with the
low-power admittance technique to provide continuous
and real-time measurements of cardiac function in
post-surgical patients, including but not limited to heart
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rate, end diastolic heart volume, end systolic heart
volume, change in heart volume, contractility, and/or
stroke volume.

[0121] 2) The method and apparatus uses novel signal
processing to separate cardiac, respiratory, and motion
signals. More specifically, the device may include an
EKG channel to measure heart rate. The admittance
signal is first synchronized to the heart rate, and then
filtered so respiratory and motion artifacts are removed.
These signal processing techniques will improve the
effectiveness of data collected by a pacemaker from
pacemaker leads 25.

[0122] 3) The method and apparatus can spatially inte-
grate measurements from two or more locations to give
a more reliable cardiac signal. In particular, current can
be injected into multiple locations simultaneously and
voltage response can be measured from multiple loca-
tions simultaneously. This approach increases the car-
diac signal, and hence improves signal to noise ratio.

[0123] Operation (how the Apparatus Works):

[0124] Prior art has defined the catheter and the relation-
ship between electrical properties and heart physiology.
Prior art also defined techniques that provide accurate mea-
surements that are both low power and small in size. Prior
art defines how the real and imaginary parts of the admit-
tance measurement are combined to produce signals more
sensitive to blood volume and less sensitive to muscle
properties.

[0125] FIG. 1 presents the basic approach to the method
and apparatus 110. The admittance device 1 is external to the
body. Two or more electrodes 3 are temporarily attached to
the myocardial tissue during open heart surgeries, and wires
4 are externalized. The purpose of these wires is to provide
a means for emergency pacing during the post-operative
monitoring period. The admittance device is either con-
nected in parallel with the external pacemaker, or the mea-
surement technique is added into the external pacemaker,
extending the functionality of the external pacemaker to
include these measurements of cardiac function.

[0126] FIG. 2 shows injected current into the body at the
current electrodes 3. AC current flows between the source
and sink. The dotted lines 5 in FIG. 2 illustrate the direction
and density of the current. Because blood has a five-fold
higher electrical conductivity as compared to myocardial
tissue, current will preferentially flow through the blood.
Even if the source and sink exist on same surface of the
heart, current will still flow through the blood because of this
difference in electrical properties. The generated voltage
measured at or near the current electrodes, is strongly
dependent on the amount of blood that exists in the current
path.

[0127] FIG. 3 illustrates various configurations of tempo-
rary pacing wires. Unipolar pacing wires 10 have one
exposed electrode. Bipolar pacing wires 11 have two pacing
wires, and quadripolar pacing wires 12 have four pacing
wires. The application of this device and method will not
require modification to these electrodes. There needs to be at
least two electrodes in the myocardium, but the measure-
ment works best when there are four or more electrodes.
However, standard medical practice involves placing mul-
tiple electrodes onto the heart in order to maximum the
ability to pace if an emergency occurs. The application of
this apparatus 110 and method will not require modification
to standard medical treatment.
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[0128] FIG. 4 illustrates the method used when two bipo-
lar pacing wires 11 are placed on the same side of the heart.
In this figure, two electrodes will conduct current and the
other two will measure the resulting voltage. FIG. 5§ shows
that because of the high electrical conductivity of blood, this
configuration will still be sensitive to left ventricular (22)
volume. If the electrodes were placed over the right ventricle
(20), then the measurement would be sensitive to right
ventricular volume. The device (1) consists of a stimulator
112, a sensor 114 and signal processing 116. A wireless link
24 provides two-way communication with a base-station or
cell phone.

[0129] FIGS. 6 and 7 show the same method and apparatus
110 could be used to measure cardiac and pulmonary
functions during exercise. The electrodes could be stitched
into existing exercise apparel such as arm bands or shirts 26.
In this case, the electrodes 27 are external to the body and
will operate properly if electrical contact is maintained
between the electrode and the skin. Again, because of the
high electrical conductivity of blood, these configurations
will generate signals sensitive to cardiac volumes. This
configuration is also sensitive to pulmonary function.
[0130] FIG. 8 shows prior art of the device able to take
accurate admittance data in real time and in a low power
fashion. One or more SinDACs (28) generate a sine wave at
a specified frequency. A low power circuit 30 is used to
deliver the current to Electrode 1 32 and Electrode 4 38. The
resulting voltage is generated across Electrode 2 (34) and
Electrode 3 (36). The voltage response depends on blood
volume in the heart, represented by R2-3 40 in the figure. A
low power amplifier 42 and ADC 46 are used to collect data.
Prior art described the method implemented in software (48)
to derive complex measurements of admittance. FIG. 9
shows an example 20 kHz current wave applied to Elec-
trodes 1 and 4. The frequency and amplitude of the current
are selected to provide cardiac response without damaging
or stimulating the heart.

[0131] FIGS. 10 and 11 show a prototype device and PCB
consisting of a stimulator 112, a sensor 114, and signal
processing 116. The RF antenna provides for wireless com-
munication.

[0132] The basic approach to separating cardiac signals
from the recorded data has six steps. FIG. 12 shows the large
amount of noise existing in the raw data. The first step is to
use the electrodes to measure EKG. The method and device
will use EKG in a standard way to determine instantaneous
heart rate. Let fHR be the heart rate in Hz. The second step
is to collect admittance data over a T-sec second window.
Shorter window times T provide for better data when the
heart rate is fluctuating, while longer window times provide
for improved SNR and increase the ability of the method to
separate cardiac from pulmonary function. FIG. 13 shows a
typical window. The third step is to perform a FFT of the
windowed data. FIG. 14 shows the FFT of this same data.
The fourth step is to select the following frequency compo-
nents

JHR=Af2fHR+=Af3fHR=AS, . . . m*fHR=Af,

[0133] where the number of harmonics, m, is selected on
a case by case basis to improve SNR, and Af is selected to
prevent the pulmonary signal from leaking into the cardiac
measurements. In the data shown in FIG. 10, there is a strong
fundamental at fHR and large harmonics at 2fHR and 3fHR.
The fifth step is to perform an inverse FFT to recreate the
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cardiac signal. FIG. 15 shows the inverse FFT selecting just
DC, fHR=Af, 2fHR=Af, and 3fHR+Af. FIG. 15 shows the
inverse FFT selecting just fHR=Af, 2fHR+Af, and 3fHR+Af.
The sixth step is to perform an RMS calculation on the
cardiac signal as a measure of left ventricular stroke volume.
The maximum signal is related to diastolic volume and the
minimum signal is related to systolic value.

[0134] It should be noted that a single applied current
source that has both a current lower than 100 micro-Amps
(uA) RMS and a frequency above 1 kHz is considered “safe
enough” under normal operating conditions.

[0135] As an example of the above, assume there is a
patient who has a heart rate of 60 beats per minute (bpm).
Taking a window of length T=50 seconds produces a graph
of admittance vs. time similar to FIG. 13. The depicted graph
in FIG. 13 takes advantage of the steady, non-fluctuating
heart rate, by choosing a window which is long compared to
the length of time the heart beats. fHR in this case is:

JSHR=60 bpm™*1 minute/60 seconds=1 Hz.

[0136] This means the first three harmonics would rest at
1 Hz, 2 Hz, and 3 Hz. A Af value that could be chosen to
isolate these harmonics (thereby cleaning up the signal),
would be 0.25 Hz, so that the equation

JHR=ALMHRMALIHR=AS, . . . m*fHR=Af,

[0137] simplifies to

[0138] 1 Hz+0.25 Hz, 2 Hz+0.25 Hz, 3 Hz+0.25 Hz. It
should be noted that in this example, there are three win-
dows, but more windows could be added if desired, and
fewer could be taken as well. When a very clean signal is
present (no arrhythmia, strong components many harmonics
away from the fundamental fHR, and T>>1/fHR) then it will
be advantageous to take more. The rest of the frequencies in
the frequency domain should then be set to zero.

[0139] At this point the inverse FFT will be performed,
creating a time signal similar to the one in FIG. 15. In FIG.
15, the average maximum value is 36 mS, which corre-
sponds to End Diastole. The minimum value is 29.5 mS on
average, which corresponds to End Sysole.

[0140] To remove respiratory and motion artifacts, only
knowledge of the frequency is necessary.

[0141] 1. The frequency ranges of signals and noise can
usually be determined by looking at the frequency spectrum
after a Fourier transform of the time domain data. The heart
normally beats in the 0.5-3 Hz range. Breaths normally
occur at less than 0.5 Hz. Motion artifact is usually irregular,
and not timed with the heartbeat. When “windowing” for the
heart rate, (which is done at 1 Hz, 2 Hz, and 3 Hz in the
example), all other noise can be filtered out by setting the
non-cardiac signals frequencies to zero.

[0142] 2. Independent verification of the frequency of the
heart beat (for example, by ECG, which can be either
external, or incorporated into the device) can be used to
narrow the band width (Af in the example) to filter out more
of the noise. The narrower the band Af, the more unaffected
by noise the signal will be.

[0143] In the data shown in FIG. 10, there is a strong
fundamental at fHR and large harmonics at 2fHR and 3fHR,
where fHR is about 1.8 Hz. By selecting 1.8, 3.6, and 5.4 Hz,
and zeroing out the others, all of the respiratory and motion
artifacts can be filtered out before taking the inverse FFT to
extract the cardiac information. A similar methodology
could be used to focus on respiratory signal, as evidenced by
FIG. 16.
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[0144] From the data, by placing the electrodes in, on, or
across the heart, the apparatus is used to estimate heart rate,
heart volume, stroke volume, change in heart volume,
change in stroke volume, contractility, respiration rate and/
or tidal volume.”

[0145] To get more specific to how this would work in
post-surgical applications, suppose a patient who has under-
gone an open heart surgery decompensates in the hospital
the day after his/her surgery. The treating physician would
have two potential treatments for this emergency situation
that are opposite in nature. If the heart is weaker (low
contractility, normal EDV, higher ESV than normal, lower
SV than normal), then the treatment is to give a positive
inotrope (this raises pressure, and blood flow in hearts that
have enough blood). If instead the patient is decompensating
because of low volume, (low EDV, but normal contractility,
normal ESV, potentially lower SV) then the treatment is to
give more fluids like IV saline. Choosing the wrong treat-
ment can lead to further decompensation of the patient, and
these decisions are often made somewhat uninformed in
these situations, because of the lack of hemodynamic infor-
mation that the apparatus of the present invention can now
provide.

[0146] An alternate and less expensive method for making
general admittance measurements does not require EKG
measurement hardware. For this simpler approach, the
admittance data is windowed, and the fHR value is selected
as the frequency of the largest peak in the FFT data itself.
FIG. 14 shows a strong signal at the heart rate.

[0147] A similar approach can be applied to derive pul-
monary function. The frequency of respiration can be deter-
mined by observing the FFT data itself. Respiration is
typically the largest peak in the FFT between DC and the
heart rate. Let fresp be the frequency of respiration. To
determine pulmonary function, the method selects just

fresp=Af

[0148] FIG. 16 shows pulmonary function (lung volume)
measured with this method measured during exercise. The
RMS of the respiratory signal is linearly related to tidal
volume.

[0149] A 3-axis accelerometer can be added to the device.
Let ax, ay, and az be real-time measurements of acceleration.
A non-directional calculation

motion=ax*+ay*+az>

[0150] provides a quantitative real-time measure of
motion. During times of high motion, the number of har-
monics m and the frequency band Af can be reduced so as
to limit the amount of motion signal that spills into the
cardiac data. The incorporation of acceleration information
is particular important for measurements during exercise.
[0151] Due an FFT of motion and zero out the bins with
large motion (blank if in cardiac bin, else zero)

[0152] Cardiac performance is often measured using the
first derivative of the pressure tracing in a ventricle, to
determine the maximum pressure change (maximum dP/dt)
during isovolumic contraction (related to the contractility).
In traditional conductance technology (not to be confused
with complex admittance), there is no analogue to this
measurement, because of the lack of an imaginary compo-
nent (or, equivalently, phase angle). However, improve-
ments have been made to the simple dP/dt max measurement
that allow the calculation of contractility to be preload
independent, by measuring the curve of the End-Systolic
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Pressure-Volume Relationship (ESPVR). While known
methods of measuring load independent ESPVR are not
widely performed in patients, it is possible using complex
admittance, to measure a surrogate of dP/dt during isovolu-
mic contraction due to the information that can be gleaned
about the location of the myocardium. The phase signal,
which can be separated out using the real and imaginary
components of admittance, is related to the closeness of
muscle to the voltage sensing electrodes. For example, as
muscle tissue comes closer to the voltage sensing electrodes,
the large permittivity causes a measurable phase shift. This
real-time phase fracing can then be used to determine
cardiac performance (a load-dependent measure of contrac-
tility), by taking the maximum of the first derivative during
isovolumic contraction.

[0153] An alternate way of measuring contractility applies
when two leads 25 are implanted in different locations in, or
around the heart, where each lead contains a current source
electrode (or sink electrode) and voltage electrode. In these
cases, the distance between the two voltage electrodes
dominates the signal, and the peak-to-peak signal approxi-
mates the “lead excursion”. Lead excursion is the average
change in distance between the leads 25, and is a direct
surrogate of contractility, much like what would be mea-
sured using sonomicrometry. In practice, this involves tak-
ing the real part of the complex admittance (or complex
impedance) signal, and measuring the cycle height (the
maximum ReZ minus the minimum ReZ). This cycle height
can be used as a direct measure of contractility.

[0154] A typical admittance signal is measured with four
electrodes (tetrapolar) with two electrodes used to deliver
current and two for measuring voltage. In many cases, this
method can be extended to situations with more than four
electrodes. FIG. 17 shows a typical scenario where a patient
has three pacemaker leads 25 comprising 7 electrodes. The
RV shocking lead 50 has three electrodes. The coronary
sinus lead 52 has two electrodes. The RA pacing lead (54)
has two electrodes. Some of the new coronary sinus leads 52
have four electrodes. It is not uncommon for patients to have
more than four electrodes.

[0155] The method and apparatus 110 can deploy two
approaches to this sensor-fusion. The first approach is illus-
trated in FIG. 18. The microcontroller (29) can control four
banks of analog switches 58. There are four electrical signals
in a tetrapolar admittance measurement: +1,,,, +V,,, -=V,,,
and -1, In this method and device, the software can select
any of the electrodes for each of the four signals. There are
many combinations, but Table 1 lists four possible vectors.
In each case the +I_, electrode is located close to the +V
electrode and the -1, electrode is located close to the -V,
electrode. The corresponding sensitive region will be the
volume between +V,, and -V, electrodes.

TABLE 1

Four possible admittance vectors. LV only

Focus +l +Vy, -V, Lo
Lower LV RV tip (63) RV ring (62)  CS ring (64) CS tip (65)
Upper LV RA ring (66) RA tip (67) CS tip (65) CS ring (64)

Lower RV RV tip (63) RVring (62) RV coil (61) RV coil (61)
Upper RV RAtip (67) RS ring (66) RV ring (62) RV tip (63)
LV only CS tip CS distal ring  CS mid ring CS prox ring
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[0156] The software cycles through desirable vectors and
then calculates admittance for each vector. Signal to noise
ratio can be improved by adding admittance vectors in
software.

[0157] The second approach is similar, except the averag-
ing occurs in hardware. For one possible example, shown in
FIG. 19, the +I_,, signal is connected to both RA tip and RV
tip and the -I_,, signal is connected to CS tip. This creates
acurrent field across the entire left ventricle. The voltages on
RA ring and RV ring are averaged to create the +V,, signal,
and the V,, signal is derived from CS ring. In this case,
signal to noise ratio can be improved by adding admittance
vectors in hardware. The circuit shown in FIG. 18 allows for
this measurement because each of the switches 58 can be
individually activated. By activating two or more switches at
the same time, current can be directed out (in) multiple
electrodes. Similarly, by activating multiple switches on the
sensor allows the voltages from multiple electrodes to be
averaged together.
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skilled in the art without departing from the spirit and scope
of the invention except as it may be described by the
following claims.

1. An apparatus for monitoring a patient post operation
comprising:

a computer disposed external to the patient;

a stimulator for producing electrical signals; and

electrically conducting leads in communication with the

computer which are adapted to extend from inside the
patient, the leads having electrodes adapted to commu-
nicate with a heart of the patient and apply the electrical
signals to the heart, the electrodes providing cardiac
signals to the computer in response to the electrical
signals so the computer can determine in real time at
least one of heart volume, end diastolic heart volume,
end systolic heart volume, stroke volume, change in
heart volume, change in stroke volume, contractility,
respiration rate or tidal volume regarding the patient.

2. The apparatus of claim 1 wherein the computer deter-
mines in real time and continuously using admittance the at
least one of heart volume, end diastolic heart volume, end
systolic heart volume, stroke volume, change in heart vol-
ume, change in stroke volume, contractility, respiration rate
or tidal volume regarding the patient.

3. The apparatus of claim 2 wherein the computer and the
stimulator are disposed in and part of an external pacemaker
which can electrically stimulate the electrodes and pace the
heart.

4. The apparatus of claim 3 wherein the leads are pacing
leads with the electrodes that pace the heart from the
pacemaker or leads with the electrodes placed on one or
more chest tubes which extend from the patient and are
disposed adjacent the heart of the patient.

5. The apparatus of claim 4 wherein the pacing leads are
either unipolar pacing wires each having one of electrode,
bipolar pacing wires having to pacing wires, or quadrupole
pacing wires each having four pacing wires.

6. The apparatus of claim 5 wherein there are at least 4
electrodes where a first two of the electrodes conduct current
and a second two electrodes receive voltage signals resulting
from the current from the first two electrodes.

7. The apparatus of claim 6 including a SinDac disposed
in the pacemaker which generates a sine wave at a specific
frequency in regard to the current.

8. The apparatus of claim 7 including a sensor, a signal
processor of the computer and low-power circuit, where an
average current to operate the sensor, stimulator and signal
processor is less than 14 mA, and the low-power circuit Is
used to deliver the current to the current electrodes.

9. The apparatus of claim 8 including a low-power
amplifier and ADC which are used to collect the voltage
signals for the computer to use for analysis.

10. The apparatus of claim 9 wherein the computer
separates cardiac, respiratory and motion components from
the cardiac signals.

11. The apparatus of claim 10 including a switch in
communication with the computer that controls and changes
which pairs of electrodes of the plurality of electrodes
produce the cardiac signals at a given time.

12. A method for monitoring a patient post operation
comprising the steps of:

providing cardiac signals to a computer disposed external

to the patient from electrically conducting leads in
communication with the computer which extend from
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inside the patient, the leads having a plurality of
electrodes adapted to contact a heart of the patient, and

determining with the computer from the cardiac signals in
real time at least one of heart volume, end diastolic
heart volume, end systolic heart volume, stroke vol-
ume, change in heart volume, change in stroke volume,
contractility, respiration rate or tidal volume regarding
the patient.

13. The method of claim 12 including the steps of placing
the plurality of electrodes in contact with the heart;

externalizing electrical leads extending from the elec-

trodes with respect to the patient; and

connecting the leads to the computer.

14. The method of claim 13 wherein the determining step
includes the step of the computer determining in real time
and continuously the at least one of heart volume, end
diastolic heart volume, end systolic heart volume, stroke
volume, change in heart volume, change in stroke volume,
contractility, respiration rate or tidal volume regarding the
patient using admittance associated with the heart.

15. The method of claim 14 including the step of provid-
ing current signals from a stimulator to the electrodes to
generate the cardiac signals.

16. The method of claim 15 wherein the computer and the
stimulator are disposed in and part of an external pacemaker
which can electrically stimulate the electrodes and pace the
heart.

17. The method of claim 16 wherein the leads are pacing
leads with the electrodes that pace the heart from the
pacemaker.

18. The method of claim 17 wherein there are at least 4
electrodes, and including the steps of a first two of the
electrodes conducting current and a second two electrodes
receiving voltage resulting from the current from the first
two electrodes.

19. The method of claim 18 including the step of a SinDac
disposed in the pacemaker generating a sine wave at a
specific frequency in regard to the current.

20. The method of claim 19 including the step of the
computer separating cardiac, respiratory and motion com-
ponents from the cardiac signals.

21. The method of claim 20 including the step of a switch
in comniunication with the computer controlling and chang-
ing which pairs of electrodes of the plurality of electrodes
produce the cardiac signals at a given time.

22. An apparatus for monitoring a heart of a patient
comprising:

a computer, and

electrodes in communication with the heart, the electrodes

providing cardiac signals to the computer from which
the computer determines attributes of the heart, the
computer separating cardiac, respiratory and motion
components from the cardiac signals.

23. The apparatus of claim 22 including an EKG channel
in which the computer measures heart rate, the computer
synchronizes admittance signals associated with the cardiac
signals to the heart rate and then filters the admittance signal
so respiratory and motion artifacts are removed.

24. The apparatus of claim 23 wherein the computer
collects admittance data of the heart over a window of time
T.

25. The apparatus of claim 24 wherein the computer
performs a Fast Fourier Transform on the admittance data
collected in the window.

11

Oct. 3, 2019

26. The apparatus of claim 25 wherein the computer
selects frequency components in regard to the admittance
data on which the computer has performed the Fast Fourier
Transform.

27. The apparatus of claim 26 wherein the computer
performs an inverse Fast Fourier Transform to re-create
cardiac signals from the heart.

28. The apparatus of claim 27 wherein the computer
performs a root mean squared calculation on the cardiac
signal as a measure of left ventricular stroke volume, where
a maximum signal of the calculation is related to diastolic
volume and a minimum signal of the calculation is related to
systolic volume.

29. A method for monitoring a heart of a patient com-
prising the steps of:

providing cardiac signals to a computer from which the
computer determines attributes of the heart from elec-
trodes in communication with the heart; and

separating cardiac, respiratory and motion components by
the computer from the cardiac signals.

30. The method of claim 29 including the steps of
measuring with the computer a heart rate of the patient,
synchronizing admittance signals associated with the car-
diac signals by the computer to the heart rate of the patient
and filtering the admittance signal so respiratory and motion
artifacts are removed by the computer.

31. The method of claim 30 including the step of the
computer collecting admittance data of the heart over a
window of time T.

32. The method of claim 31 including the step of the
computer performing a Fast Fourier Transform on the admit-
tance data collected in the window.

33. The method of claim 32 including the step of selecting
with the computer frequency components in regard to the
admittance data on which the computer has performed the
Fast Fourier Transform.

34. The method of claim 33 including the step of the
computer performing an inverse Fast Fourier Transform to
re-create cardiac signals from the heart.

35. The method of claim 34 including the step of the
computer performing a root mean squared calculation on the
cardiac signal as a measure of left ventricular stroke volume,
where a maximum signal of the calculation is related to
diastolic volume and a minimum signal of the calculation is
related to systolic volume.

36. An apparatus for monitoring a patient comprising:

a computer,

a switch in communication with the computer and con-
trolled by the computer, a first electrode adapted to be
in communication with a muscle of the patient and in
communication with the switch;

a second electrode adapted to be in communication with
the muscle of the patient and in communication with
the switch;

a third electrode adapted to be in communication with the
muscle of the patient and in communication with the
switch; and

a fourth electrode adapted to be in communication with
the muscle of the patient and in communication with
the switch, the computer choosing which of the second,
third or fourth electrodes to which the first electrode
will deliver current to create a first vector having an
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associated muscle signal which is received by the
computer for the computer to measure admittance
regarding the muscle.

37. The apparatus of claim 36 wherein the computer
chooses the first electrode to deliver current to the second
electrode to generate a first vector having a muscle signal
from the second electrode, and then the computer chooses
the first electrode to deliver current to the third electrode to
generate a second vector having a muscle signal from the
third electrode.

38. The apparatus of claim 37 wherein the computer
calculates an associated admittance for each vector from
each vector’s associated muscle signal.

39. The apparatus of claim 38 wherein the switch includes
a plurality of banks of analog switches that are controlled by
the computer, the banks of switches in electrical communi-
cation with the electrodes.

40. The apparatus of claim 39 wherein the computer
activates at least two of the banks of switches at a same time
so current is directed to multiple electrodes at the same time
to create multiple vectors and the computer averages
together voltages from muscle signals associated with dif-
ferent vectors from the same time.

41. The apparatus of claim 40 including a sensor which
includes two of the plurality of banks of analog switches
used to select multiple admittance vectors, a low-power
amplifier connected to the two banks of switches, the
low-power amplifier connected to an ADC of a signal
processor of the computer, the computer having a software
algorithm to measure heart volume from electrical property
measurement associated with the vectors.

42. The apparatus of claim 41 wherein the first electrode
is adapted to be in contact with the muscle of the patient or
on a chest tube extending from the patient and disposed
adjacent the muscle and in communication with the muscle;

the second electrode adapted to be in contact with the

muscle of the patient or on the chest tube or on another
chest tube and in communication with the muscle;
the third electrode adapted to be in contact with the
muscle of the patient or on the chest tube or the other
chest tube in communication with the muscle; and
the fourth electrode adapted to be in contact with the
muscle of the patient or on the chest tube or the other
chest tube and in communication with the muscle.
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43. A method for monitoring a patient comprising the
steps of:

a computer controlling and changing with a switch in
communication with the computer which pairs of elec-
trodes of a plurality of electrodes in communication
with a heart of the patient to produce a plurality of
vectors each having associated cardiac signals at a
given time; and

determining with the computer at least one of heart
volume, end diastolic heart volume, end systolic heart
volume, stroke volume, change in heart volume,
change in stroke volume, contractility, respiration rate
or tidal volume regarding the patient using admittance
from the cardiac signals of each vector.

44. The method of claim 43 including the steps of the
computer choosing a first electrode to deliver current to a
second electrode to generate a first vector having a cardiac
signal from the second electrode, and then the computer
choosing the first electrode to deliver current to a third
electrode to generate a second vector having a cardiac signal
from the third electrode.

45. The method of claim 44 including the step of the
computer calculating an associated admittance for each
vector from each vector’s associated cardiac signal.

46. The method of claim 45 wherein the switch includes
aplurality of banks of analog switches and including the step
of the computer controlling the banks of switches, the banks
of switches in electrical communication with the electrodes.

47. The method of claim 46 including the step of the
computer activating at least two of the banks of switches at
a same time so current is directed to multiple electrodes at
the same time to create multiple vectors and the computer
averages together voltages from cardiac signals associated
with different vectors from the same time.

48. The method of claim 47 wherein a sensor includes two
of the plurality of banks of analog switches used to select
multiple admittance vectors, a low-power amplifier con-
nected to the two banks of switches, the low-power amplifier
connected to an ADC of a signal processor of the computer,
the computer having a software algorithm for measuring
heart volume from electrical property measurement associ-
ated with the vectors.
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