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(57) ABSTRACT

The present application relates to systems and methods for
non-invasively determining at least one of left ventricular
end diastolic pressure (LVEDP) or pulmonary capillary
wedge pressure (PCWP) in a subject’s heart, comprising:
receiving, by a computer, a plurality of signals from a
plurality of non-invasive sensors that measure a plurality of
physiological effects that are correlated with functioning of
said subject’s heart, said plurality of physiological effects
including at least one signal correlated with left ventricular
blood pressure and at least one signal correlated with timing
of heartbeat cycles of said subject’s heart; training a
machine learning model on said computer using said plu-
rality of signals for periods of time in which said plurality of
signals were being generated during a heart failure event of
said subject’s heart; determining said LVEDP or PCWP
using said machine learning model at a time subsequent to
said training and subsequent to said heart failure event.
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dt

O DEBP- Diastolic blood pressure

O VCT - Isovolumetric
Contraction Time

dPidt - Rate Of Pressure Rise Iy
Lv Due To Contraction

Figure 3
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A DEVICE AND METHOD FOR
NON-INVASIVE LEFT VENTRICULAR END
DIASTOLIC PRESSURE (LVEDP)
MEASUREMENT

CROSS-REFERENCE OF RELATED
APPLICATION

[0001] This application claims priority to U.S. Provisional
Application No. 62/156,998, filed on May 5, 2015; the entire
contents of which are hereby incorporated by reference.

BACKGROUND

1. Technical Field

[0002] The field of the currently claimed embodiments of
this invention relates to methods and systems for non-
invasively determining left ventricular end diastolic pressure
(LVEDP) and/or pulmonary capillary wedge pressure
(PCWP).

2. Discussion of Related Art

[0003] Successful heart failure management, both in and
out of the hospital, depends on intimate knowledge and
tracking of cardiac pressures that inform the fluid status of
patients. The most important of these pressures is left
ventricular end diastolic pressure (LVEDP). Both physicians
and surgeons rely heavily on the cardiac chamber pressures,
especially that in the left ventricle, to assess the fluid volume
status of patients and heart function pre and post procedures
in the in-hospital setting, outpatient clinics or when patients
are at their home.

[0004] However, current methodologies of assessing left
ventricular end diastolic pressure are either invasive in
nature with associated complications or non-suitability for
specific patient types, or they allow only measurement of
surrogate parameters in lieu of LVEDP. Examples of inva-
sive methods include invasive catheterization procedures
that are inaccessible for regular use or are contraindicated
for a large subset of the heart failure population. Other
non-invasive methods of quantifying IVEDP do so by
obtaining surrogate pressures. Thus there is a compelling
need for a means of measuring LVEDP accurately, safely
and noninvasively.

SUMMARY

[0005] Some embodiments of the instant invention are
directed to a system for non-invasively determining at least
one of left ventricular end diastolic pressure (LVEDP) or
pulmonary capillary wedge pressure (PCWP) in a subject’s
heart, comprising: a signal processor; a pressure sensor
operatively connected to said signal processor to commu-
nicate therewith; and a timing sensor operatively connected
to said signal processor to communicate therewith, wherein
said pressure sensor is structured to be brought into
mechanical connection with an external surface region of
said subject so as to provide peripheral pressure signals
corresponding to a peripheral artery blood pressure, wherein
said timing sensor is structured to non-invasively measure a
physical property of said subject’s heart that is correlated
with said subject’s heart beat so as to provide timing signals
comprising timing information with respect to heartbeat
cycles, and wherein said signal processor is configured to
receive said peripheral pressure signals and said timing
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signals and to non-invasively determine an estimated value
of said subject’s LVEDP or PCWP based at least partially
thereon.

[0006] Some embodiments of the instant invention are
directed to a computer-implemented method for non-inva-
sively determining at least one of left ventricular end dia-
stolic pressure (LVEDP) or pulmonary capillary wedge
pressure (PCWP) in a subject’s heart, comprising: receiving,
by a computer, a plurality of signals from a plurality of
non-invasive sensors that measure a plurality of physiologi-
cal effects that are correlated with functioning of said
subject’s heart, said plurality of physiological effects includ-
ing at least one signal correlated with left ventricular blood
pressure and at least one signal correlated with timing of
heartbeat cycles of said subject’s heart; training a machine
learning model on said computer using said plurality of
signals for periods of time in which said plurality of signals
were being generated during a heart failure event of said
subject’s heart; determining said LVEDP or PCWP using
said machine learning model at a time subsequent to said
training and subsequent to said heart failure event.

[0007] Some embodiments of the instant invention are
directed to a computer-readable medium comprising com-
puter-executable code for non-invasively determining at
least one of left ventricular end diastolic pressure (LVEDP)
or pulmonary capillary wedge pressure (PCWP) in a sub-
ject’s heart, said computer-readable medium, when executed
by said computer causes said computer to: receive a plurality
of signals from a plurality of non-invasive sensors that
measure a plurality of physiological effects that are corre-
lated with functioning of said subject’s heart, said plurality
of physiological effects including at least one signal corre-
lated with left ventricular blood pressure and at least one
signal correlated with timing of heartbeat cycles of said
subject’s heart; train a machine learning model on said
computer using said plurality of signals for periods of time
in which said plurality of signals were being generated
during a heart failure event of said subject’s heart; determine
said LVEDP or PCWP using said machine learning model at
a time subsequent to said traiming and subsequent to said
heart failure event.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Further objectives and advantages will become
apparent from a consideration of the description, drawings,
and examples.

[0009] FIG. 1 shows a schematic of an embodiment of the
invention;

[0010] FIG. 2 shows Wigger’s diagram,

[0011] FIG. 3 shows an empirical equation for derivation
of LVDEP;

[0012] FIG. 4 shows graphs showing the prediction of

LVEDP from animal data in the linear regression plot of
LVEDP as predicted according to the invention versus true
LVEDP obtained from left-heart catheterization (top), and
the histogram of the prediction error (bottom);

[0013] FIG. 5 shows graphs showing the prediction of
LVEDP from retrospective human data in the linear regres-
sion plot of LVEDP as predicted according to the invention
versus true LVEDP obtained from left-heart catheterization
(top), and the histogram of the prediction error (bottom);
[0014]
network;

FIG. 6 shows a schematic of a recurrent neural
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[0015] FIG. 7 shows graphs showing the reconstruction of
LV pressure waveform from an animal’s non-invasively
obtained carotid artery (CA) pressure waveform in the plot
of the reconstructed LV pressure waveform overlay on top of
the true LV pressure waveform obtained from left-heart
catheterization (top), and the linear regression plot of recon-
structed LV pressure versus true LV pressure;

[0016] FIGS. 8A and 8B show graphs showing the pre-
diction of LVEDP from animal and human data in the linear
regression plot of LVEDP as predicted according to the
invention versus true LVEDP obtained from left-heart cath-
eterization, and the histogram of the prediction error;
[0017] FIG. 9 shows a schematic of device calibration
while the subject is in a laying position;

[0018] FIG. 10 shows a point of use with an embodiment
of the invention;

[0019] FIG. 11 shows a point of use with an embodiment
of the invention, where the subject is in a laying position;
[0020] FIG. 12 shows a point of use with an embodiment
of the invention, where the subject is in a sitting position;
[0021] FIG. 13 shows an embodiment of the invention
having a carotid tonometer and a phonocardiograph instru-
ment;

[0022] FIG. 14 shows an embodiment of the invention in
the form with a radial tonometer; and

[0023] FIG. 15 shows a display device that can be attached
to embodiments of the invention.

DETAILED DESCRIPTION

[0024] Some embodiments of the current invention are
discussed in detail below. In describing embodiments, spe-
cific terminology is employed for the sake of clarity. How-
ever, the invention is not intended to be limited to the
specific terminology so selected. A person skilled in the
relevant art will recognize that other equivalent components
can be employed and other methods developed without
departing from the broad concepts of the current invention.
All references cited anywhere in this specification, including
the Background and Detailed Description sections, are
incorporated by reference as if each had been individually
incorporated.

[0025] The term “signal processor™ is intended to refer to
a device capable of processing the signals of interest. It
could be a hard-wired device such as, but not limited to, an
ASIC or an FPGA, or it could be a programmable device. In
some embodiments, the signal processor can be one or more
microprocessors. [n some embodiments, a computer, a net-
work of computers, and/or portions thereof can be the signal
processor.

[0026] The term “computer” is intended to have a broad
meaning to include any devices that are capable of perform-
ing the intended functional steps. For example, mainframe,
desktop, laptop, tablet and smart phone devices and any
combination or networks thereof, are intended to be
included within, but not limited to, the definition of the term
“computer”. A computer can have one processor, such as a
central processing unit (CPU), or a plurality of processors in
some embodiments. A computer can have memory, data
storage and/or data input and data output devices in some
embodiments.

[0027] The term “signal” is intended to have a broad
meaning to include both digital and analog signals. In one
limit, a signal can be a value at a single point in time;
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however, a signal can also be a time series of discrete and/or
continuous values. Waveforms are examples of signals in
some embodiments.

[0028] The term “machine learning model” is intended to
have a broad meaning to include a model developed based
software algorithms that can improve performance of the
model by one or more training procedures implemented by
a computer without the computer having to be explicitly
programmed based on the data. For example, neural net-
works techniques, support vector machine techniques can be
used for implementing the machine learning model. How-
ever, other embodiments could utilize one or more of the
large number of available machine learning algorithms.

[0029] The term “subject” refers to a particular person or
animal, i.e., an individual, and not a generic, standard or
idealized person or individual. In other words, the simula-
tions are personalized.

[0030] A computing device may perform certain functions
in response to processor executing software instructions
contained in a computer-readable medium, such as a
memory. In alternative embodiments, hardwired circuitry
may be used in place of or in combination with software
instructions to implement features consistent with principles
of the disclosure. Thus, implementations consistent with
principles of the disclosure are not limited to any specific
combination of hardware circuitry and software.

[0031] Example embodiments may be embodied in many
different ways as a software component. For example, it may
be a stand-alone software package, a combination of sofi-
ware packages, or it may be a software package incorporated
as a “tool” in a larger software product. It may be down-
loadable from a network, for example, a website, as a
stand-alone product or as an add-in package for installation
in an existing software application. It may also be available
as a client-server software application, or as a web-enabled
software application. It may also be embodied as a software
package installed on a hardware device such as a CT or MRI
scanner, for example.

[0032] Some embodiments of the instant disclosure are
directed to novel approaches of non-invasively establishing
the LVEDP by using: 1) specific hemodynamic relation-
ships; 2) measurement techniques and systems to measure
key parameters; and 3) algorithmic approaches to use the
measured parameters and hemodynamic relationships to
derive the Left Ventricular End Diastolic Pressure (LVEDP).

[0033] Some embodiments of the instant invention are
directed to a system for non-invasively determining at least
one of left ventricular end diastolic pressure (LVEDP) or
pulmonary capillary wedge pressure (PCWP) in a subject’s
heart, comprising: a signal processor; a pressure sensor
operatively connected to said signal processor to commu-
nicate therewith; and a timing sensor operatively connected
to said signal processor to communicate therewith, wherein
said pressure sensor is structured to be brought into
mechanical connection with an external surface region of
said subject so as to provide peripheral pressure signals
corresponding to a peripheral artery blood pressure, wherein
said timing sensor is structured to non-invasively measure a
physical property of said subject’s heart that is correlated
with said subject’s heart beat so as to provide timing signals
comprising timing information with respect to heartbeat
cycles, and wherein said signal processor is configured to
receive said peripheral pressure signals and said timing
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signals and to non-invasively determine an estimated value
of said subject’s LVEDP or PCWP based at least partially
thereon.

[0034] Some embodiments of the instant invention are
directed to a system for non-invasively determining at least
one of left ventricular end diastolic pressure (LVEDP) or
pulmonary capillary wedge pressure (PCWP) in a subject’s
heart, comprising a timing sensor wherein said timing sensor
is at least one of an acoustic sensor capable of providing a
phonocardiogram, an electrical sensor capable of providing
an electrocardiogram, or optical sensor, or an impedance
sensor.

[0035] Some embodiments of the instant invention are
directed to a system for non-invasively determining at least
one of left ventricular end diastolic pressure (LVEDP) or
pulmonary capillary wedge pressure (PCWP) in a subject’s
heart, comprising a blood pressure sensor operatively con-
nected to a signal processor to communicate therewith,
wherein said blood pressure sensor is structured to be
brought into mechanical connection with an external surface
region of said subject so as to provide signals corresponding
to diastolic blood pressure of said subject, and wherein said
signal processor is further configured to receive said dia-
stolic blood pressure signals and to non-invasively deter-
mine an estimated value of said subject’s LVEDP or PCWP
based at least partially on peripheral pressure signals, timing
signals and diastolic blood pressure signals.

[0036] Some embodiments of the instant invention are
directed to a system for non-invasively determining at least
one of left ventricular end diastolic pressure (LVEDP) or
pulmonary capillary wedge pressure (PCWP) in a subject’s
heart, wherein peripheral pressure signals, timing signals
and diastolic blood pressure signals are taken at times while
said subject is undergoing a heart failure event and at times
subsequent to said heart failure event.

[0037] Some embodiments of the instant invention are
directed to a system for non-invasively determining at least
one of left ventricular end diastolic pressure (LVEDP) or
pulmonary capillary wedge pressure (PCWP) in a subject’s
heart, comprising signal processor configured to non-inva-
sively determine an estimated value of said subject’s
LVEDP or PCWP using a machine learning model.

[0038] Some embodiments of the instant invention are
directed to a system for non-invasively determining at least
one of left ventricular end diastolic pressure (LVEDP) or
pulmonary capillary wedge pressure (PCWP) in a subject’s
heart, comprising a machine learning system wherein said
machine learning model is trained on said subject during a
heart failure event.

[0039] Some embodiments of the instant invention are
directed to a system for non-invasively determining at least
one of left ventricular end diastolic pressure (LVEDP) or
pulmonary capillary wedge pressure (PCWP) in a subject’s
heart, comprising a machine learning system wherein said
machine learning model is a neural network machine learn-
ing model.

[0040] Some embodiments of the instant invention are
directed to a system for non-invasively determining at least
one of left ventricular end diastolic pressure (LVEDP) or
pulmonary capillary wedge pressure (PCWP) in a subject’s
heart, comprising a machine learning system wherein said
neural network machine learning model is a feed forward
neural network that provides at least said estimated LVEDP
or PCWP.
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[0041] Some embodiments of the instant invention are
directed to a system for non-invasively determining at least
one of left ventricular end diastolic pressure (LVEDP) or
pulmonary capillary wedge pressure (PCWP) in a subject’s
heart, comprising a machine learning system wherein said
neural network machine learning model is a recurrent neural
network that provides an estimated LZVEDP waveform or
PCWP.

[0042] Some embodiments of the instant invention are
directed to a system for non-invasively determining at least
one of left ventricular end diastolic pressure (LVEDP) or
pulmonary capillary wedge pressure (PCWP) in a subject’s
heart, comprising a machine learning system wherein said
machine learning model is calibrated to said subject com-
prising: taking peripheral pressure signals and timing signals
during a catheterization procedure; measuring a left ven-
tricular end diastolic pressure in said subjects heart during
said catheterization procedure; and correlating said periph-
eral pressure signals and said timing signals to said left
ventricular end diastolic pressure. Some embodiments fur-
ther comprise altering said left ventricular end diastolic
pressure in said subject during said catheterization proce-
dure by manipulating fluid status in said subject, performing
a Valsalva maneuver on said subject, exposing said subject
to an exercise, or a combination thereof.

[0043] Some embodiments of the instant invention are
directed to a computer-implemented method for non-inva-
sively determining at least one of left ventricular end dia-
stolic pressure (LVEDP) or pulmonary capillary wedge
pressure (PCWP) in a subject’s heart, comprising: receiving,
by a computer, a plurality of signals from a plurality of
non-invasive sensors that measure a plurality of physiologi-
cal effects that are correlated with functioning of said
subject’s heart, said plurality of physiological effects includ-
ing at least one signal correlated with left ventricular blood
pressure and at least one signal correlated with timing of
heartbeat cycles of said subject’s heart; training a machine
learning model on said computer using said plurality of
signals for periods of time in which said plurality of signals
were being generated during a heart failure event of said
subject’s heart; determining said LVEDP or PCWP using
said machine learning model at a time subsequent to said
training and subsequent to said heart failure event.

[0044] Some embodiments of the instant invention are
directed to the computer-implemented method for non-
invasively determining at least one of left ventricular end
diastolic pressure (LVEDP) or pulmonary capillary wedge
pressure (PCWP) in a subject’s heart above, wherein at least
one signal correlated with left ventricular blood pressure
corresponds to peripheral artery blood pressure, and wherein
said at least one signal correlated with timing of heartbeat
cycles of said subject’s heart corresponds to at least one of
an acoustic signal or an electrical signal.

[0045] Some embodiments of the instant invention are
directed to the computer-implemented method for non-
invasively determining at least one of left ventricular end
diastolic pressure (LVEDP) or pulmonary capillary wedge
pressure (PCWP) in a subject’s heart above, wherein said
machine learning model is a neural network machine learn-
ing model.

[0046] Some embodiments of the instant invention are
directed to the computer-implemented method for non-
invasively determining at least one of left ventricular end
diastolic pressure (LVEDP) or pulmonary capillary wedge
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pressure (PCWP) in a subject’s heart above, wherein said
neural network machine learning model is a feed forward
neural network that provides at least said estimated LVEDP
or said PCWP.

[0047] Some embodiments of the instant invention are
directed to the computer-implemented method for non-
invasively determining at least one of left ventricular end
diastolic pressure (LVEDP) or pulmonary capillary wedge
pressure (PCWP) in a subject’s heart above, wherein said
neural network machine learning model is a recurrent neural
network that provides an estimated LVEDP waveform or
PCWP.

[0048] Some embodiments of the instant invention are
directed to the computer-implemented method for non-
invasively determining at least one of left ventricular end
diastolic pressure (LVEDP) or pulmonary capillary wedge
pressure (PCWP) in a subject’s heart above, wherein said
machine learning model is calibrated to said subject com-
prising: taking said plurality of physiological effects during
a catheterization procedure; measuring a left ventricular end
diastolic pressure in said subject’s heart during said cath-
eterization procedure; and correlating said plurality of physi-
ological effects to said left ventricular end diastolic pressure.
Some embodiments further comprise altering said left ven-
tricular end diastolic pressure in said subject during said
catheterization procedure by manipulating fluid status in
said subject, performing a Valsalva maneuver on said sub-
ject, exposing said subject to an exercise, or a combination
thereof.

[0049] Some embodiments of the instant invention are
directed to a computer-readable medium comprising com-
puter-executable code for non-invasively determining at
least one of left ventricular end diastolic pressure (LVEDP)
or pulmonary capillary wedge pressure (PCWP) in a sub-
ject’s heart, said computer-readable medium, when executed
by said computer causes said computer to: receive a plurality
of signals from a plurality of non-invasive sensors that
measure a plurality of physiological effects that are corre-
lated with functioning of said subject’s heart, said plurality
of physiological effects including at least one signal corre-
lated with left ventricular blood pressure and at least one
signal correlated with timing of heartbeat cycles of said
subject’s heart; train a machine learning model on said
computer using said plurality of signals for periods of time
in which said plurality of signals were being generated
during a heart failure event of said subject’s heart; determine
said LVEDP or PCWP using said machine learning model at
a time subsequent to said training and subsequent to said
heart failure event.

[0050] Some embodiments of the instant invention are
directed to the computer-readable medium above wherein
said at least one signal correlated with left ventricular blood
pressure corresponds to peripheral artery blood pressure,
and wherein said at least one signal correlated with timing
of heartbeat cycles of said subject’s heart corresponds to at
least one of an acoustic signal or an electrical signal.

[0051] Some embodiments of the instant invention are
directed to the computer-readable medium above, wherein
said machine learning model is a neural network machine
learning model.

[0052] Some embodiments of the instant invention are
directed to the computer-readable medium above, wherein
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said neural network machine learning model is a feed
forward neural network that provides at least said estimated
LVEDP or PCWP.

[0053] Some embodiments of the instant invention are
directed to the computer-readable medium above, wherein
said neural network machine learning model is a recurrent
neural network that provides an estimated LVEDP wave-
form or PCWP.

[0054] Some embodiments of the instant invention are
directed to the computer-readable medium above, wherein
said machine learning model is calibrated to said subject
comprising taking said plurality of physiological effects
during a catheterization procedure; measuring a left ven-
tricular end diastolic pressure in said subject’s heart during
said catheterization procedure; and correlating said plurality
of physiological effects to said left ventricular end diastolic
pressure. Some embodiments further comprise altering said
left ventricular end diastolic pressure in said subject during
said catheterization procedure by manipulating fluid status
in said subject, performing a Valsalva maneuver on said
subject, exposing said subject to an exercise, or a combina-
tion thereof.

[0055] FIG. 1 shows a schematic of an embodiment of the
invention. Figure shows a system 100 for non-invasively
determining at least one of left ventricular end diastolic
pressure (LVEDP) or pulmonary capillary wedge pressure
(PCWP) in a subject’s heart having: a signal processor 104;
a pressure sensor 102 operatively connected to the signal
processor to communicate therewith; and a timing sensor
106 operatively connected to the signal processor to com-
municate therewith, wherein the pressure sensor is struc-
tured to be brought into mechanical connection with an
external surface region of the subject so as to provide
peripheral pressure signals corresponding to a peripheral
artery blood pressure, wherein the timing sensor is struc-
tured to non-invasively measure a physical property of the
subject’s heart that is correlated with the subject’s heart beat
s0 as to provide timing signals comprising timing informa-
tion with respect to heartbeat cycles, and wherein the signal
processor is configured to receive the peripheral pressure
signals and the timing signals and to non-invasively deter-
mine an estimated value of the subject’s LVEDP or PCWP
based at least partially thereon.

[0056] The physiological and temporal relationships
between pressure waves, electronic signals and acoustic
signals during the cardiac cycle were used to calculate a
patient’s LVEDP. This relationship can be accurately illus-
trated by the Wigger’s diagram depicted in FIG. 2.

[0057] In some embodiments of the invention, the ven-
tricular pressure waveform is obtained during a cardiac
catheterization procedure through the catheter and a cardi-
ologist then determines based on training the patient’s
LVEDP value. The left ventricle is adjacent both physically
and functionally to the aorta and therefore it was found that
the pressure waveforms have a relationship that could be
learned and reproduced. However, certain patient specific
parameters, such as arterial stiffness, influence the specifics
of this reproducibility. Therefore, it was found that on a
patient to patient basis, a left ventricular waveform, and an
LVEDP value could be obtained by manipulating the aortic
waveform. The aortic waveform is an arterial waveform that
can only be obtained invasively. However, recent studies
have shown that there is a quantifiable relationship and a
transfer function that could reproduce a central aortic pres-
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sure waveform using a peripheral arterial pressure wave-
form. Therefore, the reproduction of the LVEDP waveform
using a peripheral waveform that could be obtained non-
invasively using applanation tonometry was studied. Tem-
poral relationships of the waves were modelled using pho-
nocardiography, specifically the S1 and S2 heart sounds.
These efforts were validated using retrospective patient data
as well as prospective animal experiments.

[0058] Some embodiments of the invention disclosed
herein include method of obtaining a patient’s LVEDP value
using noninvasive tools that reflect the patient’s hemody-
namic relationships along with a personalized algorithm that
is tailored to each patient’s specific physiology.

[0059] Some embodiments of the invention disclosed
herein also include non-invasive LVEDP measurement for
in-hospital, outpatient and home diagnostic monitoring for
patients with various disease states (e.g. heart failure, post
cardiotomy, etc) and for use pre, peri and post surgical and
therapeutic procedures.

[0060] Some embodiments of the invention disclosed
herein also include a method of estimating LVEDP using a
tonometer to obtain peripheral pressure waveforms, a pho-
nocardiograph instrument to obtain heart sounds, a diastolic
blood pressure (DBP) value obtained from a blood pressure
cuff and a patient-specific algorithm established during a
cardiac catheterization procedure.

[0061] In some embodiments, a tonometer is a device for
applanation tonometry used to determine the shape of the
aortic waveform from the radial artery. More generally, a
tonometer as described in the instant application is any
device that can measure peripheral pressure waveforms from
a variety of arteries.

[0062] Insome embodiments, a stethoscope is used obtain
acoustic sounds, for example heart sounds. In some embodi-
ments, this stethoscope is part of a phonocardiograph instru-
ment that is configured to generate a phonocardiogram. One
can imagine other devices that capture acoustic sounds can
also be used, such as a microphone.

[0063] Some embodiments of the invention described
herein also include a device for non-invasively collecting
data for the measurement of left ventricular end diastolic
pressure (LVEDP) in a subject having: a tonometer; and a
stethoscope diaphragm; wherein the tonometer and stetho-
scope diaphragm are coupled so as to simultaneously collect
peripheral pressure waveforms and acoustic information,
respectively, in a subject.

[0064] Some embodiments of the invention can include
the following: 1) A LVEDP derivation algorithm derived
through the use of Artificial Neural Network tools (feed
forward neural networks and layer recurrent neural net-
works); 2) the use of a single or multiple non-invasive
pressure waveform, a blood pressure cuff measurement and
a phonocardiography measurement to derive a value of
LVEDP; 3) the use of a single or multiple non-invasive
pressure waveform and a respiratory waveform to reproduce
a left ventricular pressure waveform; 4) the specific selec-
tion of parameters collected from hemodynamic, acoustic
and electrophysiological parameters through which the
abovementioned algorithm is derived; 5) the personalization
of the abovementioned algorithm based on a patient’s hemo-
dynamic physiological parameters, medical history and
physical parameters through a calibration procedure; 6) the
calibration procedure during a catheterization procedure
where the patient’s hemodynamic parameters are altered in
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a controlled manner; 7) a combination device of stethoscope
diaphragm and tonometer in a ‘watch’ like embodiment; 8)
a carotid tonometer device encased in a ‘neck-pillow’ form
factor; 9) a combination device of carotid tonometer and
stethoscope diaphragm in a specific embodiment; and/or 10)
a method by which device placement is guided.

[0065] Some embodiments of the invention are based on
the described and validated physiological and temporal
relationships between pressure waves, electronic signals and
acoustic signals during the cardiac cycle. This relationship
can be accurately illustrated by the Wigger’s diagram
depicted in FIG. 2. Utilizing the hemodynamic relationships
best described using the standard Wigger’s diagram, the
observations as presented in FIG. 3 were made to be able to
estimate LVEDP.

[0066] In some embodiments of the invention, the three
parameters diastolic blood pressure (DBP), isovolumetric
contraction time (IVCT) and rate of pressure rise in LV due
to contraction (dp/dT) shown in FIG. 3 are measured in a
non-invasive manner to derive the LVEDP. In order to
measure these three parameters, some embodiments of the
invention employ the following measurement techniques: 1)
Peripheral Tonometery to record carotid/radial pressure
waveform; 2) Phonocardiography to record 1st and 2nd
heart sounds; 3) Blood Pressure Cuff measurement to record
diastolic blood pressure; and 4) Calibration against a
patient’s hemodynamic waveforms during catheterization.
[0067] In some embodiments, the methods and systems
described herein can be applied to determining LVEDP as
well as PCWP. In such embodiments, PCWP is measured
using a balloon tipped catheter during a right heart catheter-
ization procedure by wedging the balloon into one of the
branches of the Pulmonary artery bed. During diastole when
the Mitral valve is open the PCWP=Left Atrial
Pressure=Left ventricular end diastolic pressure for most
patients. Hence, PCWP is a reasonable surrogate for left
heart filling pressures and a frequently used measure clini-
cally as opposed to direct left heart catheter based measure-
ments. The reason for this is that putting catheters into the
venous system are related to lower complications than by
inserting catheters into the higher pressure arterial system.
Further, the access path into the right heart from the Right
Internal Jugular vein is usually less tortuous and easily
performed by most qualified physician specialties.

[0068] The following examples describe some embodi-
ments and some applications in more detail. However, the
broad concepts of the current invention are not limited to the
particular examples.

Examples

Example 1—Empirical Equation for Derivation of
LVEDP

[0069] Utilizing the hemodynamic relationships best
described using a standard Wigger’s diagram (see FIG. 2),
the observations as presented in FIG. 3 were made to be able
to estimate LVEDP. FIG. 3 shows a graph and empirical
equation (1) for the derivation of LVEDP from various
parameters:

IVCT 4Py (1 1
LVEDP= DBP - f ;:[ ) &, =
0
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where:
[0070] LVEDP=Left Ventricular End-Diastolic Pressure
[0071] DBP=Diastolic blood pressure;
[0072] IVCT=Isovolumetric Contraction time; and
[0073] dP/dt=Rate of pressure rise in the Left Ventricle

(LV) due to contraction

[0074] According to equation (1), one measures the 3
parameters DBP, IVCT and dp/dT in a non-invasive manner
to derive the LVEDP of a subject. These 3 parameters were
measured in the subject via the following measurement
techniques: 1) Peripheral Tonometery: to record carotid/
radial pressure waveform; 2) Phonocardiography: to record
Ist and 2nd heart sounds; 3) Blood Pressure Cuff' measure-
ment: to record diastolic blood pressure; and 4) Calibration
against the subject’s hemodynamic waveforms during cath-
eterization.

[0075] In order to make equation (1) more practical, the
following discrete equations were used in the algorithm:

dP
LVEDP= DBP - IVCT X idealE,

where:
[0076] DBP=BP cuff DBP;

Ideal dP/dt=avg dP;,/dt=Fperiph dP/d1);

[0077] IVCT=H(EITC)=(S1S2-periphEP);

[0078] LVEDP=Left Ventricular End-Diastolic Pres-
sure;

[0079] DBP=Diastolic Blood Pressure;

[0080] dP/dt=Rate of pressure change over time;

[0081] IVCT=Internal Isovolumetric Contraction Time;

[0082] EICT=External Isovolumetric — Contraction
Time;

[0083] S1S2=Time period between the two heart

sounds, S1 and S2; and
[0084] EP=Ejection Period, defined as the time between
the initial rise of the peripheral pressure waveform
(carotid, radial, brachial, etc) to the nadir of the dicrotic
notch
[0085] Both animal studies (in adult pigs) and retrospec-
tive analysis of human catheterization data was performed to
validate the algorithm. Details of this analysis are discussed
below.
[0086] In the animal studies, the following instrumenta-
tion was used to measure invasive and non-invasive hemo-
dynamic parameters that could later be employed to estab-
lish correlation between true measured LVEDP using
catheterization and algorithmic predicted values and assess
the accuracy of these measurements.

TABLE 1

Tools used to measure various parameters

Measurement Tools
LV waveform Millar Catheter
AO waveform Millar Catheter

S1 and S2 heart sounds Thinkslabs Electronic Stethoscope
Carotid Tonometer Millar Tonometer (SphygmoCor)
ECG Standard 3-lead ECG

[0087] In order to ensure applicability to a large patient
set, LVEDP variations were introduced in the animal using
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fluid volume or epinephrine injections and the predicated
values with these perturbations were compared to measured
values.

[0088] A similar approach was used to retrospectively
analyze previously obtained human data where hemody-
namic variations were introduced using Valsalva Maneu-
vers, Breath-holding, Pacing, Right hand grips, abdominal
compressions, dopamine injections, etc.

[0089] Details of these analyses are presented in the FIGS.
4 and 5. FIG. 4 is a graph showing the results of the animal
studies. FIG. 5 shows the results from the Human data
analysis.

[0090] In FIG. 4, the prediction of LVEDP from animal
data is shown in the linear regression plot LVEDP as
predicted according to the invention versus true LVEDP
obtained from left-heart catheterization (top), and the his-
togram of the prediction error (bottom). The predicted
LVEDP correlates with the true LVEDP (R2=0.6, p<0.001)
with 98% of the prediction within 13 mmHg of the true
LVEDP. The root mean-square error of the prediction with
respect to the true LVEDP is 1.4 mmHg. This prediction
accuracy is clinically meaningful according to cardiologists.
[0091] In FIG. 5, the prediction of LVEDP from retro-
spective human data is shown in the linear regression plot
LVEDP as predicted according to the invention versus true
LVEDP obtained from left-heart catheterization (top), and
the histogram of the prediction error (bottom). The predicted
LVEDP correlates with the true LVEDP (R2=0.8, p<0.001)
with 61% of the prediction lying within +3 mmHg of the true
LVEDP. The root mean-square error of the prediction with
respect to the true LVEDP is 5.5 mmHg. This prediction
accuracy is clinically meaningful according to cardiologists.

Example 2—Algorithm Development and Use of
Recurrent Neural Network

[0092] There are various methods and tools through which
the relationship between measured hemodynamic param-
eters and left ventricular end diastolic pressure can be
mathematically modeled. For example, Matlab’s artificial
neural network tools can be used to explore and untangle the
intricacies of this relationship, although other artificial neu-
ral networks can be used. FIG. 6 shows a schematic of such
arecurrent neural network. The first approach was to attempt
to train the neural network to reproduce the Left Ventricle
(LV) waveform by exposing it to a training data set with a
peripheral pressure waveform as the input, and a LV pres-
sure waveform as the target. The network was then validated
and then tested on a separate mutually orthogonal set of LV
waveforms and the closeness of reproducibility was docu-
mented. It was found that the model could accurately and
closely reproduce the LV pressure waveform as long as the
fluid status of the patient/animal was consistent with levels
seen during model training. The model could not be used to
replicate the pressure waveforms accurately when it had not
been trained with waveforms associated with that fluid level.
[0093] A second approach to mathematically model this
relationship involved selection of certain permutations of
hemodynamic physiological parameters obtained from a
patient’s non-invasively obtained measurements fed into a
Matlab feed forward neural network and trained to repro-
duce a certain associated value of LVEDP. These parameters
were input into the toolbox, and the network was trained to
learn the relationship between these values and the corre-
sponding target LVEDP value. The learned network was
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then tested on another set of parameters and the correlation
between true LVEDP and model predicted LVEDP was
tracked. The model was found to accurately predict LVEDP
values in ranges to which it had been exposed to before
(R-square>0.9, p<0.001).

[0094] Parameters used in the neural network were col-
lected on a cycle to cycle basis or across multiple cycles and
these include but were not limited to: diastolic blood pres-
sure, systolic blood pressure, peripheral waveform ejection
period, peripheral waveform average change in pressure
over time, peripheral waveform maximum change in pres-
sure over time, external isovolumetric contraction time,
peripheral pulse pressure (which is defined as difference
between diastolic blood pressure and systolic blood pres-
sure), peripheral waveform dicrotic notch pressure, periph-
eral waveform augmentation index, parameters of arterial
stiffness, heart rate, indices of peripheral waveform, the
period between first heart sound and key indices on the
peripheral waveform, the period between the second heart
sound and indices on the peripheral waveform, indices of the
electrocardiogram (ECG), the period between indices of the
ECG and key indices on the peripheral waveform. Periph-
eral waveform augmentation index can be defined in two
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[0095] Insights gained from the neural network model
could augment equation (1) to obtain a hybrid model lever-
aging both physiclogical relationships as well as empirical
mathematical relationships to create a more accurate and
predictive model.

[0096] Both animal studies (in adult pigs) and retrospec-
tive analysis of human catheterization data was performed to
validate the algorithm. Details of this analysis are presented
below.

[0097] In order to ensure applicability to a large patient
set, LVEDP variations were introduced in the animal using
fluid volume or epinephrine injections and the predicated
values with these perturbations were compared to measured
values.

[0098] A similar approach was used to retrospectively
analyze previously obtained human data where hemody-
namic variations were introduced using Valsalva Maneu-
vers, Breath-holding, Pacing, Right hand grips, abdominal
compressions, dopamine injections, etc.

[0099] Details of these analyses are presented in the
Figures and discussion below.

[0100] Table 2 shows representative examples of model
parameter combinations used to measure LVEDP, including
Error analysis.

TABLE 2

Representative examples of inputs combinations for 10 patient data.

Error Analysis

Upper
RMSE Median ~ 95% CI
Patient Input Parameters R?> (mmHg) (mmHg) (mmHg)
01  DBP, SBP, IVCT, Timepgp.sap, 0.95 2.09 0.13 1.55
Ald, HR, RAu-S2
02 DBP, SBP, IVCT, avRAdPdt, 091 2.79 0.12 2.20
HR, RAu-S2
03  DBP, SBP, IVCT, pkRAdPdt, 0.89 2.49 0.12 1.81
Ald, HR, RAu-S2
04  DBP, SBP, IVCT, Timepgp.sap, 0.96 2.08 0.10 1.58
Al HR, RAu-S2
05 DBP, SBP, IVCT, Timepgp.sap, 0.73 2.03 0.12 1.58
Al HR, RAu-S2
06  DBP, SBP, IVCT, Timepgp.spps 0.92 1.57 0.04 1.20
Al HR, RAu-S2
07  DBP, SBP, IVCT, AL HR, RA- 0.86 1.00 0.05 0.79
S2
08  DBP, SBP, IVCT, Timepgp.spps 0.87 1.84 0.02 1.38
Al HR, RAu-S2
09  DBP, SBP, IVCT, pkRAdPdt, AL 0.86 1.76 0.04 1.23
HR, RAu-S2
10 DBP, SBP, IVCT, pkRAdPdt, 0.80 347 0.22 2.68

HR, RAu-S2

ways: 1) the ratio of the augmentation pressure to pulse
pressure; or 2) the ratio of the dicrotic notch pressure to
pulse pressure. Parameters of arterial stiffness include but
are not limited to: pulse wave velocity, pulse wave transit
time, ambulatory arterial stiffness index, augmentation
index. Indices of the peripheral waveform include but are
not limited to: time and pressure of upstroke of the periph-
eral waveform, time and pressure of peak of the peripheral
waveform, time and pressure of peak or nadir of dicrotic
notch of the peripheral waveform, time and pressure of peak
or nadir of the augmentation pressure. Indices of the elec-
trocardiogram (ECG) include but are not limited to: R wave,
S wave, Q wave, T wave, P wave.

[0101] Abbreviation for Table 2: DBP—Diastolic Blood
Pressure, SBP—Systolic Blood Pressure, IVCT—Isovolu-
mic Contraction Time, Timepzp ozp—1ime interval
between minimum and maximum of peripheral pressure
wave, avRAdPdt—Average rate of pressure rise during
radial artery pressure upstroke, pkRAdPdt—Maximum rate
of pressure rise during radial artery pressure upstroke,
Al—Augmentation Index, Ald=Augmentation Index calcu-
lated using the pressure at the nadir of the dicrotic notch
instead of the peak of aungmentation pressure, HR—Heart
Rate, RAu-S2—Time interval between the rise of radial
artery pressure and second heart sound.

[0102] InFIG. 7, the reconstruction of LV pressure wave-
form from an animal’s non-invasively obtained carotid
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artery (CA) pressure waveform is shown in the plot of the
reconstructed LV pressure waveform overlay on top of the
true LV pressure waveform obtained from left-heart cath-
eterization (top), and the linear regression plot of recon-
structed LV pressure versus true LV pressure. The recon-
structed LV pressure correlates with the true LV pressure
(R2=0.9, p<0.001). This result shows that this approach can
potentially be used to accurately reconstruct LV pressure
waveform from a peripheral pressure waveform, after
which, the LVEDP value can be extracted from the recon-
structed LV pressure waveform.

[0103] In FIG. 8A, the prediction of LVEDP from animal
data is shown in the linear regression plot LVEDP as
predicted according to the invention versus true LVEDP
obtained from left-heart catheterization (left), and the his-
togram of the prediction error (right). The predicted LVEDP
correlates with the true LVEDP (R2=0.9, p<0.001) with 99%
of the prediction within +3 mmHg of the true LVEDP. The
root mean-square error of the prediction with respect to the
true LVEDP is 0.6 mmHg. In addition, the prediction of
LVEDP from retrospective human data is shown in FIG. 8B
in the linear regression plot of LVEDP as predicted accord-
ing to the invention versus true LVEDP obtained from
left-heart catheterization (left), and the histogram of the
prediction error (right). The predicted LVEDP correlates
with the true LVEDP (R2>0.9, p<0.001) with 85% of the
prediction within +3 mmHg of the true LVEDP. The root
mean-square error of the prediction with respect to the true
LVEDP is 2.3 mmHg. Both prediction accuracies are clini-
cally meaningful according to cardiologists.

Example 3—Calibration Procedure and Point of
Use Calibration

[0104] In some device embodiments of the current inven-
tion, personalization of the device is an important aspect of
the functioning of the device and the technology. Device
calibration ensures that the device is specifically applicable
to each patient’s unique hemodynamic parameters and their
relationships. The calibration would be performed during
the patient’s catheterization procedure. FIG. 9 is an illus-
tration of a procedure for device calibration.

[0105] Based on the algorithm development results, it was
decided that the calibration procedure for the device and the
algorithm would include a controlled manner of altering a
patient’s LVEDP in a clinically meaningful range. The
manners of altering the LVEDP value during calibration
include but are not limited to pharmacological manipulation
of fluid status, exercise, valsalva maneuver, hand grip exetr-
cises etc. When calibrating, peripheral pressure signals and
timing signals are taken during the catheterization proce-
dure. At the same time, left ventricular end diastolic pressure
in said subject’s heart is also measured. The peripheral
pressure signals and the timing signals are then correlated to
the left ventricular end diastolic pressure.

[0106] Point of Use

[0107] Some embodiments of the invention are calibrated
during a patient’s catheterization procedure in comparison to
invasive left ventricular and aortic pressure waveforms.
Based on the data collected, artificial neural network models
are employed to determine the patient specific algorithm
through which the non-invasive data collected by the device
can be used to produce either a left ventricular waveform or
an LVEDP value. The patient would then receive a device,
personalized to their own physiology, wherein the algorithm
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would be loaded into a microprocessing unit. The device
would subsequently be able to give a patient’s LVEDP value
after proper signal acquisition. The device is intended for
intermittent use throughout the day as needed. The device
could be used by a patient while in a sitting or laying down
position. Device placement will be guided using an algo-
rithm built into the device.

[0108] FIG. 10 shows an illustration of a point of use
wherein the embodiment of the invention is a device com-
prising a tonometer placed in a neck cushion connected by
a USB cable to a stethoscope as in FIG. 13. The stethoscope
also contains a display device. The device also contains a
microprocessor to analyze the relationship between param-
eters measured by the tonometer and stethoscope.

[0109] FIGS. 11 and 12 show illustrations of points of use
wherein the embodiment of the invention is a device com-
prising a tonometer and a stethoscope as in FI1G. 14. FIG. 11
shows an illustration of the device being used as a subject is
in a laying position. FIG. 12 shows an illustration of the
device being used as a subject is in a sitting position.

Example 4—FExample Device Embodiments

[0110] In the embodiment employing the devices depicted
in FIG. 13, carotid tonometry and phonocardiography are
used. The carotid tonometer is encased in the form of a neck
pillow to ensure proper device placement and comfort. The
carotid tonometer (neck sensor/pressure sensor) is con-
nected to the phonocardiograph instrument through a wired
USB connection. In this embodiment, a tonometer is used to
measure the pressure waveform of the carotid artery. The
phonocardiograph instrument is used to obtain heart sounds.
The phonocardiograph instrument has a probe handle and a
stethoscope diaphragm. A (separate or included) blood pres-
sure cuff is also used.

[0111] FIG. 14 shows an alternative device according to
some embodiments of the invention. The device of FIG. 14
is a radial tonometer that is worn pressed on a patient’s wrist,
with a stethoscope diaphragm on the adjacent but opposite
side of the device. The controls of the device may be located
on the wrist as well. The radial tonometer captures and
measures peripheral pressure waveforms. The stethoscope
diaphragm is used to obtain heart sounds. In this embodi-
ment, the stethoscope diaphragm is part of a phonocardio-
graph instrument. In FIG. 14, the device can be in the form
of a wristband. This wristband may be a single band attached
to the components, or it can be made up of 2 (or more)
individual bands that can be connected. One of ordinary skill
in the art can imagine a variety of means to “close” or adjust
the wristband around the wrist of a subject including buck-
les, Velcro™, adhesives, etc. A (separate or included) blood
pressure cuff is also used.

[0112] Embodiments of the invention include algorithms
that track and guide placement and proper signal applica-
tion. Feedback on proper device placement and signal acqui-
sition is given through color-coded LED lights as seen in
FIG. 15 (601, 602, 603). A representation of this is shown in
black and white in FIG. 15.

[0113] Additional embodiments of the invention include
configuration of a processor to use a hybrid analysis derived
from theoretical and/or physiologically derived and algo-
rithmic models to guide LVEDP measurement.

[0114] In addition, other embodiments are configured to
use radio waves (such as Bluetooth or Wifi) or other con-
nected ways to transmit data to a terminal and then to the
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physicians/nurse clinic responsible for the patient. Such
embodiments could also include a way for the physician to
set thresholds such that deviations from these thresholds
could be flagged and highlighted to the physician.

[0115] Additional embodiments can also generate diagno-
ses for the patient guiding treatment using threshold values
set by a physician, in addition to allow monitoring once
significant clinical usage data and patterns has been estab-
lished. The embodiment may directly guide the patient to
alter their medication without the need for input from a
physician based on the LVEDP measurement and the patient
could then visit the physician once in 6 months or so.
[0116] The embodiments illustrated and discussed in this
specification are intended only to teach those skilled in the
art how to make and use the invention. In describing
embodiments of the invention, specific terminology is
employed for the sake of clarity. However, the invention is
not intended to be limited to the specific terminology so
selected. The above-described embodiments of the invention
may be modified or varied, without departing from the
invention, as appreciated by those skilled in the art in light
of the above teachings. It is therefore to be understood that,
within the scope of the claims and their equivalents, the
invention may be practiced otherwise than as specifically
described.
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We claim:

1. A system for non-invasively determining at least one of
left ventricular end diastolic pressure (LVEDP) or pulmo-
nary capillary wedge pressure (PCWP) in a subject’s heart,
comptrising:

a signal processor;

a pressure sensor operatively connected to said signal

processor to communicate therewith; and

a timing sensor operatively connected to said signal

processor to communicate therewith,

wherein said pressure sensor is structured to be brought

into mechanical connection with an external surface
region of said subject so as to provide peripheral
pressure signals corresponding to a peripheral artery
blood pressure,

wherein said timing sensor is structured to non-invasively

measure a physical property of said subject’s heart that
is correlated with said subject’s heart beat so as to
provide timing signals comprising timing information
with respect to heartbeat cycles, and

wherein said signal processor is configured to receive said

peripheral pressure signals and said timing signals and
to non-invasively determine an estimated value of at
least one of said subject’s LVEDP or PCWP based at
least partially thereon.
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2. The system according to claim 1, wherein said timing
sensor is at least one of an acoustic sensor capable of
providing a phonocardiogram, an electrical sensor capable
of providing an electrocardiogram, or optical sensor, or an
impedance sensor.

3. The system according to claim 2, further comprising a
blood pressure sensor operatively connected to said signal
processor to communicate therewith,

wherein said blood pressure sensor is structured to be

brought into mechanical connection with an external
surface region of said subject so as to provide signals
corresponding to diastolic blood pressure of said sub-
ject, and

wherein said signal processor is further configured to

receive said diastolic blood pressure signals and to
non-invasively determine an estimated value of said
subject’s LVEDP based at least partially on said periph-
eral pressure signals, said timing signals and said
diastolic blood pressure signals.

4. The system according to claim 3, wherein said periph-
eral pressure signals, said timing signals and said diastolic
blood pressure signals are taken at times while said subject
is undergoing a heart failure event and at times subsequent
to said heart failure event.

5. The system according to claim 1, wherein said signal
processor is further configured to non-invasively determine
said estimated value of said subject’s at least one of LVEDP
or PCWP using a machine learning model.

6. The system according to claim 5, wherein said machine
learning model is trained on said subject during a heart
failure event.

7. The system according to claim 6, wherein said machine
learning model is a neural network machine learning model.

8. The system according to claim 7, wherein said neural
network machine learning model is a feed forward neural
network that provides at least said estimated at least one of
LVEDP or PCWP.

9. The system according to claim 7, wherein said neural
network machine learning model is a recurrent neural net-
work that provides at least one of an estimated LVEDP
waveform or PCWP.

10. The system according to claim 5, wherein said
machine learning model is calibrated to said subject com-
prising:

taking said peripheral pressure signals and said timing

signals during a catheterization procedure;

measuring a left ventricular end diastolic pressure in said

subject’s heart during said catheterization procedure;
and

correlating said peripheral pressure signals and said tim-

ing signals to said left ventricular end diastolic pres-
sure.

11. The system according to claim 10, further comprising
altering said left ventricular end diastolic pressure in said
subject during said catheterization procedure by manipulat-
ing fluid status in said subject, performing a Valsalva maneu-
ver on said subject, exposing said subject to an exercise, or
a combination thereof.

12. A computer-implemented method for non-invasively
determining at least one of left ventricular end diastolic
pressure (LVEDP) or pulmonary capillary wedge pressure
(PCWP) in a subject’s heart, comprising:

receiving, by a computer, a plurality of signals from a

plurality of non-invasive sensors that measure a plu-
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rality of physiological effects that are correlated with
functioning of said subject’s heart, said plurality of
physiological effects including at least one signal cor-
related with left ventricular blood pressure and at least
one signal correlated with timing of heartbeat cycles of
said subject’s heart;

training a machine learning model on said computer using

said plurality of signals for periods of time in which
said plurality of signals were being generated during a
heart failure event of said subject’s heart;
determining said at least one of LVEDP or PCWP using
said machine learning model at a time subsequent to
said training and subsequent to said heart failure event.

13. The method of claim 12, wherein said at least one
signal correlated with left ventricular blood pressure corre-
sponds to peripheral artery blood pressure, and

wherein said at least one signal correlated with timing of

heartbeat cycles of said subject’s heart corresponds to
at least one of an acoustic signal or an electrical signal.

14. The method according to claim 12, wherein said
machine learning model is a neural network machine learn-
ing model.

15. The method according to claim 14, wherein said
neural network machine learning model is a feed forward
neural network that provides at least one of said estimated
LVEDP or said PCWP.

16. The method according to claim 14, wherein said
neural network machine learning model is a recurrent neural
network that provides at least one of an estimated LVEDP
waveform or PCWP.

17. The method according to claim 12, wherein said
machine learning model is calibrated to said subject com-
prising:

taking said plurality of physiological effects during a

catheterization procedure;

measuring a left ventricular end diastolic pressure in said

subject’s heart during said catheterization procedure;
and

correlating said plurality of physiological effects to said

left ventricular end diastolic pressure.

18. The method according to claim 17, further comprising
altering said left ventricular end diastolic pressure in said
subject during said catheterization procedure by manipulat-
ing fluid status in said subject, performing a Valsalva maneu-
ver on said subject, exposing said subject to an exercise, or
a combination thereof.

19. A computer-readable medium comprising computer-
executable code for non-invasively determining at least one
of left ventricular end diastolic pressure (LVEDP) or pul-
monary capillary wedge pressure (PCWP) in a subject’s
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heart, said computer-readable medium, when executed by
said computer causes said computer to:
receive a plurality of signals from a plurality of non-
invasive sensors that measure a plurality of physiologi-
cal effects that are correlated with functioning of said
subject’s heart, said plurality of physiological effects
including at least one signal correlated with left ven-
tricular blood pressure and at least one signal correlated
with timing of heartbeat cycles of said subject’s heart;

train a machine learning model on said computer using
said plurality of signals for periods of time in which
said plurality of signals were being generated during a
heart failure event of said subject’s heart;

determine said at least one of LVEDP or PCWP using said

machine learning model at a time subsequent to said
training and subsequent to said heart failure event.

20. The computer-readable medium of claim 19, wherein
said at least one signal correlated with left ventricular blood
pressure corresponds to peripheral artery blood pressure,
and

wherein said at least one signal correlated with timing of

heartbeat cycles of said subject’s heart corresponds to
at least one of an acoustic signal or an electrical signal.

21. The computer-readable medium according to claim
19, wherein said machine learning model is a neural network
machine learning model.

22. The computer-readable medium according to claim
21, wherein said neural network machine learning model is
a feed forward neural network that provides at least one of
said estimated LVEDP or PCWP.

23. The computer-readable medium according to claim
21, wherein said neural network machine learning model is
a recurrent neural network that provides at least one of an
estimated LVEDP waveform or PCWP,

24. The computer-readable medium according to claim
21, wherein said machine learning model is calibrated to
said subject comprising:

taking said plurality of physiological effects during a

catheterization procedure;

measuring a left ventricular end diastolic pressure in said

subject’s heart during said catheterization procedure;
and

correlating said plurality of physiological effects to said

left ventricular end diastolic pressure.

25. The computer-readable medium according to claim
24, further comprising altering said left ventricular end
diastolic pressure in said subject during said catheterization
procedure by manipulating fluid status in said subject,
performing a Valsalva maneuver on said subject, exposing
said subject to an exercise, or a combination thereof.
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