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DETERMINATION OF VENTRICULAR PRESSURE AND RELATED VALUES

FIELD OF THE INVENTION
[0001] The present invention relates to non invasive determination of diagnostic values
related to the heart. In particular the present invention relates to the determination of

ventricular pressure and related values.

BACKGROUND OF THE INVENTION

[0002] During the systole portion of the cardiac cycle ventricular pressure may be equal
to the aortic pressure immediately prior to the opening of the aortic valve and the
pumping of blood into the body from the heart. A measurement of an elevated left
ventricular pressure above an average reading has diagnostic value for the health of a
patient.

[0003] Left ventricular pressure and aortic pressure may be determined accurately via
invasive procedures. In addition, other diagnostic values such as the left ventricular
end-diastolic pressure, e.g., the pressure of blood entering the heart from the lungs may
also be of value as a diagnostic tool, and may also be determined via invasive
procedures, for example, via pulmonary artery catheterization through the femoral vein
in the leg where the catheter may be advanced toward the heart to determine the
pressure values. A non-invasive determination of left ventricular pressure may have

numerous clinical applications.

SUMMARY OF THE INVENTION
[0004] There is thus provided in accordance with some embodiments of the present
invention, a device for determining a cardiac function parameter, the device including
There isthus provided in accordance with some embodiments of the present invention, a
device for determining a cardiac function parameter, the device including a sonic sensor
for determining timing data of the closure of the mitral and aortic valves, a pressure
cuff, a sensing unit coupled to the pressure cuff for sensing. The sensing unit coupled to
the pressure cuff for sensing for each cardiac cycle, blood breakthrough pressure data
and corresponding time data from the closing of the mitral valve, data relating to a
velocity of propagation of a pressure wave as it travels along at least a portion of the
1
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pressure cuff; and, a processing unit for determining a value of at least one cardiac
function parameter based on the data.

[0005] Furthermore, in accordance with some embodiments of the present invention,
said a least one cardiac function parameter is selected from the group of cardiac
function parameters consisting of end diastolic pressure, max</,, isovolumetric
contraction time, systemic vascular resistance, and central aortic pressure.

[0006] Furthermore, in accordance with some embodiments of the present invention, the
sonic sensor is a microphone.

[0007] Furthermore, in accordance with some embodiments of the present invention, the
sensing unit comprises at least two sensors.

[0008] Furthermore, in accordance with some embodiments of the present invention,
said at least two sensors are selected from the group of sensors consisting of pressure
sensors and Doppler sensors.

[0009] Furthermore, in accordance with some embodiments of the present invention,

said at least one cardiac function parameter is max <+, and wherein the processing unit

is configured to iteratively calculate cardiac pressure and related values by calculating
the slope of the tangent to a pressure waveform at atime point where the aortic valve
opens.
[0010] Furthermore, in accordance with some embodiments of the present invention,
said at least one cardiac function parameter is max <+, and wherein the processing unit
is configured to calculate an integral of a second derivative of apolynomial function.
[0011] Furthermore, in accordance with some embodiments of the present invention,
said at least one cardiac function parameter is an end diastolic pressure, and wherein the
processing unit is configured to calculate the end diastolic pressure using the equation:
pov = [% X %%J x (1—-cos(ar)) + EDP
where:
pmaX is the pressure that a isovolumetrically contracting left ventricle would produce
from the end diastolic volume if gjection of blood from the ventricle would be prevented;

rnaxdl‘dT is the maximum isovolumetric pressure rate in the left ventricle; w is the
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angular frequency; EDP is an end diastolic pressure value; pov isthe pressure a opening
of an aortic valve; and, and t is the time to opening of aortic valve.

[0012] Furthermore, in accordance with some embodiments of the present invention,
said at least one cardiac function parameter is systemic vascular resistance, and wherein
the processing unit is configured to determine the systemic vascular resistance by
comparing a theoretical portion of an isovolumetric pressure function with an empirical
central aortic pressure function.

[0013] Furthermore, in accordance with some embodiments of the present invention, the
device configured to export datato amonitoring unit.

[0014] There is further provided, in accordance with some embodiments of the present
invention, a device for determining a cardiac function parameter, the device including a
sonic sensor for determining timing data of the closure of the mitral and aortic valves, a
pressure sensor configured to be positioned within a central aorta of a patient for sensing
pressure data during a pressure build-up within the central aorta, and a processing unit for
determining avalue of at least one cardiac function parameter based on the data.

[0015] Furthermore, in accordance with some embodiments of the present invention, the
sonic sensor is a microphone.

[0016] Furthermore, in accordance with some embodiments of the present invention, the
device configured to export datato amonitoring unit.

[0017] Furthermore, in accordance with some embodiments of the present invention,
said at least one cardiac function parameter is selected from the group of cardiac function

parameters consisting of end diastolic pressure, max </, , isovolumetric contraction time,

systemic vascular resistance, and central aortic pressure.

[0018] Furthermore, in accordance with some embodiments of the present invention,
said at least one cardiac function parameter is systemic vascular resistance, and wherein
the processing unit is configured to determine the systemic vascular resistance by
comparing a theoretical portion of an isovolumetric pressure function with an empirical
central aortic pressure function.

[0019] There is further provided, in accordance with some embodiments of the present
invention, a method for determining a cardiac function parameter, the method including
collecting timing data of the closure of the mitral and aortic valves using a sonic sensor,

using a sensing unit coupled to a pressure cuff, for sensing. The sensing including for
3
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each cardiac cycle, blood breakthrough pressure data and corresponding time data from
the closing of the mitral valve and data relating to a velocity of propagation of a pressure
wave as it travels along at least a portion of the pressure cuff. And, determining a value
of at least one cardiac function parameter based on the data, using a processing unit.

[0020] Furthermore, in accordance with some embodiments of the present invention,
said at least one cardiac function parameter is selected from the group of cardiac function

parameters consisting of end diastolic pressure, max </, isovolumetric contraction time,

systemic vascular resistance, and central aortic pressure.
[0021] Furthermore, in accordance with some embodiments of the present invention,

said at least one cardiac function parameter is max % _, and wherein the processing unit

a7’
is configured to iteratively calculate cardiac pressure and related values by calculating
the slope of the tangent to a pressure waveform at a time point where the aortic valve
opens.

[0022] Furthermore, in accordance with some embodiments of the present invention,

said at least one cardiac function parameter is max % _, and wherein the processing unit

dT’
isconfigured to calculate an integral of a second derivative of apolynomial function.
[0023] Furthermore, in accordance with some embodiments of the present invention,
wherein said at least one cardiac function parameter is an end diastolic pressure, and
wherein the processing unit is configured to calculate the end diastolic pressure using the
equation:

dpP,
pov = [% X MJ x (1—-cos(art))+ EDP
@

where:
pmaXx is the pressure that a isovolumetrically contracting left ventricle would produce
from the end diastolic volume if gjection of blood from the ventricle would be prevented;

max4/_ is the maximum isovolumetric pressure rate in the left ventricle; w is the

angular frequency; EDP is an end diastolic pressure value; pov isthe pressure at opening
of an aortic valve; and, and t is the time to opening of aortic valve.

[0024] Furthermore, in accordance with some embodiments of the present invention,
said at least one cardiac function parameter is systemic vascular resistance, and wherein

the processing unit is configured to determine the systemic vascular resistance by
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comparing a theoretical portion of an isovolumetric pressure function with an empirical

central aortic pressure function.

[0025] There is further provided, in accordance with some embodiments of the present
invention, adevice, the device including an infusion pump and aplurality of outputs, the
outputs configured to release one or a plurality of agents in response to changes in
LVEDP.

[0026] There is further provided, in accordance with some embodiments of the present
invention, a method of stabilizing a patient, the method including using an infusion
pump with aplurality of outputs, the outputs configured to release one or aplurality of

agents in response to changes in the patient's LVEDP.

[0027] There is further provided, in accordance with some embodiments of the present
invention, a method for predicting ischemia, the method including iteratively
empirically determining values related to heart pressure at the brachial artery using a
brachial cuff, iteratively mathematically deriving values relating to blood pressure at the

aorta, iteratively calculating max 40/, iteratively calculating one or a plurality of
changes in max 4/, determining, via a processor, whether the one or a plurality of
changes of max % .. isindicative of ischemia, and. outputting via an output whether the

one or aplurdity of changes of max % ,; isindicative of ischemia.

[0028] There is further provided, in accordance with some embodiments of the present
invention, a device for predicting ischemia, the device including an input, the input
configured to relay iteratively empiricaly determined values related to blood pressure
a the brachia artery to a processor, the processor configured to iteratively
mathematically deriving values relating to heart pressure at the aorta, iteratively
calculate max %

iteratively calculate one or a plurality of changes in max % __, and,

dT’? a7’

determine whether the one or a plurality of changes of max9 . is indicative of
ischemia, and, an output configured to output whether the one or aplurality of changes

of max dl’dT isindicative of ischemia.

[0029] There is further provided, in accordance with some embodiments of the present
invention, a method for mathematically deriving values relating to heart pressure at the

aorta, the method including, collecting empirical data relating to brachial blood pressure

5
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viaabrachia cuff wherein the empirical data can be plotted on apolynomia function to
describe brachial blood pressure, mathematically deriving a delay value representing
the time shift between the polynomial function describing the brachia blood pressure
and a polynomial function describing blood pressure at the aorta, and, computing via a
processor the polynomial function describing blood pressure at the aorta using the
collected empirical data and the mathematically derived delay value.

[0030] There is further provided, in accordance with some embodiments of the present
invention, a device for mathematically deriving values relating to heart pressure at the
aorta, the device including an input for collecting empirical data relating to brachia
blood pressure wherein the empirical data can be plotted on a polynomial function to
describe brachial blood pressure, aprocessor for mathematically deriving a delay value
representing the time shift between the polynomial function describing the brachia
blood pressure and a polynomial function describing blood pressure at the aorta and for
computing via a processor the polynomia function describing blood pressure at the
aorta using the collected empirical data and the mathematically derived delay value,
and, an output for outputting data derived from the polynomia function describing
blood pressure at the aorta.

BRIEF DESCRIPTION OF THE DRAWINGS
[0031] In order to better understand the present invention, and appreciate its practical
applications, the following Figures are provided and referenced hereafter. It should be
noted that the Figures are given as examples only and in no way limit the scope of the
invention. Like components are denoted by like reference numerals.
[0032] Fig. 1lis a graph representing a cardiac pressure curve over time that may be
used for understanding and non-invasively determining ventricular pressure and related
values, according to an embodiment of the invention;
[0033] Fig. 2ais schematic illustration of a method that may be used for understanding
and non-invasively determining ventricular pressure and related values, according to an
embodiment of the invention;
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[0034] Fig. 2b depicts a schematic illustration of a minimally invasive device for
determination of ventricular pressure and related values according to an embodiment of
the invention;

[0035] Fig. 3 is a schematic diagram of a method that may be used for understanding
and non-invasively determining ventricular pressure and related values, according to an
embodiment of the invention;

[0036] Fig. 4 is a schematic diagram of a method that may be used for understanding
and non-invasively determining ventricular pressure and related values, according to an
embodiment of the invention;

[0037] Fig. 5 is a schematic diagram of an infusion pump according to an example of
the invention.

[0038] Fig. 6A depicts a schematic diagram of the collection of data for the
determination of LVEDP, according to some embodiments of the invention;

[0039] Fig. 6B depicts a schematic diagram of the collection of data for the
determination of LVEDP, according to some embodiments of the invention;

[0040] Fig. 6C depicts a schematic diagram of the collection of data for the
determination of LVEDP, according to some embodiments of the invention;

[0041] Fig. 7 is a schematic illustration of a method for mathematically deriving
LVEDP and other related values, according to some embodiments of the invention; and
[0042] Fig 8 depicts a schematic illustration of a device for determining ischemic
conditions in apatient, according to embodiments of the invention.

[0043] It will be appreciated that for simplicity and clarity of illustration, elements
shown in the figures have not necessarily been drawn to scale. For example, the
dimensions of some of the elements may be exaggerated relative to other elements for
clarity. Further, where considered appropriate, reference numerals may be repeated

among the figures to indicate corresponding or analogous elements.

DETAILED DESCRIPTION OF EMBODIMENTS
[0044] In the following detailed description, numerous specific details are set forth in
order to provide a thorough understanding of the methods and apparatus. However, it
will be understood by those skilled in the art that the present methods and apparatus may
be practiced without these specific details. In other instances, well-known methods,
7
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procedures, and components have not been described in detail so as not to obscure the
present methods and apparatus.
[0045] Although the examples disclosed and discussed herein are not limited in this
regard, the terms "plurality” and "aplurality" asused herein may include, for example,
"multiple’ or "two or more". The terms "pluradity” or "a plurality” may be used
throughout the specification to describe two or more components, devices, elements,
units, parameters, or the like. Unless explicitly stated, the method examples described
herein are not constrained to a particular order or sequence. Additionally, some of the
described method examples or elements thereof can occur or be performed at the same
point in time.
[0046] Unless specifically stated otherwise, as apparent from the following discussions,
it is appreciated that throughout the specification, discussions utilizing terms such as
"adding”, "associating" “selecting,” “evaluating,” “processing,” "computing,"
"calculating,” "determining,” "designating,” "alocating" or the like, refer to the actions
and/or processes of a computer, computer processor or computing system, or similar
electronic computing device, that manipulate, execute and/or transform data represented
asphysical, such aselectronic, quantities within the computing system's registers and/or
memories into other data similarly represented as physical quantities within the
computing system’'s memories, registers or other such information storage, transmission
or display devices.
[0047] Central aortic pressure or central aortic blood pressure refers to blood pressure at
the root of the aorta where it connects to the heart. The determination of central aortic
pressure and ventricular pressure are important components in treating heart disease and
related concerns. Whereas traditional non-invasive methods of determining blood
pressure rely on blood pressure cuffs and similar devices, these measurements often
underestimate and/or overestimate efficacy of some cardiovascular treatments and
pharmacological efforts.
[0048] A non-invasive methodology of determining ventricular may be a component in
determining, noninvasively, other significant values within the cardiac cycle, and other
cardiac function parameters.
[0049] Fig. 1is a graph representing a cardiac pressure curve, plotted over a time
period; the curve isuseful for understanding a noninvasive determination of ventricular
8
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pressure and related values according to an embodiment of the invention. The plot is
presented for illustrative purposes and may not be representative of the shape of a
known cardiac pressure curve.
[0050] Ascending aortic pressure, at the time point of the opening of the aortic valve, is
equal to the pressure of the left ventricle. The device described below may measure the
aortic pressure at this temporal point, this measurement may be used to determine the
peak ventricular pressure.
[0051] The graph 10 depicts cardiac pressure, measured, in mmHg on the Y axis.
Graph 10 depicts a measure of time over the course of a cardiac cycle on the X axis; the
measurement of time isin milliseconds.
[0052] The origin of graph 30 represents the point within the cardiac cycle defined as
the end diastolic pressure, or left ventricle end diastolic pressure (LVEDP). LVEDP, or
peak ventricular pressure, may be an expression of Startling's Law whereby the force of
contraction of the cardiac muscle is a function of the initial fiber length at end diastolic
volume or heterometric autoregulation.
[0053] In some embodiments of the invention, a measurement of the time 50 (T) it takes
for pressure to build up in the left ventricle, without a change in ventricular volume,
may be determined, i.e., the isovolumetric contraction time (IVCT). IVCT is specific to
each individual person and may vary over a lifetime. 1VCT may be used not only to
determine the slope of the curve that may provide additional diagnostic information, but
it, in of itself, may be useful as adiagnostic tool.
[0054] IVCT may have diagnostic value as it may be seen as a direct expression of the
sum of factors that comprise contractility of the heart muscle. Changes in IVCT may
reflect changes in electric, neural, metabolic and pharmacological influences on the
heart and its component parts.
[0055] IVCT may aso be defined as the period of left ventricular mural tension in
addition to the period of rising cavitary pressure within the left ventricle.
Physiologically, IVCT ends when intraventricular pressure exceeds aortic pressure; the
resulting pressure gradient opens the aortic valve and gection of blood into the aorta
quickly reduces ventricular volume.
[0056] The IVCT refers to atime period during systole, or right before the beginning of
systole 60. Cardiac function during systole may be plotted as a portion of an empirically
9
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determined central aortic pressure function, as determined by iteratively plotting
pressure values collected by apressure cuff against time.

[0057] The beginning of systole may be defined, in terms of cardiac pressure values, at
the point in time of the cardiac cycle defined as LVEDP, and/or right after the end of
diastole 40. This temporal period may coincide with the closing of the mitral valve and
or other cardiac valves, for example the tricuspid valve. Graph 10 is normalized such
that systole, as defined in some instances, begins at origin 30, and origin 30 coincides
with LVEDP. In some examples, IVCT may precede mitral closure.

[0058] LVEDP may be defined anatomicaly as referring to the isovolumetric
contraction wherein the mitral and tricuspid valves are closed (i.e., the lub sound in the
heart beat), resulting in the contracting of the heart ventricles, and wherein pressure
within the ventricles begins to rise as the blood volume remains constant.

[0059] IVCT may be further described as ending at the subsequent opening of the
semilunar aortic valve and pulmonary valves, and the rapid ventricular gjecting of blood
through the aorta and pulmonary artery. Once the semilunar valves close, ventricular
pressure may rapidly drop, resulting in the closing of the aortic valve (the dub sound in
the heart beat).

[0060] This IVCT may additionaly be definable as a tempora period between the
tempora point defining LVEDP and the temporal point in the cardiac cycle defined as

max 4/ 20, i.e.,, the maximum isovolumetric pressure rate, e.g. the maximum rate of

the rise of left ventricular pressure, the value related to the speed in which ventricular
muscle can compress blood until it hits an gection point.

[0061] The value of max @/, specific for each person, may be useful clinicaly to

are
characterize the contractilability of the heart. In general, % . may reflect, in certain
clinical conditions, the inotropic state of the heart, i.e., the contractibility of cardiac
muscle tissue. In some examples, this value may be irrespective and/or independent of
ventricular morphology, localized wall motion abnormities, and/or structural
abnormalities within the heart.

[0062] Ventricular max % . may also be related to aortic max % .., albeit occurring in

dT’

different phases, where aortic max 4/ occurs while ventricular % _ is decreasing from

10
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its maximum. Thus, the value of rnaxd%T may also be indicative of the initial velocity

of blood through the aorta at the end of the myocardial contraction.
[0063] Max</+ may also be related to pmax 80, where pmax is the pressure that the

isovolumetrically contracting left ventricle would produce from the end diastolic
volume if gjection of blood from the ventricle would be prevented.

[0064] That is, pmax isthe product of max? .. and the systolic cycle length where:

[0065] pmax = max dp/ dtx 7 |

[0066] where 1 is the time measured from the occurrence of the end of the diastolic
pressure until the same pressure is reached during the descending portion of
isovolumetric relaxation.

[0067] pmax, the peak isovolumetric pressure, may be an estimation of the output
pressure of the left ventricle, considered in engineering terms the hydromotive source
pressure.

[0068] LVEDP isa significant diagnostic value. An elevated LVEDP may be associated
with dysfunction of the left ventricle: patients with symptoms of heart failure and
normal gection fraction will present an increased left ventricular end-diastolic pressure.
Elevated LVEDP could be associated with systolic but aso diastolic dysfunction.
Elevated left ventricular end-diastolic pressure may aso be a risk factor in cardiac
surgery.

[0069] Elevated LVEDP may also be commonly associated with reduced left ventricular
function, arisk factor for post cardiac surgery mortality. Elevated LVEDP may aso
indicate left ventricular hypertrophy. Elevated LVEDP may also be associated with
filling/loading abnormalities.

[0070] In some embodiments of the invention, values for the pressure curve may be
derived non-invasively.  In some embodiments of the invention, this may include
applying occluding pressure to an artery, in some examples, the brachial artery. Other
arteries may also be occluded in other embodiments of the invention.

[0071] While pressure is applied against the brachial artery, time may be plotted in the
pressure graph described above, noting the first instance wherein the aortic pressure
wave equalizes and brakes through the occlusive pressure at the brachial artery level, the

occlusive pressure provided at aknown distance from the aorta.
11
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[0072] In some embodiments of the present invention, the externally applied pressure
that result in the occlusion of the brachia artery e.g., a sphygmomanometer arm cuff or
pressure cuff, and the closure of the aortic valve, may together result in a condition that
may resemble a standing fluid column. The standing fluid column may reflect arising
intercavitary pressure that is homogenoudly transmitted to the periphery of the body
from the heart.
[0073] The time necessary for the pressure wave of blood from gjection into the aorta to
the point of occlusion in the brachial artery may be equal with the time intervals needed
to reach the same pressure in the central aorta added to the time necessary to propagate
to the brachial pressure point.
[0074] In some examples, a velocity of propagation of blood through the aorta and the
peripheral artery may be calculated through the use of a sensing unit described below in
the pressure cuff. The sensing unit may include one or aplurality of sensors, the sensors
configured to measure the pressure applied by the cuff to the peripheral artery. In some
examples, the sensing unit may include a Doppler sensor. The Doppler sensor may be
configured to collect blood breakthrough pressure data, e.g., collect data related a
breakthrough of blood past a constricted artery. In some examples, the sensing unit may
include one or aplurality of sensors configured to determine the velocity of propagation
of blood. In some examples two sensors may be placed at a known distance from each
other on the pressure cuff, for example 3-10 cm, e.g., 5 cm from each other on the
pressure cuff. The passage of time from afirst sensor to a second sensor as blood flows
through an artery underneath the pressure cuff may provide data for determining the
velocity of propagation.
[0075] For example, this result may be accomplished by measuring the time delay
between the R wave on an electrocardiogram and a brachial pulse during gradual
deflation of apressure cuff.
[0076] In some examples the velocity of propagation and data relating to the distance of
the sensing unit from the aorta can provide data for determining cardiac function
parameters.
[0077] In some examples the sensing unit on the pressure cuff may be employed to
iteratively determine pressure values with respect to time. These values may be used to
create a portion of awaveform graph, e.g., aportion of the graph in Fig.l that includes
12
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an empirically derived central aortic pressure function. An isovolumetric pressure

function may be represented as a line between the origin on graph 10 and max </, .

Depicted in Fig. 1asahashed line.

[0078] In some examples, a stethoscope or other listening device may be employed to
listen for the breakthrough of arterial blood flow, through the formerly occluded artery,
a the site of a deflating pressure cuff or sphygmomanometer arm cuff. In some
examples, one or a plurality of sensor devices, including Doppler sensor devices, may
be used to determine the first brachial artery flow past the deflating cuff.

[0079] In some examples, the sphygmomanometer arm cuff may have an additional
sensor, e.g., a Doppler sensor which detects arterial blood flow. Using the Doppler
sensor a user may be able to detect with a degree of accuracy the different
breakthroughs of arterial blood flow past the deflating cuff: while the
sphygmomanometer arm cuff slowly diminishes the pressure its exerts the detection of
the renewed blood flow through the blocked artery may be done with the Doppler sensor
and the pressure measurement may be done using one or aplurality of pressure sensors
in the sphygmomanometer arm cuff.

[0080] In some examples, apressure sensor may be employed with the pressure cuff to
measure the pressure of the deflating cuff against the peripheral artery.

[0081] In some embodiments of the invention, a processing unit, e.g., a computing
device, may employ algorithms and command and control features to the pressure cuff
and sensors, including a listening device to better determine the abovementioned values
and to minimize artifacts and to maximize consistency within readings.

[0082] In some examples, the processing unit may be connected to aterminal, monitor,
LCD, computer, the internet, the Cloud, or other computing peripheral, display or
printing device.

[0083] The data may provide sufficient information to reconstruct an ascending limb of
the systolic pressure wave within the cardiac cycle.

[0084] In some examples, areconstructed ventricular pressure curve and/or an empirical
central aortic pressure function may be constructed from data obtained from multiple
successive occlusive pressures on the brachial artery: plotting aplurality of cuff pressure
measurements against corresponding time delays between the opening of the aortic

valve and the sensed blood-flow breakthrough from multiple cardiac cycles. In some
13
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embodiments of the invention, calculating these and/or additional values may provide
for the construction and/or generation of the ascending arterial pressure waveform,
plotting pressure in mm HG over time, in some examples in milliseconds.

[0085] Typically distorting factors may not be present in these measurements including
blood viscosity, mass, vasoconstriction of the arterial path and other possibly distorting
factors.

[0086] Data may be calculated and/or plotted as pressure varying with time, obtained
with time being a function of declining pressure exerted at the brachia artery by the
sphygmomanometer arm cuff. A graph of these values may display pressure increasing
than decreasing with respect to time. Systolic pressure may be the maximal pressure
values, in some examples the point with the longest time delay. Diastolic pressure may
be taken at the inflection point of the pressure curve.

[0087] The diastolic pressure, i.e., the point of max 4/, may be calculated by finding a

tangent to the waveform function. The slope of the tangent, e.g., the first derivative of
the waveform function —the waveform function the result of non-linear least square
analysis to find the coefficient of a fourth degree polynomial, i.e., a quartic equation,
will provide auser with the maximal rate of change of isovolumetric pressure: the first
derivative of the waveform function, at the point of the graph relating to the temporal

point of the opening of the aortic valve may be defined asthe max 9 .

[0088] The derivative the waveform function may describe the best linear
approximation of the function near that input value and equal to the slope of the tangent

line to the graph of the waveform function at max 9 .

[0089] A second method to determine max % _, in some embodiments of the invention,

dr?
a method that may be less sensitive to noise, may use the integral of the second
derivative of the waveform function from the tempora period wherein the aortic opens
until the peak aortic pressure, the waveform function described above. The second

derivative may reflect how max ¥/, isitself changing. The taking of the integral of the

dT >
second derivative under the entire curve allows for an estimation of max % g With less
concern for small empirical error.

[0090] Graph 10 may, in some examples, be phase shifted, and/or normalized, to have

diastolic pressure begin, e.g., the onset of the gection process, at the origin.

14
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[0091] In some embodiments of the invention areconstructed ventricular pressure curve
and/or an empirical central aortic pressure function, described below may be compared
with the theoretical portion of an isovolumetric function 70, the theoretical portion, here
displayed as a dotted line, which may behave as a cosine function, may contain the
pmax value described above. A comparison of the two curves and/or functions may
provide indications and parameters related to systemic vascular resistance (SVR),
where SVR may refer to blood flow resistance offered by the systemic vasculature of a
subject, excluding specifically the pulmonary vasculature (i.e.,, pulmonary vascular
resistance).

[0092] In some embodiments of the invention, the change in slope of the pressure

waveform after max</. 20 may be indicative of a change in peripheral arterial

resistance to blood flow. This change in peripheral resistance may be directly related to
the determination of vasodilatation in one or aplurality of arteries of a patient.

[0093] The determination of vasodilatation may be relevant for determine the efficacy
of aclass of drugs or for determining adisease state.

[0094] In some examples, a drug could be provided, for example, a vasodilator, and
measurements could be taken to determine the extent to which vasodilatation has
occurred and/or the resistance to flow in the dilated arterial blood vessels. The dilation
may be to decrease blood pressure, to treat hypertension, angina or congestive heart
failure, or to increase tissue perfusion of for other therapeutic benefits.

[0095] In some embodiments of the invention, the relationship between peak
isovolumetric pressure (pmax) and end-diastolic volume can indicate ventricular
contractility.

[0096] A practicd method to estimate pmax may be from the pressure curve of an
gjecting contraction of left ventricle and may be used to estimate pmax from a single
gjecting beat.

[0097] The difference between the estimated value pressure values, where the estimated
value may be corrected for physiological considerations including the percentage
volume gected from the ventricle and the values read by a blood pressure cuff may
indicate changes in resistance of the arterial vessels, for example, as a result of
vasodilatation.
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[0098] From the calculation of max‘*“/dT, the value may be incorporated into the
equation where peak isovolumetric pressure could be mathematically predicted by
curve-fitting isovolumetric data from an gjecting beat to a cosine function, the equation
representing a nonlinear least squares approximation technique developed by Sunagawa

et al.

The Isovolumetric pressure curve = - maxx (1- cos(ar)) +
[0099] "p EDP

[00100] Where ¢ isthe angular frequency and/or where w :2—7[
SystolicTime

[00101] And where, EDP isthe LVEDP, asdescribed above.

[00102] The isovolumetric pressure curve may be obtained by fitting the measured

EDP curve segments from the end-diastolic pressure point to the max positive % _, and

dT’

from the pressure point of the negative max % _, to the same level asthe end-diastolic

dT?
pressure of the preceding heart beat. And wherein the peak of the ECG R wave may be
used to identify the LV end-diastolic point.

[00103] With these values, the equation may be rewritten as:

[00104] %pmax- %pmﬂb((a),t)) +EDP.

[00105] The derivative of the equation may be calculated to be:

[00106] —%p maxx w X -sin( ar) .

[00107] Under the conditions described above, at max ¢/, , sin(<at)= 1 at point t,

where t isthe opening of aortic valve.

dp,
[00108] Thus, max GVdT = pmax(@);or PmaX= %
[00109] Both the hydromotive pressure calculated by the eguation above and the

aortic pressure pass through the same point at opening of aortic valve i.e. the pressure in

the left ventricle at max 9 47 isequal to the pressure in the aorta at the same time one can

use the following equation:

14 d
[00110] pov =\ ; wa X (1- cos(0* )) + EDP
\ W
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[00111] where pov isthe pressure at opening of aortic valve, a value that may be

empirically measured;

[00112] and t isthe time to opening of aortic valve avaue that may be empirically
measured.
[00113] The equation may be rewritten

[1 maxa,

N\
[00114] EDP = pov—". Jx (1 -cos(taf))

-

w
[00115] Allowing for the non-invasive derivation of EDP (LVEDP).
[00116] The experimental determination of max</., LVEDP, and a change in

peripheral resistance may provide for a comprehensive picture and understanding of the
whole hemodynamic system of the heart.

[00117] Fig. 2a is schematic illustration of a device 150 for the noninvasive
determination of ventricular pressure and related values according to an embodiment of
the invention.

[00118] Device 150 may include apressure cuff 100 or another device configured
to apply pressure. The pressure may be applied to create a temporary occluded
peripheral artery. For example, a sphygmomanometer arm cuff may be used to apply
pressure to an artery, for example, the brachial artery and then slowly release pressure to
the artery. Other devices may aso be employed.

[00119] In some embodiments of the invention there may be a sensing unit 125.
Sensing unit 125 may include one or aplurality of sensors. In some examples, one or a
plurality of sensors may be blood flow sensors 130. The blood flow sensors may be
coupled directly or indirectly to pressure cuff 100. The blood flow sensors may be
coupled to aportion of pressure cuff 100.

[00120] Blood- flow sensors 130 may be configured to measure the velocity of
the blood flow in an artery, e.g., the velocity of the propagation of the pressure wave of
blood travelling through the arteries. Blood flow sensors 130 may be configured to be
employable for obtaining diverse values related to blood flow through the artery.
Sensing unit 125 may also include pressure sensors. Pressure sensors may determine the
pressure, in some examples measured in mmHg, of the pressure cuff when ablood flow

breaks through occurs.
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[00121] Other sensors may also be employed to provide accurate readings
regarding the first breakthrough of blood through the brachial artery. Sensors within
sensing unit 125 may be configured to provide time data, the time data may correspond
to atemporal period, that temporal period starting at the time of the closure of a heart
valve, e.g., the mitral valve.
[00122] Sensing unit may include Doppler sensors to determine, in some
embodiments of the invention, ablood flow breakthrough.
[00123] In some embodiments of the invention, a first blood sensor may be
configured to record macro readings and a second blood flow sensor 130 may be
configured to record micro, e.g., more precise readings. In some embodiments of the
invention, two or more sensors may be used given expected broad ranges of activities
that may be sensed in the cuff.
[00124] In some embodiments of the inventions, two sensors may be employed to
correct for the interval between pressure rise in aorta and subsequent pressure rise in the
brachial artery. The two sensors may be employed to calculate the speed of a pressure
wave as it travels through the peripheral artery.
[00125] In some embodiments of the invention, the blood-flow sensors 130 may
be configured to iteratively determine and record the time and corresponding cuff
pressure, e.g., the occlusive pressure values of the initial blood flow breakthrough past
the deflating pressure cuff 100 through a peripheral artery, e.g., the brachial artery. In
some examples, these values may be employed by processing unit to create a function
representative of the central aortic pressure and/or other cardiac function parameters.
[00126] A sonic sensor 110 may be configured to detect heart muscle activity, for
example the closing of a heart valve, e.g., the aortic and/or mitral valves. In some
examples a non invasive heart sensor, for example a microphone, may be configured to
determine the values relating to the beating of the heart and the gjection of blood from
the ventricle into the aorta.
[00127] In some embodiments of the invention, sonic sensor 110 may be an audio
device configured to listen to audio sounds, e.g. for cardiac auscultation, emanating
from the heart, the sounds indicative of physiological changes in the heart. The sounds
may be employed in determining systolic time. A first sound may be a closing of a
mitral valve once blood has entered the ventricular chamber. (S, e.g., the 'lub' sound).
18
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In some embodiments of the invention, the audio device may be configured such that
whereas the Si sound may heard as a single sound, the audio device may be configured
such that it can differentiate between the sound resulting from the mitral valve closure
and the sound of the latter tricuspid valve closure.

[00128] And second sound, the second sound indicative of isovolumetric
relaxation. The second sound may be the closing of the aortic valve once the gection of
volume from the ventricular chamber has occurred. (S,, eg., the 'dub’ sound) In some
embodiments of the invention, the audio device may be configured to distinguish
between the sound resulting from the closure of the aortic valve and the subsequent
closure of the pulmonary valve, the difference in time between the two closures may
vary considerably depending on respiration, posture or pathological conditions.

[00129] By determining Sl and S2 with a degree of accuracy, the device may
allow for the obtaining of the duration of systole. The duration of systole may be a
variable to be included in the computational analysis described below.

[00130] In some examples the invention may include an Electrocardiogram (ECG)
device. The ECG may be configured to provide an interpretation of the electrical
activity of the heart over aperiod of time, as detected by electrodes attached to the outer
surface of the skin and recorded by a device external to the body. The ECG may aso be
employed to measure the rare and regularity of the heartbests,

[00131] In some examples, max 4/ may coincide with an ECG R wave and may

occur shortly after an ECG Q wave.

[00132] Doppler echocardiography devices may also be used.

[00133] A processing unit 120 may include processing components, memory
components and other components related to processing. The Processing unit may
include processors that may employ algorithms to control and monitor device 100, sonic
sensor 110, and blood-flow sensor 130. Processing unit 120 may include a screen for
displaying graphicaly an arterial wave with relevant data points highlighted.
Processing unit 120 may include a method for printing out values and graphs relating to
the relevant curves, waves and data units.

[00134] Processing unit 120 may be configured to determine one or a plurality of
values for at least one cardiac function parameter based on the data, the data typicaly

collected by sensing unit 125 and/or sonic sensor 110.
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[00135] Processing unit 120 may include components for wired and/or wireless
communication. The wired and/or wireless communication may be with pressure cuff
100, sonic sensor 110, and/or blood-flow sensor 130. Processing unit 120 may be
coupled to pressure cuff 100, sonic sensor 110, and/or blood- flow sensor 130.

[00136] Device 150 may be configured to determine from values collected by
device 100, sonic sensor 110, and blood-flow sensor 130 and/or processing unit 120
additional cardiac related values. In some embodiments of the invention, device 150
may determine total peripheral resistance. In some examples, the total peripheral
resistance may be a function of the area under the pressure waveform, subsequent to

max 4t/ .

[00137] The device alows for the noninvasive determination of the isovolumetric
contraction time, wherein the beginning of the pressure curve isin fact may correspond
with physiological opening of the aortic valve. The opening of the aortic valve is
typically acoustically silent, and is typicaly otherwise determined via
echocardiography.

[00138] Device 150 may be configured to determine systemic vascular resistance
in a subject as described above.

[00139] Device 150 may be configured to be connected to a monitoring unit. Data
and/or output from device 150 may be displayed using adisplay methodology such as a
monitor, printer or other display methodology that may be exclusive to device 150 or
may be shared with and/or exported to other devices, e.g., a monitoring unit within a
hospital, home or clinical setting, the monitoring unit may be configured to display
and/or otherwise communicate other cardiac or health related data. Export data from
device 150 may also be displayed on the monitoring unit.

[00140] Fig. 2b depicts a schematic illustration of a minimally invasive device for
determination of ventricular pressure and related values according to an embodiment of
the invention.

[00141] In some embodiments of the invention, a device 180 may include a sonic
sensor 160. Sonic sensor may be configured to determine timing data related to the
closure of the mitral and aortic valves, the closures of the valves making the
characteristic "lub" and "dub" sounds that may be picked up and accurately and timely

recorded viathe sonic sensor.
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[00142] In some embodiments of the invention, device 180 may include a pressure
sensor unit 170 may be positioned within a central aorta of subject or patient. In some
embodiments of the invention, the pressure sensor unit 170 may be placed elsewhere
within the patient's body.

[00143] In some embodiments of the invention, sensing unit 170 may be
configured to sense pressure data during a pressure build-up within the central aorta or
other components of the cardiac system.

[00144] A processing unit 190 may be configured to determine the value of one or
a plurality of cardiac unction parameters based on the data from sensing unit 170 and
sonic sensor 160. Other sensors may also contribute data.

[00145] Fig. 3 is a schematic diagram of a method for the noninvasive
determination of ventricular pressure and related values according to an embodiment of
the invention.

[00146] The method for noninvasively determining max 4/, isovolumetric time

and end diastolic pressure, from a peripheral artery according to an embodiment of the
invention, may include configuring apressure cuff to deflate as depicted by box 200.
[00147] Box 210 depicts the configuring one or a plurality of sensors coupled to
the cuff to determine an initial blood flow breakthrough on apatient or subject.

[00148] Box 220 depicts the configuring a sonic sensor to determine the opening
of an aortic valve.

[00149] Box 230 depicts the configuring a processing unit to measure, process
and/or plot occlusive pressures values applied to a peripheral artery against time
intervals as determined by the one or aplurality of sensors and the heart sensor.

[00150] Fig. 4 is a schematic diagram of a method for determining a cardiac
function parameter according to an embodiment of the invention.

[00151]] Asdepicted in box 300, the method includes collecting timing data of the
closure of the mitral and aortic valves using a sonic sensor.

[00152] Box 310 depicts using a sensing unit coupled to a pressure cuff to sense,
for each cardiac cycle, blood breakthrough pressure data and corresponding time data
from the closing of the mitral valve.

[00153] Box 320 depicts using the sensing unit to collect data; in some examples,

the sensing unit may be coupled to the pressure cuff. In some embodiments of the
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invention the sensing unit may include numerous separate sensors where some of the
sensors may be coupled to portions of the sensor cuff and other sensors may be coupled
to other portions of the cuff, or may be separate from the sensor cuff. The sensing unit
may be configured to sense data relating to avelocity of propagation of apressure wave
asit travels along at least aportion of the pressure cuff.

[00154] A processing unit may be configured to determine avalue of at least one
cardiac function parameter based on the data, as depicted in box 330.

[00155] In some examples, the method may include configuring the processing
unit to run one or a plurality of algorithms, the algorithms configured to integrate the
second derivative of the 4t degree polynomial function from a graphical representation
of a arterial pressure wave, the arterial pressure wave determined empiricaly and

extending from the opening of the aortic vave until an aortic max /., solve for

ap 1 dy
p max = M and solve for EDP: , pov = (—x max L.r x (1- cos(é4)) + EDP .
W Ll W
[00156] In some examples the values that were solved for may be presented to a

user visually on a screen as superimposed on a waveform. In some examples the values
may be printed out. In some examples the values may be presented to a user
independent of the waveform.

[00157] In some examples the processing unit may include a graphical user
interface for manipulating data, sending data wirelessly or via a wired connection,
manipulating graphical results and/or changing parameters of algorithms run by the
processing unit.

[00158] Typically LVEDP is increased during ischemia and max % . decreases
during ischemia. Thus chest pain originating from an ischemic attack, such as a
myocardial infarction, could be detected immediately using the values of LVEDP and
max 45/, obtainable during a simple blood pressure type of measurement.

[00159] These two indices, being determinable noninvasively, may provide for an
easier detection of ischemic heart disease including, myocardia infarction unstable
angina, and other disease states, and may be used to aert the patient, who may already
have risk factors for heart disease, asto impending attacks. In some examples of the
invention, this information may be employed in prophylactically opening of an occluded

artery at an early stage.
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[00160] The determination of LVEDP and max%/. during a simple blood

pressure type of measurement may prevent unnecessary hospitalization for chest pain of
no cardiac origin.

[00161] Fig. 5 is a schematic diagram of an infusion pump according to an
example of the invention.

[00162] In some examples of the invention Dobutamine and/or other
sympathomimetic drugs, or other drugs and/or agents can be used in a stress test. A
Dobutamine infusion may be provided to a patient in conjunction with an echo-doppler
scan. During an ischemic event, regional wall motion abnormalities may be detected.

In some examples of where LVEDP isincreased during ischemia and max % . decreases

during ischemia, these values detected experimentally or derived mathematically, as
described, for example herein, can provide independent and/or parallel confirmation. Or,
in some examples of the invention, they may be used in lieu of the Dobutamine infusion
in conjunction with an echo-doppler scan.

[00163] In some examples of the invention, LVEDP can be measured as an index
of heart fallure exacerbation and can be used to automatically adjust treatment in
patients with decompensated heart failure. Patients with congestive heart failure (CHF)
and/or exacerbated CHF may be provided with doses of diuretics/vasodilatator and/or
sdline. In some examples, the doses of diuretic s/vasodilatator and/or saline are provided
via an infusion pump 410. Infusion pump 410 may have at least two outputs where a
first output 420 is configured to infuse an agent such as saline and a second output 430
isconfigured to infuse an agent such as adiuretic or other drug into the patient.

[00164] In some embodiments of the invention, the infusion pump is connected
with anoninvasive input device 440 to determine LVEDP.

[00165] When apatient's LVEDP ishigh, for example, if LVEDP is 30mmHg than
the diuretic output, e.g., second output 430 on infusion pump 410 may be opened and
the patient may be infused with a diuretic and/or vasodilatator. The infusion of the
diuretic and/or vasodilator may continue until the LVEDP, as read by a noninvasive
input device 440 to determine LVEDP, reads the LVEDP value asreturning to a normal
healthy value, for example, 15mmHg.

[00166] If the noninvasive inputdevice 440 determines that LVEDP values are

falling then second output 430, e.g., the output for the diuretic is closed and a diuretic
23



WO 2014/057489 PCT/IL2013/050815

and/or vasodilator are no longer infused into the patient. When the second output is
closed, first output 420, e.g., for infusing saline into the patient may be opened.

[00167] In some examples there may be an iterative process of opening and
closing first output 420 and second output 430 until a desired blood pressure is
achieved.

[00168] In some examples of the invention, a processor 450 is coupled to infusion
pump 410. Processor 450, in response to data from noninvasive input device 440 to
determine LVEDP may determine what outputs are opened and/or closed and the
duration of the opening and closing of the outputs.

[00169] In some examples of the invention, infusion pump 410 and/or processor
450 may be implanted into the patient. Infusion pump 410 may be battery powered or
powered by an external device. Infusion pump 410 may communicate wirelessly and/or
via other communication methodologies with other devices, including, for example
processor 450.

[00170] In some embodiments of the invention, infusion pump 410 may be a
portable device that can be worn or carried by the patient. In some embodiments of the
invention infusion pump 410 may be a hospital based device. In some embodiments of
the invention infusion pump 410 may be a consumer device.

[00171] Noninvasive input device 440 to determine LVEDP may be directly or
indirectly attached and/or in communication with the infusion pump. Infusion pump
410 may be powered by a portable battery and/or by electricity from awall outlet.
[00172] Processor 450 may be coupled to a wireless device. Wireless device may
send a signal to another device, e.g., an SMS to aphysician's phone, noting arise of fall
of LVEDP.

[00173] In some embodiments of the invention, LVEDP can be derived
mathematically without needing to determine the distance travelled from the point of
measurement until the heart valve, for example as described above.

[00174] Fig. 6A depicts a schematic diagram of the collection of data for the
determination of LVEDP, according to some embodiments of the invention.

[00175] In some examples of the invention, LVEDP may be calculated by

extracting, compiling, and/or using data from 4 or more channels.
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[00176] A first channel may collect, extract, compile and/or use data derived from
a brachial cuff, the cuff, as described for example above. In some embodiments of the
invention, an increasing and, in some examples, decreasing pressure value is calculated
by sensors associated and/or attached to the brachia cuff, the sensors measuring the
applied pressure by the brachial cuff to the brachial artery.

[00177] The graph depicts a plot of pressure, as measured by the sensors in the
brachial cuff, against time.

[00178] Fig. 6B depicts a schematic diagram of the collection of data for the
determination of LVEDP, according to some embodiments of the invention.

[00179] A second channel may collect, extract, compile and/or use data derived
from the brachial cuff, the data relating to the sound of blood flowing past ablockage in
the brachia artery, the blockage typically created by the pressure applied by the brachial
cuff. E.g., Korotkoff sounds. Korotkoff sounds may be produced in some patients.
[00180] Fig. 6B depicts, for example empirically derived audio sounds collected at
the site of the brachia cuff, for example, the brachial cuff as described above, after
Fourier transformation.

[00181] Typicaly, when a sensor is placed over the brachial artery at the
antecubital fossa, no audible sounds can be heard as blood from heart pulses is
transmitted smoothly through the arteries via laminar. Similarly, when brachial pressure
is applied, e.g., viaabrachia cuff, to the brachial artery, wherein the pressure is above
the person's systolic blood pressure, there will aso be, typicaly, no audible sounds, as
blood flow isoccluded in the brachial artery at the cuff's position.

[00182] Aspressure in the brachial cuff islowered and the corresponding pressure
on the brachial artery is similarly lowered to a value equal to or lower than the systolic
blood pressure a first Korotkoff sound may be heard: representing some blood breaking
past the stopped blood flow at the site of the brachial cuff. Typically the blood flowing
through the brachial artery can be described as flowing in spurts, as pressure in the
region continues to drop. These spurts and the resulting turbulence in the arteries
produce an audible sound that can be collected, extracted, compiled and/or used by
sensors.  This sound can be described as a snapping sound. A clear and tapping-like

sound that may be repetitive sounds represents the systolic pressure of the heart.
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[00183] Fig. 6C depicts a schematic diagram of the collection of data for the
determination of LVEDP, according to some embodiments of the invention.
[00184] In some examples of the invention, sensors may further be configured to
collect, extract, compile and/or use data derived from the aorta, wherein sounds from the
aortic valve opening and closing may be relevant to the determination of LVEDP.
[00185] the output, for example, an audio signal, is plotted on the graph as the
amplitude of a signal over time.
[00186] Fig. 6C depicts, for example, an output for a channel, for example, a
channel as described above, wherein the output is empirically derived audio and
depicted herein after Fourier transformation, the audio resulting from measurements
taken for example at the aorta, the audio synchronized with pressure values as derived
from another channel, e.g., afirst channel as described above.
[00187] Inputs from audio in Figs 6B and 6C, may for example be extracted in an
analog form and converted to a digital form by a processor, e.g., processor 450 as
described above.
[00188] In some examples, data from audio sensors and data from pressure
sensors, for example, as described above are converted into digital signals using audio to
digital transformation hardware. The converted analog signal, e.g., the digital signal is
processed by the computer using a Fourier Transform, e.g., a Fast Fourier Transform
algorithm such as atime and frequency FFT with a 70% overlap.
[00189] In some examples of the invention, a fourth channel may include data
from one or aplurality of sensors and/or additional sensors that may be employed at the
brachial artery at apoint that is not the aorta or the point of the placement of the brachial
cuff to collect, extract, compile and/or use data derived from the brachial artery to
determine the delay in length along the artery and in time of blood between leaving the
aorta and arriving at the brachia cuff. The sensors may also be employed to collect,
extract, compile and/or use data related to the propagation speed of the blood through
the brachial artery for use in determining LVEDP and other related values.
[00190] Fig. 7 is a schematic illustration of a method for mathematically deriving
LVEDP and other related values, according to some embodiments of the invention.
[00191] A system may be measuring three channels providing three streams of
data timelines, for example the channels as described above. A first timeline measures
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the time as pressure declines in the cuff, heart rhythm and breakthrough at the cuff
location.

[00192] The system may measure for example, twenty heart strokes. These points
plotted can be employed to create a curve represented by apolynomial, for example, a
curve 700. The polynomia however represents a delay from the corresponding value
representing rising pressure function in the aorta, the pressure function depicted, for
example as acurve 750.

[00193] A function can be used to describe the pressure within circulation system.
A first polynomial may be afitted function derived from the measured points (e.g., 710,
720, 730, 740) in the form of atarget function, e.g., 4th degree polynomial, e.g., ax4
+bx3+cx?+dx+e =y where the curve is on a graph depicting time on its x axis and on
itsy axis, pressure.

[00194] And wherein the target function, empirically derived by measurements, is
isomorphic to apolynomia representing atime shifted aortic pressure function; i.e., the
slope of the empirically derived target polynomia is equal to the slope of the aortic
pressure polynomial, where the two polynomials differ by atime shift representing an
unknown temporal delay.

[00195] Thus: ax4+bx +ox2+dx+e = a2 +b'Z+c2+dz+€

[00196] Where z = (x-delay)

[00197] Deriving the equations:

[00198] axd +bx +o+dxte = a2 +b 7 +c2+d'z+e
[00199] 4ax3 +3bx2+2cx+x = 42’23+ 3b' 2+ 2¢'z+d'z
[00200] 12ax2 + 6bx +2¢ = -12a72 + 620’ +2¢

[00201] 24ax+6b =24az + 6b'
[00202] 24a = 24a’
[00203] Thus: a=a’
[00204] And
[00205] dax + b=4a'z +b' la=a'
[00206] dax+b =4daz+b' | z= x-delay
[00207] dax+b =4a(x-delay)+b'
[00208] Thus: b+4a(delay) = b’
[00209] And
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[00210] 6ax 2+3bx+c  =6az 2+3z(b+4a(delay) +c la=a’ and b+4a(delay) =b"'
[00211] c=—6a(delay)2—3b(delay) +c'

[00212] Thus: c' = c+6a(delay )° + 3b(delay )

[00213] With these equations a new equation can be derived based on empirically

derived information wherein the second derivative of the target polynomial isequal to O

at time 0.

[00214] Thus: 12ax2+ 6bx + c'= 0
[00215] Thus: c'= 0

[00216] Given: ¢' = cr+esaa(dde lay )2 + 3b(delay)

’ 2
[00217] Therefore: delay = 3b+(=VIb” lAac)
12a

[00218] With this mathematical derivation the delay relating to the propagation of
blood from the aorta to the occluded position on the brachial artery can be determined.

[00219] A new function can be determined that may accurately reflect the pressure
curve at the aorta wherein the new polynomia has points corrected from the empirical

value to account for aknown delay.

[00220] LVEDP can be derived from this new function as follows: The new
function may be described as an isovolumetric pressure curve wherein the isovolumetric

pressure may be described by the function.
[00221] X = [% Xp maxj X (1- cos(é4)) + EDP

[00222] Where: pmax is the pressure that a isovolumetrically contracting left

ventricle would produce

[00223] « isthe angular frequency;
[00224] EDP is an end diastolic pressure value;
[00225] The pressure at x, e.g., a the point of time corresponding opening of aortic

valve is equal to the diastolic pressure or lowest pressure measured at a break through

pointe, e.g. by the brachial cuff, described above.
[00226] Therefore: EDP = [%x P maxj X (1- cos(at))

[00227] At a point x, e.g., a the point of time corresponding opening of aortic

valve, the slope if the isovolumetric pressure curve should equa the as described for
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example above, of the aortic valve since all the force of the contraction ispassed to the

aorta and represented by max % .

[00228] Correspondingly the derivative of =[—;—x pmax jx(l- cos(ar)) equals
max 4/, .

[00229] max 4/, = [% X p max} X x sin(cjx t)

[00230] Where ¢ isthe angular frequency

2n
SystolicTime '
[00232] And t=VCT.

[00231] Where w =

[00233] Systolic time may be approximated by the following equation:

[00234] Systolic Time= (IVCT + aortic gection time) + 80ms

[00235] Where (IVCT + aortic gection time) represents the time interval between
1st sound and 2nd sound

[00236] And where 80ms isthe average for Isovolumetric relaxation time.

.(— 2max dP/dT)
(wxsin(@Xt)

[00237] Therefore: pmax =

[00238] This now defined pmax can be inserted into
[00239] EDP= [% Xp max} X (1- cos(wt))

[00240] With EDP calculable, max 4/, isshown to be equal tothe % . of the

ventricle at the opening of the aortic valve. These values alow for the calculation of
LVEDP, asdescribed, for examples above.

[00241] The values of the target function, may in some embodiments of the
invention be derived from iterative experimental derivations, for example calculating
values of the channels, asdiscussed, for example, above (excepting, for example the
fourth channel, asdescribed above) over the course of twenty seconds, or for example,
15 to 30 measurements over a short time period. The values for the channel may be
based on measured data from a device that measures blood pressure asafunction of

time when a cuff provides external pressure to the brachial artery. The blood pressure
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exerted on the artery measured when there is a breakthrough at the location of the
brachial cuff. Thetimeis calculated from the first sound of the heart stroke.

[00242] Fig 8 depicts a schematic illustration of a device for determining ischemic
conditions in apatient, according to embodiments of the invention.

[00243] Ischemic heart disease is one of the most common causes of death in
many Western and developed countries. In some instances ischemia can occur when
heart muscle (myocardium) receives too little oxygenated blood flow. When there is an
over-accumulation of cholesterol-rich plagues in the coronary arteries, ischemia can
result.

[00244] Ischemia can be indicated by rapid changes in max 4/, where max %

is the maximum isovolumetric pressure rate in the left ventricle, as described above. In
some embodiments of the invention, a device that measures real-time changes in

max 9 can be used, in some examples, to predict asymptomatic early ischemia or

daT?’
otherwise heretofore not detected ischemia.
[00245] In some embodiments of the invention, aischemia determining device 810

may measure max % as described above and as its derivation, for example, as

dT’
described above. The device may have multiple sensors 820. The sensors may be
implanted or externa and may be connected wirelessly or via a wired or other
connection to ischemia determining device 810. Ischemia determining device 810 may
further be able to provide an output 830, wherein output 830 may include a display, a
audio device, or a device configured to interact telephonically, via the internet or via
other transmissions methodologies with other devices located nearby or located at a
distance.

[00246] In some embodiments of the invention, the output may be provided to a
health practitioner, ahealth clinic, ahospital, areporting station, a physician, and/or any
particular device, the output configured such that it might provide a signal, warning
and/or other communication of an ischemic event in the person being monitored by
ischemia determining device 810.

[00247] Examples of the present invention may include apparatuses for performing
the operations described herein. Such apparatuses may be specialy constructed for the

desired purposes, or may comprise computers or processors selectively activated or
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reconfigured by a computer program stored in the computers. Such computer programs
may be stored in a computer-readable or processor-readable non-transitory storage
medium, any type of disk including floppy disks, optical disks, CD-ROMs, magnetic-
optical disks, read-only memories (ROMs), random access memories (RAMS)
electrically programmable read-only memories (EPROMS), €electrically erasable and
programmable read only memories (EEPROMS), magnetic or optical cards, or any other
type of media suitable for storing electronic instructions. It will be appreciated that a
variety of programming languages may be used to implement the teachings of the
invention, as described herein. Examples of the invention may include an article such as
anon-transitory computer or processor readable non-transitory storage medium, such as
for example, a memory, a disk drive, or a USB flash memory encoding, including or
storing instructions, e.g., computer-executable instructions, which when executed by a
processor or controller, cause the processor or controller to carry out methods disclosed
herein. The instructions may cause the processor or controller to execute processes that
carry out methods disclosed herein.

[00248] Different embodiments are disclosed herein.  Features of certain
embodiments may be combined with features of other embodiments; thus certain
embodiments may be combinations of features of multiple embodiments. The foregoing
description of the embodiments of the invention has been presented for the purposes of
illustration and description. It is not intended to be exhaustive or to limit the invention to
the precise form disclosed. It should be appreciated by persons skilled in the art that
many modifications, variations, substitutions, changes, and equivalents are possible in
light of the above teaching. It is, therefore, to be understood that the appended claims
are intended to cover al such modifications and changes as fall within the true spirit of
the invention.

[00249] While certain features of the invention have been illustrated and described
herein, many modifications, substitutions, changes, and equivalents will now occur to
those of ordinary skill in the art. It is, therefore, to be understood that the appended
claims are intended to cover al such modifications and changes as fall within the true

spirit of the invention.
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CLAIMS
What is claimed is:
1. A device for determining a cardiac function parameter, the device comprising:
a sonic sensor for determining timing data of a closure of a mitral valve and an aortic
valve,
apressure cuff;
a sensing unit coupled to the pressure cuff for sensing:
for each cardiac cycle, blood breakthrough pressure data and
corresponding time data from a closing of the mitral valve;
data relating to a velocity of propagation of a pressure wave as it travels
along at least aportion of the pressure cuff; and,
a processing unit for determining a value of a least one cardiac function
parameter based on the data.

2. The of claim 1, wherein said at least one cardiac function parameter is selected
from the group of cardiac function parameters consisting of end diastolic pressure,

max 4/, isovolumetric contraction time, systemic vascular resistance, and central aortic

pressure.
3. The device of claim 1, wherein the sonic sensor is a microphone.

4. The device of claim 1, wherein the sensing unit comprises at least two sensors.

5. The device of clam 4, wherein said at least two sensors are selected from the

group of sensors consisting of pressure sensors and Doppler sensors.

6. The device of clam 1, wherein said at least one cardiac function parameter is

max 4/, , and wherein the processing unit is configured to iteratively calculate cardiac

pressure and related values by calculating a slope of atangent to a pressure waveform at

atime point where the aortic valve opens.
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7. The device of claim 1, wherein said at least one cardiac function parameter is

max 45/, and wherein the processing unit is configured to calculate an integra of a

second derivative of apolynomial function.

8. The device of clam 1, wherein said at least one cardiac function parameter is an
end diastolic pressure, and wherein the processing unit is configured to calculate the end

diastolic pressure using an equation, the equation being:

dpP,
pov = [% X MJ x (1—cos(art)) + EDP

w
where:
pmax is the pressure that a isovolumetrically contracting left ventricle would produce
from the end diastolic volume if gection of blood from the ventricle would be prevented;

max ¢/ is the maximum isovolumetric pressure rate in the left ventricle; w is the

angular frequency; EDP is an end diastolic pressure value; pov isthe pressure a opening

of an aortic valve; and, and t is the time to opening of aortic valve.

9. The device of claim 1, wherein said at least one cardiac function parameter is
systemic vascular resistance, and wherein the processing unit is configured to determine
the systemic vascular resistance by comparing a theoretical portion of an isovolumetric

pressure function with an empirical central aortic pressure function.
10. The device of claim 1, configured to export data to a monitoring unit.

11. A device for determining acardiac function parameter, the device comprising:
a sonic sensor for determining timing data of a closure of a mitral valve and an aortic
valve,

a pressure sensor configured to be positioned within a central aorta of a patient
for sensing pressure data during a pressure build-up within the central aorta; and,

a processing unit for determining a value of at least one cardiac function
parameter based on the data.

12. The device of claim 11, wherein the sonic sensor is a microphone.
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13. The device of claim 11, configured to export data to a monitoring unit.

14. The of claim 11, wherein said at |least one cardiac function parameter is selected
from the group of cardiac function parameters consisting of end diastolic pressure,

max 45/, isovolumetric contraction time, systemic vascular resistance, and central aortic

pressure.

15. The device of clam 11, wherein said at least one cardiac function parameter is
systemic vascular resistance, and wherein the processing unit is configured to determine
the systemic vascular resistance by comparing a theoretical portion of an isovolumetric

pressure function with an empirical central aortic pressure function.

16. A method for determining a cardiac function parameter, the method comprising:
collecting timing data of a closure of a mitral valve and an aortic valve using a sonic
Sensor;
using a sensing unit coupled to apressure cuff, sensing:
for each cardiac cycle, blood breakthrough pressure data and
corresponding time data from a closing of the mitral valve;
data relating to a velocity of propagation of a pressure wave as it travels
along at least aportion of the pressure cuff; and,
determining a value of at least one cardiac function parameter based on the data,

using aprocessing unit.

17. The method of claim 16, wherein said at least one cardiac function parameter is
selected from the group of cardiac function parameters consisting of end diastolic

pressure, max </, , isovolumetric contraction time, systemic vascular resistance, and

central aortic pressure.

18. The method of claim 16, wherein said at least one cardiac function parameter is

max 45/, and wherein the processing unit is configured to iteratively calculate cardiac
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pressure and related values by calculating a slope of atangent to a pressure waveform at

atime point where the aortic valve opens.

19. The method of claim 16, wherein said at least one cardiac function parameter is
an end diastolic pressure, and wherein the processing unit is configured to calculate the

end diastolic pressure using an equation, the equation being:

dpP,
pov = [% X MJ x (1—cos(art)) + EDP

w
where:
pmax is the pressure that a isovolumetrically contracting left ventricle would produce
from the end diastolic volume if gjection of blood from the ventricle would be prevented;
max 4/ is the maximum isovolumetric pressure rate in the left ventricle; w is the
angular frequency; EDP is an end diastolic pressure value; pov isthe pressure a opening

of an aortic valve; and, and t is the time to opening of aortic valve.

20. The method of claim 16, wherein said at least one cardiac function parameter is
systemic vascular resistance, and wherein the processing unit is configured to determine
the systemic vascular resistance by comparing a theoretical portion of an isovolumetric

pressure function with an empirical central aortic pressure function.

21. A device, the device comprising an infusion pump and a plurality of outputs, the
outputs configured to release one or a plurality of agents in response to changes in
LVEDP.

22. A method of stabilizing a patient, the method comprising using an infusion pump
with a plurality of outputs, the outputs configured to release one or a plurality of agents

in response to changes in the patient's LVEDP.

23. A method for predicting ischemia, the method comprising:
iteratively empirically determining values related to heart pressure at the

brachial artery using abrachial cuff;
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iteratively mathematically deriving values relating to blood pressure at the
aorta;

iteratively calculating max % . ;

iteratively calculating one or aplurality of changes in max % . ;

determining, via a processor, whether the one or aplurality of changes of
max %/ isindicative of ischemia; and.

Outputting via an output whether the one or a plurality of changes of

max 4/ is indicative of ischemia.

24, A device for predicting ischemia, the device comprising:
an input, the input configured to relay iteratively empirically determined
values related to blood pressure at the brachia artery to aprocessor;
the processor configured to iteratively mathematically deriving values
relating to heart pressure at the aorta;
iteratively calculate max % . ;
iteratively calculate one or aplurality of changes in max 4/ ; and,
determine whether the one or aplurality of changes of max ¥ . is
indicative of ischemia; and,
an output configured to output whether the one or a plurality of

changes of max % . isindicative of ischemia

25. A method for mathematically deriving values relating to heart pressure at the
aorta, the method comprising:
collecting empirical data relating to brachia blood pressure via a brachial
cuff wherein the empirical data can be plotted on apolynomial function to
describe brachial blood pressure;
mathematically deriving adelay value representing the time shift between
the polynomia function describing the brachial blood pressure and a

polynomial function describing blood pressure at the aorta; and,
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26.

computing via a processor the polynomial function describing blood
pressure a the aorta using the collected empirica data and the
mathematically derived delay value.

A device for mathematically deriving values relating to heart pressure at the
aorta, the device comprising:

an input for collecting empirica data relating to brachia blood
pressure wherein the empirical data can be plotted on a polynomial function
to describe brachial blood pressure;

aprocessor for mathematically deriving a delay value representing the
time shift between the polynomia function describing the brachial blood
pressure and a polynomia function describing blood pressure at the aorta and
for computing via a processor the polynomia function describing blood
pressure at the aorta using the collected empirical data and the mathematically
derived delay value; and,

an output for outputting data derived from the polynomia function

describing blood pressure at the aorta.
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