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SYSTEMS AND METHODS FOR DETERMINING CARDIAC OUTPUT
USING PULMONARY ARTERY PRESSURE MEASUREMENTS

TECHNICAL FIELD

[0001] The present invention relates generally to systems and

methods for measuring hemodynamic parameters within a patient.

More specifically, the present invention pertains to systems and

methods for determining cardiac output using pulmonary artery

pressure measurements.

BACKGROUND

[0002] Cardiac output (CO) is defined generally as the volume of

blood pumped through the heart per unit time, and is an important

factor in monitoring the output of blood in heart failure patients. In

intensive care units and surgical sites, for example, cardiac output is

sometimes used in conjunction with other hemodynamic parameters to

monitor the state of the patient's heart and circulatory system both

during and after surgery. In surgical procedures where coronary artery

bypass grafting or heart valve replacement is to be performed, for

example, hemodynamic parameters such as stroke volume, heart rate,

and cardiac output are sometimes used to assess heart performance

both during and after the procedure. The monitoring of hemodynamic

parameters can also be used for optimizing therapy provided to the

patient via a pacemaker or cardiac defibrillator, and in detecting and

assessing long term heart disease in certain, at-risk individuals. In

some cases, hemodynamic parameters such as cardiac output can

also be used to determine if a patient is dehydrating as a consequence

of too many diuretics.

[0003] A variety of different techniques have been developed for

measuring cardiac output within a patient. In one technique known as

the Fick method, a measurement of the concentration of oxygen in the

pulmonary artery, a peripheral artery, as well as respiratory oxygen are

used to estimate cardiac output of the heart. In another technique,



cardiac output is estimated using Doppler or duplex ultrasound

techniques by measuring the flow velocity and the dimensions across

the aortic and/or pulmonic annulus, or alternatively, across the aorta.

The flow profile from these measurements provides the stroke volume,

which is then multiplied by the heart rate in order to determine cardiac

output. In yet another technique, a measurement procedure performed

during catheterization uses thermodilution to estimate cardiac output by

injecting a bolus of cold saline solution into the right ventricle, and then

measuring the resulting temperature curve as the solution flows

through the main pulmonary artery.

[0004] A number of different pulsed pressure (PP) algorithms

have also been employed to estimate cardiac output by analyzing the

shape of the blood pressure waveform at a given location within the

body. In some systems, for example, a catheter or other device may

be positioned at a location within the body such as the aorta or left

radial artery for sensing physiological parameters such as blood

pressure. These systems typically analyze only the left side, or

systemic blood pressure, however, which are typically more accessible

for acute or semi-acute applications. Left-side pulsed pressure

algorithms used for estimating cardiac output are not directly applicable

to right side pressure waveforms, and are therefore often ineffective in

extracting many hemodynamic parameters. For example, the diastolic

waveform derived using right side pressure measurements does not

behave as a decaying exponential, and is instead dominated by wave

reflections and artifacts. As a result, it is often difficult to extract

vascular parameters employed in pulsed pressure algorithms for

computing hemodynamic parameters such as cardiac output from right-

side pressure waveforms.

SUMMARY

[0005] The present invention pertains to system and methods for

determining cardiac output using pulmonary artery pressure

measurements. An illustrative system for determining cardiac output



includes a pressure sensor located within a pulmonary artery of the

patient. The pressure sensor is adapted to sense arterial blood

pressure within the pulmonary artery and transmit a pressure waveform

signal to another device located inside or outside of the patient's body.

The communicating device can include a processor adapted to run an

algorithm or routine that determines a measure of cardiac output based

at least in part on the pressure waveform signal transmitted by the

pressure sensor. In some embodiments, the processor is adapted to

determine cardiac output based on a valve closure time associated

with the pulmonary heart valve and the systolic portion of the sensed

arterial pressure waveform.

[0006] An illustrative method of determining cardiac output

includes sensing an arterial pressure waveform using a pressure

sensor located within a pulmonary artery of the patient, identifying the

beginning of a cardiac cycle and correlating the arterial pressure

waveform with the beginning of the cardiac cycle, identifying a value of

the valve closure time associated within the pulmonary valve based on

the sensed arterial pressure waveform, estimating the stroke volume

based on the sensed arterial pressure waveform and the valve closure

time, and obtaining a measure of cardiac output from the estimated

stroke volume.

[0007] While multiple embodiments are disclosed, still other

embodiments of the present invention will become apparent to those

skilled in the art from the following detailed description, which shows

and describes illustrative embodiments of the invention. Accordingly,

the drawings and detailed description are to be regarded as illustrative

in nature and not restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Figure 1 is a schematic view showing an illustrative

system for determining cardiac output within a patient's heart using

pulmonary artery pressure measurements;



[0009] Figure 2 is a block diagram showing an equivalent

electrical circuit for modeling the vascular system of a patient;

[0010] Figure 3 is a flow chart showing an illustrative method of

determining cardiac output using pulmonary artery pressure

measurements; and

[0011] Figures 4A and 4B are several graphs showing the

determination of the valve closure time from an arterial pressure

waveform over a single heartbeat.

[0012] While the invention is amenable to various modifications

and alternative forms, specific embodiments have been shown by way

of example in the drawings and are described in detail below. The

intention, however, is not to limit the invention to the particular

embodiments described. On the contrary, the invention is intended to

cover all modifications, equivalents, and alternatives falling within the

scope of the invention as defined by the appended claims.

DETAILED DESCRIPTION

[0013] Figure 1 is a schematic view showing an illustrative

system 10 for determining cardiac output using pulmonary artery

pressure measurements. In the embodiment of Figure 1, the system

10 includes a pulse generator 12 implanted within the body at a

location below the patient's skin, a remote pressure sensor 14

implanted deeply within the patient's body such as in one of the

pulmonary arteries leading from the patient's heart 16, and an external

monitor 18 positioned at a location outside of the patient's body.

[0014] The heart 16 includes a right atrium 20, a right ventricle

22, a left atrium 24, and a left ventricle 26. The right ventricle 22

includes an outflow tract 28 that leads to the pulmonary valve 30, which

opens during ventricular systole to deliver blood through the main



pulmonary artery 32. When this occurs, the contraction of the

myocardial muscles in the heart 16 discharges blood into the right

pulmonary artery 34 and the left pulmonary artery 36, which, in turn,

flows into the capillaries 38 of the lungs 40,42 and returns back to the

heart 16 via the pulmonary veins 44,46,48,50. At the end of ventricular

systole, when the pressure in the right ventricle 22 falls rapidly, the

pressure in the pulmonary artery 32 causes the pulmonary valve 30 to

close. The point at which the blood flow across the pulmonary valve 30

stops and the valve 30 starts to close is often referred to as the dicrotic

notch, and represents the period at which no pressure drop occurs

across the valve 30.

[0015] The remote pressure sensor 14 can be implanted at a

location such as the main pulmonary artery 32 or a branch of the main

pulmonary artery such as the right or left pulmonary artery 34,36. An

illustrative pressure sensor suitable for use in sensing arterial pressure

within the body is described, for example, in United States Patent No.

6,764,446, entitled "Implantable Pressure Sensors and Methods for

Making and Using Them," the contents of which are incorporated

herein by reference in its entirety.

[0016] Although the embodiment of Figure 1 illustrates a remote

pressure sensor that can be implanted within the body, in other

embodiments the pressure sensor may comprise an acute or semi-

acute sensing device that can be temporarily inserted into the patient's

body for sensing arterial pressure. In one alternative embodiment, for

example, the pressure sensor 14 can be coupled to or formed integrally

with a catheter that can be temporarily inserted into the body for

sensing blood pressure within a pulmonary artery. Other devices that

are temporarily or permanently insertable within the body can also be

used for obtaining blood pressure measurements within a pulmonary

artery.

[0017] The pressure sensor 14 can be implanted at other

locations such as the right ventricle 26 of the heart 16, and can be

configured to perform one or more other designated functions,



including the sensing of other physiological parameters within the body.

Example physiological parameters that can also be sensed using the

pressure sensor 14 can include, but are not limited to, blood flow,

temperature, strain, acceleration, as well as various electrical, chemical

and/or magnetic properties within the body.

[0018] The pressure sensor 14 can be used in conjunction with

the pulse generator 12 and/or the external monitor 18 to optimize

pacing and/or defibrillation therapy, to predict decompensation of a

heart failure patient, or to provide other monitoring and/or therapy

functions. In certain embodiments, for example, the pressure sensor

14 can be utilized in conjunction with the pulse generator 12 to provide

cardiac defibrillation or pacing to the patient based at least in part on a

measure of cardiac output from the heart 16. Other devices such as a

pulmonary sound sensor, satellite pacing device, or other sensing

and/or therapy-delivering device may also be used in conjunction with

the pulse generator 12 and pressure sensor 14.

[0019] The pressure sensor 14 can be configured to

communicate with the pulse generator 12 and/or the external monitor

18 via a wireless or wired telemetry link. In some embodiments, for

example, an acoustic telemetry link may be used to establish b i

directional wireless communications between the pressure sensor 14

and the pulse generator 12, and/or between the pressure sensor 14

and the external monitor 18. An example wireless telemetry system

employing acoustic transducers is described, for example, in United

States Patent No. 7,024,248, entitled "Systems and Methods For

Communicating With Implantable Devices," the contents of which are

incorporated herein by reference in its entirety. Other types of

telemetry modes such as RF, inductive, electromagnetic, and optical

may also be utilized to establish a wireless telemetry link between the

pressure sensor 14 and the pulse generator 12 and/or external monitor

18 . In some embodiments, the pressure sensor 14 can communicate

with other devices implanted within the body via either a wireless or

wired telemetry link.



[0020] The external monitor 18 is configured to monitor an

arterial pressure waveform signal transmitted by the pressure sensor

14. Based on this signal, a processor 52 within the external monitor 18

is configured to determine various hemodynamic parameters

associated with the heart 16, including, but not limited to, stroke

volume, heart rate, the pulmonary time constant τ , and cardiac output.

In some embodiments, other hemodynamic parameters such as

pulmonary vascular resistance (PVR) can also be determined from the

arterial pressure waveform sensed by the pressure sensor 14. As

discussed further herein, these parameters can be determined from an

analysis of the right side pressure, and in particular, based on an

analysis of the systolic portion of the arterial pressure waveform

sensed by the pressure sensor 14.

[0021] Although an external monitor 18 is used in the illustrative

system 10 of Figure 1 for determining hemodynamic parameters such

as cardiac output, in other embodiments other devices can be

configured to compute one or more hemodynamic parameters based

on the arterial pressure waveform sensed by the pressure sensor 14.

In one alternative embodiment, for example, the pulse generator 12

includes a processor adapted to compute hemodynamic parameters

based at least in part on the arterial pressure waveform signal from the

pressure sensor 14. In another alternative embodiment, the pressure

sensor 14 includes a processor adapted to compute hemodynamic

parameters based at least in part on the sensed arterial pressure

waveform signal.

[0022] The vascular system can be modeled as an equivalent

electrical circuit, which as discussed further herein, can be used by the

processor 52 to perform an analysis of the right side arterial pressure

waveform signal transmitted by the pressure sensor 14. In some

embodiments, an analysis of only the systolic portion of the arterial

pressure waveform signal is used to determine cardiac output. The

ability to directly determine cardiac output using the systolic portion of



the pressure waveform overcomes some of the problems associated

with continuous cardiac output measurement algorithms that employ

left side algorithms, which are not directly applicable to right side

pressure waveforms. This is due primarily to the fact that the time

constant τ , which describes the speed at which the vascular blood

pressure relaxes during diastole, is much smaller on the right side of

the heart 16 than on the left side as a result of the smaller extent of the

great vessels (e.g., the pulmonary arteries) on the right side of the

heart 16 versus the vessels on the left side of the heart 16 (e.g., the

ascending, descending and thoracic aorta, the iliac and femoral

arteries, the radial arteries, etc.). The diastolic waveform relied upon

by some techniques for computing cardiac output, therefore, does not

behave as a decaying exponential, but is instead dominated by wave

reflections and artifacts, making it difficult to extract vascular

parameters such as the time constant τ often used by pulsed pressure

(PP) algorithms in computing cardiac output.

[0023] Figure 2 is a block diagram showing an illustrative

equivalent electrical circuit 54 for modeling the vascular system of a

patient. The equivalent electrical circuit 54 may represent, for

example, several analogous electrical elements that can be used to

model the mechanical operation of the heart 16, including the

mechanical properties of the right ventricle, the pulmonary valve, the

pulmonary vasculature, and the lung vasculature. As shown in Figure

2 , a pressure waveform 56 is represented generally in the electrical

circuit 54 as PR(t). In some embodiments, for example, the output 58

of the pressure waveform 56 may comprise an arterial pressure

waveform signal obtained from a remote pressure sensor 14 implanted

within the right pulmonary artery 34, the left pulmonary artery 36, or the

main pulmonary artery 32. A reference pressure 60 in the electrical

circuit 54, in turn, may represent the left atrial filling pressure of the

heart 16.



[0024] The arterial compliance 62 for the arterial tree may be

represented generally in the electrical circuit 54 as a capacitance C.

The arterial compliance 62 may represent, for example, a measure of

the change in volume or stretching of the pulmonary artery in response

to a change in arterial blood pressure. The pulmonary artery increases

in diameter when the blood pressure rises during systole and

decreases in diameter as the blood pressure falls during diastole.

[0025] The mechanical resistance 64 to the blood flow within the

arterial tree may be represented generally as RL, which is shown in the

electrical circuit 54 as a resistor in parallel with the arterial compliance

62 (i.e., capacitance C) of the circuit 54. The mechanical resistance 64

may represent, for instance, the pulmonary vascular resistance (PVR)

in the lung vasculature. The mechanical resistance of the pulmonary

valve 30, in turn, may be modeled as a series resistance R in the

electrical circuit 54.

[0026] The electrical circuit 54 depicted in Figure 2 may be

based on several assumptions that can be used to simplify the

mechanical to electrical relationship of the heart 16 and the arterial

tree. For example, the various electrical components, including the

arterial compliance C and the pulmonary resistance RL, can be

modeled as linear elements such that the equivalent impedance of

these elements is not affected by the blood pressure. This assumption

is justified since the pressures in the right side of the heart 16 are

typically much lower than that of the left side of the heart 16. In

addition, the equivalent electrical circuit 54 assumes that the

pulmonary valve resistance Rv is relatively small, which occurs when

the pulmonary valve 30 is not occluded. The electrical circuit 54 further

assumes that there is no backflow through the pulmonary valve 30, and

that there is negligible mitral regurgitation.

[0027] The relationship between the pressure and the flow

across each of the elements can be described as a set of equations

analogous to Ohm's law equations. The volumetric flow, which is

analogous to an electric charge, can be denoted as Q and its time



derivative is the volumetric flow velocity. From this, the following set of

expressions can be obtained:

( 1) Pressure drop across the valve: PA - PR = QRV ;

(2) Excess volume in the arteries: QA = CPA ;

(3) Flow across the lungs: PA = QLRL ;

(4) Continuity equation: Q = QA + QL ;

(5) Connection to the vascular pressure: PR = QRV + Q,
c

where PA is the pressure across the lungs 40,42, and P R is the right

ventricular pressure.

[0028] The pressure PA in the above expressions ( 1 ) to (5) can

be defined generally as the pressure measured at various locations

(i.e., the pressure at the output 58 in the electrical circuit 54) subtracted

by the pressure on the other side of the lungs 40,42 (i.e., the left atrial

filling pressure 60 in the electrical circuit 54). All of the above

expressions ( 1 ) to (5) can be combined together and expressed as the

following differential equation:

(6) 0=RVCQΛ + +U-CPR .

[0029] In the above equation (6), the flow QA is to leading order

independent of Rv, for sufficiently low values of Rv- This is based on

the assumption that, for sufficiently small pulmonary valve resistances

Rv relative to other values (e.g., pulmonary resistance RJ, the valve

resistance Rv « R L and thus does not significantly affect the result.

Based on the relatively small value of Rv , the above equation (6) can

thus be solved by expanding the solution in terms of the powers in the

expression RV/RL, as follows:

[0030] Substitution and solving each of the above powers

separately yields the following expression to first order:



[0031] As discussed previously, the dicrotic notch represents the

point at which the flow across the pulmonary valve 30 stops and the

valve 30 begins to close. According to some embodiments, for

example, the dicrotic notch can be measured from the systole portion

of the right side arterial pressure waveform obtained from the pressure

sensor 14. At the dicrotic notch, P R = PA, and thus the above

expression (8) yields:

(9) 0 =PR +RLCPR = > τ ≡ RLC =- P \
R V notch

where tnotcu is the time at which the dicrotic notch occurs, and τ is the

time constant representing the speed at which the pulmonary artery

blood pressure relaxes during diastole.

[0032] The above expression (9) thus permits an estimation of

the stroke volume of the heart 16 using only the systolic portion of the

arterial pressure waveform sensed by the pressure sensor 14. This is

due in part since during systole, when the pulmonary valve 30 is open,

the ventricular pressure PR is similar or equal to the pulmonary artery

pressure PA- From this, the stoke volume can thus be obtained based

o n the following equation:

where signifies the beginning of the cardiac cycle. The cardiac

output can then be obtained by multiplying the above-computed value

for the stroke volume (V stroke) by the patient's heart rate.

[0033] Figure 3 is a flow chart showing an illustrative method 66

of determining cardiac output using pulmonary artery pressure

measurements. Method 66 may represent, for example, an algorithm

o r routine used by the external monitor processor 52 of Figure 1 to

compute a measure of cardiac output based on an arterial pressure

waveform signal transmitted by the pressure sensor 14. Alternatively,



and in other embodiments, the method 66 may represent an algorithm

or routine run by another device located inside or outside of the

patient's body. In one alternative embodiment, for example, the

method 66 may be performed by the pulse generator 12, another

implant located within the body, or by the pressure sensor 14.

[0034] In the embodiment of Figure 3, the method 66 may begin

generally at block 68 with the step of obtaining a pulmonary artery

pressure waveform from a pressure sensor located within a pulmonary

artery. In certain embodiments, for example, the pulmonary artery

pressure waveform may be obtained via a pressure sensor 14

implanted within the left pulmonary artery 36, as shown in Figure 1.

Alternatively, and in other embodiments, a measure of the pulmonary

artery pressure waveform can be obtained by taking pressure

measurements at other locations within the arterial tree such as in the

right pulmonary artery 34, or in the main pulmonary artery 32, or by

taking pressure measurements in the right ventricle 22.

[0035] From the arterial pressure waveform sensed by the

pressure sensor 14, the processor 52 can then be configured to

determine the left atrial filling pressure (PA) within the heart 16 (block

70). In some embodiments, the left atrial filling pressure can be

estimated from the diastolic pulmonary artery pressure. Other means

for estimating the left atrial filling pressure can also be used. The

estimated left atrial filling pressure can then be subtracted from the

pulmonary artery pressure waveform sensed by the pressure sensor

14 in order to obtain the systolic portion of the arterial pressure

waveform (block 72).

[0036] The beginning of the cardiac cycle is then identified

(block 74) and correlated with the systolic portion of the arterial

pressure waveform. Identification of the beginning of the cardiac cycle

can be accomplished, for example, by identifying a sudden, fast rise in

pulmonary artery pressure detected by the pressure sensor 14.

Alternatively, the identification of the beginning of the cardiac cycle can

be obtained from other, external factors. Example external factors that



can be used to identify the beginning of the cardiac cycle can include,

for example, the detection of electrical ECG signals from an electrode

coupled to the heart 16 and/or from the detection of an acceleration of

the heart 16 via an accelerometer. Other techniques for identifying the

beginning of the cardiac cycle can also be used. In one alternative

embodiment, for example, the beginning of the cardiac cycle can be

determined by sensing heart sounds using an acoustic sensor.

[0037] Based on the beginning of the cardiac cycle, an

evaluation of the valve closure time (Utc h) at which the dicrotic notch

occurs can then be made based on the arterial pressure waveform

sensed by the pressure sensor 14 (block 76). The valve closure time

( notch) at which the dicrotic notch occurs is immediately before the

actual closure of the pulmonary valve 30 since the valve 30 requires at

least some backflow in order to fully close. In some embodiments, the

valve closure time ( πotch) can be approximated based on several points

on the arterial pressure waveform, as correlated with the cardiac cycle.

In some embodiments, for example, the valve closure time (fnotch) can

be determined by finding a first point corresponding to the point of

maximum pressure velocity, or equivalently, the positive-going zero of

the second derivative, which signifies the point at which the pulmonary

pressure drop, resulting from ventricular relaxation, starts to slow down

or decelerate. At this point, the valve is starting to close. The valve

closure time ( notch) can be further approximated from a second point

corresponding to the maximum positive value of the second derivative

of the pressure waveform, once the valve has already closed. This

second point may be either an inflection point o r a minimum of the

pulmonary pressure, and signifies the point where the slowing pressure

drop due to the valve closure is offset by an increasing pressure drop

due to vascular, rather than ventricular, relaxation.

[0038] Figures 4A-4B are several graphs showing the

determination of the valve closure time (Wc h) from an arterial pressure

waveform P over a single heartbeat. As shown in Figure 4B, which

represents the second derivative (d2P/dt 2) of an arterial pressure



waveform P depicted in Figure 4A, the point at which the pulmonary

valve 30 begins to close can be seen at VCi whereas the point VC2 at

which the valve 30 is closed can be seen at VC2. Point VCi can be

determined, for example, by sensing the point where the pulmonary

pressure drop starts to decelerate due to the beginning of the

pulmonary valve closure. Point VC2, in turn, can be determined by

sensing the subsequent maximum of the second derivative of the

pressure waveform P, which signifies the point at which the valve has

fully closed. As shown in Figure 4A, the midpoint M in time between

points VCi and VC2 in the pressure waveform P represents the

equalization point of the valve closure, which provides an estimate of

the valve closure time (Wch)-

[0039] From the determination of the valve closure time (Utch)

(block 76), and as further shown in Figure 3, a measure of the stroke

volume (V
strO

ke) is then computed (block 78). In some embodiments, for

example, the stroke volume (Vstrokθ) can be determined from equation

(10) discussed above, using only the arterial pressure waveform values

PA(t) obtained from the pressure sensor 14 and the value of the arterial

compliance C. Since the arterial compliance C is not anticipated to

change rapidly, but instead gradually changes over the life of the

patient, the value of the compliance C can be obtained from a previous

calibration step. Alternatively, and in other embodiments, the arterial

compliance C can be estimated using a model of the arterial tree, or

can be provided to the processor 52 as a value contained, for example,

in a look-up table.

[0040] In one embodiment, the arterial compliance C can be

calibrated by directly measuring the cardiac output in a separate step

using a thermodilution catheter during an invasive procedure, or

alternatively, using the Fick method. Simultaneously, a measure of the

pulmonary artery or right ventricular pressure can be obtained, either

via the pressure sensor 14 or from another device located within the

body. From this separate cardiac output measurement and the

pressure measurement(s), a calibrated value of the compliance C can



then be obtained by comparing these signals against the actual

compliance values obtained using the pulmonary artery pressure

method 66 disclosed herein. This calibration process can then be

repeated one or more times to smooth out the presence of any noise.

[0041] The time constant (τ) obtained from the valve closure

time e can be acquired over a single cardiac cycle (i.e., beat to

beat), or across several cardiac cycles. In those patients where the

method 66 may be prone to errors due to irregular heartbeats and

pressure waveforms, for example, the system may evaluate an

averaged time constant by evaluating τ over several cycles. For

example, and in some embodiments, the method 66 may replace the

beat to beat value of τ by an average o r median value measured over a

longer period of time.

[0042] Once the stroke volume (Vstroke) is determined (block 78),

a measure of the cardiac output can then be obtained by multiplying

the stroke volume by the heart rate (block 80). The heart rate can be

determined, for example, from an analysis of the arterial pressure

waveform sensed by the pressure sensor 14, o r alternatively from

another source such as an external heart rate monitor (e.g., via the

external monitor 18). If desired, the method 66 may then be repeated

for multiple cardiac cycles in order to obtain an average or median

value of the cardiac output over time.

[0043] The systems and methods discussed herein can be used

to determine other hemodynamic parameters in addition to, o r in lieu

of, cardiac output. In one alternative embodiment, for example, the

method may be used to evaluate the pulmonary time constant τ = RLC,

which may be useful in evaluating the pulmonary vascular resistance

(R L) . For instance, the pulmonary vascular resistance may be useful in

diagnosing cases of pulmonary hypertension, either primary o r

secondary, as a side effect of heart failure. Using the valve closing

time .notch, the pulmonary vascular resistance RL can be evaluated

based on the following equation:
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[0044] If the arterial compliance C is known, the above equation

( 1 1) can be used to obtain an absolute measurement of the pulmonary

vascular resistance. Otherwise, if the arterial compliance C is

unknown, the method may be used to track changes in the pulmonary

vascular resistance (RL) over time, response to medication, response

to therapy, or other variables of interest.

[0045] Various modifications and additions can be made to the

exemplary embodiments discussed without departing from the scope of

the present invention. For example, while the embodiments described

above refer to particular features, the scope of this invention also

includes embodiments having different combinations of features and

embodiments that do not include all of the described features.

Accordingly, the scope of the present invention is intended to embrace

all such alternatives, modifications, and variations as fall within the

scope of the claims, together with all equivalents thereof.



CLAIMS

What is claimed is:

1. A method of determining cardiac output within a patient's

heart, the method comprising:

sensing an arterial pressure waveform using a pressure

sensor located within a pulmonary artery of the

patient;

identifying the systolic portion of the arterial pressure

waveform;

identifying the beginning of a cardiac cycle and

correlating the systolic portion of the arterial pressure

waveform with the beginning of the cardiac cycle;

identifying the valve closure time of the pulmonary valve

using the arterial pressure waveform;

estimating the stroke volume using the systolic portion of

the arterial pressure waveform and the pulmonary

valve closure time; and

obtaining a measure of cardiac output based at least in

part on the estimated stroke volume.

2 . The method of claim 1, further including determining the

left atrial filling pressure within the heart based on an estimate of

diastolic pulmonary artery pressure from the arterial pressure

waveform.

3 . The method of claim 2, wherein identifying the systolic

portion of the arterial pressure waveform includes subtracting the left

atrial filling pressure from the arterial pressure waveform.



4 . The method of claim 1, wherein identifying the beginning

of a cardiac cycle includes identifying an increase in blood pressure

from the arterial pressure waveform.

5 . The method of claim 1, wherein identifying the beginning

of a cardiac cycle includes sensing an ECG signal associated with the

heart.

6 . The method of claim 1, wherein identifying the beginning

of a cardiac cycle includes sensing an acceleration associated with the

heart.

7 . The method of claim 1, wherein identifying the valve

closure time of the pulmonary valve using the arterial pressure

waveform includes extracting a time constant from the shape of the

systolic portion of the arterial pressure waveform.

8 . The method of claim 1, wherein identifying the valve

closure time of the pulmonary valve using the arterial pressure

waveform includes:

determining a point of maximum negative value of a first

derivative of the arterial pressure waveform; and

determining a point of maximum positive value of a

second derivative of the arterial pressure waveform.

9 . The method of claim 1, wherein estimating the stroke

volume is based at least in part on a measure of arterial compliance.

10 . The method of claim 1, wherein obtaining a measure of

the cardiac output based at least in part on the estimated stroke

volume includes sensing a heart rate associated with the heart, and

multiplying the sensed heart rate by the stroke volume.



11. The method of claim 1, wherein the method comprises an

algorithm or routine operable on an implantable device or an external

device in communication with the pressure sensor.

12 . The method of claim 1, wherein the method comprises an

algorithm or routine operable within a processor of the pressure

sensor.

13 . The method of claim 1, further comprising evaluating one

or more additional hemodynamic parameters.

14 . The method of claim 13, wherein the one or more

additional hemodynamic parameters includes a measure of pulmonary

vascular resistance.

15 . A method of determining one or more hemodynamic

parameters associated with the operation of a patient's heart, the

method comprising:

sensing an arterial pressure waveform using a pressure

sensor located within a pulmonary artery of the

patient;

identifying the beginning of a cardiac cycle and

correlating the arterial pressure waveform with the

beginning of the cardiac cycle;

identifying the valve closure time of the pulmonary valve

using the arterial pressure waveform; and

obtaining at least one hemodynamic parameter

associated with the patient's heart based at least in

part on the valve closure time.



16 . A system for determining cardiac output within a patient's

heart, the system comprising:

a pressure sensor located within a pulmonary artery of

the patient, the pressure sensor adapted to sense

arterial blood pressure within the artery and transmit

an arterial pressure waveform signal;

a monitoring device in communication with the pressure

sensor, the monitoring device including a processor

adapted to determine cardiac output based at least in

part on the arterial pressure waveform signal; and

wherein the processor is adapted to determine cardiac

output based at least in part on a valve closure time

associated with the pulmonary valve.

17 . The system of claim 16, wherein the monitoring device

comprises an external monitor.

18 . The system of claim 16, wherein the monitoring device

comprises an implantable medical device.

19 . The system of claim 18, wherein the implantable medical

device is a pulse generator.

20. The system of claim 16, wherein the pressure sensor is a

remote pressure sensor adapted to wirelessly transmit the arterial

pressure waveform signal to the monitoring device.
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