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Description

FIELD OF THE INVENTION

[0001] This invention relates to measuring arterial pressure; and more specifically, relates to a system for measuring
mean arterial pressure using an ambulatory monitor.

DESCRIPTION OF THE PRIOR ART

[0002] Mean Pulmonary Artery Pressure (MPAP) is an important indicator of cardiovascular health. For example,
the management of some diseases depends upon an accurate indication of pulmonary vascular resistance, which is
determined using mean Pulmonary Arterial (PA) pressure. MPAP is also used as a general indicator of the work load
of the right ventricle, and can therefore be used to diagnose and monitor heart failure.
[0003] In the past, mean PA pressure has been determined using several methods, all of which require a pressure
sensor that is located within the pulmonary artery. According to a first method, both the PA systolic and PA diastolic
pressure measurement values are used to determined MPAP using the following equation:

This equation is based on the premise that in an average cardiac cycle, one-third of the time is spent in systole, and
the remaining two-thirds of the time is spent in diastole. This is generally only true, however, when a patient is at rest.
To provide a more accurate estimation of MPAP during a period of exercise, the above-described equation may be
altered to reflect the fact that when a heart rate is above 100 or 120 beats-per-minute, the ventricles are in systole
during approximately half of the cardiac cycle, and in diastole the other half of the cycle. This method does not, however,
provide an accurate overall MPAP measurement that reflects both periods of rest and exercise.
[0004] Another method of measuring MPAP involves filtering the pressure signal as generated by the pressure sensor
to remove signal pulsatility. This may be accomplished using a digital filter, for example. The resulting signal value is
a close approximation of the MPAP. Although this is more accurate than using diastolic and systolic pressures to cal-
culate MPAP, the filtering process requires a relatively long time constant. Therefore, beat-to-beat measurements can-
not be obtained.
[0005] According to yet another method, the pressure signal is integrated over a cardiac cycle, and then the resulting
sum is divided by a number of predetermined time increments that were included in the cycle. This provides an accurate
beat-by-beat average pressure. This method has the disadvantage, however, of requiring a digital signal processing
system that is not readily available in most clinical settings.
[0006] What is needed, therefore, is an improved system for determining MPAP, which provides accurate beat-to-
beat average measurements, and can be readily ascertained in a clinical setting. Preferably, such a device does not
require the use of a pressure sensor located within the pulmonary artery.

SUMMARY OF THE INVENTION

[0007] The current invention provides a system as claimed in claim 1 for determining MPAP without the use of a
sensor located within the pulmonary artery. The MPAP value is derived using a pressure measurement obtained from
within a heart chamber, and a signal indicative of cardiac electrical activity such as an electrocardiogram (EGM) signal.
[0008] According to the current invention, pressure may be sensed within the right and/or left ventricle using an
implanted pressure sensor. The sensed pressure may be used to determine the Ventricular Systolic Pressure (VSP),
which is the maximum pressure measured at any time throughout the cardiac cycle. This sensed pressure may further
be used to derive an estimated Pulmonary Arterial Diastolic pressure (ePAD), which is the pressure at the time the
change in pressure over time is at a maximum. Finally, the EGM and pressure signals may be used to determine the
time the heart spends both in systole and diastole. By multiplying the VSP by the time spent in systole, further multiplying
the ePAD by the time spent in diastole, then adding the two values, mean pulmonary arterial pressure is closely ap-
proximated.
[0009] According to one embodiment of the invention, the system is included within an implantable device such as
a pacemaker, cardioverter/defibrillator, drug delivery device, or another type of device for delivering therapy to a patient.
The derived MPAP value may be utilized to control therapy delivery. According to one aspect of the invention, cardiac
resynchronization therapy is monitored and controlled using the MPAP value. In another embodiment, the derived
MPAP value may be used to control the delivery of a biologically-active agent to the patient.
[0010] Processing steps performed according to the current invention may be carried out by a processing circuit

MPAP = 1/3(Systolic Pressure + 2/3(Diastolic Pressure)
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located within an implantable device. Alternatively, one or more processing steps may be accomplished by a circuit
external to the device, such as a programmer. The pressure and EGM signals may be transferred via a communication
circuit to an external device so that all, or some, of the processing is completed by a circuit external to the patient.
[0011] According to one embodiment, the invention includes a system for estimating mean pulmonary arterial pres-
sure of a patient. The system comprises a sensor located in a ventricle of a heart to measure pressure, a circuit to
measure electrocardiogram (EGM) signals, and a processing circuit to derive mean pulmonary arterial pressure (MPAP)
from the pressure and the EGM signals. According to another embodiment, the invention comprises a method for
determining mean pulmonary arterial pressure (MPAP), by sensing pressure within a ventricle of a heart, sensing an
electrocardiogram (EGM) signal of the heart, and using the sensed pressure and the EGM signal to derive the MPAP.
[0012] Other features of the preferred embodiments will become apparent to those skilled in the art from the drawings
and the accompanying description, given by way of example only.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013]

Figure 1 is a schematic representation of an implanted medical device (IMD) as may be used with the current
invention.
Figure 2 is a block functional diagram of an illustrative embodiment of a pulse generator that may be employed
according to the present invention.
Figure 3A is a side view of a pulse generator illustrating a subcutaneous electrode array as may be used with the
current invention.
Figure 3B is a side view of a pulse generator having an electrode array wherein at least one of the electrodes
extends away from the pulse generator by a lead extension member.
Figure 3C is a side view of a pulse generator wherein at least one of the electrodes or an electrode array is located
at a proximal end of a lead.
Figure 3D is a side view of a pulse generator wherein multiple electrodes of an electrode array are located on an
edge of a device housing.
Figure 3E is a side view of yet another embodiment of a device housing including an array of electrodes.
Figure 4 is a flow diagram summarizing the method steps for determining the MPAP according to one embodiment
of the invention.
Figure 5 is an exemplary embodiment wherein a pressure sensor is located in each of the left and right ventricles.
Figure 6 is a graph comparing pressure measurements obtained with a pressure sensor located within an arterial
and pressure estimates obtained using the method of the current invention.

DETAIL DESCRIPTION OF THE DRAWINGS

[0014] The current invention provides a system for determining MPAP using a pressure measurement obtained from
within a heart chamber in conjunction with a signal of cardiac electrical activity such as an electrocardiogram (EGM)
signal. Thus, the current invention eliminates the need for a pressure sensor located in the pulmonary artery.
[0015] Figure 1 is a schematic representation of an implanted medical device (IMD) as may be used with the current
invention. This IMD may be any device that is capable of measuring pressure signals from within a ventricle of a
patient's heart, and which is further capable of measuring the patient's electrocardiogram (EGM). Such a device may
be a hemodynamic monitor such as the Chronicle ™ device commercially available from the Medtronic Corporation.
Circuitry included in the Chronicle is described in commonly-assigned U.S. Patents 5,535,752 and 5,564,434. Alter-
natively, the device may be a pacemaker, or a cardioverter/defibrillator. Exemplary pacemaker systems that may be
used to practice the current invention are described in commonly-assigned U.S. Patent Numbers 5,158,078, 5,318,593,
5,312,453, and 5,226,413.
[0016] Any other pacing system known in the art may be adapted for use in the alternative. The IMD may additionally,
or in the alternative, include cardioversion/defibrillation circuitry as described in commonly-assigned U.S. Patent Num-
bers 5,193,535, and 5,314,430.
[0017] Other devices such as implantable drug delivery devices may also be adapted for use with the current invention
so long as the device includes the capability to measure an EGM and ventricular pressure.
[0018] Returning to Figure 1, the IMD 14 may be implanted subcutaneously, between the skin and the ribs. Other
implantation sites may be used if appropriate. In one embodiment, a lead 12 is passed through a vein into the right
ventricle of the heart 10.
The distal end of the lead or catheter may have a tip electrode 22 contacting the interior of the heart. In a multi-polar
configuration, a second ring electrode 25 may be spaced from the tip electrode 22. Each of these electrodes is con-
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nected to the circuitry contained in the IMD 14. Alternatively, a uni-polar mode made be used wherein a portion of the
metallic enclosure or "can" of the IMD may form an electrode surface 24. The EGM signal is measured between this
surface and an implanted electrode such as the tip electrode 22. In yet another embodiment, a Subcutaneous Electrode
Array (SEA) such as electrodes 18 and 20 may be located on, but electrically isolated from, the housing of the implant-
able device such as disclosed in U.S. Patent Number 5,331,966 as is discussed below.
[0019] Additional leads (not shown) may be coupled to IMD, including a lead located within the right atrium, and/or
a lead located within a coronary vessel such as the coronary sinus. These leads may further include one or more high-
voltage electrodes for provide cardioversion/defibrillation therapy.
[0020] Lead 12 is shown to further include a pressure sensor 16. If desired, an additional lead coupled to IMD 14
may be provided to carry the pressure sensor. The pressure sensor is preferably located within the right ventricle,
although it may also be located within the left ventricle in a manner to be discussed below. Pressure sensors and
accompanying circuitry as may be adapted for use with the current invention are described in commonly-assigned U.
S. Patent Numbers 5,353,752, 5,353,800, 5,564,434, 5,330,505, and 5,368,040.
[0021] Figure 2 is a block functional diagram of an illustrative embodiment of a pulse generator that may be employed
according to the present invention. It may be noted that pulse generation capabilities are not necessary for practicing
the current invention, and the following discussion is therefore to be considered exemplary only.
[0022] The primary elements of the exemplary apparatus illustrated in Figure 2 include a microprocessor 100, read-
only memory (ROM) 102, random-access memory (RAM) 104, a digital controller 106, an input amplifier circuit 110,
two output circuits 108 and 109, and a telemetry/programming unit 120.
[0023] Within the current embodiment, data processing capabilities and device control functions are provided by
microprocessor 100. It will be understood that other digital and/or analog circuitry embodiments are within the scope
of the invention. For example, the configurations illustrated in U.S. Pat. No. 5,251,624 issued to Bocek et al., U.S. Pat.
No. 5,209,229 issued to Gilli, U.S. Pat. No. 4,407,288, issued to Langer et al, U.S. Pat. No. 5,662,688, issued to Haefner
et al., U.S. Pat. No. 5,855,893, issued to Olson et al., U.S. Pat. No. 4,821,723, issued to Baker et al., and/or U.S. Pat.
No. 4,967,747, issued to Carroll et al. may be usefully employed in conjunction with the present invention. Alternatively,
or additionally, processing capabilities may be provided by an external processing circuit in a manner to be discussed
below.
[0024] Read-only memory stores software and/or firmware for the IMD, including the primary instruction set executed
by microprocessor 100. These instructions define the methods performed by the microprocessor according to the
current invention. These instructions may also control any therapy and/or monitoring functions performed by the device.
Additional storage is provided by RAM 104, which generally stores variable control parameters, such as programmed
pacing parameters. Random-access memory 104 may also store digitized signals indicative of EGM waveforms and
pressure measurements, as well as values that are derived from these measured signals during calculation of the MPAP.
[0025] Controller 106 performs all of the basic control and timing functions of the device. Controller 106 may include
at least one programmable timing counter, which is used to measure timing intervals such as R-R intervals used in the
current invention. The timer counter may also control delivery of stimulation pulses in a manner known in the art.
Controller may also include an analog-to-digital conversion (A/D) circuit to transform analog EGM and pressure signals
to digitized samples that may be stored in memory such as RAM 104 and processed as described below.
[0026] In one embodiment, controller 106 may be utilized to generate corresponding interrupts on control lines 132
to microprocessor 100, allowing the microprocessor to perform any required mathematical calculations, including all
operations associated with processing of the MPAP indicator. Alternatively, controller may directly transfer measured
signal values to an external device for processing in a manner to be discussed below.
[0027] Optional output stage 108 may provide the ability to deliver stimulation pulses to tissue. For example, output
stage 108 is shown coupled to terminals 134 and 136, which may, in turn, be electrically coupled to respective electrodes
such as tip electrode 22 and ring electrode 25 of Figure 1 adapted to deliver pacing pulses to a patient. Alternatively,
or in addition, high-voltage electrodes may be coupled to output stage 108 as is known in the art to provide cardiover-
sion/defibrillation shocks to a patient. Additional electrodes may be so coupled to provide stimulate to nervous tissue
as is known in the art. In sum, output stage may be adapted to provide any type of stimulation known in the art within
the scope of the present invention, including spinal cord stimulation (SCS) or subcutaneous stimulation.
[0028] In one embodiment, output stage 108 includes means for pacing on both sides of the heart. This type of
therapy may be provided to resynchronize the heart and optimize cardiac output. Such therapy is described in com-
monly-assigned U.S. Patent Nos. 6,223,079, 6,070,100, 6,070,101, and 5,902,324 although any type of resynchroni-
zation therapy known in the art may be used in conjunction with the current invention.
[0029] In cardiac resynchronization therapy, pacing on the right side of the heart is generally accomplished by locating
one or more leads in the right atrium or ventricle, as set forth above. Similarly, pacing of the left side of the heart may
be accomplished using one or more leads positioned within, or adjacent to, the left atrium or ventricle. Often, pacing
on the left side of the heart is accomplished by positioning at least one lead within the coronary sinus in proximity to
the left side of the heart. The timing associated with the various pacing pulses delivered on the left and right sides of
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the heart may then be adjusted based on pressure estimates obtained according to the current invention. For example,
the V-V timing interval associated with pulses delivered in the right and left ventricles may be adjusted based on MPAP
estimates. This is discussed further below.
[0030] Turning now to a discussion of the input circuit 110, this circuit is used to sense signals such as the EGM
signals. This circuit is shown coupled to terminals 138 and 140, which, in turn, may be respectively coupled to electrodes
such as tip electrode 22 and ring electrode 25 to sense EGM signals. Alternatively, if a unipolar mode of sensing is
employed, signals may be sensed between one of the implanted electrodes and the device housing, or an electrode
on the device housing.
[0031] Input circuit 100 may include amplification, and noise detection and protection circuitry. Signal sensing may
be disabled during periods of excessive noise, if desired. Noise rejection filters and similar circuitry may also be in-
cluded, as is known in the art. In one embodiment, input circuit 110 may provide signals indicating both the occurrence
of natural ventricular beats and paced ventricular beats to the controller 106 via signal lines 128. In one embodiment,
controller 106 provides digitized signals indicative of the occurrence of such ventricular beats to microprocessor 100
via signal lines 132, which may be in the form of interrupts. This allows the microprocessor to perform any necessary
calculations or to update values stored in RAM 104 according to the current invention.
[0032] As discussed above, the device also includes a pressure sensor 148 to sense pressure within the cardiac
system. This pressure may be sensed within the right ventricle using a sensor such as sensor 16 positioned on a lead
coupled to the IMD. Alternatively, a sensor placed within the left ventricle may be used in a manner discussed below.
The pressure sensor 148 may include one or more of the pressure sensing circuits known in the art, including those
discussed above.
[0033] It may be noted that other sensors may also be coupled to the IMD of Figure 2, including a hemodynamic
sensor such as an impedance sensor disclosed in U.S. Pat. No. 4,865,036 issued to Chirife. Alternatively, sensor 148
may be a demand sensor for measuring cardiac output parameters, such as an oxygen saturation sensor disclosed in
U.S. Pat. No. 5,176,137, issued to Erickson et al. or a physical activity sensor as disclosed in U.S. Pat. No. 4,428,378,
issued to Anderson et al
[0034] Any other types of physiological sensors known in the art may be used in addition, or in the alternative, to
develop patient data that may be used in conjunction with the MPAP to diagnose patient conditions and aid in adjusting
therapy.
[0035] Sensor processing circuitry 146 controls pressure sensor 148 and any other physiological sensors, and pro-
vides the signals to the controller 106 so that the signals may be transformed into digital representations. Sensor
signals may also be stored in RAM 104 for later diagnostic use.
[0036] External control of the IMD is accomplished via a communication circuit such as telemetry/control block 120.
Any conventional programming/telemetry circuitry is believed workable in the context of the present invention. Infor-
mation may be provided to the IMD 14 from an external device 121 and passed to controller 106 via control lines 130.
Similarly, information from the IMD may be provided to the telemetry block 120 via control lines 130 and thereafter
transferred to the external device. This information may include signal data such as EGM signals and pressure meas-
urements, or may include any of the derived signal values discussed below. Some, or all, of the processing associated
with derivation of the MPAP indicator may be performed outside of the IMD by a processing circuit included within
external device 121 or within another data processing system.
[0037] In one embodiment, the external device 121 is a programmer that may be utilized to diagnose patient condi-
tions and to provide any necessary re-programming functions. In another embodiment, the external device may be a
patient interface used to provide information to, and/or receive commands from, the patient. For example, the patient
interface may be an externally-worn device such as a wrist band that transfers raw data and any derived values to
another processing system which may complete some or all of the processing steps associated with the current inven-
tion. This transfer of data may be accomplished via a wireless communication link, for example. Pressure measure-
ments, the EGM signals, and/or any derived data such as intermediate values and the MPAP indicator may be trans-
ferred to a patient file within a database for use with current or future diagnosis and therapy modifications.
[0038] In yet another embodiment of the invention, the implantable device includes a drug pump 150 as shown in
Figure 2. This pump may be used to deliver a biologically-active agent to the patient. Such drug delivery may be
adjusted based on the MPAP value, as will be discussed further below.
[0039] Although the above description focuses on obtaining the EGM signals using one or more leads positioned
within heart chambers, electrode arrays positioned on the housing of a device may also be used for this purpose as
described in commonly-assigned U.S. Pat. No. 5,331,966. This type of array, which is provided by the Medtronic Model
9526 Reveal Plus Implantable Loop Recorder, includes at least two sensing electrodes on the can for sensing of cardiac
signals. In all such systems, it will be understood that the electrodes A, B, C on the surface of the housing are electrically
isolated from one another and the conductive surface of the IMD housing through suitable insulating bands and elec-
trical feedthroughs as described in U.S. Pat. No. 4,310,000. Examples of possible electrode orientations and config-
urations of a three electrode system comprising the electrodes are set forth in Figures 3A through 3E.
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[0040] Figure 3A is a side view of a pulse generator illustrating the orientation of orthogonally-disposed electrodes
A, B and C with two electrodes on the connector block 160 and one electrode on the pulse generator case 162. The
spacing of the electrodes A, B and C on each of the illustrated orientations of Figure 3A through 3E may be on the
order of about one inch but can be larger or smaller depending on the exact size of the device. Smaller devices and
closer spacing will require greater amplification.
[0041] Figure 3B is a side view of a pulse generator wherein at least one of the electrodes extends away from the
pulse generator by a lead extension member 164 to achieve a greater inter-electrode spacing, if desirable.
[0042] Figure 3C is a side view of a pulse generator wherein at least one of the electrodes 166 is located at a proximal
end of a lead 168, which may be a lead coupled at a distal end to a subcutaneous electrode or electrode array.
[0043] Figure 3D is a side view of a pulse generator wherein multiple electrodes are located on an edge of a device
housing. It will be understood that the electrodes placed on the edge of the pulse generator case could constitute
insulated pins of feedthroughs extending through the wall of the case. As illustrated in Figures 3C and 3D, the relative
orientation of the electrodes may vary somewhat from the orthogonal orientation depicted in Figures 3A and 3B.
[0044] Figure 3E is a side view of yet another embodiment of a device housing including an array of electrodes.
[0045] Discussion may now turn to the method used to derive the MPAP. At least two measurements are required
including an intercardiac pressure signal measured within the right or left ventricle, and an EGM signal. These values
are used to derive the following values:

1.) The Ventricular Systolic Pressure (VSP), which is the maximum pressure that is measured at any time through-
out the cardiac cycle. It may be noted that although this pressure may be measured within a ventricle, and is
preferably measured within the right ventricle, this measurement closely approximates the pulmonary arterial systo-
lic pressure unless stenosis of the pulmonic valve is present, which is an uncommon condition.
2.) The estimated Pulmonary Artery Diastolic pressure (ePAD), which is a measure of the ventricular pressure at
the time the change in the pressure signal over time (dp/dt) is at a maximum. As is similar to the case of the VSP
measurement, this ventricular measurement, which is preferably obtained in the right ventricle, closely approxi-
mates the pulmonary arterial diastolic pressure unless stenosis of the pulmonic valve is present.
3.) The time between successive R waves in the cardiac cycle (R-R interval) may be determined using the EGM
signal. In one embodiment wherein the invention is incorporated into a pacing device, this could include a time
between paced and/or sensed beats.
4.) The Systolic Time Interval (STI), which is the time the heart is spent in systole, may be estimated by measuring
the time from the start'of an R wave to the time when the change in pressure over time (dp/dt) is at a maximum.
Thus, this involves use of both the EGM and the pressure signal.

[0046] The foregoing measurements and derived values may be used to determine the fractional portion of the time
spent in both systole and diastole, as follows:

The Diastolic Time Interval (DTI) may be obtained by subtracting the STI from the R-R interval:

The fractional portion of the time the heart is in diastole may then be calculated as follows:

Similarly, the fractional portion of the time spent in systole may also be calculated as follows:

Finally, these fractional values may be used to determine a more accurate value for MPAP as follows:

[0047] Simply put, the estimated diastolic pressure ePAD is multiplied by the time spent in diastole, the estimated
systolic pressure VSP is multiplied by the time spent in diastole, and the two measurements are added together to

DTI = R-R Interval - STI.

DTI/(R-R Interval).

STI/(R-R Interval).

MPAP = [(DTI/R-R Interval) x ePAD ] + [ (STI/R-R Interval) x VSP].
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create an average Mean Pulmonary Arterial Pressure measurement. This determination is more accurate than the
previous estimate that merely used a set fractional value such as "one-third" to weight time spent in systole. Moreover,
the current invention does not require use of a pressure sensor located within the pulmonary artery. Additionally, the
invention provides a measurement that is available on a beat-to-beat basis using the current invention.
[0048] Although the above description assumes that cardiac potential signals are obtained using an electrode located
within the vasculature of the patient, this need not be the case. In another embodiment, electrodes placed externally
on the patient's body may be used to measure an ECG signal and this signal may be correlated with the measured
pressure signals using timestamps. Such correlated measurements could be processed by an external processing
circuit as discussed above according to the current inventive method.
[0049] Figure 4 is a flow diagram summarizing the method steps for determining the MPAP according to one em-
bodiment of the invention. It will be appreciated that the ordering of the steps is, in most cases, purely exemplary.
Additionally, the method steps involving processing may be performed either entirely by a processing circuit within an
IMD, entirely by a processing circuit external to a living body, or by any combination thereof. Finally, the processing
steps may be accomplished using any combination of analogue or digital hardware, software, firmware, microcode, or
any other processing means.
[0050] First, ventricular pressure and EGM signals are sensed using any of the mechanisms discussed above (200).
These signal values are generally digitized so that they may be processed using a digital processing circuit, but if an
analog processing circuit is used, this need not be the case. Next, the VSP is determined as the maximum pressure
that is measured at any time throughout the cardiac cycle (202). The estimated Pulmonary Artery Diastolic pressure
(ePAD) is then determined as a measure of the ventricular pressure at the time the change in the pressure signal over
time (dp/dt) is at a maximum (204). The time between successive R waves in the cardiac cycle (R-R interval) is meas-
ured using the EGM signal (206). The Systolic Time Interval (STI) may be estimated by measuring the time from the
start of an R wave to the time when the change in pressure over time (dp/dt) is at a maximum (208). The Diastolic
Time Interval (DTI) is determined by subtracting STI from R-R Interval (210). Finally, Mean Pulmonary Arterial Pressure
(MPAP) is determined (212) according to the following equation:

[0051] After MPAP is derived, this value may be used to initiate, terminate, or adjust therapy. For example, if the
MPAP is determined to be outside of an acceptable range, biologically-active agents such as drugs may be delivered
automatically by drug pump 150 (Figure 2) under the control of controller 106 and microprocessor 100. For example,
if the pressure is too high, indicating pulmonary hypertension exists, arterial dilation may be accomplished by admin-
istration of a drug such as Flolan. Alternatively, or additionally, electrical stimulation parameters may be adjusted.
[0052] In one embodiment, the estimated MPAP value may be used to adjust parameters associated with cardiac
resynchronization therapy. The use of cardiac resynchronization therapy is described in detail in commonly-assigned
U.S. Patent No. 6,223,079, incorporated herein by reference in its entirety. This type of therapy involves pacing both
the left and right ventricles to improve the efficiency of cardiac operation in heart failure patients. By adjusting pacing
parameters such as A-V intervals or the V-V intervals between pacing pulses delivered in each of the ventricles, pul-
monary pressure may be adjusted. Generally, in heart failure patients, this will involve adjusting parameters to lower
arterial pressure, although arterial pressure may also be raised in the same manner if necessary.
[0053] In yet another application of the invention, the MPAP value may be used to treat sleep apnea. Patients suffering
from this type of sleep disorder experience a drop in pulmonary arterial pressure which may be detected using the
MPAP. In response, pacing rate may be increased for patient's having an implantable pacemaker to counteract this
drop in pressure.
[0054] The foregoing examples discuss use of a pressure sensor located within the right ventricle, although this need
not be the case. In any of the above-described embodiments, a pressure sensor may be located in the left ventricle in
addition to, or as an alternative to, a sensor in the right ventricle. This may be accomplished by guiding the sensor into
the right ventricle, through the septal wall, and into the left ventricle. Alternatively, during an invasive procedure wherein
the left ventricle is exposed, a lead may be directly inserted through the left ventricular wall into the left ventricular
chamber. In either situation, this type of sensor placement is probably only desirable in patients that are already indi-
cated for left ventricular lead placement for another purpose, since such lead placement increases the probability of
stroke caused by blood clots. Additionally, such lead placement is generally accompanied by the administration of
anticoagulation medication to prevent clotting.
[0055] Figure 5 is an exemplary embodiment illustrating a pressure sensor located in each of the left and right ven-
tricles. A pressure sensor 250 at the distal end of the lead 252 is positioned through the septal wall 254 and located
within the left ventricle 256. A second pressure sensor 260 is located proximal pressure sensor 250 on lead 252 within
the right ventricle 266. The lead is coupled to IMD 270. Using this configuration, MPAP estimates may be derived using

MPAP = [(DTI/R-R Interval) x ePAD ] + [(STI/R-R Interval) x VSP].
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pressure measurements from both sides of the heart. If desired, only one of the pressure sensors need be activated
at a given time using switching logic within the IMD. The two MPAP values derived using left and right ventricular
pressures may be further processed, as by obtaining an average value, for example. In an alternative embodiment,
the sensors shown in Figure 5 may be carried on separate leads. In yet another embodiment, only pressure sensor
250 is provided to measure the left ventricular pressure.
[0056] Studies were conducted to compare the MPAP as determined by the current invention against mean arterial
pressure measured using a pressure sensor located in the patient's pulmonary artery. Data was collected for subjects
undergoing various hemodynamic stressors. These studies conclude that the inventive system and method provides
a MPAP measurement that closely approximates pressure values that would be measured using a pressure sensor
located within the pulmonary artery.
[0057] Figure 6 is a graph illustrating the results of one study comparing MPAP estimates obtained using the current
invention to mean arterial pressure measurements. The measured pulmonary artery pressure is processed using the
integration method discussed above. The MPAP estimates are shown on the Y axis, whereas the measured pulmonary
arterial pressure values are illustrated on the X axis labeled as "PA mean". It may be noted that a slope of "one" for
the resulting line indicates a perfect correlation between the MPAP and the PA mean. The graph shows the close
correlation between the estimated MPAP and the actual measured mean pulmonary arterial pressure PA.

Claims

1. A system for determining mean pulmonary arterial pressure of a patient, comprising

a first sensor (16, 148) located in a ventricle of a heart to measure ventricular pressure to form ventricular
pressure signals;
a first circuit (110) to measure electrocardiogram (EGM) signals corresponding to a cardiac cycle; and
a processing circuit (100) coupled to receive the pressure signal and the EGM signals, characterised in that
the processing circuit determines ventricular systolic pressure (VSP) based on maximum pressure measured
by the first sensor throughout the cardiac cycle, determines an estimated pulmonary artery diastolic (ePAD)
pressure based on the ventricular pressure signals corresponding to a time a change in the pressure signals
over time is at a first maximum, determines an R-R interval using the EGM signals, determines an estimated
systolic time interval (STI) based on a time period corresponding to the start of an R wave to a time when the
change in the pressure signals over time is at a second maximum, determines as diastolic time interval (DTI)
by subtracting the estimated STI from the R-R interval, and determines an estimated mean pulmonary arterial
pressure (MPAP) calculated as the product of the DTI divided by the R-R interval and multiplied by the ePAD
pressure plus the STI divided by the R-R interval and multiplied by the VSP, i.e. MPAP = [(DTI/R-R Interval)
x ePAD] + [(STI/R-R Interval) x VSP].

2. The system of claim 1, characterised in that the first circuit (110) includes at least one electrode (2, 25) located
within the cardiac vasculature of the patient.

3. The system of claim 1, characterised in that the first circuit includes at least two electrodes placed on an external
surface of the patient.

4. The system of claim 1, characterised in that the first circuit is located within an implantable device (14) contained
within a housing, and further characterised in that the first circuit includes at least one electrode coupled to the
housing of the implantable device.

5. The system of claim 1, characterized in that the first sensor (116) is located within a first ventricle of the heart,
and wherein the system includes a second sensor located within the other ventricle of the heart, and wherein the
processing circuit includes means to estimate the estimated MPAP from pressure measured by both the first and
second sensors.

6. The system of claim 1, characterized in that the processing circuit is located within an implantable device.

7. The system of claim 1, characterized in that the processing circuit is located in a device (121) external to the
patient, and wherein the system further includes a communication circuit (120) to transfer indications of the meas-
ured pressure and the EGM signals to the processing circuit.
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8. The system of claim 1, characterized in that the processing circuit includes first and second portions, wherein
the first portion is located within an implantable device, wherein the second portion is located within a device
external to the patient, and wherein the system further includes a communication circuit to transfer data signals
between the first and second portions.

9. The system of claim 1, further characterized by a therapy delivery circuit (150) coupled to the processing circuit
to provide therapy to the patient.

10. The system of claim 1, characterized in that the processing circuit includes means for controlling the therapy
delivery circuit based on the estimated MPAP.

11. The system of claim 10, characterized in that the therapy delivery circuit includes a circuit to provide cardiac
resynchronization therapy to the patient.

12. The system of claim 10, characterized in that the therapy delivery circuit includes a drug delivery device (150)
to deliver a biologically-active agent to the patient.

13. The system of claim 1, characterized in that the first circuit includes means located within a chamber of a heart
for sensing the EGM signal.

14. The system of claim 1, characterized in that the first circuit includes means external to the patient for sensing
the EGM signal.

15. The system of claim 1, characterized in that the first circuit includes means located subcutaneously on the patient
for sensing the EGM signal.

16. The system of claim 1, characterized in that the processing circuit includes means implanted within the patient.

17. The system of claim 1, characterized in that the processing means includes means external to the patient.

18. The system of claim 1, characterized in that the processing means includes means implanted within the patient
and means external to the patient.

Patentansprüche

1. System zum Bestimmen des mittleren Drucks in der Lungenarterie eines Patienten, welches aufweist:

einen ersten Sensor (16, 148), der sich in einem Ventrikel des Herzens befindet, um den ventrikulären Druck
zu messen und ventrikuläre Drucksignale zu bilden,

eine erste Schaltung (110) zum Messen von Elektrokardiogrammsignalen (EGM-Signalen), die einem Herz-
zyklus entsprechen, und

eine Verarbeitungsschaltung (100), die geschaltet ist, um das Drucksignal und die EGM-Signale zu empfan-
gen,

dadurch gekennzeichnet, daß
die Verarbeitungsschaltung den ventrikulären systolischen Druck (VSP) auf der Grundlage des durch den ersten
Sensor während des Herzzyklus gemessenen maximalen Drucks bestimmt, einen geschätzten diastolischen Druck
in der Lungenarterie (ePAD) auf der Grundlage der ventrikulären Drucksignale entsprechend einer Zeit, während
sich eine Änderung der Drucksignale im Laufe der Zeit bei einem ersten Maximum befindet, bestimmt, ein R-R-In-
tervall unter Verwendung der EGM-Signale bestimmt, ein geschätztes systolisches Zeitintervall (STI) auf der
Grundlage des dem Beginn einer R-Zacke bis zu einer Zeit, zu der die Änderung der Drucksignale im Laufe der
Zeit bei einem zweiten Maximum liegt, entsprechenden Zeitraums bestimmt, ein diastolisches Zeitintervall (DTI)
durch Subtrahieren des geschätzten STIs vom R-R-Intervall bestimmt und einen als Produkt des DTIs, dividiert
durch das R-R-Intervall und multipliziert mit dem ePAD-Druck zuzüglich des STIs, dividiert durch das R-R-Intervall
und multipliziert mit dem VSP, berechneten geschätzten mittleren Druck in der Lungenarterie (MPAP), d.h. MPAP
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= [(DTI/R-R-Intervall) x ePAD] + [(STI/R-R-Intervall) x VSP], bestimmt.

2. System nach Anspruch 1, dadurch gekennzeichnet, daß die erste Schaltung (110) wenigstens eine Elektrode
(2, 25) aufweist, die sich innerhalb der Herzgefäße des Patienten befindet.

3. System nach Anspruch 1, dadurch gekennzeichnet, daß die erste Schaltung wenigstens zwei an einer Außen-
fläche des Patienten angeordnete Elektroden aufweist.

4. System nach Anspruch 1, dadurch gekennzeichnet, daß sich die erste Schaltung in einer innerhalb eines Ge-
häuses enthaltenen implantierbaren Vorrichtung (14) befindet und weiter dadurch, daß die erste Schaltung we-
nigstens eine mit dem Gehäuse der implantierbaren Vorrichtung gekoppelte Elektrode aufweist.

5. System nach Anspruch 1, dadurch gekennzeichnet, daß sich der erste Sensor (116) innerhalb eines ersten
Ventrikels des Herzens befindet, wobei das System einen sich innerhalb des anderen Ventrikels des Herzens
befindenden zweiten Sensor aufweist und die Verarbeitungsschaltung Mittel zum Schätzen des geschätzten
MPAPs anhand des durch den ersten und den zweiten Sensor gemessenen Drucks aufweist.

6. System nach Anspruch 1, dadurch gekennzeichnet, daß sich die Verarbeitungsschaltung innerhalb einer im-
plantierbaren Vorrichtung befindet.

7. System nach Anspruch 1, dadurch gekennzeichnet, daß sich die Verarbeitungsschaltung in einer Vorrichtung
(121) außerhalb des Patienten befindet, wobei das System weiter eine Kommunikationsschaltung (120) aufweist,
um Hinweise auf den gemessenen Druck und die EGM-Signale zur Verarbeitungsschaltung zu übertragen.

8. System nach Anspruch 1, dadurch gekennzeichnet, daß die Verarbeitungsschaltung einen ersten und einen
zweiten Abschnitt aufweist, wobei sich der erste Abschnitt innerhalb einer implantierbaren Vorrichtung befindet,
sich der zweite Abschnitt innerhalb einer Vorrichtung außerhalb des Patienten befindet und das System weiter
eine Kommunikationsschaltung zum Übertragen von Datensignalen zwischen dem ersten und dem zweiten Ab-
schnitt aufweist.

9. System nach Anspruch 1, weiter gekennzeichnet durch eine Therapieverabreichungsschaltung (150), die mit
der Verarbeitungsschaltung gekoppelt ist, um dem Patienten eine Therapie zu verabreichen.

10. System nach Anspruch 1, dadurch gekennzeichnet, daß die Verarbeitungsschaltung Mittel zum Steuern der
Therapieverabreichungsschaltung auf der Grundlage des geschätzten MPAPs aufweist.

11. System nach Anspruch 10, dadurch gekennzeichnet, daß die Therapieverabreichungsschaltung eine Schaltung
zum Bereitstellen einer Herzresynchronisationstherapie für den Patienten aufweist.

12. System nach Anspruch 10, dadurch gekennzeichnet, daß die Therapieverabreichungsschaltung eine Arzneimit-
telverabreichungsvorrichtung (150) zum Verabreichen eines biologisch aktiven Mittels an den Patienten aufweist.

13. System nach Anspruch 1, dadurch gekennzeichnet, daß die erste Schaltung sich innerhalb einer Herzkammer
befindende Mittel zum Erfassen des EGM-Signals aufweist.

14. System nach Anspruch 1, dadurch gekennzeichnet, daß die erste Schaltung außerhalb des Patienten gelegene
Mittel zum Erfassen des EGM-Signals aufweist.

15. System nach Anspruch 1, dadurch gekennzeichnet, daß die erste Schaltung subkutan am Patienten angeordnete
Mittel zum Erfassen des EGM-Signals aufweist.

16. System nach Anspruch 1, dadurch gekennzeichnet, daß die Verarbeitungsschaltung innerhalb des Patienten
implantierte Mittel aufweist.

17. System nach Anspruch 1, dadurch gekennzeichnet, daß die Verarbeitungsmittel außerhalb des Patienten gele-
gene Mittel aufweisen.

18. System nach Anspruch 1, dadurch gekennzeichnet, daß die Verarbeitungsmittel in den Patienten implantierte
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Mittel und außerhalb des Patienten gelegene Mittel aufweisen.

Revendications

1. Système pour déterminer la pression artérielle pulmonaire moyenne d'un patient, comprenant

un premier capteur (16, 148) situé dans un ventricule d'un coeur pour mesurer la pression ventriculaire de
manière à former des signaux de pression ventriculaire;
un premier circuit (110) pour mesurer des signaux d'électrocardiogramme (EGM) correspondant à un cycle
cardiaque;et
un circuit de traitement (100) couplé de manière à recevoir le signal de pression et les signaux d'électrocar-
diogramme EGM,

caractérisé en ce que le circuit de traitement détermine une pression systolique ventriculaire (VSP) sur la
base d'une pression maximale mesurée par le premier capteur sur l'ensemble du cycle cardiaque, détermine une
pression diastolique estimée de l'artère pulmonaire (ePAD) basée sur les signaux de pression ventriculaire cor-
respondant au moment où une variation des signaux de pression dans le temps se situe à un premier maximum,
détermine un intervalle R-R en utilisant les signaux EGM, détermine un intervalle de temps systolique estimé (STI)
sur la base d'un intervalle de temps correspondant au démarrage d'une onde R jusqu'à un instant où la variation
des signaux de pression dans le temps possède un second maximum, détermine un intervalle de temps diastolique
(DTI), par soustraction de l'intervalle de temps STI estimé à partir de l'intervalle R-R et détermine une pression
artérielle pulmonaire moyenne estimée (MPAP) calculée en tant que produit de l'intervalle DTI divisé par l'intervalle
R-R et multiplié par la pression ePAD plus l'intervalle STI, divisé par l'intervalle R-R et multiplié par la pression
VSP, c'est-à-dire MPAP = [(DTI/intervalle R-R) x ePAD] + [(STI/intervalle R-R) x VSP].

2. Système selon la revendication 1, caractérisé en ce que le premier circuit (110) inclut au moins une électrode
(2, 25) placée dans le système vasculaire cardiaque du patient.

3. Système selon la revendication 1, caractérisé en ce que le premier circuit inclut au moins deux électrodes placées
sur une surface extérieure du patient.

4. Système selon la revendication 1, caractérisé en ce que le premier circuit est disposé dans un dispositif implan-
table (14) contenu dans un boîtier, et caractérisé en outre en ce que le premier circuit inclut au moins une
électrode couplée au boîtier du dispositif implantable.

5. Système selon la revendication 1, caractérisé en ce que le premier capteur (116) est situé dans un premier
ventricule du coeur, et dans lequel le système inclut un second capteur situé dans l'autre ventricule du coeur, et
dans lequel le circuit de traitement inclut des moyens pour estimer la valeur MPAP estimée à partir de la pression
mesurée à la fois par les premier et second capteurs.

6. Système selon la revendication 1, caractérisé en ce que le circuit de traitement est situé dans un dispositif im-
plantable.

7. Système selon la revendication 1, caractérisé en ce que le circuit de traitement est situé dans un dispositif (121)
à l'extérieur du patient, et dans lequel le système inclut en outre un circuit de communication (120) pour transférer
des indications de la pression mesurée et les signaux EGM au circuit de traitement.

8. Système selon la revendication 1, caractérisé en ce que le circuit de traitement inclut des première et seconde
parties, la première partie étant située dans un dispositif implantable, la seconde partie étant située dans un dis-
positif situé à l'extérieur du patient, et le système comprenant en outre un circuit de communication pour transférer
des signaux de données entre les première et seconde parties.

9. Système selon la revendication 1, caractérisé en outre par un circuit (150) d'administration d'une thérapie, couplé
au circuit de traitement pour appliquer une thérapie au patient.

10. Système selon la revendication 1, caractérisé en ce que le circuit de traitement comporte des moyens pour
commander le circuit d'administration d'une thérapie sur la base de la valeur MPAP estimée.



EP 1 341 439 B1

5

10

15

20

25

30

35

40

45

50

55

12

11. Système selon la revendication 10, caractérisé en ce que le circuit d'administration de la thérapie inclut un circuit
pour appliquer une thérapie de resynchronisation cardiaque au patient.

12. Système selon la revendication 10, caractérisé en ce que le circuit d'administration d'une thérapie inclut un dis-
positif (150) d'administration d'un médicament servant à administrer au patient un agent actif du point de vue
biologique.

13. Système selon la revendication 1, caractérisé en ce que le premier circuit inclut des moyens situés dans une
chambre d'un coeur pour détecter le signal EGM.

14. Système selon la revendication 1, caractérisé en ce que le premier circuit comporte des moyens situés à l'exté-
rieur du patient pour détecter le signal EGM.

15. Système selon la revendication 1, caractérisé en ce que le premier circuit inclut des moyens disposés d'une
manière sous-cutanée dans le patient pour détecter le signal EGM.

16. Système selon la revendication 1, caractérisé en ce que le circuit de traitement comprend des moyens implantés
dans le patient.

17. Système selon la revendication 1, caractérisé en ce que les moyens de traitement incluent des moyens situés
à l'extérieur du patient.

18. Système selon la revendication 1, caractérisé en ce que les moyens de traitement incluent des moyens implantés
dans le patient et des moyens situés à l'extérieur du patient.
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