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DYNAMIC CARDIAC RESYNCHRONIZATION THERAPY
BY TRACKING INTRINSIC CONDUCTION

FIELD OF THE INVENTION

The present invention relates generally to cardiac pacing therapy, and more

specifically, to methods and systems for dynamically determining timing for the delivery of

pacing pulses to achieve cardiac resynchronization.

BACKGROUND OF THE INVENTION

The healthy heart produces regular, synchronized contractions. Rhythmic

contractions of the heart are normally initiated by the sinoatrial (SA) node, which is a

group of specialized cells located in the upper right atrium. The SA node is the normal

pacemaker of the heart, typically initiating 60-100 heartbeats per minute. When the SA

node is pacing the heart normally, the heart is said to be in normal sinus rhythm.

Cardiac arrhythmia occurs when the heart rhythm is irregular or if the heart rate is

too slow or too fast. During an arrhythmic episode, the heart's pumping action may

become impaired and blood flow to peripheral tissues may be inadequate. Cardiac

arrhythmias have a number of etiological sources, including tissue damage due to

myocardial infarction, infection, or degradation of the heart's ability to generate or

synchronize the electrical impulses that coordinate contractions. Bradyarrhythmia occurs

when the heart rhythm is too slow. This condition may be caused, for example, by

impaired function of the SA node, denoted sick sinus syndrome, or by delayed propagation

or blockage of the electrical impulse between the atria and ventricles. Bradyarrhythmia

produces a heart rate that is too slow to maintain adequate circulation. Tachyarrhythmia

occurs when the heart rate is too rapid. Tachyarrhythmia may have its origin in either the

atria or the ventricles. Tachyarrhythmia occurring in the atria of the heart, for example,

includes atrial fibrillation and atrial flutter. Both conditions are characterized by rapid

contractions of the atria. In addition to being hemodynamically inefficient, the rapid

contractions of the atria may also adversely affect the ventricular rate.



Ventricular tachyarrhythmia occurs when electrical activity arises in the ventricular

myocardium at a rate more rapid than the normal sinus rhythm. Ventricular

tachyarrhythmia may quickly degenerate into ventricular fibrillation. Ventricular

fibrillation is a condition denoted by extremely rapid, uncoordinated electrical activity

within the ventricular tissue. The rapid and erratic excitation of the ventricular tissue

prevents synchronized contractions and impairs the heart's ability to effectively pump

blood to the body, which is a fatal condition unless the heart is returned to sinus rhythm

within a few minutes.

Implantable cardiac rhythm management (CRM) systems have been used as an

effective treatment for patients with serious arrhythmias. CRM system operate by

delivering relatively high energy electrical shocks to the heart to terminate tachyarrhythmia

and/or by delivering relatively low energy electrical pulses to one or more heart chambers,

causing the heart chambers to contract at heart rate that is hemodynamically sufficient.

Pacing therapy has also been used to improve cardiac output for patients who suffer

from heart failure. Heart failure is frequently related to intraventricular and/or

intraventricular conduction defects, e.g., bundle branch blocks which lead to cardiac

dyssynchrony and reduced pumping action. To treat heart failure, CRM systems deliver

timed pacing pulses that produce more coordinated contractions of the atria and/or

ventricles. The pacing pulses are delivered to the heart chambers at specific intervals to

achieve optimal improvement in pumping efficiency and cardiac output. Cardiac

resynchronization pacing may include pacing both ventricles after a specified

atrioventricular delay. The ventricular paces may be delivered simultaneously or separated

by a programmable offset.

Appropriate specification of various resynchronization pacing delays is needed to

achieve optimal improvement of cardiac function. For the reasons stated above, and for

other reasons stated below which will become apparent to those skilled in the art upon

reading the present specification, there is a need in the art for methods and systems that

provide for determination of timing intervals for cardiac resynchronization therapy. The

present invention fulfills these and other needs and provides other enhancements over the

prior art.



SUMMARY OF THE INVENTION

Embodiments of the present invention are directed to systems and methods for

pacing the heart using resynchronization pacing delays that achieve improvement of

cardiac function. One embodiment of the invention is involves a method for operating a

cardiac pacing device. An early activation pacing interval is initialized by calculating an

optimal AV delay based on intrinsic atrioventricular intervals between an atrial event and a

ventricular depolarization for at least one ventricle and determining an atrial to early

ventricular activation interval (AV EA) between an atrial event and early activation of a

ventricular depolarization for the ventricle. The early activation pacing interval for the

ventricle is calculated by subtracting the AV EA from the calculated optimal AV delay. The

early activation is started responsive to sensing early activation of the ventricle. The

ventricle is paced relative to expiration of the early activation pacing interval.

In some implementations, the AV EA is determined based on an interval between an

atrial event and a start of a ventricular depolarization, Q*. In some implementations the

AV EA is determined based on the interval between an atrial event and a His Bundle

depolarization.

The early activation pacing interval may be initiated responsive to sensing early

activation of the right or left ventricle. The ventricle paced relative to the expiration of the

early activation pacing interval may be the right ventricle, the left ventricle, or both right

and left ventricles. If right and left ventricles are paced, the ventricular paces may be

delivered to both ventricles simultaneously. Alternatively, the right and left ventricular

paces may be separated by an interventricular delay.

An embodiment of the invention is directed to a cardiac rhythm management

device that includes electrodes electrically coupled to multiple chambers of a heart and an

implantable pulse generator configured to sense cardiac electrical signals and to deliver

pacing pulses via the electrodes. Measurement circuitry coupled to the sense circuitry is

configured to measure one or more cardiac intervals. The intervals include atrioventricular

intervals (AVIs) between an atrial event and a ventricular depolarization for at least one

ventricle and an atrial event to early ventricular activation interval (AV EA) between an

atrial event and early activation of a ventricular depolarization for the ventricle.

Optimization circuitry calculates an optimal AV delay based on the measured



atrioventricular intervals and calculates an early activation pacing interval for the ventricle

by subtracting the measured AV EA from the calculated optimal AVD. A pacing interval

controller starts the early activation in response to sensing early activation of the ventricle.

Pacing therapy circuitry delivers pacing pulses to the ventricle relative to expiration of the

early activation pacing interval.

For example, in one implementation, the atrial to early ventricular activation

interval comprises an interval between the atrial event and a start of a ventricular

depolarization, Q*. In one embodiment, the atrial to early ventricular activation interval

comprises an interval between the atrial event and the His Bundle depolarization.

Yet another embodiment of the invention is directed to a method of operating a

cardiac pacing device. An atrial (A-A) interval and an intrinsic atrioventricular interval

(AVI) of a first cardiac cycle are measured. A pacing escape interval for a synchronized

ventricular chamber is calculated based on the measured A-A interval and the measured

AVI. The pacing escape interval is started responsive to sensing an intrinsic ventricular

rate chamber depolarization of the first cardiac cycle. During a second cardiac cycle

immediately following the first cardiac cycle, a ventricular synchronized chamber is paced

relative to expiration of the pacing escape interval. For each subsequent cardiac cycle, the

pacing escape interval is recalculating based at least on a measured A-A interval from an

immediately previous cardiac cycle.

According to some implementations, the rate chamber is the right ventricle and the

synchronized chamber is the left ventricle. Alternatively, the rate chamber may be the left

ventricle and the synchronized chamber may be the right ventricle.

In one implementation, the pacing escape interval is based on a difference between the

intrinsic atrioventricular interval of the first cardiac cycle and an optimized synchronized

chamber atrioventricular delay. In one implementation, the pacing escape interval

comprises a difference between an intrinsic atrioventricular interval of the first cardiac

cycle and an optimized synchronized chamber atrioventricular delay subtracted from the

A-A interval of the first cardiac cycle.

Another embodiment of the invention involves a cardiac rhythm management

device. Measurement circuitry of the cardiac rhythm management device measures

intervals between atrial events and atrioventricular intervals (AVIs) between an atrial event



and a ventricular depolarization. Optimization circuitry calculates a pacing escape interval

for a synchronized ventricular chamber based on a measured A-A interval and a measured

AVI for a first cardiac cycle. A pacing interval controller starts the pacing escape interval

in response to sensing an intrinsic ventricular rate chamber depolarization of the first

cardiac cycle. Pacing therapy circuitry delivers pacing to a ventricular synchronized

chamber relative to expiration of the pacing escape interval during a second cardiac cycle

immediately following the first cardiac cycle. The optimization circuitry is configured to

recalculate the pacing escape interval for each subsequent cardiac cycle based at least on a

measured A-A interval from an immediately previous cardiac cycle.

For example, in some implementations, the pacing escape interval may be based on

a difference between the intrinsic atrioventricular interval of the first cardiac cycle and an

optimized synchronized chamber atrioventricular delay. In some implementations, the

pacing escape interval comprises a difference between an intrinsic atrioventricular interval

of the first cardiac cycle and an optimized synchronized chamber atrioventricular delay

subtracted from the A-A interval of the first cardiac cycle.

The above summary of the present invention is not intended to describe each

embodiment or every implementation of the present invention. Advantages and

attainments, together with a more complete understanding of the invention, will become

apparent and appreciated by referring to the following detailed description and claims

taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a timing diagram that illustrates suboptimal pacing that arises from the

use of static pacing delays;

Figure 2 is a timing diagram having cardiac cycles wherein ventricular pacing is

triggered by early activation of the ventricular depolarization in accordance with

embodiments of the invention;

Figure 3 is a flow diagram that illustrates a process for pacing based on early

ventricular activation in accordance with embodiments of the invention;

Figure 4 is a timing diagram that illustrates pacing the synchronized ventricular

chamber in accordance with embodiments of the invention;



Figure 5 is a flow diagram illustrating a process of pacing using an optimized

pacing delay for an LV pace that is initiated by an intrinsic RV depolarization occurring in

an immediately preceding cardiac cycle in accordance with embodiments of the invention;

Figure 6A shows an embodiment of a therapy device that may be used to deliver

pacing therapy in accordance with embodiments of the invention;

Figure 6B illustrates an embodiment of a therapy device for delivering pacing

therapy including a His lead having a His electrode arranged to sense His bundle

depolarizations in accordance with embodiments of the invention; and

Figure 7 is a block diagram depicting various components of a system that maybe

used to deliver pacing therapy in accordance with embodiments of the invention.

While the invention is amenable to various modifications and alternative forms,

specifics thereof have been shown by way of example in the drawings and will be

described in detail below. It is to be understood, however, that the intention 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 OF VARIOUS EMBODIMENTS

In the following description of the illustrated embodiments, references are made to

the accompanying drawings, which form a part hereof, and in which is shown by way of

illustration, various embodiments in which the invention may be practiced. It is to be

understood that other embodiments may be utilized, and structural and functional changes

may be made without departing from the scope of the present invention.

Systems, devices or methods according to the present invention may include one or

more of the features, structures, methods, or combinations thereof described herein below.

For example, a device or system may be implemented to include one or more of the

advantageous features and/or processes described below. It is intended that such device or

system need not include all of the features described herein, but may be implemented to

include selected features that provide for useful structures and/or functionality. Such a

device or system may be implemented to provide a variety of therapeutic or diagnostic

functions.



Mechanical contractions in the heart are triggered by waves of electrical

depolarization that travel through the cardiac tissue. In a healthy heart, a depolarization

wave for each cardiac cycle is initiated at the sinoatrial node and travels through the AV

node, the His bundle, the left and right bundle branches and the Purkinje fibers to cause

contractions of the ventricles. Due to age, disease, damage from myocardial infarction,

and/or other degradation, the pathways and/or tissues involved in conduction of the

depolarization wavefront may become compromised.

Pacemakers deliver electrical pacing pulses to the heart to produce contractions of

the heart chambers in synchrony and at a rate sufficient to meet the patient's metabolic

demand. Pacing therapy involves the implementation of timing intervals between various

events during a cardiac cycle. The timing intervals may be used to control the rate of heart

chamber contractions and/or the synchrony between heart chamber contractions. For

example, for patients whose intrinsic heart rate is too slow, pacing assists the heart in

contracting at a rate that is sufficient to provide blood flow to meet the patient's metabolic

requirements. For patients suffering from heart failure (HF), cardiac pacing may be used

to ensure that the contractions of the heart chambers occur in a timed sequence that

improves heart function.

Pacemakers typically include intracardiac electrodes arranged to be in electrical

contact with the myocardium and configured to sense cardiac depolarization signals and/or

deliver cardiac pacing pulses in a timed sequence during cardiac cycles. For example,

during a cardiac cycle, pacing escape intervals (pacing delays) may be established between

a right or left atrial event and a right or left ventricular pace (AVD) and/or between a

ventricular event in one chamber and a ventricular event in the opposite chamber (IVD).

In applications having bi-atrial sensing and/or pacing capability, a pacing delay may be

established between an atrial event in one chamber and an atrial event in the opposite

chamber (IAD). One or more of the pacing delays may be adjusted to a predetermined

value to enhance the pumping action of the heart. For example, in cardiac

resynchronization pacing, the setting of the AVD and/or the IVD and/or the IAD can have

a significant impact on hemodynamic function. These pacing escape intervals may be set

to promote fusion between the left and right chamber depolarizations and/or to enhance

ventricular preload.



Determining optimal pacing intervals, such as the AVD and/or IVD, may involve

measurement of intrinsic conduction data while the patient is at rest or at a specified

cardiac rate. One technique for determining optimal pacing escape intervals is described

in commonly owned U.S. Patent 7,123,960, which is incorporated herein by reference in

its entirety.

Over time, previously computed optimal pacing delays may become suboptimal

due to changing patient conditions including disease processes, myocardial infarction,

and/or other factors which alter the cardiac response. Even if re-optimization is

performed, pacing may occur using suboptimal pacing delays during periods between the

re-optimization processes Embodiments of the invention are directed to approaches to

maintain optimal cardiac resynchronization pacing on a beat-by-beat basis.

Embodiments of the invention are directed to starting pacing delays for one or

multiple sites in the RV, one or multiple sites in the LV, or both the RV and the LV,

wherein the pacing delays are triggered by early intrinsic activation conducted to the

ventricle from the AV node. Early activation may be detected by a variety of approaches,

including detecting an initial deflection of the QRS complex, denoted Q*, and/or by

detecting an indication of the early activation in a signal sensed at a location proximate to

the His bundle.

A number of HF patients have intact AV conduction with LBBB which results in

ventricular dyssynchrony due to significantly delayed left ventricular contractions. Cardiac

function for these patients can be improved by consistent pacing at one or multiple

ventricular sites to achieve fusion between the left ventricular (LV) paced wavefront and

the intrinsic conduction from the AV node. In some HF patients, it is advantageous to

provide consistent RV pacing at one RV site or multiple RV sites triggered by early

activation of the RV. The pacing delay(s) for the pacing site(s) may be timed to fuse

depolarization wavefronts from multiple RV sites with an intrinsic depolarization. Pacing

to achieve fusion of multiple wavefronts produces a more powerful and/or more

coordinated cardiac contraction.

Some embodiments of the invention are directed to LV and/or RV pacing with

pacing delays timed relative to an early activation signal, e.g., through detection of Q in

the QRS or His bundle sensing. Some embodiments of the invention are directed to



triggered LV pacing using pacing delays based on the timing of a previous intrinsic

depolarization of the RV. The approaches described herein provide for beat-by-beat

adjustment of LV and/or RV pacing delays to avoid periods of suboptimal pacing which

results from using static pacing delays or pacing delays that are optimized periodically.

Figure 1 illustrates suboptimal pacing that arises from the use of a static pacing

delay, e.g., static AVDopt- Figure 1 illustrates an atrial sensing/pacing channel 101, a

ventricular sensing channel 102, and a ventricular pacing channel 103. The three cardiac

cycles illustrated, cycle 1, cycle 2, cycle 3, each begin with an intrinsic or paced atrial

event A1, A , A . For each pacing cycle, an AV pacing delay, AVDoPt, is initiated

responsive to atrial events A1, A2, A3. Pacing pulses Vpl , Vp2, Vp3 are delivered to one or

both ventricles relative to the expiration of the AVDoPt for each cycle. The pacing pulses

Vp 1, Vp2, Vp3 may be delivered to one ventricle, or may be biventricular. If biventricular

pacing is delivered, the right and left ventricular paces may be simultaneous or separated

by an interventricular delay.

Figure 1 illustrates the situation wherein AVDoPt becomes suboptimal over time.

In some embodiments, AVDopt is set to be short enough so that one or both ventricles are

consistently paced. To achieve fusion pacing during a cardiac cycle, the ventricular pacing

pulse must be delivered at a specific instant in time from early activation of the ventricular

depolarization. Cycle 1 represents a cardiac cycle that occurs just after optimization.

During Cycle 1, the value of AVDopt produces a time interval, t l between the early

activation signal V EAI and the ventricular pace Vpl that allows for fusion to occur between

an intrinsic depolarization and the depolarization evoked by the ventricular pace. Over

time, the relative timing of AVDopt and V EA may shift, causing the interval between V EA

and the ventricular pace for the cycle to become longer or shorter. As illustrated in Figure

1, shifts in V EA2 and V EA3 causes t2 and t3 to become longer than t . Changes in the time

interval between the early activations V EA2 , V EA3 and the ventricular paces Vp2, Vp3 in

cycles 2 and 3 can become so great that fusion pacing is precluded. In cycles 2 and 3,

pacing is suboptimal because time intervals t2 and t3 are too long to produce fusion.

Embodiments of the invention are directed to methods and systems configured to

maintain a substantially constant time interval between sensed early activation and the

delivery of the pacing pulse. The substantially constant time interval between the early



activation and pacing is optimized to promote fusion between an intrinsic and paced

depolarization wavefronts. Figure 2 depicts a timing diagram illustrating cardiac cycles

wherein ventricular pacing is triggered by early activation of the ventricular depolarization.

The early activation of the ventricle may be detected by sensing Q* and/or by sensing an

activation at the His bundle, for example. Figure 2 shows ventricular pacing for three

cardiac cycles, cycle 1, cycle 2, cycle 3, beginning with an intrinsic or paced atrial event

A1, A , A . The ventricular pacing pulses Vpl , Vp2, VP3 are delivered independently of the

atrial events A1, A2, A3 and are triggered in response to sensing ventricular early activation

V EAI , V EA2 , V EA3 - The triggered ventricular pacing results in a substantially constant

interval 200 between the early activation V EAI , V EA2 , V EA3 and the ventricular pace Vpl ,

Vp2, VP3beat by beat for each cardiac cycle.

The interval V EA~ V P 200 used for the cardiac cycles can be adjusted to a value

that promotes consistent fusion pacing. As previously described, in some embodiments,

detection of early activation, V EA, occurs when an initial deflection of the ventricular

depolarization Q is sensed. In these embodiments, the V EA Vp 200 interval is the time

interval between Q* and the ventricular pace. In other embodiments, V EA Vp 200

interval is the time interval between a sensed activation at the His Bundle and the

ventricular pace. In either approach, the optimal V EA Vp interval may be determined

based on intrinsic conduction delays. In one example, the optimal V EA~ V P interval is

described by the following equation:

where AVDoPt is a fixed optimal AV delay and AV EA is an interval between an

intrinsic or paced atrial event, A, and the early ventricular activation, V EA-

The AVDopt and AV EA used for computing the pacing interval V EA~ V P may be

determined in an initialization phase. If biventricular pacing use used, the V EA~ V P

interval may be different for LV and RV pacing, e.g., there may be a V EA V PL for left

ventricular pacing and VEA V PL≠

VpR. As a safety feature, if there is no intrinsic activity sensed up to a predetermined AV

delay, then a backup pace to the RV, the LV or both ventricles can be delivered.



Additionally, there may be a minimum interval from atrial event to the ventricular pace

that is allowed to reduce the symptoms of pacemaker syndrome.

Figure 3 is a flow diagram that exemplifies a process for pacing based on early

ventricular activation. The process includes computing V EA~ V P based on the measured

conduction delay (AV EA) between the atrial event, A, and the early ventricular activation,

V EA, and AVDopt- In some embodiments, AVDopt is calculated as a fraction of a measured

intrinsic AV interval (AVI), e.g., the right ventricular AVI, denoted AVI R . In some

embodiments, the AVDopt is calculated as a linear combination of the right AVI

(AVIR)and the intrinsic left AVI (AVIL) .

During the initialization phase 305, various conduction intervals are measured 310,

e.g., AVEA, QRS width, AVIL, AVIR. AVDoPt is determined 320 based on one or more of

the measured conduction intervals and/or empirically measured coefficients. The

measured conduction delays for the AV EA interval and/or the conduction intervals used in

calculation of AVDopt maybe determined using a single measurement of a conduction

interval or may be determined using a combination of multiple measured intervals. The

early activation pacing delay V EA~ V P is calculated 330 based on the AV EA and AVDopt -

Pacing is delivered 335 using the V EA ~ V P delay interval. Early activation of the

ventricle may be determined based on an initial deflection of the QRS complex, or

activation sensed at the His bundle, for example.

Q detection may be based on comparison of the ventricular electrogram to a

preestablished template. In one method, a Q template is established by averaging a

number of initial electrogram waveforms. Q is then established form the average

waveform. Averaging the initial electrogram waveforms can be performed by aligning a

number, M, of QRS complexes having similar morphology at the peak of the R-wave. For

example, M may be a number between about 20 and about 50. The QRS complexes

selected for averaging may be identified by the device or by visual inspection. Various

methods of determining Q from the averaged waveform may be implemented.

For example, the absolute derivative of the average waveform may be calculated

and the results normalized by the maximum derivative. An algorithm in accordance with

one embodiment would then mark the location of the R-wave of the average waveform by

searching for a largest peak.



Another method of identifying Q* involves searching for a flat segment of the

normalized derivative prior to the R-wave. The search may be performed by calculating

the mean and standard deviation (STD) of data points within a fixed-length window that

moves away from the location of R-wave to the left (i.e. earlier than R-wave). The data

related to the flattest segment of the normalized derivative has the minimum standard

deviation over all the data within the window. The window length can be programmed to

values between about 20 to about 100 ms. The algorithm may then set a threshold as the

mean+STD of the flat segment. The algorithm would then start from the flat segment,

examine each data point in the normalized derivative and compare it with the threshold.

The Q* point is established as the first point after which there are no more than M

consecutive data points whose values fall below the threshold. Typically, M is set to be a

number that spans about 2 ms to about 5 ms in time. In one embodiment, the M value has

been set to be equivalent to 4 ms. The location of Q is then identified in the original

averaged waveform.

The Q* template is established as a segment of data from the original averaged

waveform extending for a time T1 prior to the Q* point and a time T following the Q*

point. T1 and T2 can be programmed to fall in a range of about 10 to about 100 ms.

After establishment of the template, subsequent cardiac signals are compared to the

template. The search for a Q* point may begin about 200 ms after the R-wave of the

previous beat (intrinsic) or 300 ms after the pacing pulse of the previous (stimulated) beat.

Each incoming data point in the electrogram and all the past data points within a window

(length=Ti+T2) are cross-correlated with the template to identify Q*. Additional details

regarding Q* detection are described in commonly owned U.S. Patent 6,768,923 which is

incorporated herein by reference.

Activation of the His bundle may be implemented by sensing for the His

depolarization during a His signal sensing window following the atrial event in each

cardiac cycle. The onset and/or duration of the His signal sensing window may be

programmable. In one embodiment, His bundle activation is indicated by detecting a peak

of the His signal.



Upon sensing 340 early activation of the ventricle, the early activation pacing

interval V EA~ VP is initiated 350. Ventricular pacing to one or both ventricles is delivered

360 relative to expiration of the V EA~ VP.

AVDopt may be calculated during the initialization phase based on the measured

conduction delay between an atrial event, A, and the right ventricular activation (AVI R)

and/or the conduction delay between an atrial event and the left ventricular activation,

(AVI L), and/or other conduction delays, e.g., the conduction delay between right and left

ventricular activations.

In some embodiments, AVDopt for a particular patient may be estimated as a

fraction of the AVI R, where the fraction used is based on the width of the patient's intrinsic

QRS waveform. Using this technique, AVDoPt, maybe calculated as follows:

AVDopt= N 1AVI + Knarrow, for patients having a narrow QRS complex; and

AVDopt = N AVI + K de, for patient having a wide QRS complex,

where (KN1,N2< 1 and N2<Ni, and Knarrow and may be empirically determined

constants.

Values for N 1 may be in a range of about 0.6 to about 0.8, and values for N2 may

be in a range of about 0.4 to about 0.6, for example. A narrow QRS complex is one

having a width of less than about 150ms, and a wide QRS complex is on have a width

greater than 150 ms.

In some embodiments, AVDopt for a particular patient may be estimated from

approximated conduction delays in terms of specified coefficients Kn as:

AVDopt= Ki AVL + K 2AVR+ K3

Derivation of the specified coefficients, Kn or Nn for later programming into the

system or for use by a clinician, involves obtaining clinical population data related to

particular values of the measured conduction parameters to an optimum value of the

pacing parameter as determined by concurrent measurement of another parameter

reflective of cardiac function (e.g., maximum dP/dt). A linear regression analysis maybe



performed to derive values of the specified coefficients used in the formula for setting the

pacing parameter, the specified coefficients thus being regression coefficients.

As previously discussed, the techniques for determining AVDopt and/or AV EA as

described herein, may be implemented in a number of different ways. In one

implementation, a system for determining the V EA~ V P pacing interval includes an external

programmer. In an example embodiment, one or more intrinsic conduction parameters, as

measured from electrogram signals generated by the sensing channels of an implantable

cardiac resynchronization device during intrinsic beats, are transmitted to the external

programmer via a wireless telemetry link. The measured conduction data, such as the atrial

event to V EA interval, AV R , AV L, and/or QRS width, may represent averages of values

obtained during a specified number of beats. The external programmer then computes the

optimal V EA~ V P based on a computed AVDopt and measured AV EA - I an automated

system, the external programmer then automatically programs the implantable device with

the computed V EA~ V P interval, while in a semi-automated system the external programmer

presents the computed V EA Vp interval to a clinician in the form of a recommendation.

In another automated application, an automated system may also be made up of the

implantable device alone which collects conduction data, measures AV EA , computes the

AVDopt, and then computes the V EA~ V P accordingly.

In another embodiment, which may be referred to as a manual system, the external

programmer presents the collected intrinsic conduction data to a clinician who then programs

the implantable device with parameters computed from the intrinsic conduction data by, for

example, using a printed lookup table and procedure. Unless otherwise specified, references

to a system for computing or setting pacing parameters throughout this document should be

taken to include any of the automated, semi-automated, or manual systems just described.

Some embodiments of the invention are directed to a process for pacing a

synchronized chamber (left ventricle) using a pacing delay initiated by an intrinsic rate

chamber (right ventricle) depolarization. Typically, the AV nodal conduction is gradual

and does not change significantly within a beat. Based on this assumption, the technique

used in this embodiment can maintain the beat to beat VpL to VsRf interval to be

substantially constant.



Figure 4 is a timing diagram that illustrates pacing the synchronized ventricular

chamber in accordance with embodiments of the invention. The timing diagram illustrates

an initial cardiac cycle initiated by atrial event A o followed by three cardiac pacing cycles,

cycle 1, cycle 2, cycle 3 initiated by atrial events A1, A , A . During cycle 1, the LV pace

Vp1 is delivered following a pacing escape interval RVo-LV1 that is initiated by the right

ventricular sense Vso of the previous cycle. During cycle 2, the LV pace Vp2 is delivered

following a pacing escape interval RV1-LV2. During cycle 3, the LV pace Vp is delivered

following a pacing escape interval RV2-LV3.

Initiating the pacing escape interval RVn 1-LVn from an intrinsic RV depolarization

enhances fusion pacing of the LV during the following beat. The pacing delay RVn 1-LVn

may change on a beat by beat basis or within a certain number of beats that have a change

in cycle length. Initiation of the RVn-1 -LVn pacing delay responsive to the intrinsic RV

depolarization results in beat by beat alterations in the timing of the LV pace. These beat

by beat alterations in the LV pace timing compensate for gradual changes in the timing of

the RV depolarizations so that the Vpn to Vsn intervals 451, 452, 453 in each cycle remains

relatively constant and fusion pacing is maintained.

Figure 5 is a flow diagram illustrating a process of pacing using an optimized

pacing delay for an LV pace (RVn-1 -LVn ) that is initiated by an intrinsic RV

depolarization occurring in an immediately preceding cardiac cycle. During an

initialization stage, the pacing delay RVn-1 -LVn may be initially optimized based on

measured intervals to achieve optimal coordination between intrinsic RV depolarizations

and LV paced depolarizations. In this embodiment, the RVn-1 -LVn interval is initially

optimized using measured atrial interval (A-A) data and intrinsic RV atrioventricular

interval (AVI R) data from one or more cardiac cycles. The A-A interval between a paced

or intrinsic atrial depolarization of a first cardiac cycle and the paced or intrinsic atrial

depolarization of the immediately subsequent cardiac cycle and the AVI R are measured

510 for one or more cardiac cycles. An LV pacing escape interval is calculated 520 based

on the measured A-A interval and the measured AVI R . In one embodiment, the LV pacing

escape interval, RVn-1 -LVn , maybe calculated as follows:

RVn-I-LVn = (A-A)n-1 - (AVIR
11-

I - AVDopt),



where AVDoPt may be calculated as previously described.

The pacing escape interval, RVn 1-LVn , is started 530 relative to sensing an

intrinsic RV depolarization of a first cardiac cycle. On the next cardiac cycle, the LV is

paced 540 relative to expiration of the RVn-1 -LVn interval. AVI R11-1 - AVDoptis a constant

that is determined during initialization and can be periodically re-determined. The RVn-1 -

LVn interval may change on beat by beat basis due at least in part to changes in the A-A

interval.

Figure 6A illustrates an embodiment of a therapy device 600 that may be used to

deliver pacing therapy in accordance with embodiments of the invention. The therapy

device 600 includes a pulse generator 605 electrically and physically coupled to an

intracardiac lead system 610. Portions of the intracardiac lead system 610 are inserted into

the patient's heart.

The intracardiac lead system 610 includes one or more electrodes configured to

sense electrical cardiac activity of the heart and deliver electrical stimulation to the heart.

Additionally, the cardiac electrodes and/or other sensors may be used to sense the patient's

transthoracic impedance, and/or sense other physiological parameters, such as cardiac

chamber pressure or temperature.

Portions of the housing 601 of the pulse generator 605 may optionally serve as one

or multiple can or indifferent electrodes. The housing 601 is illustrated as incorporating a

header 689 that may be configured to facilitate removable attachment between one or more

leads and the housing 601 .

The lead system 610 includes one or more cardiac pace/sense electrodes 651—656

positioned in, on, or about one or more heart chambers for sensing electrical signals from

the patient's heart and/or delivering pacing pulses to the heart. The intracardiac sense/pace

electrodes 651—656, such as those illustrated in Figure 6A, maybe used to sense and/or

pace one or more chambers of the heart, including the left ventricle, the right ventricle, the

left atrium and/or the right atrium. The lead system 610 may include one or more

defibrillation electrodes 641, 642 for delivering defibrillation/cardioversion shocks to the

heart.



The pulse generator 605 includes circuitry, such as filters, amplifiers, digitizers

and/or other signal processing circuitry, used in conjunction with the cardiac electrodes

651-656 for sensing cardiac electrical signals. Various signal features maybe extracted

and/or measured from the sensed cardiac signals, including R-waves, QRS features, and/or

Q* deflections. Pacing controller circuitry disposed within the pulse generator 605 may

incorporate circuitry capable of measuring various intrinsic conduction intervals and other

cardiac intervals such as intrinsic right and/or left atrioventricular intervals, A-A intervals,

V-V intervals, QRS widths, interatrial and/or interventricular conduction delays.

In some embodiments, the pacing controller circuitry is configured to measure and

use intrinsic conduction data to determine optimal pacing delays such as AVDopt, Q*-Vp,

and/or RVn 1-LVn as described in more detail above. In some embodiments, the pulse

generator 605 transfers sensed or derived information relevant to the determination of

pacing delays to a patient-external device (not shown). Following download of the

implantably sensed or derived information, determination of optimal pacing timing delays

may be made by the patient-external device or may be made by a human analyst. The

pacing delays are then transferred to the therapy device 600 and used to control the timing

of pacing pulses delivered to the heart.

Communications circuitry is disposed within the housing 601 for facilitating

communication between the pulse generator 605 and a patient-external device, such as an

external programmer or advanced patient management (APM) system, for example. The

communications circuitry may also facilitate unidirectional or bidirectional communication

with one or more implanted, external, cutaneous, or subcutaneous physiologic or non-

physiologic sensors, patient-input devices and/or information systems.

The lead system 610 and pulse generator 605 may incorporate one or more sensors,

such as a transthoracic impedance sensor and/or an accelerometer which can be used to

acquire information related to the patient's hemodynamic need and/or movement.

Information from these sensors may be used to adapt the rate of pacing to the patient's

level of activity and/or hemodynamic requirements.

Figure 6B illustrates an embodiment of a therapy device 600 that includes a pulse

generator 605 and lead system as in Figure 6A with the addition of a His lead having a His

electrode 650 arranged to sense His bundle depolarizations. The His lead may additionally



incorporate a His ring electrode 649 which provides for bipolar sensing of His bundle

activations. During implantation, the His bundle may be located through tissue impedance

measurements to facilitate placement of the His electrodes 649, 650.

Figure 7 is a block diagram depicting various components of a system that may be

used to deliver pacing therapy in accordance with embodiments of the invention. The

components, functionality, and configurations depicted are intended to provide an

understanding of various features and combinations of features that may be incorporated in

such a system. It is understood that a wide variety of device configurations are contemplated,

ranging from relatively sophisticated to relatively simple designs. As such, particular

configurations may include some components illustrated in Figure 7, while excluding other

components. In certain embodiments, the arrangement of the functional blocks may vary

from the arrangement depicted.

The system illustrated in Figure 7 provides functionality for timing delivery of

pacing pulses based sensed early activation of a heart chamber. In some configurations,

LV pacing delays may be timed from intrinsic RV depolarizations of a prior cardiac cycle.

In some embodiments, the functionality to measure intrinsic conduction and/or optimize

pacing delays is incorporated into an implantable device. In other embodiments, the

functionality may be incorporated in the patient-external programmer. In yet other

embodiments, the functionality may be divided between a patient implantable device and a

patient external device.

The therapy system 700 illustrated in Figure 7 includes a therapy control processor

740 configured to control pacing therapy circuitry 730 to generate pacing stimulations

applied via the cardiac electrodes 725. The therapy control processor 740 may also control

high energy shocks produced by the defibrillation/cardioversion circuitry 735 for treating

tachyarrhythmia.

Cardiac signals are sensed using cardiac electrodes 725. The sensed cardiac signals

are received by sensing circuitry 720, which includes circuitry and for amplifying, filtering

and/or digitizing the cardiac signals signals. The sensed cardiac signals may optionally be

processed by noise reduction circuitry (not shown), which may reduce noise and or

increase the signal to noise ratio (SNR) of the signals before signals are sent to the control

processor 740.



Circuitry 720 may be configured to detect various cardiac signal features, such as

R-waves, A-waves, QRS complexes, Q* deflections, His bundle activations, and/or other

cardiac signal features. Circuitry 720 may also be configured to measure intrinsic

conduction intervals and other cardiac intervals, including intrinsic atrioventricular

intervals (left and/or right), QRS widths, A-A intervals, V-V intervals and/or other cardiac

intervals. Information from circuitry 720 is input to a therapy control processor 740.

Using conduction information from circuitry 720, the optimization circuitry 775 calculates

optimal pacing delays. Pacing interval controller 765 times the optimal pacing delays

which are initiated responsive to specific cardiac events, e.g., Q and/or His bundle

activation.

The therapy control processor 740 may include arrhythmia detection circuitry such

as a signal processor that coordinates analysis of the sensed cardiac signals and/or other

sensor inputs to detect cardiac tachyarrhythmia. Rate based and/or morphological

discrimination algorithms may be implemented by the control processor 740 to detect and

verify the presence and severity of an arrhythmic episode. If arrhythmia is detected, the

therapy control processor 740 may coordinate delivery of an appropriate therapy, such as

anti-tachyarrhythmia pacing therapy (ATP), cardioversion, and/or defibrillation via the

defibrillation/cardioversion circuitry 735 to terminate or mitigate the arrhythmia.

Communications circuitry 750 is coupled to the control processor 740. The

communications circuitry 750 allows communication between devices, such as patient-

external devices 755 and patient-implantable devices. In one configuration, the

communications circuitry 750 and the patient-external device 755 use a wire loop antenna

and a radio frequency telemetric link, as is known in the art, to receive and transmit signals

and data between the patient-external device 755 and communications circuitry 750. In

this manner, programming commands and data may be transferred to the control processor

740 from the patient-external device 755 during and after implant. Using a patient-

external programmer, a physician is able to set or modify various parameters used by the

therapy control processor 740. For example, a physician may set or modify parameters

affecting monitoring, detection, pacing, and defibrillation functions of the therapy control

processor 740.



In certain embodiments, the control processor 740 transmits information for

determination of pacing timing to the patient-external device 755. The information may

include, for example, cardiac electrical signals, markers indicating the timing of certain

features or points, measured characteristics or features of the signals, and/or other

information. The patient-external device 755 may use the transmitted information to

determine pacing timing intervals or may format and display information to facilitate the

determination of pacing delays by a human analyst.

Processes for timing the delivery of pacing pulses based on early activation in

accordance with embodiments of the invention may be implemented by an implantable

device, by a patient-external device, such as a programmer or advanced patient

management system, or by a manually implementable procedure, such as by using a

printed table lookup to compute the optimal values, and/or by any combination of these

techniques.

In one embodiment, the patient-external programmer 755 communicates with the

control processor 740 over a telemetry link and receives either raw electrogram data,

markers corresponding to particular sensed events, and/or measurements of intervals

between sensed events or feature widths as computed by the implantable device. The

external programmer 755 may then compute optimal settings for pacing timing intervals

which are either transmitted to the control processor 740 for immediate reprogramming or

presented to a clinician operating the external programmer as recommendations.

In another embodiment, the external programmer 755 may present the data,

markers, and/or measurements to a human analyst who then programs the control

processor 740 in accordance with an algorithm. In yet a further embodiment,

determination of the pacing timing may be fully automatic and performed by an

implantable therapy device.

Various modifications and additions can be made to the preferred embodiments

discussed hereinabove without departing from the scope of the present invention.

Accordingly, the scope of the present invention should not be limited by the particular

embodiments described above, but should be defined only by the claims set forth below and

equivalents thereof.



CLAIMS

What is claimed is:

1. A method for operating a cardiac pacing device, comprising:

calculating an optimal AV delay based on intrinsic atrioventricular intervals

between an atrial event and a ventricular depolarization for at least one ventricle;

determining an atrial to early ventricular activation interval (AV EA);

calculating an early activation pacing interval for the ventricle by subtracting the

AV EA from the calculated optimal AV delay;

sensing an early activation of the ventricle during a cardiac cycle;

starting the early activation pacing interval for the cardiac cycle responsive to

sensing the early activation; and

delivering pacing to the at least one ventricle for the cardiac cycle relative to

expiration of the early activation pacing interval.

2 . The method of claim 1, wherein determining the AV EA comprises determining an

interval between the atrial event and a start of a ventricular depolarization, Q*.

3. The method of claim 1, wherein determining the AV EA comprises:

sensing a depolarization of the His Bundle; and

determining the interval between the atrial event and the His Bundle

depolarization.

4 . The method of claim 1, wherein the at least one ventricle comprises the right

ventricle.

5 . The method of claim 1, wherein the at least one ventricle comprises the left

ventricle.



6 The method of claim 1, wherein the at least one ventricle comprises a right

ventricle and a left ventricle.

7 . The method of claim 1, wherein:

initiating the early activation pacing interval responsive to sensing early activation

of the ventricle comprises initiating the early activation pacing interval responsive to

sensing early activation of the right or left ventricle; and

pacing the ventricle relative to expiration of the early activation pacing interval

comprises pacing the right and left ventricles relative to expiration of the early activation

pacing interval.

8. The method of claim 7, wherein pacing the right and left ventricles comprises

delivering right and left ventricular paces substantially simultaneously.

9 . The method of claim 7, wherein pacing the right and left ventricles comprises

sequentially delivering right and left ventricular paces separated by an interventricular

delay.

10. A cardiac rhythm management device, comprising:

electrodes electrically coupled to multiple chambers of a heart;

sensing circuitry configured to sense cardiac electrical signals via the electrodes

and to detect cardiac signal features associated with cardiac events;

measurement circuitry coupled to the sense circuitry and configured to measure one

or more cardiac intervals, including an atrioventricular interval (AVI) between an atrial

event and a ventricular depolarization for at least one ventricle and an atrial to early

ventricular activation interval (AV EA) between an atrial event and early activation of a

ventricular depolarization for the ventricle;

optimization circuitry configured to calculate an optimal AV delay based on the

measured atrioventricular intervals and to calculate an early activation pacing interval for

the ventricle by subtracting the measured AV EA from the calculated optimal AVD;



a pacing interval controller configured to start the early activation pacing interval

responsive to sensing early activation of the ventricle; and

pacing therapy circuitry configured to pace the ventricle relative to expiration of

the early activation pacing interval.

11. The device of claim 10, wherein the early ventricular activation interval comprises

an interval between the atrial event and a start of a ventricular depolarization, Q*.

12. The device of claim 10, wherein the early ventricular activation interval comprises

an interval between the atrial event and the His Bundle depolarization.

13. A method of operating a cardiac pacing device, comprising:

measuring an atrial (A-A) interval and an intrinsic atrioventricular interval (AVI)

of a first cardiac cycle;

calculating a pacing escape interval for a synchronized ventricular chamber based

on the measured A-A interval and the measured AVI;

starting the pacing escape interval in response to sensing an intrinsic ventricular

rate chamber depolarization of the first cardiac cycle;

during a second cardiac cycle immediately following the first cardiac cycle, pacing

a ventricular synchronized chamber relative to expiration of the pacing escape interval;

and

for each subsequent cardiac cycle, recalculating the pacing escape interval based at

least on a measured A-A interval from an immediately previous cardiac cycle.

14. The method of claim 13, wherein the rate chamber is a right ventricle and the

synchronized chamber is a left ventricle.

15. The method of claim 13, wherein the rate chamber is a left ventricle and the

synchronized chamber is a right ventricle.



16. The method of claim 13, wherein the pacing escape interval is based on a

difference between the intrinsic atrioventricular interval of the first cardiac cycle and an

optimized synchronized chamber atrioventricular delay.

17. The method of claim 13, wherein the pacing escape interval comprises a difference

between an intrinsic atrioventricular interval of the first cardiac cycle and an optimized

synchronized chamber atrioventricular delay subtracted from the A-A interval of the first

cardiac cycle.

18. A cardiac rhythm management device, comprising:

electrodes electrically coupled to multiple chambers of a heart;

sensing circuitry configured to sense cardiac electrical signals via the electrodes

and to detect cardiac signal features associated with cardiac events;

measurement circuitry coupled to the sense circuitry and configured to measure one

or more cardiac intervals, including intervals between atrial events and atrioventricular

intervals (AVIs) between an atrial event and a ventricular depolarization;

optimization circuitry configured to calculate a pacing escape interval for a

synchronized ventricular chamber based on a measured A-A interval and a measured AVI

for a first cardiac cycle;

a pacing interval controller configured start the pacing escape interval in response

to sensing an intrinsic ventricular rate chamber depolarization of the first cardiac cycle;

pacing therapy circuitry configured to pace a ventricular synchronized chamber

relative to expiration of the pacing escape interval during a second cardiac cycle

immediately following the first cardiac cycle, wherein the optimization circuitry is

configured to recalculate the pacing escape interval for each subsequent cardiac cycle

based at least on a measured A-A interval of an immediately previous cardiac cycle.

19. The device of claim 18, wherein the pacing escape interval is based on a difference

between the intrinsic atrioventricular interval of the first cardiac cycle and an optimized

synchronized chamber atrioventricular delay.



20. The device of claim 18, wherein the pacing escape interval is based on a difference

between an intrinsic atrioventricular interval of the first cardiac cycle and an optimized

synchronized chamber atrioventricular delay subtracted from the A-A interval of the first

cardiac cycle.
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