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SYSTEMS, DEVICES AND METHODS FOR
MONITORING EFFICIENCY OF PACING

Related Patent Documents

This patent document claims the benefit, under 35 U.S.C. § 119(e), of

U.S. Provisional Patent Applications concurrently filed on June 29, 2007 to Qingsheng Zhu

and identified by the following Serial Nos.: 60/947,308 {Endocardial Pacing For

Resynchronizatioή), and 60/947,322 {System And Method For Ventricular Pacing With

Monitoring And Responsiveness To Pacing Effectiveness). This patent document is also a

continuation-in-part of and claims priority under 35 U.S.C. § 120 both to U.S. Patent

Application Serial No. 11/300,61 1, filed December 13, 2005 {Ventricular Pacing) to

Daniel Felipe Ortega et al. (AMED.002PA) and to U.S. Patent Application Serial No.

11/300,242, filed December 13, 2005 {Pacemaker Which Reestablishes Or Keeps The

Physiological Electric Conduction Of The Heart And A Method Of Application) to Daniel

Felipe Ortega et al. (AMED.003PA), which in turn claim priority to Argentine Patent

Application Ser. No. 20040104782, filed December 20, 2004 (A New Pacemaker Which

Reestablishes Or Keeps The Physiological Electric Conduction Of The Heart And A

Method Of Application), to Daniel Felipe Ortega et al. Each of these patents documents is

incorporated by reference in their entirety.

Field Of The Invention

This invention generally relates to systems, devices and methods relating to cardiac

monitoring and treatments such as ventricular pacing. More particular aspects of this

invention specifically concern use of a system, arrangement and method for achieving

mechanically and/or electrically synchronous contractions while pacing of a patient's left

and right ventricles by one or more electrodes residing in the patient's right ventricle.

Background

Pacemakers are perhaps the most well known devices that provide chronic electrical

stimulus, such as cardiac rhythm management. Pacemakers have been implanted for

medical therapy. Other examples of cardiac stimulators include implantable cardiac

defibrillators (ICDs) and implantable devices capable of performing pacing and

defϊbrillating functions. Such implantable devices provide electrical stimulation to selected

portions of the heart in order to treat disorders of cardiac rhythm. An implantable

pacemaker paces the heart with timed pacing pulses. The pacing pulses can be timed from

other pacing pulses or sensed electrical activity. If functioning properly, the pacemaker



makes up for the heart's inability to pace itself at an appropriate rhythm in order to meet

metabolic demand by enforcing a minimum heart rate. Some pacing devices synchronize

pacing pulses delivered to different areas of the heart in order to coordinate the

contractions. Coordinated contractions allow the heart to pump efficiently while providing

sufficient cardiac output. Clinical data has shown that cardiac resynchronization, achieved

through synchronized biventricular pacing, results in a significant improvement in cardiac

function. Cardiac resynchronization therapy improves cardiac function in heart failure

patients. Heart failure patients have reduced autonomic balance, which is associated with

LV (left-ventrical) dysfunction and increased mortality.

Commonly treated conditions relate to the heart beating too fast or too slow. When

the heart beats too slow, a condition referred to as bradycardia, pacing can be used to

increase the intrinsic heart rate. When the heart beats too fast, a condition referred to as

tachycardia, pacing can be used to reduce the intrinsic heart rate by, for example, inhibiting

electrical signals used to generate a contraction of the heart.

When pacing for bradycardia, percutaneously placed pacing electrodes are

commonly positioned in the right-side chambers (right atrium or right ventricle) of the

heart. Access to such chambers is readily available through the superior vena cavity, the

right atrium and then into the right ventricle. Electrode placement in the left ventricle is

normally avoided, where access is not as direct as in right ventricle placement. Moreover,

emboli risk in the left ventricle is greater than in the right ventricle. Emboli which might

develop in the left ventricle by reason of the electrode placement have direct access to the

brain via the aorta from the left ventricle. This presents a significant risk of stroke. Pacing

of both the right atrium and right ventricle was developed. Such dual chamber pacing

resulted in better hemodynamic output than right ventricle-only pacing. In addition to

treating bradycardia, dual chamber pacing maintained synchrony between the chambers.

Recent clinical evidence suggests that conventional ventricular pacing from the

right ventricle creates asynchronous contraction of the left and right ventricles, thereby

resulting in inefficient mechanical contraction and reduced hemodynamic performance.

Long term right ventricular pacing has even been found to be associated with an increased

risk of developing or worsening heart failure.



Summary

The present invention is directed to use of a device and method for overcoming the

above-mentioned challenges and others. The present invention is exemplified in a variety

of implementations and applications, many of which involve tools and methods helpful, or

particularly suited, for certain cardiac conditions advantaged by ventricular pacing, as

exemplified by ventricular pacing of the right and left ventricles from a lead in the right

ventricle and as may be used, among other applications, to facilitate mechanically and/or

electrically synchronous contractions for resynchronization.

Some aspects of the present invention, presented herein as mere examples and

without limitation, are useful for pacing and/or mapping by delivering pulses to a cardiac

site to improve heart function. According to certain aspects of the present invention, an

electrode arrangement is adapted for positioning one or more electrodes along the septum

of a right ventricle of the heart.

Certain aspects involve pacing and/or mapping by delivering pulses to a cardiac site

useful for improving heart function as measured, e.g., by QRS width, fractionation, late LV

activation timing, mechanical synchronicity of free wall and septal wall, effective

throughput/pressure, or a combination thereof.

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

determining a pacing location in the right ventricle of a heart and near the His bundle. A

pacing signal is delivered to the location in the right ventricle. The pacing signal produces

a capture of a left ventricle. Properties of the capture are monitored. Results of the

monitored capture are used to assess the effectiveness of the delivered pacing signal as a

function of heart function. The heart function can be, for example, at least one of a QRS

width, fractionation and a timing of electrical stimulation of a late activation site of a left

ventricle relative to the QRS.

Other aspects of the present invention are directed to a system for determining a

pacing location in a right ventricle of a heart of a patient. A lead delivers a pacing signal to

a pacing location in the right ventricle to produce a capture. A monitoring arrangement

monitors the capture of a left ventricle of the heart. A processor arrangement assesses,

using results from the monitoring of the capture, the effectiveness of the delivered pacing

signal. In specific instances the effectiveness is assesed as a function of at least one of a

QRS width, fractionation, pressure generated by the heart, and timing, relative to the QRS,

of electrical stimulation of a late activation site of a left ventricle.



In another specific embodiment, the electrodes are used to capture the myocardium

for re-synchronization of the left and right ventricles by providing first and second signal

components having opposite polarity on respective electrodes. Placement of the electrodes

is accomplished by adjusting the electrode placement, testing and monitoring the

effectiveness of the placement and selecting the electrode placement in response to the

results of the monitoring.

In specific applications and embodiments, this heart function is measured by QRS

width, fractionation, late LV activation timing, mechanical synchronicity of free wall and

septal wall, effective throughput/pressure, and by any combination thereof.

Other specific applications and aspects, which can be implemented alone or in

combination, include: determining a pacing (voltage) threshold, beyond the capture

threshold, to improve heart function; delivering pulses of opposite polarity to achieve such

heart-function improvement; bi-ventricular pacing from a lead in the right ventricle for

such improved heart function; delivering pulses of opposite polarity at a site near the His

bundle; electrode-based His-pacing, without penetrating the myocardium; generating

and/or delivering multiple pacing profiles, e.g., by iterating through different pacing

profiles, including a pacing profile that delivers pulses of opposite polarity and another

pacing profile; delivering a pacing profile to generate a synchronous contraction of the

septal wall and free wall of the LV from a RV (right-ventricle) pacing location; and

treating one or more of distal LBBB (left bundle branch block) and/or diffuse LBBB by

pacing at a site near the His bundle.

The skilled artisan will appreciate that the His bundle is also known as the

atrioventricular (AV) bundle and previously characterized as an area of heart muscle cells

that provide electrical conduction for transmitting the electrical impulses from an area near

the AV node (located between the atria and the ventricles). In connection with

implementations of the present invention, it has been discovered that certain cells in and

around the His bundle can be manipulated to respond to certain electrical stimulus in

unexpected ways. Some aspects and implementations of the present invention facilitate

modulation of the His bundle to improve the heart condition in unexpected ways.

Implementations of the present invention take a wide variety of forms, e.g., ranging

from devices, systems, methods of using and manufacturing such devices and systems, to

computer-accessible data (computer executable instructions and other input and output

data) useful for implementing such methods, devices and systems. Many of these

implementations involve such tools and steps relating to the above-listed aspects.



As specific examples of other such implementations, the present invention can be

implemented in the form of methods, devices and arrangements of devices for monitoring

cardiac operation and modifying cardiac operation, e.g., for cardiac treatment. In one such

specific example embodiment, one or more of the above aspects involves placement of an

electrode arrangement (including at least one electrode) in a RV of the heart for capturing

the myocardium for re-synchronization of the left and right ventricles. This is achieved by

providing first and second signal components having opposite polarity on respective

electrodes. The contraction of the heart is monitored and used in determining the position

of the electrodes. In more specific embodiments, the electrode arrangement is located in

the sweet spot (locus) for achieving resynchronization, in the septal part of the RV

endocardium. Anodal pacing of one of the electrodes can be used with respect to a

reference voltage in the body of the patient to achieve resynchronization or a synchronous

contraction during pacing of the heart. Polarities may be switched as appropriate (e.g.,

once every few hours) to avoid anodal block (the rise of stimulation thresholds that occurs

after continuous anodal stimulation at the anodal electrode).

In other specific examples, implementations involve pacing from the right ventricle

to treat LBBB, diffuse-distal block characterized by large QRS width (e.g., QRS > 120 ms)

and fractionated ECG (electrocardiograph or electrocardiogram) signals. Consistent

therewith, a specific method involves the use of a pacing profile having opposite-polarity

pulses (relative to body common) delivered for a cardiac capture (defined as the presence

of contractions in the heart in direct response to electrical stimulation signals from an

external source). In various contexts, such a pacing profile is referred to herein as an

"Xstim" pacing profile or simply as Xstim.

According to yet other embodiments, the present invention involves pacing at a

location that is determined as follows. An intrinsic or baseline ECG reading is taken. A

pacing lead is placed in the RV near the bundle of His. A pacing signal is delivered to the

pacing lead. In a specific instance, the pacing signal is an Xstim pacing profile. A pacing

ECG signal is taken. Comparisons are made between one or more of the QRS width,

fractionated QRS and the timing of a late activated region of LV relative to the QRS. The

position of the probe is changed and the pacing and comparison steps are repeated as

necessary. The lead can then be fixed at the appropriate location.

In other embodiments, the present invention involves selection of a pacing profile

and placing a lead in the RV at or near the His bundle to deliver a plurality of pacing



profiles. Heart function is recorded (e.g., using an ECG), and a suitable pacing profile is

then selected for treatment.

As previously indicated, the above-discussed aspects and examples and not to be

treated as limiting the scope or teachings of the disclosure herein. The skilled artisan

would appreciate that, partly based on the various discoveries identified herein, the present

invention can be embodied in many ways including but not limited to the above the above-

discussed aspects and examples.

Brief Description of the Drawings

The present invention may be more completely understood in consideration of a

detailed discussion of various example embodiments, described in accordance with the

present invention, as presented hereinafter in connection with the following figures, each of

which is consistent with the present invention:

FIG. 1 is a schematic cross-sectional view of the heart showing relevant anatomical

features and schematically showing a catheter with pacing electrodes in the right ventricle

and a subcutaneously placed implantable pulse generator;

FIG. 2 is the view of FIG. 1 showing electrodes in contact with a septal wall;

FIG. 2A is a cross-sectional view of an electrode lead showing a mechanism for

attachment of an electrode to a septal wall;

FIG. 3 is the view of FIG. 1 showing an electrode lead formed, in part, from shape

memory alloys for urging electrodes against a septal wall;

FIG. 4 is the view of FIG. 1 showing a further embodiment of an electrode lead for

urging electrodes against a septal wall;

FIG. 5 is the view of FIG. 1 showing electrodes on a septal wall and energized by

wireless transmission;

FIG. 6 is the view of FIG. 5 showing electrodes embedded within the septal wall;

FIG. 7 is the view of FIG. 4 showing the lead of FIG. 4 with multiple electrodes

urged against the septal wall;

FIG. 7A is the view of FIG. 1 showing a conventional active fixation lead with a

helix for attachment of the tip electrode to a septal wall;

FIG. 7B is the view of FIG. 1 showing a shocking electrode;

FIG. 8 is a view, taken in cross-section, of right and left ventricles of a heart

showing the electrodes of FIG. 1 (without showing the lead body) energized to create

electromagnetic fields;



FIG. 9 is the view of FIG. 8 showing the field shifted toward the left ventricle in

response to repositioning of leads;

FIG. 10 is the view of FIG. 8 showing the field distorted toward a free wall of the

left ventricle by influence of an external reference electrode;

FIG. 11 is the view of FIG. 9 with a reference electrode placed within the left

ventricle;

FIG. 12 is the view of FIG. 14 with an external electrode placed on the epicardial

surface of the heart;

FIG. 13 is a view with an external electrode placed within a coronary sinus;

FIG. 14 is the view of FIG. 9 with fields distorted to be biased toward the left

ventricle by the addition of dielectric material on a side of the electrodes of FIG. 9;

FIG. 15 shows a field distorted towards an upper end of the free wall in response to

a reference electrode in a first position;

FIG. 16 is the view of FIG. 15 with a reference electrode switched to a second

position;

FIG. 17 is the view of FIG. 15 with a reference electrode replaced by two polarized

electrodes;

FIG. 18 is a graphical representation of pulsed waveforms to be applied by first and

second electrodes of the various embodiments;

FIG. 18A is a view similar to that of FIG. 18 showing alternative waveforms;

FIG. 18B is a view similar to that of FIG. 18 and showing two electrodes creating

two separate fields to a reference electrode;

FIG. 19 is an electrical schematic for a portion of a pacing output desired in a pulse

generator with programmable pacing configurations;

FIG. 20 is a side elevation view of a patient's head and neck showing application of

the present invention to applying a pacing signal to a vagus nerve;

FIG. 2 1 is a system for determining optimal placement of the electrodes;

FIG. 22 is a view showing the spacing of two electrodes;

FIGS. 23A, 23B, 23C and 23D depict a graphical representation of pulse to be

applied by the electrodes of the various embodiments;

FIG. 24 is diagram of a directable/adjustable catheter-type device useful for

delivering certain pulsed waveforms;

FIGS. 24A, 24B, 24C and 24D depict a graphical representation of pulsed

waveforms to be applied by the electrodes of the various embodiments;



FIG. 25 depicts a system for use in pacing and monitoring in connection with the

various embodiments discussed herein;

FIGs. 26A, 26B, 26C and 26D illustrate example procedures for determining

pacing-lead placement;

FIG. 27 shows a cross-sectional view of a heart and the Hisian and para-hisian

regions, consistent with an embodiment of the present invention;

FIG. 28 shows a cross-sectional view of the heart marked with pacing sites;

FIG. 29 shows pacing site locations on a 3-D depiction of the union of the AV

node, the para-hisian and Hisian regions;

FIG. 30 shows pacing site locations on cross-sectional views of the heart; and

FIG. 31 shows an example circuit for providing various stimulation profiles.

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

various embodiments have been shown by way of example in the drawings and will be

described in detail. It should be understood, however, that the intention is not to limit the

invention to the particular embodiments described. On the contrary, the intention is to

cover all modifications, equivalents, and alternatives falling within the spirit and scope of

the invention.

Detailed Description

The present invention is believed to be applicable to a variety of different types of

devices and approaches, and the invention has been found to be particularly suited for

approaches to pacing of the right and left ventricles from a lead in the right ventricle. In

certain implementations, the invention is used to facilitate mechanically and/or electrically

synchronous contractions for resynchronization (possibly due to conduction abnormalities

such as LBBB) where the left ventricle has regained its ability to rapidly contract and/or to

synchronize contractions of cardiac muscle of the septum and respective free wall(s).

While the present invention is not necessarily limited to such applications, various aspects

of the invention may be appreciated through a discussion of various examples using this

context.

Consistent with specific embodiments and various discoveries realized in

connection with the present invention, heart function can be improved by pacing and/or

mapping by delivering pulses to a cardiac site, where the heart function is indicated or

measured, e.g., by QRS width, fractionation, late LV activation timing, mechanical

synchronicity of free wall and septal wall, effective throughput/pressure, and/or by any

combination thereof. Certain methods and specific aspects consistent with such



embodiments of the present invention concern directing a catheter-type device for

delivering pulses to a cardiac site where the improved heart function involves: determining

a pacing (voltage) threshold, beyond the capture threshold, to improve heart function;

delivering pulses of opposite polarity to achieve such heart-function improvement; bi-

ventricular pacing from a lead in the right ventricle for such improved heart function;

delivering pulses of opposite polarity at a site near the His bundle; electrode-based His-

pacing, without penetrating the myocardium; generating and/or delivering multiple pacing

profiles, e.g., by iterating through different pacing profiles, including a pacing profile that

delivers pulses of opposite polarity and another pacing profile; delivering a pacing profile

to generate a synchronous contraction of the septal wall and free wall of the LV from a RV

(right-ventricle) pacing location; and treating one or more of distal LBBB (left bundle

branch block) and/or diffuse LBBB by pacing at a site near the His bundle.

As a specific example of an unexpected result, it has been discovered that His

bundle pacing and/or para-Hisian pacing can be used to treat patients exhibiting a variety of

cardiac abnormalities previously thought to be unsuitable for His bundle pacing (e.g., large

QRS complexes due to distal left bundle blocks or diffuse left bundle blocks). It has also

been discovered that implantation complexities (e.g., duration and/or invasiveness) can be

beneficially affected by the use of specific devices, systems and placement methods.

Aspects of the present invention are directed to systems, devices and methods for

monitoring, assessing and otherwise facilitating pacing consistent with various

embodiments. More particularly, various aspects involve monitoring effectiveness of

pacing locations or pacing profiles used to establish chronic pacing. Various processing

systems and algorithms can be used to provide feedback relating to heart function and

current pacing attempts. Specific aspects facilitate procedures related to implanting and

configuring a pacing device for chronic pacing. Other aspects allow for assessment (e.g.,

periodic checkups) of already implanted pacing devices.

According to an example embodiment of the present invention, a specialized

stimulation profile is used to capture a synchronous contraction of the left and right

ventricles. The stimulation profile is provided to a lead in the right ventricle. The lead

placement and stimulation profile are selected in response to sensed heart function during

the pacing. In particular, the lead placement and stimulation profile are determined based

upon more than whether the placement/profile results in capture (e.g., QRS width or late

activation site timing). In certain instances, this can result in pacing voltages/profiles not

otherwise believed to be desirable (e.g., voltages derived from criteria other than the



capture threshold and/or His bundle pacing without penetrating the surrounding (fibrous)

tissue with a pacing lead).

The understanding of various implementations of the present invention can be

facilitated with a discussion of existing pacing, implantation and related procedures and

devices. While a substantial number of differences exist between various embodiments of

the present invention and such existing pacing, the present invention does not exclude

implementations that include aspects of existing pacing. Quite to the contrary, aspects of

the present invention are particularly useful for implementing in conjunction with existing

pacing methods and devices. Accordingly, a number of embodiments of the present

invention provide the flexibility to be useful when combined with existing

implementations, some of which are discussed hereafter.

Combined pacing of the right ventricle and right atrium has been performed by

advancing two electrode leads through the superior vena cava into the right atrium. The

first of these terminated at one or more electrodes which were attached to the endocardium

of the atrium. The second lead (also having one or more electrodes) was advanced into the

right ventricle with the electrode attached to the endocardium of the right ventricle.

Such dual chamber pacing was not without complications. The use of two leads

resulted in a doubling of volume of the vasculature (e.g., the superior vena cava and jugular

vein) occupied by such leads. Further, attachment of an electrode to the atrial wall was

unreliable.

The problems of the dual chamber pacing led to the development of so-called

"single pass" leads. Such leads have both the atrial and ventricle electrodes on a common

lead.

An example of a single pass lead, for pacing both the right ventricle and right

atrium, is taught in U.S. Patent. No. 6,230,061 Bl to Hartung issued May 8, 2001. The

lead of the '061 patent is described as a floating lead in that the lead and electrodes are not

attached to the walls of the heart. In one embodiment of the '061 patent (FIG. 4A), two

electrodes in the right atrium pace the right atrium. In a second embodiment (FIG. 4B), an

electrode resides in the right ventricle to add right ventricular pacing. As will be described,

the '061 patent describes an oppositely polarized electrode (which may be exposed on a

subcutaneously placed implantable pulse generator).

It is believed that the design of the '061 patent has not enjoyed great commercial

success. This is believed to be due, at least in part, to the separate development of smaller



profile leads and more reliable atrial attachment techniques. Both of these developments

address the problems of dual chamber pacing otherwise addressed by the '061 patent.

When treating for tachycardia (fast heart rate), electrical pulses are used to disrupt a

contraction of the heart. This may be effective at reducing the heart rate by disrupting the

abnormally fast pulses generated by cardiac dysfunction tissue.

Congestive heart failure (CHF) patients suffer from low left ventricular output.

CHF is an extremely serious and progressive disease. While drug treatments exist, they

may delay but do not stop or reverse the disease.

CHF patients face a progression of a debilitating condition which drastically alters

lifestyle and will ultimately be fatal in the absence of heart transplant. Unfortunately,

many patients do not qualify for such transplants and the available number of donor hearts

is inadequate to treat those who do qualify.

Many CHF patients have low left ventricular output due to a mismatch between

contractile forces produced by muscles of the left and right ventricles' free wall (the

external wall of the left and right ventricles) and the opposing septum (the wall dividing the

right and left ventricles). Ideally, the free wall and septum contract in synchrony during

systole to urge blood through the aortic valve. When out of synchrony, the septal wall may

be contracting while the free wall is relaxed. Instead of urging blood flow, at least a

portion of the contractile energy of the septum is wasted.

The mismatch of free wall and septal contractility is believed to be due to disorders

in the electrical conduction systems of the heart. This conduction system includes the A-V

node (heart tissue between the atria and the ventricles that conducts contractile impulses

from the atria to the ventricles), the bundle of His and the Purkinje fibers.

Located at the upper end of the septum, the sinus node creates the synchronized

neuraly-mediated signal for cardiac pacing. These signals are conducted by the specialized

fibers comprising the A-V node and the bundle of His (extending along the length of the

septum) and further conducted to the muscle of the heart through the Purkinje fibers. The

Purkinje fibers originate in the septum and extend through the apex of the heart and to the

exterior walls of the heart including into and up the free wall of the left and right ventricles.

In a healthy heart, the signal flow from the A-V node to the free wall of the left and

right ventricles is rapid to ensure the free wall and septum contract in synchrony. For

example, a stimulating signal may flow to the free wall in about 70 - 90 milliseconds. In

patients with conduction abnormalities, this timing may be significantly delayed (to 150

milliseconds or more) resulting in asynchronous contraction.



In some patients, the conduction path through the Purkinje fibers may be blocked.

The location of the block may be highly localized (as in the case of so-called "left bundle

branch block" or LBBB) or may include an enlarged area of dysfunctional tissue (which

can result from infarction). In such cases, all or a portion of the free wall of the left and/or

right ventricles is flaccid while the septum is contracting. In addition to contributing to

asynchronous contraction, the contraction force of the free wall is weakened.

To address asynchronous contraction, CHF patients can be treated with cardiac

pacing of the left ventricle. Such pacing includes applying a stimulus to the septal muscles

in synchrony with stimulation applied to the muscles of the free wall of the left ventricle.

While infracted tissue will not respond to such stimulus, non-infracted tissue will contract

thereby heightening the output of the left ventricle by re-synchronizing the contraction.

Accordingly, treatment of CHF is often directed re-synchronization of the myocardium,

whereas other ventricular pacing solutions, such as tachycardia and bradycardia, treat heart

rate issues.

The prior art has developed various techniques for accomplishing left ventricle

stimulation. For various reasons the techniques may not be ideal. For example, such

pacing may result in wide QRS complexes or emboli formation. Thus, endocardial-

positioned electrodes in the left ventricle are avoided. However, electrodes can be placed

on the epicardial surface of the heart through surgical placement. The epicardial electrodes

are positioned on the free wall of the left ventricle and are paced in synchrony with

electrodes placed near the septum in the right ventricle.

Since epicardial electrodes require a surgical placement, the patient is subjected to

two procedures: percutaneous placement of right ventricle electrodes (normally performed

in a catheter lab by an electrophysiologist); and surgical placement of epicardial electrodes

on the left ventricle (normally placed by a cardiac surgeon in a surgical suite). Such dual

procedures are a burden on medical resources.

Percutaneous procedures have been developed for placement of an electrode to

stimulate the free wall of the left ventricle. In such a procedure, an electrode lead is

advanced through the coronary sinus. Part of the venous system, the coronary sinus

extends from the right atrium and wraps around the heart on or near the epicardial surface

and partially overlies the left ventricle free wall. In this percutaneous procedure, the

electrode remains positioned in the coronary sinus overlying the left ventricle free wall

with the lead passing through the coronary sinus and through the right atrium to the

implantable pulse generator.



Unfortunately, a coronary sinus electrode is frequently less than optimal. The

portion of the free wall most directly influenced by the electrode is the tissue directly

underlying the coronary vein at the location of the electrode. For many patients, this may

not be the location of the free wall that benefits the most from a stimulating therapy.

Accordingly, the resulting therapy is sub-optimal. Also, some patients may have an

extremely small-diameter coronary sinus or the coronary sinus may have such a tortuous

shape that percutaneous positioning of an electrode within the coronary sinus is impossible

or very difficult. Not uncommonly, advancing a lead from the right atrium into the

coronary sinus is extremely time-consuming. Even if successful, such a procedure

consumes significant health care resources (including precious catheter lab time). Finally,

there are now up to three leads passing through and occupying the space of the superior

vena cava (i.e., leads for the electrodes in the right ventricle, right atrium and the coronary

sinus). U.S. patent application Publ. No. 2005/0125041 published June 9, 2005 shows (in

FIG. 1 thereof) three leads passing through a superior vena cava with one lead residing in

the right atrium, one in the right ventricle and one passing through the coronary sinus to the

left ventricle.

Attempts at pacing the left ventricle by pacing stimulation in the right ventricle

have been suggested. U.S. Pat. No. 6,643,546 B2 to Mathis et al. dated November 4, 2003

describes a lead with an array of electrodes along its length. The lead is placed in the right

atrium and extended through the right ventricle, along the septal wall, and into the

pulmonary artery. The concept requires that multiple electrodes from the array be pulsed

simultaneously at significantly high voltages to produce an adequate electrical field to

stimulate the LV septum. The current output from the pulse generator and battery will be

very high due to the multiplicity of electrodes and high pacing voltages. Such high output

will cause a clinically unacceptable product lifespan and may facilitate electrode corrosion

and/or dissolution issues. Since a large number of electrodes and supporting electronics are

needed to implement such a therapy delivery mechanism, it is not known yet whether it is

practically feasible, not to mention that it is very complicated both in terms of device

design/manufacturing as well as clinical practice. No published reports known to this date

have demonstrated the functional as well as clinical benefits for this multiple electrode

stimulation approach in the right ventricle.

As will be described with reference to one embodiment, the present invention is

directed to a left ventricle pacing system and method which does not require epicardial

pacing electrodes or pacing electrodes in a coronary sinus or a coronary vein. As will be



described, the present invention includes electrodes in the right ventricle near the septal

wall. These electrodes create a pulsed electrical field which stimulates both the septum and

at least a portion of the free wall of the left and right ventricles. The present invention

achieves these objectives without requiring excessive energy demands or power

consumption.

Generally, the aspects of the present invention are directed to a method and

apparatus for providing right-ventricle stimulation to re-synchronize a contraction of the

musculature of the septum and free wall of the left and right ventricles to create

coordinated contraction of the septum and free wall. Careful placement of the stimulating

electrodes in the right ventricle is used to produce synchronous contractions of the left and

right ventricles. In a particular instance, the right ventricle may be captured along with re-

synchronization of the left and right ventricles from a single stimulus point or while

maintaining the synchrony of the activation and contraction of the left and right ventricles

(in the case that the patient required pacing and did not have an asynchronous contraction

without pacing). Using various embodiments of the present invention, patients that have an

asynchronous contraction of the heart (either the left or the right ventricles or both) can be

resynchronized.

In another instance, pacing for patients having bradycardia, tachycardia or other

rhythm management, may be improved by improving upon the asynchronous contraction

that often occurs due to the electrical impulse artificially introduced that is not propagating

through the normal conduction system of the heart (His-Purkinje system).

Consistent with embodiments and applications of the present invention, an

electrode is carefully placed at the His bundle site ("His Pacing") by screwing in the

electrode to get into or beside the bundle itself or by positioning the electrode at a site

where the bundle gets to the endocardial surface (denoted supra as EN). Previous His-

pacing efforts (to maintain synchronous contractions that would be otherwise lost due to

conventional RV pacing for rate support) have been very burdensome largely because

finding this very small region in the right ventricle has been very difficult, and the effort is

generally time-consuming, expensive and extremely complex even with modern tools and

imaging techniques. Further complicating such procedures is the lack of knowledge

regarding the long-term stability of placing a lead in this location. Pacing the distal

segment of the His bundle has also been shown to remove left bundle block (LBBB) in

patients with a proximal lesion of the bundle. His pacing, however, is currently

contraindicated in patients with a distal lesion of the His bundle or with an intraventricular



conduction defect (IVCD), in patients with diffuse peripheral block (at the distal His or

diffuse in the Pukinje fibers), and in patients with advanced HF (NYHA class II to IV) and

conduction defects. Accordingly, His pacing is used only in a very small subset (<0.01%)

of the patients that require ventricular pacing for either Sick Sinus Syndrome, AV block or

other Bradyarrhythmia indications by an extremely small group of physicians.

It has also been discovered that correct placement of the stimulating electrodes

along the septum can sometimes allow for re-synchronization of contractions of left-

ventricle myocardium using relatively low voltages and may also result in improved QRS

width, reduced fractionation, and/or improved timing of a late-activation site in the LV. It

has also been discovered that the region in the septum where this effect takes place is larger

and easier to find when particular methods are used. One such method includes the use of

a waveform herein referred to as an Xstim waveform, where two pulses of opposite

polarity are applied. The Xstim waveform, generally speaking, is the application of the

two pulses of opposite polarity at the same time, or nearly the same time, such that both

pulses are associated with the same capture (beat) of the heart.

In many patients the pacing region is located near the location where the His bundle

passes close to the endocardial surface of the right ventricle. But in patients with more

diffuse block and heart failure, it may move down in the septum towards the apex of the

right ventricle. It has also been discovered that careful selection of the waveform may

allow for effective pacing using lower voltages, thereby simplifying the design of the

output circuits in the pacemaker and the delivery electrodes. It has further been discovered

that the desired pacing effect can also be achieved by a single pulse of sufficient amplitude,

usually much higher than the amplitude required by the Xstim waveform, and therefore

presenting a much higher risk of diaphragmatic and/or phrenic nerve stimulation. It has

further been discovered that the amplitude required to achieve the effect is more often

lower when that pulse is of anodal nature versus a negative pulse (referenced to the body).

In one embodiment, each electrode may be selectively and independently used to

stimulate a synchronous contraction. The voltages for each electrode are varied to

determine the voltage threshold necessary to produce ventricular capture. In various

implementations, discussed in more detail hereafter, the voltage threshold can be

determined using criteria other than (or in addition to) whether ventricular capture is

produced (e.g., improved heart function). Low average stimulation voltage and current

may be obtained by selecting the electrode that has the lowest effect threshold (effect refers



to resynchronization effect or to maintaining synchrony of the contraction during pacing

effect).

In connection with the various drawing figures and relevant discussions, the

following disclosures are incorporated herein by reference in their entirety: U.S. Patent

Nos. 6,230,061 Bl to Hartung issued May 8, 2001, for details of a cardiac pacemaker with

localization of the stimulating pulses and U.S. Patent No. 6,907,285 to Denker, et al., dated

June 14, 2004, for details of a wireless defibrillation system; U.S. patent application Publ.

No. 2004/0153127 published August 5, 2004 for details related to the use of a

microstimulator in the proximity of at least one anatomical structure to produce muscular

contractions; U.S. Pat. No. 6,643,546 B2 to Mathis et al. dated November 4, 2003, for

details related to the treatment of congestive heart failure.

As mentioned above, aspects of the present invention are directed to improving

heart function as indicated by one or more of several measurable characteristics. The

discussion and illustrations presented in connection with FIGs. 21-50 provide examples and

related results for one or more of these and other aspects of the present invention. These

aspects can be implemented in various combinations. To fully appreciate some of these

aspects and the related discoveries, the following discussion of FIGs. 1-20 presents related

discussion as well as various features that are optional to other embodiments, such as those

illustrated and discussed in connection with FIGs. 21-50.

The present invention may be practiced with currently commercially available

electrode leads and can also be enhanced with specially designed leads. FIG. 1 illustrates

the invention in practice with one such lead. As is the conventional usage for referencing

relative direction, the terms "left" and "right" are used herein with reference to the patient's

perspective. The terms "upper" and "lower" and similar terms such as "up" or "down" are

used with reference to the base B of the heart being high and the apex A of the heart H

being a lower end.

In connection with various embodiment of the present invention, FIG. 1 illustrates

approaches for pacing of the right and left ventricles from a lead in the right ventricle in a

manner consistent with the above discussed aspects. As one such example, with Xstim

pacing profiles being delivered on electrodes E1 and E2, heart function can be improved by

pacing and/or mapping to delivering such pulses to a cardiac site. Such pacing/mapping

can also be used to determine a pacing (voltage) threshold, beyond the capture threshold, to

improve the heart's function. Such an approach can also be used to provide bi-ventricular

pacing from a lead in the right ventricle for such improved heart function.



In FIG. 1, a patient's heart H is schematically shown in cross-section. The heart H

includes the upper chambers of the right atrium RA and left atrium LA. The lower

chambers are the right ventricle RV and left ventricle LV. Of the various venous vessels

opening into the right atrium RA, only the superior vena cava SVC is shown. Also, of the

various heart valves, only the mitral valve MV (separating the left atrium LA from the left

ventricle LV) and the tricuspid valve TV (separating the right atrium RA from the right

ventricle RV) are shown. The septum S separates the right and left ventricles RV, LV and

the free wall FW of the left ventricle LV is separately labeled. The surface of the heart

wall tissue opposing the chambers is the endocardium and is labeled as EN. The exterior

surface of the heart is the epicardium and is labeled EP. Not shown are coronary vessels

of the heart or the pericardium surrounding the heart H.

As a specific embodiment, FIG. 1 includes an electrode lead in an embodiment

where signals are delivered via a dual (inner and outer) sheath catheter and shown as

having a lead body LB1 and exposed electrodes E1 and E2. The first electrode E1 is

positioned near the distal tip of the lead body LB1. The second electrode E is positioned

more proximally on the lead body LB1. At the distal end, an attachment mechanism AM

(such as a passive fixation design with tines or an active fixation design with a metallic

helix) is shown for securing the first electrode E1 to the musculature of the heart H. The

spacing of electrodes E1, E2 could be greater or smaller than that of convention pacing

electrodes permitting positioning of the first electrode E1at the apex of the right ventricle

RV and the second electrode E2 in the right ventricle RV near the tricuspid valve TV. It is

noted that conventional leads with convention spacing have been used with the first or

distal electrode attached to the septum (e.g., by a helix attachment HA as shown in FIG.

7A).

According to various embodiments of the present invention, the position of

electrodes E1 and E2 is determined by monitoring and analyzing the effectiveness of the

pacing. In one example, an electrocardiogram (ECG) is used to monitor the cardiac

waveform. The electrode position may be incrementally adjusted and the feedback from

the ECG can be compared for each position. In a specific example, the QRS width is used

in such a comparison. Another parameter that may be considered includes the angle of the

vectocardiogram. For example, the analysis of the vectocardiogram may be viewed in

terms of normalization of the vectocardiogram. For further information on

vectocardiographic measurements and normalization, reference can be made to, Sotobata I,

Okumura M, Ishikawa H, Yamauchi K.; Population distribution of Frank-



vectorcardiographic measurements of healthy Japanese men. Jpn Circ J . 1975 Aug;

39(8):895-903, which is fully incorporated herein by reference. In another example, the

efficiency of the contraction can be ascertained by monitoring the synchrony of the

contraction using two-dimensional echocardiography. In still another example, the

efficiency of the contraction can be ascertained by monitoring the coronary sinus

electrogram to determine the time delay that the activation wave front has between the

pacing stimuli (or the resulting QRS complex) until a left ventricular activation is detected

at the coronary sinus or any other (late activation) structure of the left ventricle. This may

be accomplished using an electrophysiology-style catheter or any other catheter with one or

more electrodes close to its tip. In one instance, the goal is to minimize the time delay.

In one embodiment, the lead body LB1 is flexible and includes a bio-compatible,

electrically insulating coating surrounding first and second conductors C1, C2 separately

connected to the first and second electrodes E1, E2. In the various Figures, the lead bodies

are broken at a line at the SVC to reveal the internal conductors C1, C2 extending to an

implantable pulse generator IPG. In fact, the conductors C1, C2 are contained within the

material of the lead body LB1 along their length. The term "implantable pulse generator

IPG" is intended to include pacemakers, implantable converter defibrillators (ICD) and

cardiac resynchronization therapies (CRT), all known in the art.

The proximal end of the lead body terminates at a pin connector (not shown) as is

customary. The pin connector has exposed electrical contacts uniquely connected to each

of the conductors C1, C2. The pin connector may be connected to the pulse generator IPG

so as to be releasable and with the exposed contacts making electrical connection with

unique contacts of the circuitry of the pulse generator IPG.

It will be appreciated that the prior art contains numerous examples of cardiac leads

for placement in a chamber of the heart where the leads have, as described above, two or

more electrodes spaced along a length of the lead, attachment mechanisms such as passive

or active fixation and conductors and connector pins as described. The current invention is

not limited to pacing leads only, but rather is equally deployable with prior art ICD leads

where it is customary to contain at least two electrodes in the RV. Such leads are selected

of biocompatible material and treated (such as sterilized) for chronic placement in the

patient.

The implantable pulse generator IPG is a small metallic container sealed for

implantation in the patient and protecting internal circuitry. Commonly, such pulse

generators are placed subcutaneously {e.g., in a dissected space between the skin and



muscle layers of the patient). For cardiac pacing, such pulse generators are positioned in

the upper chest on either the left or right front side of the patient near a shoulder. However,

placement need not be so restricted and such pulse generators could be placed in any

convenient location selected by the physician.

Pulse generators contain internal circuitry for creating electrical impulses which are

applied to the electrodes after the lead is connected to the pulse generator. Also, such

circuitry may include sensing and amplification circuitry so that electrodes E1, E2 may be

used as sensing electrodes to sense and have the IPG report on the patient's

electrophysiology.

The lead may be introduced to the vasculature through a small incision and

advanced through the vasculature and into the right atrium RA and right ventricle to the

position shown in FIG. 1. Such advancement typically occurs in an electrophysiology lab

where the advancement of the lead can be visualized through fluoroscopy.

The pulse generator contains a battery as a power supply. With subcutaneous

placement, replacement of a battery is possible. However, improvements in battery designs

have resulted in longer-lasting batteries with the benefit of reducing the frequency of

battery replacement. Alternatively, such batteries may be rechargeable in situ.

The pulse generator circuitry controls the parameters of the signals coupled to the

electrodes E1, E2. These parameters can include pulse amplitude, timing, and pulse

duration by way of example. The internal circuitry further includes circuit logic permitting

reprogramming of the pulse generator to permit a physician to alter pacing parameters to

suit the need of a particular patient. Such programming can be affected by inputting

programming instructions to the pulse generator via wireless transmission from an external

programmer. Pulse generators commonly include an exposed contact on the exterior of the

generator housing. Such pulse generators may also be partially covered with an insulator,

such as silicone, with a window formed in the insulator to expose a portion of the metallic

housing which functions as a return electrode in so-called unipolar pacing. In bipolar

pacing, the window is not necessary. Most commonly, the electrode is connected by the

circuitry of the housing to an electrical ground.

While an implantable pulse generator is described in one embodiment, the pulse

generator may be external and coupled to the electrodes by percutaneous leads or wireless

transmission. For example, a control of an implanted electrode is known for phrenic nerve

stimulation and is described more fully in a product brochure, "ATROSTIM PHRENIC

NERVE STIMULATOR", AtroTech Oy, P.O. Box 28, FIN-33721, Tampere, Finland (June



2004). The Atrostim device sends signals from an external controller to an implanted

antenna.

External pacing devices are typically used for providing temporary pacing therapy.

Aspects of the current invention are also believed to have advantages for this application as

critically-ill patients requiring emergency, temporary pacing may also suffer further from

asynchronous cardiac contraction associated with conventional RV pacing. If desired, an

external unit can be used to test a patient's suitability for the treatment. Patients who

benefit from the therapy can then receive an implantable pulse generator for longer-term

use.

FIG. 2 illustrates a lead body LB2 in the right ventricle RV with the electrodes E1,

E directly placed on the septal wall S and held in place against the septal wall through any

suitable means. For example, FIG. 2A illustrates one embodiment for attachment of an

electrode against the septal wall. The lead body LB2 is shown as having an internal lumen

LU with a port PO near an electrode (e.g., electrode E2). Any suitable attachment

mechanism (such as a pigtail guide wire or an injected bio-adhesive) can be passed through

the lumen LU and port PO to fix the electrode E2 in abutment against the septal wall S.

Further, a guide catheter could also be used in moving the implantable lead to assist in the

mapping of the optimal location of the septum.

FIG. 3 illustrates the electrodes E1, E2 against the septal wall S but without

requiring an attachment mechanism. Instead, an intermediate region (IR) of the lead body

LB3 is formed of shaped memory material (such as nitinol) to assume an S-shaped

configuration and urge the electrodes E1, E2 against the septal wall S.

In FIG. 4, the lead body LB4 has two components LB , LBb joined by an

intermediate section IS which may be formed of any elastomeric material (such as a shaped

memory material). The intermediate section (IS) is biased to urge the two components

LBa, LBb into collinear alignment. With the intermediate section IS placed against the

apex of the right ventricle (RV), the bias of the intermediate section IS urges the electrodes

E1, E against the septal wall S.

FIG. 5 illustrates the electrodes E1, E2 individually placed on the septal wall S and

not retained on a lead body. In such an embodiment, the electrodes E1, E may be

energized in a pacing waveform by wireless transmission signals T1, T2 from the

implantable pulse generator (IPG). Wireless transmission from a controller to an electrode

is shown in U.S. Patent No. 6,907,285 to Denker, et al, dated June 14, 2004, Alternatively,

the electrodes E1, E2 may be directly imbedded as microstimulators into the tissue of the



septal wall S as illustrated in FIG. 6. Microstimulators for implantation into human tissue

are shown in U.S. patent application Publ. No. 2004/0153127 published August 5, 2004.

In a context similar to that discussed above, FIGS. 1-20 illustrate aspects of the

present invention similar to that discussed above in connection with FIG. 1 where certain

of these figures show common characteristics. FIGS. 1, 7B and 8 illustrate example leads

and the associated electrical fields with both electrodes residing within the right ventricle

with the distal electrode secured to the apex of the right ventricle, with FIG. 8 showing the

ventricles RV, LV and a portion of the lead body LB1. While such bipolar leads are

acceptable for use with the present invention, a wider spacing between electrodes E1, E2

can increase the field but can sacrifice some sensing capability. This trade-off can be

mitigated by use of a three-electrode lead in the right ventricle RV. Such a lead would

have a tip electrode and two ring electrodes, one located near the tip in the RV apex and

one in the high part of the atrium, near the tricuspid valve. The sensing is performed

between the tip and closer electrode. This will provide good so-called "near field" sensing

and avoid so-called "far field" sensing of the atrium or skeletal muscles activity. The

pacing could be between the ring electrodes to the return electrode located distally to the

heart (as will be described). One could also combine the tip and nearest ring as one

electrode to the return electrode and the other ring electrode to the return electrode at the

opposite polarity. In a particular embodiment, a ring with a width of 4mm is separated by a

distance of 4mm from a tip with a width of 4mm.

Another characteristic is the pulse generator IPG which is common to FIGs. l-7b.

The pulse generator IPG generates a first and a second pulsed waveform W1, W2 applied,

respectively, to the first and second electrodes E1, E2. FIG. 18 shows such waveforms W1,

W of depicting signals generated by this illustrated IPG. By way of example, and not

intended to be limiting, the pulse duration (PD) is between about 0.1 to 2.0 milliseconds,

the amplitude A may be 0.1 Volts to 10 or 20 Volts and the time delay TD between pulses

is a targeting heart rate (e.g., 50 to 200 beats per minute).

The arrangements shown in FIGs. 1-1 8B show examples of electrode placements

(e.g., electrode E1) at various positions along or near the septal wall. In FIG. 7A, for

example, the first electrode E1 is attached to the mid- or upper-septum.

The reference electrode RE, used in some but not all such embodiments of the

present invention, is on the housing of the IPG and positioned subcutaneously near the

right or left shoulder. The re-direction of the field may also be useful in decreasing

defibrillation thresholds for arrangement similar to that shown in FIG. 7B. In FIG. 7B



large segmented (for flexibility) electrodes E2, E3 are shown in the superior vena cava SVC

near the atrium RA and in the right ventricle to serve as shocking electrodes to defibrillate

a patient.

Another characteristic relating to the above-discussed aspects for improved heart

function concerns placement of the electrodes to effectively stimulate the septal wall. As

an illustrated example of such placement, FIG. 9 shows field lines useful for such

stimulation and resulting from movement of the electrodes E1, E2 from the interior of the

right ventricle RV (FIGS. 1 and 8) to the septal wall S. Such movement shifts the field

lines toward both the septal wall S and the free wall FW of the left ventricle LV.

Certain of the embodiments that use a reference electrode RE in combination with

the electrodes E1, E2 in the right ventricle, provide effective pacing of the left and right

ventricles LV. Although the physics and physiology of the mechanism of action are not

fully understood, it may be that the reference electrode RE distorts the electromagnetic

field otherwise created between the right ventricle electrodes E1, E2 to urge an intensity of

the electromagnetic field deeper into the septal wall S of the left ventricle LV. This may be

due to creation of a third high current density spot (or spots) away from the two electrodes

in the wall and towards the reference electrode at the point where the current flows

between the electrode E1and the reference electrode RE and between the electrode E2and

the reference electrode RE while coinciding in space and time. This is illustrated, for

example, in FIG. 10. Assuming such a phenomenon occurs, it may facilitate the activation

of the surviving conduction fibers in the Left Bundle Branch and Right Bundle Branch of

His and Purkiηje fibers and create a more rapid and uniform activation of the left and right

ventricles that follows a similar pattern to the normal activation present in patients without

conduction defects.

The reference electrode may be physically attached to the housing of the

implantable pulse generator IPG (and thereby having a neutral charge). Such an electrode

RE is shown in FIGS. 1 - 7B. It will be appreciated that the reference electrode RE can be

connected to the implantable pulse generator IPG by a conductor. The reference electrode

could be another common electrode that exists in the conventional pacing or ICD system,

such as an electrode in the atrium or a defibrillation coil electrode situated in the SVC, RA

or RV.

As shown in FIG. 10, the consequence of the reference electrode RE may have a

deforming effect on the electromagnetic field generated between the first and second

electrodes E1, E . This is illustrated in FIG. 10 by distorting the left field lines LFL toward



the septal wall S and free wall FW of the left ventricle LV. Also, the right field lined

(RFL) are compressed toward the axis FA to alter the field from the symmetric presentation

of FIGS. 8 and 9 to the asymmetric presentation of FIG. 10 with the field biased toward the

septal wall S and the free wall FW of the left ventricle LV.

It has also been found that within energy levels associated with available

implantable pulse generators (in some instances up to 10 or 20 volts), effective activation

of the left and right ventricles LV can be achieved with appropriate placement of the

pacing leads.

Chronic pacing with an anodal electrode is believed to create an exit (anodal) block,

meaning that the capture thresholds of the cardiac tissue may go beyond the voltage range

of the pulse generator. When this happens the beneficial effect of the stimulation is lost.

Since capture is often lost, the patient's life may be placed at risk by such an event.

According to one embodiment of the present invention, the polarity of the charged

pulses seen at electrodes E1 and E2 may be alternated. This can be particularly useful for

avoidance of anodal blocking (gradual rising of the threshold voltage necessary to capture

and re-synchronize the myocardium). Such polarity swapping may be implemented using a

suitable periodicity. In a particular example, the polarity of the electrodes is switched after

several hours of operation. In another example, this polarity is alternated beat by beat, so

that the net charge delivered to the tissue over two beats would be zero. The frequency of

alternation could be varied in a very wide range and still accomplish the goal of balancing

the charge delivered, to allow for the net charge delivered on average to be near zero. This

can be useful for avoiding the issue of anodal block and minimizing the risk of electrode

dissolution and/or corrosion.

It has been discovered that in some instances proper placement of the lead along the

septum produces unexpectedly small QRS widths. Moreover, proper placement may also

result in lower voltage thresholds. The optimal lead location can be determined with the

assistance of the surface ECG parameters (e.g., QRS width and/or activation vectors).

The positioning of the reference electrode RE may be directly on the housing of the

implantable pulse generator IPG or may be separate from the internal pulse generator as

previously mentioned. In one instance, the reference electrode RE can be placed in the left

ventricle (FIG. 11) (or in the tissue of the free wall FW as shown in phantom lines in FIG.

11), on the epicardial surface EP (FIG. 12) or in the coronary sinus CS (FIG. 13).

Positioning the reference electrode RE relative to the heart can affect the distortion

of the field in the area of the left ventricle free wall FW subject to pacing. Particularly for



a subcutaneously placed reference electrode (which is preferred to minimize the invasive

nature of the procedure), the electrical conduction path from the right ventricle RV to the

reference electrode will vary considerably between patients.

Also, the direction of field distortion may alter the region of the left ventricle LV

subject to pacing. For example, FIG. 15 illustrates the reference electrode RE1placed high

relative to the heart, resulting in a distortion of the field toward the upper end of the left

ventricle septum and free wall FW. FIG. 16 illustrates placement of a reference electrode

RE2 lower relative to the heart and to deflect the intensity of the field toward the lower end

of the left ventricle septum and free wall FW.

While the reference electrode could be a single electrode, multiple

electrodes could be provided for subcutaneous placement and each connected by a switch

circuitry SW of the implantable pulse generator as illustrated in FIGS. 15 and 16. The

patient's response can be noted with each of the several reference electrodes RE1, RE

separately connected to the ground or housing of the implantable pulse generator. The

patient can then be treated with the electrode showing the most effectiveness for the

particular patient. Further, over time, a patient's response may change and the implantable

pulse generator can be reprogrammed to select any one of the other reference electrodes as

the switched electrode.

In addition, the catheter LB within the right ventricle can have multiple electrodes

along its length (as shown in FIG. 7). Individual pairs of these electrodes E1 - E4 can be

switched on or off over time so that the appropriate pair of electrodes within the right

ventricle is selected for optimized left ventricular pacing.

FIG. 14 illustrates how the field can also be distorted by dielectric material DM

placed on a side of the electrodes E1, E2 opposite the septal wall S. The dielectric material

DM result in a distortion of the electrical field biasing the left field lines LFL toward the

septal wall S and the free wall FW. Of course, this configuration will work even better with

a reference electrode which will enhance the benefit.

While positioning of the electrodes E1, E2 within the volume of the right ventricle

RV is effective in combination with a reference electrode RE (FIG. 10), movement of the

electrodes E1, E2 directly against the septal wall S may further enhance the therapeutic

benefit of the present invention for reasons described above. Various techniques for

movement of the electrodes Ei, E against the septal wall S are disclosed.

In various embodiments, the reference electrode is grounded to the housing of the

implantable pulse generator. FIG. 17 illustrates an alternative embodiment where the



reference electrode includes two active electrodes AE , AE2 external to the heart. The

active electrodes AE1, AE are paced with pulsed waveforms which are polar opposites of

the waveforms on electrodes E1, E2. This creates dual uni-polar field in addition to the left

field lines LFL previously described.

In the Figure, the amplitude of the waveforms from FIG. 18 (or other

waveforms as described) is shown in phantom lines as the battery voltage applied to the

four poles on the left of FIG. 19 to charge the two pacing capacitors C1 and C2. Details of

the charging circuitry as well as other controlling circuitry for pacing and sensing are

omitted for ease of illustration. In one instance only capacitor C1 is charged for the pacing

output, whereas C2 is not charged. Capacitor C3 and C4 are optionally implemented for

coupling the pacing output to the patient. For ease of illustration and explanation, the

output waveform from FIG. 18 with the same amplitude and simultaneous timing is

assumed for the design schematic in FIG. 19. A switch S1 permits selection between

unipolar pacing and pacing Xstim or similar pacing (by contact with switch pole A1) or bi-

polar pacing (by contact with switch pole A ) . Selection between bi-polar pacing or Xstim

pacing is made by applying a digital signal with the timing information as shown in FIG.

18 to either Ti or T1 and T2 namely to either toggle the switch S or S2 and S

simultaneously. An AND gate is used to allow the close of the switch S2 only for pacing

according to Xstim. Switches S3 and S4 permit re-neutralization of the pacing charges at

the patient-electrode interface.

As is customary with implantable pulse generators, the device may be

programmable to achieve either conventional bipolar or unipolar stimulation or to achieve

the Xstim stimulation through an external programmer or controlled automatically by the

device. The selection can be based on user preference or be driven by physiological factors

such as widths of the patient's QRS complex or the conduction interval between the

stimulus to a far away region in the heart. In addition, switching between the Xstim pacing

and other pacing can also be determined by the percentage of pacing with a preference for a

higher percentage with the pacing of the present invention. Further, the switching from a

first type of pacing to the Xstim pacing can be used when there exists an exit block or the

pacing electrode is located in infarcted myocardium when first type pacing does not

capture (effect the depolarization of) the myocardium at the high output level. The

automatic determination can be effected through the deployment of any automatic capture

detection technology including, but not limited to, electrical sensing of the heart.

Additionally, wireless network-enabled switching function for therapy optimization can



also be implemented with the present invention. In such cases, certain patient physiologic

data are gathered by the implantable device and sent to a remote server/monitor through a

wireless communication network.

In connection with other embodiments and related to the waveforms shown in FIG.

18, the stimulus voltage is consistent with discharge of an RC circuit as shown by FIG.

23A. This may be accomplished by connecting the electrode(s) to the anode (and/or

cathode) of a charged capacitor.

According to another embodiment of the present invention, the stimulus voltage is

consistent with the discharge of two sets of two capacitors in succession, as shown by FIG.

23B. This may be accomplished by connecting the electrode(s) to the anode (and/or

cathode) of a first charged capacitor and then to a second charged capacitor. This

embodiment may be useful for reducing the voltage swing of the pulse, thereby altering the

delivery of energy during the active stimulation period and potentially minimizing the

voltage required to achieve the desired effect. In a particular instance, a first set of

capacitors could be connected to electrode Ei and a second set could be connected to

electrode E2. The voltages provided to the electrodes could be of opposite polarity as in the

standard Xstim waveform or could be alternated as described above to make the net charge

delivered to the electrodes equal to zero.

Other embodiments may allow for the use of two sets of three or more capacitors as

shown by FIG. 23C. Moreover, various voltage-regulation techniques may be used to

provide a constant voltage, or square waveform, as shown by FIG. 23D. This may be

useful to provide a more constant delivery of voltage during the active stimulation period.

In some instances, such waveforms may allow the reduction of voltage thresholds required

to achieve the desired effect. According to one embodiment of the invention, one of these

groups of three or more capacitors could be connected to electrode E1 and the other group

of three capacitors could be connected to electrode E2. The two groups may be charged to

opposite polarities, as in the standard Xstim waveform. Alternatively, the groups may

alternate between electrodes E1 and E2, as described above, resulting in the net charge

delivered to the stimulus point by the electrodes equal to zero.

Furthermore, in a less expensive device, using a single capacitor element (or

multiple capacitors arranged in parallel), a single set of two capacitors independently

addressable or set of three or more capacitors each independently addressable, the same

effect could be achieved by using an anodal pulse delivered through the capacitive

discharge of one, two or three or more capacitors to one of the electrodes with a larger



amplitude voltage. This anodal pulse will be alternatively connected to one of the

stimulating electrodes in one beat and to the next electrode on the next beat. In still another

device the alternating frequency could be lower. For example, the anodal capacitive

discharge could be alternatively connected to electrode E1and then to E2 every 2 to 10,000

beats. If the alternating charges are equally distributed, the net charge delivered may be

kept very close to zero. During the implantation of such a device the physician may place

an intraventricular pacing lead in a preferred location (locus) that maintains the effect

(using one of the previously-described methods, making each electrode alternatively the

anode) when either of the electrodes is the anodal electrode.

The pulse width of the various embodiments may be varied according to the desired

treatment and/or in accordance with the response of the particular patient. Example pulse

widths may range from 0.05 ms to 5.0 ms.

According to certain example embodiments of the present invention,

resynchronization is achieved by presenting a pulsing signal (waveform) to a sweet spot

(e.g., locus in the septal part of the RV endocardium) and, every so often, modulating the

signal such as by changing its polarity. In such embodiments where both an anode and

cathode are used to present the pulsing signal, one manner of modulating the signal is by

reversing the polarities of the signal relative to the anode and cathode. Where the pulsing

signal is presented by an electrode and a reference voltage (e.g., a node at the can and/or at

the body under treatment), the signal can be modulated in a similar manner by adding

and/or skipping pulses.

As discussed infra, the power consumption of the pacing device can be an important

consideration. While not bounded by theory, it is believed that different pacing profiles

can be particularly advantageous to controlling pacing power. For example, during times

that the pulses applied to each electrode overlap, the effective voltage seen between the

electrodes is believed to be equal to that sum of their amplitudes.

In another embodiment, the pulses shown by the figures are applied to the ring and

tip electrodes, such as those illustrated in FIG. 22. The polarity of the voltages, as relative

to each other and/or a reference voltage, may be alternated periodically (e.g., beat by beat

or every N pulses). As discussed above, such alternating may be particularly useful for

mitigating anodal blocking. Moreover, alternating of pulses may also mitigate corrosion of

the electrodes.

Referring back to FIG. 18, such pulses are shown as square waveforms but, in

practice, can be any of various geometries. With reference to FIG. 18 and the earlier



figures, the first electrode E1has positively charged pulses only. The second electrode E

has negatively charged pulses timed to coincide with the positively charged pulses of the

positive electrode E1. While direct current (DC) pulses are preferred, the electrodes E1, E2

could be energized with alternating current pulses with the signals to the electrodes E1, E2

out of phase such that the positive pulses on the first electrode E1 coincide with negative

pulses on the second electrode E2 and negative pulses on the first electrode E1 coincide

with positive pulses on the second electrode E2.

With the electrodes E1, E2 charged with opposite pulses, it is Applicants' current

understanding that an electrical field is created between the electrodes E1, E2 with a field

axis FA (FIG. 8) extending in a line between the electrodes E1, E2. In the absence of

distorting influences (such as external magnetic fields, external electrodes or non-

homogonous conductivity due to variances in conductivity of blood, tissue bone, etc.), the

field is symmetrical about the field axis FA and is represented by field lines illustrated in

the drawings as left field lines LFL to the left of the axis FA (with left being from the

patient's perspective) and right field lines RFL. The field lines represent the intensity of

the electrical field. The intensity diminishes rapidly as a function of the distance from the

field axis FA.

As discussed above in connection with various embodiments including the

electrodes E1, E , in order for the fields generated by the electrodes E1, E2 to have a

significant influence on both the septal walls and the free wall FW of the left ventricle LV,

a voltage potential across the electrodes is set at a substantially high level. However, such

high voltages are not practical in a pacing electrode and are more normally associated with

defibrillating treatments. Also, such voltages may cause phrenic nerve and/or

diaphragmatic stimulation and may also cause a significant drain on a battery that would

require impractical frequency of battery replacement.

FIG. 18 illustrates an example waveform with electrodes E1, E2 being

simultaneously pulsed with opposite polarity. FIG. 18A illustrates waveforms W1' , W2' of

similar structure to the waveforms of FIG. 18 but out of phase. The first set of pulse

illustrated in waveforms W1' , W2' present a partial overlap duration OD (OD is a positive

value). The second set of pulses are further out of phase such that the beginning of one

pulse coincides with the end of another pulse (OD = 0). The third set of pulses includes

pulses that are out of phase such that the leading edge of one pulse occurs after the end of

the first pulse of the set (OD has a negative value). With FIG. 18A at least a portion of

time includes a monopolar pacing from individual ones of the electrodes E1, E2 to the



reference electrode RE. This pacing creates out of phase monopolar fields F1, F as

illustrated in FIG. 18B. Values of OD can range from the entire pulse length (e.g. , around

two milliseconds) to a negative value of several milliseconds (e.g., around negative two

milliseconds). Although not explicitly shown in FIG. 18A, either of the negative or

positive pulses can lead the other pulse, respectively. Also, while the amplitudes of the two

waveforms are shown to be equal, they need not be equal in practice nor do they necessary

need be implemented as strict square waves. For non-square wave pulses or pulses with

relatively slow fall or rise times, the OD can be calculated accordingly. In one example,

the OD may be calculated from beginning or end of the rise/fall of each pulse, respectively.

In another example, the OD may be calculated from when each pulse reaches a certain

voltage level, respectively, or once the pulse has maintained a certain voltage level for a

period of time.

FIG. 19 illustrates a representative circuit in schematic format for a portion of a

cardiac stimulation pulse generator that is capable of providing pacing output for either the

conventional waverforms or Xstim waveforms as herein. The circuit of FIG. 19 could be

for an implantable pacemaker or any external stimulation system for diagnostic or

therapeutic use.

The stimulation device has three output terminals that are connected to three

electrodes E1, E2, RE in the body. Electrodes E1, E2 are positioned in the right ventricle

RV with it being preferred that at least one of these electrodes be in direct contact with the

septum S.

The reference electrode RE is an indifferent electrode which can be connected

electronically to the housing of the implantable pulse generator IPG. The reference

electrode RE may be an electrode directly on the implantable pulse generator or any other

electrode for placement inside or outside of the heart as described above.

The present invention can also be extended to the defibrillation therapy where high-

energy pulses with various waveforms are delivered through electrode systems to treat

tachycardia and fibrillation (both atrium and ventricle). The present invention is believed to

be able to achieve a lower defibrillation threshold due to better distribution of the electrical

field, causing higher voltage gradient at least in certain parts of the heart compared to that

by the conventional defibrillation configuration as seen in FIG. 7B. Additionally, the

present invention can be used to perform anti-tachy pacing where faster than conventional

pacing pulse sequences are used to stop certain tachyarrhythmia. Aspects consistent with



present invention are believed to provide wider coverage of the electrical field and the

capability of capturing special conduction systems in the heart (both atrium and ventricle).

In a particular embodiment, the electrodes E1 and E2 are positioned proximate to

one another as shown in FIG. 22. This can be particularly useful for localizing the region

in which the electrical stimulus (using one of the configurations described before) can

achieve the desired synchronization or resynchronization effect. For example, the

electrodes may have a width of around 4 mm and may be positioned within a distance D of

about 5 mm from one another. In another example, the electrodes may be positioned

within a distance D of about 2 mm or less.

The selective placement may be modified for a particular dysfunction and/or for a

particular patient. For instance, the electrodes may be positioned near the His bundle.

Locating the electrodes near the His bundle may advantageously allow for capture of both

the right and left ventricle. Moreover, resynchronization of the left (or right) ventricle may

be possible even for cases of LBBB (or RBBB).

FIG. 2 1 shows a system for selectively placing the electrodes. In a specific

embodiment the lead discussed in connection with FIG. 22 may be used. The lead position

is adjusted through various methods via conceptual block 104. If desired, the lead position

may be monitored and location information may be provided to myocardium capture

analysis block 102. Myocardium capture monitor block 106 monitors the effectiveness of

the current lead position in capturing and re-synchronizing a contraction of the

myocardium of the left and right ventricles. The monitor information is provided to

myocardium capture analysis block 102, which processes the received information for the

purposes of positioning the electrodes.

In a specific example, monitor block 106 uses ECG measurements to monitor

myocardium capture and re-synchronization. Analysis block 102 may analyze various

factors of the far field measurements including, but not limited to, the QRS width (e.g.,

determined from a vectocardiogram). The ECG measurements may be supplied from a

number of different inputs including, but not limited to, defibrillation coils, the can of the

implantable device, an electrode of a pacing or sensing lead or an external ECG (or similar)

device.

hi another example, monitor block 106 may measure the amount of blood flow

resulting from a contraction of the myocardium.

The system of FIG. 2 1 may also be used to adjust other re-synchronization

parameters. For instance, the voltage levels and waveforms may be adjusted according to



feedback from monitor block 106 and analysis from analysis block 102. In particular it has

been discovered that careful placement may allow for low voltages to be applied to the

electrodes. In one embodiment, the pacing impedance of the lead and electrodes is low to

allow for effective delivery of the pacing voltage. This may be useful for reducing the

power consumption of the device and for reducing the voltages necessary to deliver the

stimulus. By proceeding in this manner, (e.g., using low impedance and maintaining low

voltage), phrenic nerve stimulation or diaphragmatic stimulation, both highly undesirable

side effects of high pacing, may be avoided.

In a particular embodiment, the lead has a screw with a short screw relative to

screws used to reach the left ventricle or the His bundle. This allows for fixation of the

lead until encapsulation and helps reduce mechanical problems associated with such

attachments. In one instance, the screw may be made from a non-conductive material,

thereby electrically isolating the attachment point. In another instance, the screw may be

otherwise electrically isolated from the electrodes for delivering the pacing voltage even

where the screw is made from a conductive material.

In another embodiment, a hook is used as the attachment mechanism. Yet another

embodiment includes the use of a T-bar as the attachment mechanism.

Due to these and other aspects, one of skill in the art would recognize that the use of

the reference electrode, as discussed herein, may be optionally implemented to provide

effective re-synchronization. In one such instance, the reference electrode is used to

provide a reference voltage derived from the in vivo voltage at a particular location. This

reference may be used to reference the voltage provided at the stimulus location to the

particular location. For example, the reference location may be taken at the can location or

from a reference electrode located near the stimulus location. In another instance, no

reference electrode is used.

It has been discovered that selective placement of the electrodes may provide a

number of unexpected advantages. More specifically, selective placement of the electrodes

along the septum appears to provide re-synchronization of the left and right ventricles even

for cases of LBBB where the lesion of the bundle would not be considered proximal.

Furthermore, in many instances a large improvement has been seen in the level of

synchrony in patients with LBBB and also in patients with moderate or advance HF and

conductions defects including LBBB, RBBB and IVCD. For instance, locating the

electrodes near an optimal location on the septum has been shown to produce smaller than

expected QRS widths. Moreover, the threshold voltages necessary to capture the



myocardium of the left and right ventricles or to produce the smaller than expected QRS

widths (or indications of improved heart function) may be relatively small.

FIG. 24 shows an example of a sheath for use within the right ventricle 166 of the

heart. The outer sheath 156 is designed to be inserted through the mitral valve 158 and into

ventricle 166. Outer sheath 156 may include a J-type bend as shown in the figure. In

various applications, this advantageously facilitates the placement of electrodes 160, 164

near the septum and/or the tricuspid valve 162. In one embodiment, one or more of the

outer and an inner sheath 154 may arranged to allow directional control of the sheath

position (e.g., by allowing for the adjustment of their curvature).

In a specific embodiment, inner sheath 154 is located within outer sheath 156.

Inner sheath 154 may be adjusted, relative to outer sheath 156, using adjustment

mechanism 152. In one instance, the adjustment mechanism 152 includes an adjustable

track wheel or another similar mechanism. Additionally, inner sheath 154 may contain a

pacing lead and/or a guide wire for additional stability. The adjustment of inner sheath 154

may be accomplished through a number of different techniques. According to one such

technique, the inner sheath is allowed freedom to advance through the outer sheath and to

move along the septum. In another example technique, the inner sheath may be arranged to

direct the lead placement (e.g., by allowing for the adjustment of its curvature). The inner

sheath and / or the outer sheath may have an electrode at their tip to use for pace mapping

the locus for Xstim (following procedures discussed herein), facilitating the insertion of the

pacing lead for chronic pacing. The inner and out sheaths may be peelable so that the

pacemaker lead is kept in place while the sheaths are removed.

External pacing device 150 provides electrical pulses to the electrodes 160, 164.

The positioning of the electrodes 160, 164 may be adjusted and the effectiveness of each

position may be monitored. Various examples of suitable monitoring techniques are

discussed in more detail herein. In some variations, the adjustment mechanism includes a

number of fixed settings that can be reproduced. This allows for easily retrievable

positioning of the electrodes 160, 164 as correlated to the effectiveness of each position.

For example, the inner sheath may be advanced along positional settings 1 through 10 and

corresponding monitoring input may be used to determine which setting is preferred. The

inner sheath may then be set to the preferred setting after a comparison between the results

corresponding to each of the tested settings.

In one embodiment, each electrode may be selectively and independently used to

stimulate a synchronous contraction. The voltages for each electrode are varied to



determine voltage threshold necessary to produce ventricular capture or to produce

improved heart function. Low average stimulation voltage and current may be obtained by

selecting the electrode that has the lowest effect threshold (effect refers to

resynchronization effect or to maintaining synchrony of the contraction during pacing

effect).

In one embodiment, the outer and inner sheaths may then be removed. A number

of techniques may be used for such a removal. Using one such technique a guide wire is

advanced through the sheaths and is used to hold the pacing lead in place while the sheaths

are removed. In another technique, the sheaths are constructed with a slit that allows for

their removal from the pacing lead without significant force being applied to the pacing

lead.

In one embodiment, the inner sheath may function as a temporary pacing device

connected to an external pacing source. The external pacing source may advantageously be

equipped with additional processing and display capabilities (relative to an implantable

device, which is often limited due to battery life and physical size constraints) to assist in

locating the proper placement location. The inner and outer sheaths may be removed once

the pacing lead is attached. The pacing lead may also be connected to an implantable

device.

In a specific instance, the external device operates to provide a variety of different

voltage waveforms and/or stimulus timings to the stimulus location. Feedback from an

ECG or other device may be used to identify the preferred waveforms. The implantable

device may then be uploaded with corresponding information for use in providing stimulus.

In one such instance, the pacemaker may include a wireless port that allows an external

interface to monitor and/or adjust the pacing functions. In this manner, the external device

need not provide the stimulus through the external sheath. Instead, the implantable device

may deliver the same set of stimulus using the wireless interface.

In another instance, the outer sheath may be designed with a removable interface

that is compatible with both the external pacing device and the implantable pacing device.

This allows for the use of the external pacing device during placement of the electrode(s)

and use of the same outer sheath with the implantable pacing. This may be particularly

useful for reducing the size of the sheath, the cost of the device or for simplifying the

procedure by avoiding the step of removing the outer sheath.

In connection with the various drawing figures and relevant discussions, the

following disclosures are incorporated herein by reference in their entirety: U.S. Patent



No. 6,230,061 Bl to Hartung issued May 8, 2001, for details of a cardiac pacemaker with

localization of the stimulating pulses and U.S. Patent No. 6,907,285 to Denker, et al., dated

June 14, 2004, for details of a wireless defibrillation system; U.S. patent application Publ.

No. 2004/0153127 published August 5, 2004 for details related to the use of a

microstimulator in the proximity of at least one anatomical structure to produce muscular

contractions; U.S. Pat. No. 6,643,546 B2 to Mathis et al. dated November 4, 2003, for

details related to the treatment of congestive heart failure.

Consistent with these and other example embodiments of the present invention,

FIGS. 24A-D depict additional waveform patterns that may be provided by an electronic

circuit. For example, FIG. 24A shows pulses Al , A2 and A5, which represent voltages

applied to a first electrode (e.g., the voltage differential between the tip and the can), while

pulses A3 and A4 represent voltages applied to a second electrode (e.g., the voltage

differential between the ring and the can). Control logic in the pacemaker device allows

for the individual adjustment of the voltage amplitude of the various pulses and for the

adjustment of the pulse width or duration. The specific parameters may be implemented by

iteratively changing the waveforms and monitoring the effectiveness of the pulse. For

instance, the selection of the ideal waveform may be made by selecting the waveform that

produces the smallest QRS width as measured by an ECG. While FIG. 24A depicts the

pulse polarity as alternating each beat, it should be apparent from the discussion herein and

from FIGS. 24B-C that this is merely one example of a possible pulse modulation scheme.

In a particular embodiment, one or more pulses may be withheld as shown by the

lack of a pulse on the ring electrode that corresponds to pulse A5 on the tip. In this sense

the ring electrode pulse has effectively been withheld or skipped. In certain embodiments,

either or both of the pulses may be withheld. Such withholding of pulses may be

periodically implemented (e.g., once per every N pulses, or once every 20 minutes per 24

hours to allow heart to be conditioned by its own intrinsic contraction if the intrinsic heart

rate is above a certain acceptable rate, such as 50 beats/minute). In another instance, the

withholding may be responsive to feedback from a sensing electrode or ECG input.

It has been reported in literature that a small percentage of conventional RV apical

pacing, which has been shown to be detrimental to the cardiac function, provided benefits

to the overall patient wellbeing due to the healthy sympathetic and parasympathetic

exercises introduced by the sporadic cardiac stress associated with RV pacing. As the

pacing disclosed herein (including Xstim pacing) has been shown to resynchronize the LV



ventricle, reducing the stress level of the diseased hearts, the withholding of (Xstim) pacing

signals periodically or sporadically is useful to improve the overall patient wellbeing.

As discussed herein in connection with various aspects of the methodology useful

for implementing the present invention, an example procedure for determining placement

of a lead for pacing involves at least one repetition of pacing, sensing and repositioning

using at least one lead adapted to deliver a pacing profile. While, not all of the data shown

in the various figures was implemented as part of the experimental tests discussed herein, it

is believed that the data shown is accurate. In a specific implementation of this procedure,

pacing of the heart is accomplished using a lead placed in the right ventricle and near the

His bundle. For example, the lead can include two electrodes (and in some instances one)

to deliver oppositely charged pulses. Heart functionality associated with the pacing then is

monitored. The monitoring can include one or more of the following examples, ECG

readings (e.g., QRS width or fractionation), electrical activity of a late activation site in the

left ventricle, mechanical contraction of the heart or measurement of the blood flow (e.g.,

the rate of change in pressure). The lead is repositioned and pacing and monitoring can be

repeated.

Once a desired lead placement has been selected, pacing can be implemented in

various ways. For instance, DDD (dual chamber) pacing can be implemented with or

without a low atrial rate (e.g., around 50 beats per minute) and an AV delay of around one-

half of the baseline or intrinsic AV interval. The DDD pacing can also be modified to use

a variety of different Xstim pacing profiles, non-Xstim pacing profiles and combinations

thereof.

Also according to an embodiment of the present invention, a way to assess

improved heart function involves determining placement of a lead for sensing a late

activation site in the left ventricle. The lead, which is capable of sensing electrical activity

in nearby heart tissue, is advanced through the CS (coronary sinus) until monitoring results

from the lead represent activation of a late activating region. The lead can be continuously

advanced until activation of a distal electrode on the lead no longer occurs before any other

electrode(s) on the lead. At this point, the current lead position can either be maintained or

the lead can be slightly retracted.

While not bounded by theory, experimental data provides strong support that the

beneficial effects on cardiac function provided by aspects of the present invention are due,

at least in part, to His bundle stimulation. The data further supports that, unexpectedly, the



His bundle may react more like a nerve than a myocyte with respect to responsiveness to

electrical stimulation. This may be due in part to fibrotic encapsulation of the His bundle.

It is possible that the success of Xstim pacing can be attributed in part to the

phenomena of anodal break stimulation in tissues with high directional anisotropy. It is

also possible the success of Xstim pacing can be attributed in part to a phenomenon

sometimes referred to as accommodation. Accommodation is an increase in voltage

threshold necessary to produce depolarization of a nerve cell that occurs when the nerve is

exposed to a non-zero voltage that is below the threshold voltage.

Aspects of the present invention relate to an external pacing system that is useful

for implementing a chronic pacing device according to embodiments of the present

invention. Such an external pacing system can contain pacing output circuitry which is

selectively controlled to generate Xstim or other pacing waveforms. In a specific

implementation, the pacing locations are located near the His bundle and the pacing profile

is an Xstim profile.

In certain applications, this circuitry is used to generate a modulated pacing

waveform for multiple pacing objectives. One implementation of the system can includes a

surface ECG module and/or connectors to receive ECG signal inputs from other ECG

machines. Aspects of the invention are also directed to a user interface display that shows

data showing changes in heart function parameters associated with pacing waveforms

and/or lead placement. For example, the display may also show the ECG signals from at

least one lead or data from other sensors configured to monitor heart function.

As discussed herein, the heart function can be assessed using a number of different

parameters. These parameters can be useful for providing an indication that the pacing is

being delivered to the proper location and/or with the proper pacing profile. Thus, aspects

of the present invention can be particularly useful for assessing a pacing location/profile

using data in addition to whether a capture has been successful. This can allow for

assessing heart function between multiple pacing locations, each of which resulted in

capture of the left and right ventricles.

To facilitate placement procedures, one implementation involves an automatic heart

function (e.g., QRS width, late activation timing, fractionation and/or pressure)

detection/assessment algorithm that is built into the system. Where the heart function is

represented by QRS width, for example, the detection algorithm can determine the QRS

width (e.g., in milliseconds). The QRS width can either be displayed numerically, or be

transformed into various color diodes, beeping tones, or beeping intervals, to allow direct



visual or audio feedback to a user of the system. A similar feedback mechanism can be

implemented for various other heart function indicia (e.g., maximum/minimum rate of

pressure change or late activation timing).

FIG. 25 shows a system 200 that can be used to determine placement and pacing

parameters. This figure shows ECG input (206) and vectocardiogram input (204),

however, the invention is not so limited and can use a variety inputs for different heart

function measurements. Pacing signals are provided (202) to implanted electrodes 216

(which can also include an implantable pulse generator IPG) to pace at a location in the

right ventricle. During efforts to determine the pacing location, pacing signals can be

provided from an external source. Alternatively, the pacing signals can be provided by an

implanted IPG 216. In either implementation, the pacing signals can optionally be

controlled and/or modified from users settings 214 or other user input. For example, user

setting 214 may include one or more pacing profiles that can be implemented as the pacing

leads 216 are moved between different locations. In another example, IPG 216 can store

one or more pacing profiles to deliver to the heart. IPG 216 can autonomously generate

pacing signals or IPG 216 can be prompted by external control signals to implement one of

the pacing profiles.

Monitoring device(s) 212, such as an electrocardiogram (ECG) and/or a

vetocardiogram, are used to monitor various pacing parameters. Data from monitoring

device(s) 212 is provided to various inputs 204, 206 of the system 200. Processor 210

evaluates the input from the monitoring device 212, and feedback can be provided via

display 208. An example of a suitable display includes simplistic feedback that is easily

understood by a doctor that would otherwise be involved in placing the electrodes, such as

color coded LEDs (e.g., red, yellow and green), effectiveness ratings (e.g., 1-10 rating

based on QRS morphology), or audio signals. Additional information may be provided in

the form of graphical display of the electrical waveform or other data from various

monitoring devices (e.g., a surface ECG, an endocardiogram or a vectocardiogram).

In response to the display 208, a user of the system may adjust settings of the

pacing through user setting interface 214. For example, the user may incrementally lower

the pacing voltage to determine the optimal or minimum threshold voltage. As discussed

previously, aspects of the present invention are directed to use of a pacing threshold set

based upon heart function separate from or in addition to the capture threshold voltage.

This can result in a threshold being set significantly higher than the capture threshold.



For processing and displaying endocardial electrograms of the heart, the system

may also contain amplifiers and related signal processors programmed to automatically

determine expected intervals and correlate them to detected time intervals from the various

endocardiograms or combinations of surface QRS to endocardiograms. This information

can be analyzed using one or more processors 210. For example, detected time intervals

can be used provide indicators, as mentioned above, useful in determining the desired

pacing site. The results of such an analysis can then be used to determine the best

parameters for treatment of the patient.

Once a pacing location has been determined, a variety of pacing waveforms can be

monitored and assessed including conventional pacing and Xstim pacing. One or more

pacing waveforms can then be selected. The selection can be used to configure IPG 216

for chronic pacing.

The system 200 can be particularly useful for implementing methods of lead

placement and/or profile selection. A few examples of such methods are discussed below

in connection with FIGs. 26A, 26B and 26C.

FIG. 26A shows an example procedure for determining placement of a lead for

pacing according to an embodiment of the present invention. This procedure was

implemented to place the pacing lead in connection with the experimental results provided

hereafter.

At step 4526, pacing of the heart is accomplished using a lead placed in the right

ventricle and near the His bundle. In a specific instance, the lead includes two electrodes

used to deliver oppositely charged pulses, such as with Xstim pacing. At step 4528, heart

functionality associated with the pacing is monitored. The monitoring can include one or

more of the following non-limiting examples, ECG readings (e.g., QRS width or

fractionation), electrical activity of a late activation site in the left ventricle, mechanical

contraction of the heart or measurement of the blood flow (e.g., the maximum rate of

change in left ventricular pressure). In one implementation, the improved heart function

can be based upon a comparison of heart function without any pacing. As discussed above,

it has been discovered that voltages sufficiently above the capture threshold can lead to

improved heart function relative to voltages near the capture threshold. Accordingly, one

implementation of pacing uses relatively high voltages (e.g., +/- 5V) when pacing to

determine lead location. This can be useful to ensure that the improved heart function is

seen. When the lead is not yet properly placed, pacing capture can sometimes still be

obtained without exhibiting significant improvement in heart function. Thus, the improved



heart function can sometimes be an improvement over heart function resulting from use of

the pacing lead and pacing profile rather than (or in addition to) the baseline and/or un-

paced heart function.

At step 4530, the lead is repositioned and pacing and monitoring steps 4526 and

4528 can be repeated as desired. The results of the monitoring step can be saved and

correlated to the corresponding lead positions. At step 4532, the results of the monitoring

step 4528 are used to determine the proper placement for the lead. A few examples of the

results of the monitoring step are shown by 4534 (QRS narrowing), 4536 (fractionation

improvement), 4538 (late activation site earlier) and 4540 (mechanical function improved).

The lead can then be moved (back) to the lead position that is selected as a function of the

monitoring results.

In another implementation, the steps 4530 and 4532 can be switched so that

repositioning of the lead is done after evaluating the results of the monitoring step 4528. In

this manner, the lead can be repositioned until satisfactory results are detected. This can be

particularly useful for not having to record and recreate lead positions previously paced.

Instead, once satisfactory monitor results are found, the current lead placement can be used.

FIG. 26B shows an example procedure for determining placement of a lead for

pacing according to an embodiment of the present invention. At step 4502 baseline heart

function is recorded (e.g., without Xstim pacing). At step 4504 a lead capable of delivering

Xstim pacing is placed near the His bundle (i.e., near the root of the septal leaflet of the

tricuspid valve in the right ventricle). At step 4506 Xstim pacing is delivered to the placed

lead. In a particular embodiment the Xstim pacing is consistent with the waveforms

depicted by and discussed in connection with FIG. 18. At step 4508 the heart function

associated with the Xstim pacing is recorded. If it is determined, at step 4510, that Xstim

pacing improves heart function (e.g., narrowing of the QRS, less fractionated QRS,

improving timing of a late activation site, improved mechanical function or improved

pressure function), the placement of the lead can be selected (and fixed) at step 4512.

Otherwise, the position of the placed lead can be adjusted at step 4514 and steps 4506-4510

can be repeated as necessary.

In a specific embodiment, the determination step 4510 can implemented using

multi-lead ECG readings and a probe placed at a late activation site of the left ventricle

(e.g., placing a lead near the posterior lateral wall of the left ventricle via a catheter inserted

through the Coronary Sinus).



Once a desired lead placement has been selected, DDD pacing can be implemented

as shown in step 4516. In a specific implementation, the DDD pacing is implemented with

a low atrial rate (e.g., around 50 beats per minute) and an AV delay of around one-half of

the baseline or intrinsic AV interval (to allow for full capture and atrial tracking and

ventricular pacing). In an effort to find an acceptable (or optimize) pacing approach, the

DDD pacing is modified to use a variety of different Xstim pacing profiles as shown in step

4518. As exemplified at step 4520, one or more of these profiles can be selected from the

following non-limiting examples (discussed in terms of a lead with tip and ring electrodes

for simplicity), in-phase pulses with positive voltage applied to the tip and negative voltage

applied to the ring, in-phase pulses with negative voltage applied to the tip and positive

voltage applied to the ring, out-of-phase pulses with opposite polarities applied to

respective tip and ring electrodes.

In some instances it may be beneficial to adjust the pacing profile as shown by the

determination step 4522. If so determined, the pacing profile can be adjusted in step 4524.

For example, pocket stimulation effects, dry pocket or other effects due to chronic

stimulation can result in the threshold voltage increasing. It has been discovered that

shifting the overlap duration of the pulses (OD) can help compensate for such problems. In

another example, the OD can be shifted to allow for lower pacing voltages, even where no

dry pocket or other causes are present.

FIG. 26C shows an example procedure for determining placement of a lead for

sensing a late activation site in the left ventricle, according to an embodiment of the present

invention. As discussed herein, the monitoring of a late activation site of the left ventricle

can be useful for placement of pacing lead(s) and/or assessment of pacing effectiveness.

The method involves the use of a lead that is capable of sensing electrical activity in nearby

heart tissue. The lead is advanced through the coronary sinus until monitoring results from

the lead represent activation of a late activating region. In one embodiment, the lead can be

advanced to a desired spatial position within the coronary sinus. The lead placement can

be determined using a number of different mechanisms, such as fluoroscopy or physical

measurements of distance of lead advancements. Each patient, however, may exhibit

different morphology and/or electrical conduction/activation. Patients who have

conduction abnormalities may exhibit late activation at sites different from patients with

normal conduction. Thus, the method depicted by FIG. 26C uses electrical measurements

taken from the advancing lead to determine the desired sensing position.



Step 4542 shows that the lead includes multiple sensing electrodes. These sensing

electrodes are spatially disparate along the length of the lead. In this manner the most

distal electrode represents the electrode that has been advanced the furthest. The remaining

electrodes follow. In FIG. 26D, a simplified version of an example lead is shown by lead

4500. The distal sensing electrode 4550 is followed by sensing electrodes 4552, 4554 and

4556.

Once sensing readings are taken from step 4542, a determination is made at step

4544 as to the relationship between the activation times sensed at the sensing electrodes. In

particular, if activation of the distal electrode 4550 occurs after activation of the other

electrodes, the lead can be advanced further as shown by step 4546. The lead can be

continuously advanced until activation of distal electrode 4550 no longer occurs before all

of the other electrodes. At this point, the current lead position can either be maintained or

the lead can be slightly retracted, as shown by step 4548.

Other implementations are possible, such as using a large number of different

sensors. The lead can be advanced a significant distance into the coronary sinus and a

particular sensor can be selected (e.g., by selecting a sensor that shows a late activation

relative to the other sensors).

In a specific embodiment of the present invention, the absolute amplitude of the

voltage presented to one of the electrodes can be less than the absolute amplitude of the

voltage presented to the other electrode. This 'unbalanced' pacing profile may provide

adequate pacing, while helping to control pacing power.

The power consumption of the pacing device can be an important consideration.

While not bounded by theory, it is believed that different pacing profiles can be particularly

advantageous to controlling pacing power. For example, during times that the pulses

applied to each electrode overlap, the effective voltage seen between the electrodes is

believed to be equal to that sum of their amplitudes. During times that the pulses do not

overlap, the effective voltage is believed to be about equal to the amplitude of the active

electrode. Assuming the voltages of the opposite polarity pulses have equal absolute

magnitudes (A), the instantaneous power draw for overlapping pulses is proportional to

4A2. The instantaneous power draw for non-overlapping pulses is proportional to A2. For

completely overlapping pulses, each having duration T (and thus a total duration of T), the

power drawn is then proportional to 4TA . For completely non-overlapping pulses, each

having duration T (and thus a total duration of 2T), the power drawn is proportional to

2TA2. While it has been observed that non-overlapping pacing profiles may exhibit pacing



thresholds that are around 0.5 volts higher than those of overlapping pacing profiles, power

savings are still believed to be possible using non-overlapping pulses in place of

overlapping pulses.

FIG. 27 shows a cross-sectional view of a heart and the Hisian and para-Hisian

regions. In particular, FIG. 27 is a view of the right side of the heart, with the Hisian and

para-Hisian pacing areas shown by the dotted lines. These regions represent the general

area in which the pacing sites for the experimental data were collected.

FIG. 28 shows a cross-sectional view of the heart marked with pacing sites,

according to an example embodiment of the present invention. Representative waveforms

for different pacing areas are shown along the sides of the figure. The top left waveform

represents a pacing site for a single patient and shows significant atrial (A), Hisian and

ventricular (V) signals. The middle left waveform represents a pacing site for 13 patients

and shows minor atrial signals with relatively strong Hisian and ventricular signals. The

bottom left waveform represents a single patient and shows relatively strong atrial and

ventricular signals with little Hisian signal. The right two waveforms represent a single

patient and two patients, respectively, each with primarily only a ventricular signal.

FIG. 29 shows the location of pacing sites on a three-dimensional depiction of the

union of the AV node, the para-Hisian and Hisian regions.

FIG. 30 shows the location of pacing sites on several cross-sectional views of the

heart. The upper view is a sectional view that includes part of the conduction system that

includes the AV node, the His bundle and the right bundle branch. The lower two views

show respective perpendicular views taken at respective portions of the conduction system

of the upper view.

FIG. 31 shows an example circuit for providing various stimulation profiles,

according to an example embodiment of the present invention. Switches 5002 and 5008

are enabled to produce a pacing event. Switches 5004, 5006, 5010, 5012 and 5014 are set

to provide a variety of pacing profiles. Switches 5004, 5006 and 5014 provide the ability

to switch between bi-ventricular pacing and single-ventricle pacing (e.g., Xstim). Switches

5010 and 5012 provide the ability to modify the polarity of the pulses applied to the various

electrodes.

In a first configuration, switches 5004, 5006 and 5014 are set for Xstim pacing.

Switches 5004 and 5014 are connected to the ground (e.g., to the can or reference

electrode). Switch 5006 is connected to switch 5012. In this manner both positive and

negative voltages are delivered to the ring and tip electrodes as determined by switches



5010 and 5012. While the term ring and tip are used in connection with the circuit of FIG.

31, the electrodes need not be so limited. For instance, while the tip electrode is closer to

the distal end of the lead, the tip electrode need not be located on the distal tip. Moreover,

the ring electrode could be something other than ring as various other electrode

configurations are possible.

In a second configuration, switches 5104, 5106 and 5 114 are set for bi-ventricular

pacing. Switch 5104 is connected to switch 5 112. Switch 5106 is connected to ground.

Switch 5 114 is connected the left ventricle lead. In this manner, pacing can be delivered to

leads located at both ventricles.

In another configuration, not shown with a figure, a three output channel

arrangement to facilitate a BiV pacing profile where the LV is paced with a conventional

negative pulse and RV paced with Xstim.

Switches 5 110 and 5 112 provide the ability to modify the polarity of the voltages

seen between the ring and tip electrodes of the right ventricle pacing lead.

As should be apparent from the various discussions herein, the pacing profile can

include, for example, variations in voltage levels, pulse durations and phase differences

between pulses.

The variations in pacing profiles allow for a number of different applications to be

implemented. In one such application, the results of pacing (e.g., QRS width, pressure

measurements, synchronicity of contracts and the like) are compared between the different

profiles. These results can then be used to select the pacing profile (e.g., Xstim or b i

ventricular) that is to be used for the patient.

In another application, the device includes a sensing function to detect the function

of the left ventricle. The sensed function can be used to determine whether the current

pacing profile is adequate and/or capturing a contraction of the left ventricle. In a specific

instance, Xstim pacing is used while sensing heart function in the left ventricle. When the

sensed function shows a potential problem (e.g., no capture, wide QRS or other problems)

the pacing profile can be adjusted accordingly. Adjustment of the pacing profile can

involve adjustment of the voltage. For instance, when partial or complete lack of capture is

detected, the pacing voltage could be increased. Other example variations include a change

in the polarity of the ring and tip electrodes or an adjustment of the phase of the applied

voltages. In a specific example, when inadequate left ventricular function is detected, the

device can be changed to a bi-ventricular pacing profile. In some instances, the device can

periodically attempt to implement an Xstim pacing profile. If, during the attempt, adequate



left ventricular function is detected, Xstim pacing can be resumed. Otherwise,

biventricular pacing can continue to be implemented.

In yet another application, the device senses atrium function. This sensed function

can be used, for example, to determine the timing for the ventricular pacing profile. The

atrium function can be sensed using an electrode in the atrium, or using sensing near the

His bundle (e.g., the Xstim pacing lead). When sensing near the His bundle, the sensed

function can be detected using the ring lead, the tip lead and/or a dedicated sensing

electrode. In a particular instance, the lead includes a sensing electrode that is closer to the

distal end of the lead than the ring and tip electrodes. Generally speaking, such placement

would allow the sensing electrode to be located such that the sensed atrium signal would be

expected to be stronger (e.g., due to placement closer to the atrium).

Cardiac applications represent a specific embodiment of the invention; however, the

present invention is also applicable to other therapies, such as those where high current

density spot(s) away from the electrodes are beneficial for stimulating the target including,

but not limited to, nerves, muscle, gastric and intestine system, and cortex. For example,

U.S. Pat. No. 5,299,569 to Wernicke et al. issued April 5, 1994 (and incorporated herein by

reference) is one of a number of patents assigned to Cyberonics, Inc. describing pacing the

vagus nerve to treat a wide variety of disorders. Pacing electrodes are applied directly to

the vagus nerve in, for example, the neck. Application of an electrode directly to the

vagus nerve creates risk of mechanical injury (e.g., pressure necrosis) to the nerve. FIG. 20

illustrates use of the present invention in such application. Electrodes E1, E2 are placed

subcutaneously near (transcutaneously or transvenously coupled) but not on the vagus

nerve (VN) in the neck. A reference electrode RE is placed subcutaneously

(transcutaneously or transvenously coupled) on an opposite side of the nerve VN. The

electrodes E1, E2 and RE are connected to a pulse generator IPG. With signals as described

above, the resulting field F captures the vagus nerve. The signals may be selected to have

amplitude, frequency and other parameters as more fully described in the '569 patent. It

will be appreciated that other alternative examples of using the present invention to pace an

organ or the nerve will occur to one of ordinary skill in the art with the benefit of the

teachings of the present invention.

The skilled artisan will recognize that the various aspects discussed in connection

with the present invention can be implemented in a variety of combinations and manners.

Moreover, aspects discussed in connection with the various references disclosed and

incorporated herein, including those references indicated at the beginning of this document,



can be used in combination with aspects of the present invention. In particular to the extent

that the references indicated at the beginning of this document include a number of similar

figures and related discussions, the skilled artisan would appreciate the interoperability of

aspects disclosed therein even for figures not common between documents. These

documents provide substantial disclosures throughout which teach aspects that can be used

in combination with embodiments of the present invention and these documents are thus

incorporated by reference in their entirety.

The various embodiments described above are provided by way of illustration only

and should not be construed to limit the invention. Based on the above discussion and

illustrations, those skilled in the art will readily recognize that various modifications and

changes may be made without strictly following the exemplary embodiments and

applications illustrated and described herein. Such modifications and changes do not

depart from the true spirit and scope of the present invention.



What is claimed is:

1. A method for assessing a pacing location in a right ventricle of a heart and near a

His bundle, the method comprising:

delivering a pacing signal to the location in the right ventricle;

monitoring a capture of a left ventricle of heart, the capture produced by the pacing

signal, and

assessing, using the monitored capture, the effectiveness of the delivered pacing

signal as a function of at least one of a QRS width, fractionation and a timing of electrical

stimulation of a late activation site of a left ventricle relative to the QRS.

2. The method of claim 1, further including the step of providing an indication of an

assessment from the processor arrangement to a user.

3. The method of claim 1, further including the steps of comparing relative heart

function between two or more monitored captures of the left ventricle of the heart, each

capture representing pacing signals applied to respective and different locations in the right

ventricle, and providing an output that indicates improved heart function in at least one of

the monitored captures.

4 . The method of claim 1, wherein the step of monitoring includes the use of one or

more sensors external to the patient, the sensors providing data indicative of the

effectiveness of the delivered pacing signal.

5. The method of claim 1, wherein the step of the monitoring includes generating one

or more electrocardiograph waveforms.

6. The method of claim 1, wherein the step of the monitoring includes use of a

vectocardiogram input.

7. The method of claim 1, wherein the step of monitoring includes the use of Doppler

imaging.



8. The method of claim 1, further including the steps of

adjusting, in response to the step of assessing showing improved effectiveness, a

pacing profile;

delivering the pacing profile to a location in the right ventricle that corresponds to

the improved effectiveness; and

assessing the effectiveness of the pacing profile.

9 . The method of claim 1, wherein QRS width associated with the monitored capture

is less than about 130 milliseconds.

10. A system for assessing a pacing location in a right ventricle of a heart of a patient,

the system comprising:

a lead for delivering a pacing signal to a pacing location in the right ventricle to

produce a capture of a left ventricle of the heart;

a monitoring arrangement for monitoring the capture, and

a processor arrangement for assessing, using results from the monitoring of the

capture, the effectiveness of the delivered pacing signal as a function of at least one of a

QRS width, fractionation, pressure generated by the heart, and a timing, relative to the

QRS, of electrical stimulation of a late activation site of a left ventricle.

11. The system of claim 10, further including a display for providing, to a user of the

system, a representation of an assessment from the processor arrangement.

12. The system of claim 10, wherein the processor arrangement compares relative heart

function between two or more monitored captures of the left ventricle of the heart and

provides an output that indicates improved heart function, relative to another capture, in at

least one of the monitored captures.

13. The system of claim 10 wherein, the monitoring arrangement includes one or more

sensors external to the patient, the sensors providing data indicative of the effectiveness of

the delivered pacing signal.



14. The system of claim 10 wherein, the monitoring arrangement includes one or more

sensors for generating one or more electrocardiograph waveforms.

15. The system of claim 10 wherein, the monitoring arrangement includes one or more

sensors for determining timing of a late activation site when placed in the coronary sinus.
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