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(57) ABSTRACT 

An apparatus and method for delivering de?brillation shock 
therapy employing a multi-terminal pulse output circuit. In 
such a circuit, at least three electrode lead terminals are 

Appl, No; 11/085,756 sWitchably connected to the positive and negative terminals 
of an energy storage capacitor. By serially switching 
selected electrode lead terminals to the capacitor terminals, 

Filed: Mar. 21, 2005 a variety of shock pulse Waveforms may be generated. 
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METHOD AND APPARATUS FOR CARDIAC 
SHOCK THERAPY 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application is a continuation of US. patent 
application Ser. No. 10/726,294, ?led on Dec. 2, 2003, 
Which is a continuation of US. patent application Ser. No. 
09/754,099, ?led on Jan. 4, 2001, issued as US. Pat. No. 
6,668,193, the speci?cations of Which are incorporated 
herein by reference. 

FIELD OF THE INVENTION 

[0002] This invention pertains to apparatus and methods 
for treating cardiac arrhythmias. In particular, the invention 
relates to an apparatus and method for electrically terminat 
ing tachyarrhythmias. 

BACKGROUND 

[0003] Tachyarrhythmias are abnormal heart rhythms 
characteriZed by a rapid heart rate. Examples of tach 
yarrhythmias include supraventricular tachycardias such as 
sinus tachycardia, atrial tachycardia, and atrial ?brillation 
(AF), and ventricular tachyarrhythmias such as ventricular 
tachycardia (VT) and ventricular ?brillation Both 
ventricular tachycardia and ventricular ?brillation are hemo 
dynamically compromising, and both can be life-threaten 
ing. Ventricular ?brillation, however, causes circulatory 
arrest Within seconds and is the most common cause of 
sudden cardiac death. Atrial ?brillation is not immediately 
life threatening, but since atrial contraction is lost, the 
ventricles are not ?lled to capacity before systole Which 
reduces cardiac output. This may cause lightheadedness or 
fainting in some individuals, as Well as fatigue and shortness 
of breath, hindering the individual from carrying out normal 
daily activities. If atrial ?brillation remains untreated for 
long periods of time, it can also cause blood to clot in the left 
atrium, possibly forming emboli and placing patients at risk 
for stroke. 

[0004] Cardioversion (an electrical shock delivered to the 
heart synchronously With an intrinsic depolarization) and 
de?brillation (an electrical shock delivered Without such 
synchroniZation) can be used to terminate most tach 
yarrhythmias, including AF, VT, and VF. As used herein, the 
term de?brillation should be taken to mean an electrical 
shock delivered either synchronously or not in order to 
terminate a ?brillation. In electrical de?brillation, a current 
depolariZes a critical mass of myocardial cells so that the 
remaining myocardial cells are not sufficient to sustain the 
?brillation. The electric shock may thus terminate the tach 
yarrhythmia by depolariZing excitable myocardium, Which 
thereby prolongs refractoriness, interrupts reentrant circuits, 
and discharges excitatory foci. 

[0005] Implantable cardioverter/de?brillators (ICDs) pro 
vide electro-therapy by delivering a shock pulse to the heart 
When ?brillation is detected by the device. The ICD is a 
computeriZed device containing a pulse generator that is 
usually implanted into the chest or abdominal Wall. Elec 
trodes connected by leads to the ICD are placed on the heart, 
or passed transvenously into the heart, to sense cardiac 
activity and to conduct the impulses from the pulse genera 
tor. Typically, the leads have electrically conductive coils 
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along their length that act as electrodes. ICDs can be 
designed to treat either atrial or ventricular tachyarrhyth 
mias, or both, by delivering a shock pulse that impresses an 
electric ?eld betWeen the electrodes to Which the pulse 
generator terminals are connected. The electric ?eld vector 
applied to the heart is determined by the magnitude of the 
voltage pulse and the physical arrangement of the shocking 
electrodes, Which may serve to concentrate the ?eld in a 
particular region of the heart. Thus, the particular electrode 
arrangement used Will dictate hoW much depolariZing cur 
rent is necessary in order to terminate a given tachyarrhyth 
m1a. 

[0006] Ventricular and atrial ?brillation are phenomena 
that exhibit a threshold With respect to the shock magnitude 
and duration needed to terminate the ?brillation by changing 
the transmembrane potential in a critical mass of myocardial 
cells. The ventricular de?brillation threshold (VDFT), for 
example, is the smallest amount of energy that can be 
delivered to the heart to reliably convert ventricular ?bril 
lation to normal sinus rhythm. Similarly, the atrial de?bril 
lation threshold (ADFT) is the threshold amount of energy 
that Will terminate an atrial ?brillation. The larger the 
magnitude of the shocks delivered by an ICD, the more the 
battery is drained, thus decreasing the longevity of the 
device. It is desirable, therefore, for the de?brillation thresh 
old to be as small as possible in order to minimiZe the 
amount of shocking current that the ICD must deliver in 
order to terminate a given tachyarrhythmia. 

[0007] Electrode arrangements have been devised in an 
attempt to minimiZe the de?brillation threshold for particu 
lar types of tachyarrhythmias. For example, the traditional 
con?guration for ventricular de?brillation is to place a 
cathodic electrode in the right ventricle, With the anode 
formed jointly by an electrode placed in the superior vena 
cava and the conductive housing of the ICD acting as an 
additional electrode. For treating atrial ?brillation, a con 
ventional electrode con?guration is to use electrodes dis 
posed Within the coronary sinus and in the right atrium. In 
addition, the Waveform of the shocking pulse also affects the 
de?brillation threshold. ICDs use a capacitor discharge 
system for delivering shock pulses in Which a charged 
capacitor is connected to the shock electrodes to deliver 
current to the myocardium. Because of space constraints, the 
siZe of a typical capacitor is limited and thus exhibits a 
signi?cant exponential decay When connected to the load 
(i.e., a small RC time constant). Rather than alloWing the 
decay to continue When the capacitor is connected across the 
load, solid-state sWitches may be used to sharply truncate the 
Waveform Which may result in a loWer energy requirement 
for de?brillation. ICDs also commonly employ a biphasic 
shock pulse Waveform in Which the polarity of the Waveform 
reverses during the shock pulse, a technique that has been 
found to further loWer the de?brillation threshold. (See US. 
Pat. No. 4,998,531, hereby incorporated by reference.) 

[0008] In order to further improve safety and avoid unnec 
essary discomfort for ICD patients, there is a continuing 
need for methods and apparatus that improve the ef?ciency 
of electrical de?brillation and thereby reduce the de?brilla 
tion threshold. Such reductions in de?brillation thresholds 
may also expand the population of patients for Whom ICDs 
are an appropriate therapeutic option. It is toWard this 
general objective that the present invention is directed. 
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SUMMARY OF THE INVENTION 

[0009] The present invention is a method and apparatus 
for terminating tachyarrhythmias such as ?brillation by the 
ef?cient delivery of electrical energy through an electrode 
con?guration to the heart. A shock pulse output circuit in 
accordance With the invention includes a storage capacitor 
With positive and negative terminals and further includes at 
least three electrode lead terminals With each such electrode 
lead terminal sWitchably connected to the positive and 
negative capacitor terminals. Control circuitry then sWitches 
selected electrode lead terminals to either the positive or 
negative capacitor terminal in order to impose the capacitor 
voltage betWeen electrode lead terminals and deliver a shock 
pulse. By serially sWitching selected electrode lead termi 
nals to selected capacitor terminals, the control circuitry may 
thus generate a de?ned shock pulse Waveform. For example, 
selected electrode lead terminals can be sWitched betWeen 
different capacitor terminals in a manner that reverses the 
polarity of the voltage betWeen the terminals to deliver a 
biphasic or multiphasic shock pulse. The particular elec 
trodes used to deliver a conventional shock pulse are deter 
mined by the programming of the control circuitry, alloWing 
for easy modi?cation. The multi-terminal pulse output cir 
cuit also alloWs for more complex shock pulse Waveforms to 
be generated by using different electrode lead terminals 
during the same pulse output cycle. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIG. 1 is a system diagram of an apparatus for 
terminating tachyarrhythmias With electrical energy. 

[0011] FIG. 2 shoWs the pulse output circuitry in an 
exemplary embodiment of the invention. 

DESCRIPTION OF THE PARTICULAR 
EMBODIMENTS 

[0012] FIG. 1 is a system diagram of a microprocessor 
based implantable cardioverter/de?brillator With the capa 
bility of also delivering pacing therapy. Amicroprocessor 10 
communicates With a memory 12 via a bidirectional bus. 
The memory 12 typically comprises a ROM or RAM for 
program storage and a RAM for data storage. The ICD has 
atrial sensing and pacing channels comprising electrode 34, 
lead 33, sensing ampli?er 31, pulse generator 32, and an 
atrial channel interface 30 Which communicates bidirection 
ally With a port of microprocessor 10. The ventricular 
sensing and pacing channels similarly comprise electrode 
24, lead 23, sensing ampli?er 21, pulse generator 22, and a 
ventricular channel interface 20 Which communicates bidi 
rectionally With a port of microprocessor 10. For each 
channel, the same lead and electrode are used for both 
sensing and pacing. The sensing channels are used to control 
pacing and for measuring heart rate in order to detect 
tachyarrhythmias such as ?brillation. The ICD detects a 
ventricular tachyarrhythmia, for example, by measuring a 
heart rate via the ventricular sensing channel and determin 
ing Whether the rate exceeds a selected threshold value. A 
telemetry interface is also typically provided enabling the 
programming of the microprocessor to be modi?ed using an 
external programmer. 

[0013] A pulse output circuit 50 is also interfaced to the 
microprocessor for delivering cardioversion or de?brillation 
pulses to the heart via electrode lead terminals 51a through 
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51c that are connected by electrode leads to shock electrodes 
52a through 52c placed in proximity to regions of the heart. 
The electrode leads have along their length electrically 
conductive coils that act as electrodes for de?brillation 
stimuli. The electrode leads and electrodes used in any of the 
described embodiments beloW may be implemented as lead 
body electrodes that are either single elongated coils or 
made up of a plurality of smaller bands. The pulse output 
circuitry as Well as the rest of the device are poWered by a 
battery poWer supply. The device is enclosed by a case 
Which may be implanted by placing it an abdominal Wall 
pocket, or preferably, in a pectoral pocket either subcutane 
ously or under the pectoralis major muscle. The leads from 
the housing are typically advanced to the heart trans 
venously, With venous access through the cephalic or sub 
clavian veins. 

[0014] FIG. 2 shoWs a pulse output circuit in accordance 
With the present invention. An energy storage capacitor C1 
is used to store an electrical charge Which is delivered to the 
heart in the form of a selected pulse Waveform. The capaci 
tor C1 may be a single capacitor or may be made up of 
multiple capacitors connected in series or parallel. In any 
case, the capacitor C1 is charged to a high voltage from a 
loW voltage battery by a boost converter BC that is basically 
a step-up sWitching voltage regulator. The shock electrodes 
are connected to electrode lead terminals 51a through 51c 
Which are sWitchably connected to the energy storage 
capacitor C1 by sWitches S1 through S6. When a shock pulse 
is delivered, selected electrode lead terminals are connected 
by the aforementioned sWitches to the positive or negative 
terminals of the capacitor C1 to thereby impress the capaci 
tor voltage across the shock electrodes to Which the selected 
terminals are connected. SWitches S1, S2, and S3 are remote 
gate thyristors or silicon controlled recti?ers having gate 
voltages that are controlled by the microprocessor 10. 
SWitches S4 through S6 are insulated gate bipolar transistors 
also having microprocessor-controlled gate voltages. By 
controlling the state of the sWitches, the microprocessor can 
control the polarity of the shock pulse delivered to selected 
electrodes to deliver monophasic, biphasic, or multiphasic 
shock Waveforms. As Will be described beloW, the micro 
processor may also select different electrodes during the 
pulse output cycle. 

[0015] The pulse output circuit described above permits a 
great deal of ?exibility With respect to the type of shock 
pulse Waveform that may be delivered. For example, a 
selected pair of electrode lead terminals may simply be 
sWitched to different terminals of the energy storage capaci 
tor and then sWitched off to deliver a monophasic shock 
pulse. By sWitching the lead terminals to opposite capacitor 
terminals midWay through the pulse cycle in order to reverse 
the polarity of the Waveform, a biphasic pulse may be 
delivered. Similarly, the polarity of the Waveform can be 
reversed multiple times to deliver a multiphasic pulse. These 
types of shock Waveforms can be generated by a tWo 
terminal H-bridge type of output circuit. As Will be 
described beloW, hoWever, a multi-terminal output circuit 
provides additional pulse output con?gurations such as 
using different pairs of electrodes to deliver successive 
shock pulses, connecting certain electrodes in common 
during the pulse, and generating more complex Waveforms 
using multiple electrodes that can vary spatially as Well as 
temporally during the pulse cycle. 
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[0016] In one embodiment, a pulse output con?guration 
can be implemented Which is particularly suited for termi 
nating atrial arrhythmias. In this con?guration, an electrode 
lead is connected to a ?rst shocking electrode Which is 
situated in the coronary sinus such that the electrode resides 
in the left lateral heart. The electrode lead terminal is then 
sWitched to a capacitor terminal so as to act as a cathode 

during a monophasic voltage pulse. A second shocking 
electrode is disposed Within the superior vena cava and is 
sWitched through its lead to the other capacitor terminal so 
as to form an anode during the voltage pulse. The case of the 
device may be sWitched to a capacitor terminal so as to form 
a third electrode in common With one of the others. For 

example, the coronary sinus electrode may act as the sole 
cathode While the superior vena cava and case electrodes act 
as joint anodes for a monophasic de?brillation stimulus. In 
other embodiments, the polarity of the Waveform can be 
reversed or can be reversed mid-cycle to generate a biphasic 
Waveform. In another embodiment, a pulse output con?gu 
ration that is particularly suited for ventricular de?brillation 
is employed. A lead With a ?rst distal shocking electrode is 
situated in the right ventricle, With its electrode lead 
sWitched to one terminal of the capacitor so as to act as a 

cathode during a monophasic voltage pulse. Second and 
third shocking electrodes are sWitched through their respec 
tive leads to the other terminal of the capacitor so as to form 
a joint anode during the voltage pulse and are disposed 
Within the superior vena cava and coronary sinus, respec 
tively. The conductive case of the device may be sWitched to 
a capacitor terminal in common With the second and third 
electrodes so as to also constitute the joint anode. Many 
other pulse output con?gurations using arrangements of 
multiple shocking electrodes are, of course, possible. For 
example, a four electrode arrangement may be used Which 
includes the device case as one electrode and shocking 
electrodes disposed in the superior vena cava, the coronary 
sinus, and the right ventricle. 

[0017] Although a conventional tWo-terminal pulse output 
circuit may have multiple electrodes hardWired to its capaci 
tor terminals in order to implement either of the just 
described pulse output con?gurations, a multi-terminal pulse 
output circuit in accordance With the present invention may 
be programmed to implement any pulse output con?guration 
that its physical arrangement of electrodes is capable of 
supporting. Using an external programmer, the pulse output 
algorithms executed by the microprocessor may be modi?ed 
so as to use any of the connected electrodes as cathodes or 

anodes during a pulse output. Thus, a clinician may select a 
particular pulse output con?guration initially and change to 
another one after an evaluation period by simply reprogram 
ming the device. 

[0018] The pulse output con?gurations described so far 
have been-ones in Which selected shock electrodes are 
grouped together throughout the pulse output cycle While 
being sWitched to one or both capacitor terminals. A pulse 
output circuit in accordance With the present invention, 
hoWever, may be programmed to serially sWitch any of the 
physically connected shock electrodes to either of the 
capacitor terminals at selected times during the pulse output 
cycle. Complex pulse output Waveforms, in Which different 
electrodes are used as cathodes and anodes during the pulse 
output cycle, may thus be delivered. 
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[0019] Although the invention has been described in con 
junction With the foregoing speci?c embodiment, many 
alternatives, variations, and modi?cations Will be apparent 
to those of ordinary skill in the art. Such alternatives, 
variations, and modi?cations are intended to fall Within the 
scope of the folloWing appended claims. 

What is claimed is: 
1. An apparatus for delivering cardiac shocks, comprising: 

pulse output circuitry for producing voltage pulses 
betWeen positive and negative terminals; 

at least three electrode lead terminals With each such 
electrode lead terminal sWitchably connected to the 
positive and negative terminals; 

control circuitry for sWitching tWo selected electrode lead 
terminals to either the positive or negative terminal to 
impose a voltage produced by the pulse output circuitry 
betWeen the tWo selected electrode lead terminals; and, 

Wherein the control circuitry is con?gured to deliver a 
shock pulse by serially sWitching a plurality of selected 
pairs of electrode lead terminals to selected ones of the 
positive and negative terminals to thereby deliver a 
multiphasic shock pulse Which varies both temporally 
and spatially. 

2. The apparatus of claim 1 further comprising shock 
electrodes for connection to selected electrode lead termi 
nals and disposition in proximity to the heart. 

3. The apparatus of claim 2 Wherein the shock electrodes 
include a ?rst electrode adapted for disposition Within the 
coronary sinus, a second electrode adapted for disposition 
Within the superior vena cava or right atrium, and a third 
electrode. 

4. The apparatus of claim 3 Wherein the third electrode is 
adapted for disposition in the right ventricle. 

5. The apparatus of claim 3 Wherein the third electrode is 
an implantable housing. 

6. The apparatus of claim 1 further comprising a device 
housing and Wherein the electrode lead terminals are con 
nected to a four electrode arrangement Which includes the 
device housing as one electrode and shocking electrodes 
disposed in the superior vena cava, the coronary sinus, and 
the right ventricle. 

7. The apparatus of claim 2 further comprising a device 
housing and Wherein at least one of the electrode lead 
terminals is connected to the device housing. 

8. The apparatus of claim 1 further comprising: 

a sensing channel for detecting electrical events in the 
heart and producing sensing signals in accordance 
thereWith; 

processing circuitry for detecting the occurrence of a 
tachyarrhythmia from the sensing signals; and, 

Wherein the control circuitry is con?gured to deliver a 
multiphasic shock pulse upon detection of a tach 
yarrhythmia. 

9. The apparatus of claim 8 Wherein the sensing channel 
is a ventricular sensing channel and the processing circuitry 
is con?gured to detect the occurrence of ventricular tach 
yarrhythmias by measuring a heart rate via the ventricular 
sensing channel. 

10. The apparatus of claim 8 Wherein the sensing channel 
is an atrial sensing channel and the processing circuitry is 
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con?gured to detect the occurrence of atrial tachyarrhyth 
mias by measuring a heart rate via the atrial sensing channel. 

11. A method for delivering cardiac shocks, comprising: 

producing voltage pulses betWeen positive and negative 
terminals; 

sWitching tWo selected electrode lead terminals among a 
group of at least three such electrode lead terminals to 
either the positive or negative terminal to impose a 
voltage produced by the pulse output circuitry betWeen 
the tWo selected electrode lead terminals; and, 

delivering a shock pulse by serially sWitching a plurality 
of selected pairs of electrode lead terminals to selected 
ones of the positive and negative terminals to thereby 
deliver a multiphasic shock pulse Which varies both 
temporally and spatially. 

12. The method of claim 11 further comprising disposing 
shock electrodes connected to selected electrode lead ter 
minals in proXimity to the heart. 

13. The method of claim 12 further comprising disposing 
a ?rst electrode Within the coronary sinus and a second 
electrode Within the superior vena cava or right atrium. 

14. The method of claim 13 further comprising disposing 
third electrode in the right ventricle. 
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15. The method of claim 13 Wherein the third electrode is 
an implantable housing. 

16. The method of claim 11 further comprising employing 
the device housing as one shock electrode and disposing 
other shocking electrodes in the superior vena cava, the 
coronary sinus, and the right ventricle. 

17. The method of claim 11 further comprising connect 
ing a device housing to at least one of the electrode lead 
terminals. 

18. The method of claim 11 further comprising: 

detecting electrical events in the heart and producing 
sensing signals in accordance thereWith; 

detecting the occurrence of a tachyarrhythmia from the 
sensing signals; and, 

delivering a multiphasic shock pulse upon detection of a 
tachyarrhythmia. 

19. The method of claim 18 further comprising detecting 
the occurrence of ventricular tachyarrhythmias by measur 
ing a heart rate via a ventricular sensing channel. 

20. The method of claim 18 further comprising detecting 
the occurrence of atrial tachyarrhythmias by measuring a 
heart rate via an atrial sensing channel. 

* * * * * 


