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7) ABSTRACT

A method for extinguishing a cardiac arrhythmia utilizes
destructive interference of the passing of the reentry wave tip
ofan anatomical reentry through a depolarized region created
by a relatively low voltage electric field in such a way as to
effectively unpin the anatomical reentry. Preferably, the rela-
tively low voltage electric field is defined by at least one
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ber of embodiments for performing the method are disclosed.
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1
METHOD FOR LOW-VOLTAGE
TERMINATION OF CARDIAC
ARRHYTHMIAS BY EFFECTIVELY
UNPINNING ANATOMICAL REENTRIES

RELATED APPLICATION

This application is a continuation of application Ser. No.
13/464,537, filed May 4, 2012 and now issued as U.S. Pat.
No. 8,639,325, which is a division of application Ser. No.
11/266,755 filed Nov. 3, 2005, now issued as U.S. Pat. No.
8,175,702, which claims the benefit of U.S. Provisional
Application No. 60/624,978, filed Nov. 4, 2005, and of U.S.
Provisional Application No. 60/697,858, filed Jul. 7, 2003,
each of which is hereby fully incorporated herein by refer-
ence.

FIELD OF THE INVENTION

The present invention relates generally to a method for
termination of cardiac arrhythmias and, more specifically, to
a method for extinguishing an arrhythmia by destructive
interference of the passing of the reentry wave tip of an
anatomical reentry through a depolarized region created by a
relatively low voltage electric field in such a way as to effec-
tively unpin the anatomical reentry.

BACKGROUND OF THE INVENTION

It is well-known that rotating waves of electrical activity
are a factorin potentially dangerous cardiac arrhythmias such
as ventricular tachycardias and ventricular fibrillations (“ven-
tricular tachycardia events™). The rotating waves, or reentries,
that are responsible for ventricular tachycardia events are
classified into two categories: 1) functional reentries, which
involve freely rotating waves; and 2) anatomical reentries,
where a wave rotates around an obstacle such as a blood
vessel or piece of ischemic tissue. The latter are referred to as
being ‘pinned’ by the obstacle. Traditional defibrillation is not
a preferred way of dealing with such rotating waves because
defibrillation resets electrical activity everywhere in the heart
and uses high voltage shocks, which have undesirable side
effects.

One common method of attempting to terminate these
rotating waves or reentries is antitachycardia pacing (ATP).
ATP has a high rate of success in dealing with functional
reentries, but is not as effective against anatomical reentries.
Generally, if ATP is not effective, a defibrillating shock of
large amplitude is applied directly to cardiac muscle.

The reasons ATP is not always successful can be found in
the complexity of the system. In one-dimension, the situation
involving reentries is well-understood and relatively simple.
A reentry essentially consists of a pulse rotating along a
closed ring. To terminate a reentry, it is enough to deliver a
stimulus close to the tail of the rotating pulse. The stimulus
should be delivered inside the critical time interval (the so-
called vulnerable window, VW). Under these circumstances,
only one pulse is created and it propagates in the direction
opposite to the reentry pulse. Ultimately, it collides with the
reentry pulse, leading to complete annihilation. If an ATP
stimulus is delivered to quiescent tissue, it creates two counter
propagating pulses and the reentry is not terminated. The
description above assumes, however, that the medium is
homogeneous.

The situation is more complex in two dimensions. In this
case, an anatomical reentry is a spiral wave rotating around an
obstacle. To terminate the reentry, it is necessary to create a
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wave that can annihilate the rotating wave. This is more
difficult than in the one-dimensional scenario because, in the
two-dimensional scenario, the wave is characterized not only
by its sense of rotation, but also by a complete wave form. As
in the one-dimensional situation, an ATP stimulus must be
delivered inside the vulnerable window, but this condition
alone is not sufficient. When the ATP electrode is situated far
from the obstacle, the nucleated wave has a free end that is
separated from the obstacle. Thus, ATP is only successful
when the free end merges with the obstacle. Only then, two
counter propagating waves annihilate and the anatomical
reentry is terminated. This is possible only if the distance
from the free end of the nucleated wave to the obstacle is
smaller than a critical distance (of the order of the core size of
a free vortex, from several ¢cm to several mm in cardiac
muscle).

On the other hand, when a stimulating electrode is placed
far from the obstacle, then ATP does not terminate the reentry,
butinstead creates a free reentry in addition to the anatomical
one. When ATP is not successful, it is usually followed by
conventional defibrillation techniques, which have unwanted
side effects. These effects may include: (1) transient ectopy,
tachycardia or induction of ventricular fibrillation; (2)
depression of electrical and mechanical functions; (3) brady-
cardia, complete heart block and increased pacing thresholds;
(4) atrial and ventricular mechanical dysfunction (stunning),
which is directly related to the strength of shocks; (5) signifi-
cant elevation of Troponin I serum level in patients after
spontaneous cardioverter defibrillator shocks; (6) decrease of
the myocardial lactate extraction rate by mitochondria. In
addition to physical damage to the heart muscle, defibrillation
therapy is also associated with psychological side effects.
High energy discharge of a defibrillator in a conscious patient
is painful and extremely unpleasant. Recent clinical studies
have demonstrated that ICD patients have a significantly
higher incidence of anxiety, depression, and panic disorders
than do the general population.

What is needed, therefore, is a method for terminating an
anatomical reentry using an energy level lower than that of
conventional defibrillation techniques. Further, it is desirable
that such a method be effective even when the precise location
of the reentry is unknown.

SUMMARY OF THE INVENTION

The present invention provides a method for extinguishing
a cardiac arrhythmia by destructive interference of the pass-
ing of the reentry wave tip of an anatomical reentry through a
depolarized region created by a relatively low voltage electric
field in such a way as to effectively unpin the anatomical
reentry. Preferably, the relatively low voltage electric field is
generated by electrical unpinning shocks that are intended to
be lower than a lower limit of vulnerability as established, for
example, by a defibrillation threshold test. By understanding
the physics of the electric field distribution between cardiac
cells, the method permits the delivery of an electric field
sufficient to unpin the core of the anatomical reentry, whether
the precise or estimated location of the reentry is known or
unknown and without the risk of inducting ventricular fibril-
lation. A number of embodiments for performing the method
are disclosed.

The method of terminating anatomical reentrant tach-
yarrhythmias utilizes one or more low voltage unpinning
shocks that are applied in such a way as to effectively unpin
the reentry from its core that is stabilized at a myocardial
heterogeneity such as ascar. Preferably, the unpinning shocks
are sub-threshold low voltage shock(s) that generate an elec-
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tric field that is approximately 5-10 times weaker than the
electric field generated by a conventional defibrillation shock
and preferably below an expected lower limit of vulnerability
for a defibrillation threshold, while greater than conventional
pacing or ATP pulses.

In one embodiment, this method utilizes a theory of virtual
electrode polarization (VEP) that predicts the creation of
hyperpolarized and depolarized regions on opposite sides ofa
functional or anatomical heterogeneity in response to an
applied external electric field. The areas of depolarization can
give rise to secondary sources of excitation. When shock
application is properly timed relative to the reentry wave tip,
these secondary sources are induced at the anatomical het-
erogeneity that serves as the core of reentry. Therefore, VEP
can be used to destabilize and unpin a reentrant arrhythmia.

In a preferred embodiment of the present invention, anti-
repinning (ARP) pulses are applied after the low voltage
unpinning shocks to avoid immediate repinning of the ana-
tomical reentry at its core and facilitate complete termination
of the now unpinned reentry that has been transformed into a
functional reentry. Conventional ATP pulses have difficulties
terminating anatomical reentry when the pacing site is
located at a distance from the reentry core. However, there are
no such difficulties associated with ATP termination of a
functional reentry. Therefore, once the reentry is unpinned
from its anatomical core, ARP pulses in accordance with the
present invention can be effectively administered for termi-
nating these now functional reentries and preventing their
reattachment to a new core.

In this preferred embodiment, the ARP pulses are applied
for purposes of completing the termination of the reentries,
not for purposes of regulating a cardiac heatt rate. In this way,
the ARP pulses as contemplated by the preferred embodiment
of the present invention are significantly different that the few
prior art approaches such as U.S. Pat. Nos. 4,384,585, 5,265,
600, 5,676,687 and 6,157,859, that have attempted to use
conventional pacing pulses for the purpose of regulating heart
rate, especially after atrial cardioversion.

In one embodiment of the present invention, the method is
accomplished by establishing a termination window (TW),
applying one or more low energy unpinning pulses in the
target TW to unpin a rotating wave associated with one or
more anatomical reentries causing the ventricular tach-
yarrhythmia, and immediately following the low energy
unpinning shocks with anti-repinning (ARP) pulses to exter-
minate any unpinned, functional reentries. In this embodi-
ment, there is no need to attempt to verify successful conver-
sion of the arrhythmia prior to deliver of the ARP pulses
because the process of terminating the arrhythmia in accor-
dance with this embodiment of the present invention is essen-
tially a multiple stage process of first unpinning anatomical
reentries and then extinguishing all functional reentries,
including any unpinned and now functional reentries that
were originally anatomical reentries. In one variation of this
embodiment, a dominant frequency (DF) for a ventricular
tachyarrhythmia is determined based on ECG data. The DF is
then used to establish the target TW. In an exemplary embodi-
ment, the period defined by 1/DF would be divided by a small
number, such as three, to establish the termination window.

In some embodiments of the present invention, the method
is accomplished by identifying an estimated location of the
anatomical reentry and using the information on the location
of the anatomical reentry and the location and configuration
of an electrode arrangement to estimate propagation delays
for purposes of timing delivery of the unpinning shock(s).
Unlike earlier attempts at cardioversion, the present invention
does not time delivery of the unpinning shocks in relation to
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some aspect of the QRS complex of the cardiac signal of a
patient. Instead, these embodiments of the present invention
time delivery of the unpinning shocks based on measured,
estimated or empirical data of the delay for a given relation-
ship between the locations of the particular electrode configu-
ration and the location of the heterogeneity associated with
the anatomical reentry. Alternatively, other embodiments of
the present invention utilize initially random timing of deliv-
ery of the unpinning shocks that is preferably coupled with
empirical heuristic refinement of the timing and patterns of
delivery of unpinning shocks.

One embodiment of the estimated timing approach utilizes
rough approximation of the estimated location of the ana-
tomical reentry by evaluating ECG signals received from at
least three pairs of sensing electrodes in order to triangulate
the estimated location in 3D space. This embodiment can be
implemented in either a real time configuration or in an
embodiment in which the estimated location of likely ana-
tomical reentries is determined, for example, during defibril-
lation threshold testing during an implantation procedure for
the electrode arrangement and/or an implantable cardiac
stimulation device, such as an implantable cardioverter
defibrillator (ICD). In this later embodiment, the triangula-
tion of the estimated location of one or more existing hetero-
geneities in the heart of a patient that may be likely to be the
source of future anatomical reentries is based on the identifi-
cation of those existing heterogeneities during defibrillation
threshold (DFT) testing.

Unlike existing approaches to DFT testing, one embodi-
ment of the present invention utilizes the DFT testing process
that is part of a conventional implantation procedure for a
cardiac stimulation device to determine an upper limit of
vulnerability (ULV) that will be used to establish a safety
margin for the defibrillation therapy to be delivered by the
implantable device. Instead of determining just a ULV for a
given patient, this embodiment of the present invention also
determines a lower limit of vulnerability (LLV) below which
electrical shocks from the electrode arrangement for the given
implantable device will not induce fibrillation. This LLV is
the utilized in a preferred embodiment as an upper bound for
the sub-threshold, low voltage shocks that are utilized in
accordance with the method of the present invention to effec-
tively unpin anatomical reentries. Alternatively, the LLV may
be established based on empirical or statistical data for simi-
larly situated patients.

Another embodiment uses electrocardiographic imaging
(ECGI) to non-invasively construct a more detailed represen-
tation of electrical activity of the heart for purposes of iden-
tifying heterogeneities that are likely to be responsible for
anatomical reentries. ECGI systems can be used to solve the
so-called “Inverse” problem of figuring out how to predict a
source of an electric field based on measurements of that field
made at a distance. One such ECGI system is described in
Ramanathan, C. et al. “Noninvasive electrocardiographic
imaging for cardiac electrophysiology and arrhythmia,”
Nature Medicine, 10.1038/nm1011, March 2004, a copy of
which is attached and the disclosure of which is hereby incor-
porated herein by reference. Such an ECGI system could be
implemented either during DFT or, in the case of external
defibrillation, for example, in real time by an appropriate
electrode configuration.

In this embodiment, during the arrhythmia, with no shock
delivered, two measurements are performed from the con-
structed map (i) rotation phase phi of the reentry tip, and (ii)
position of the reentry core. From these measurements, the
following values are calculated: (i) the direction E” of the
electric field near the core, and (ii) the rotation phase phi” of
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the reentry tip with respect to the direction E”. An unpinning
shock in accordance with the present invention is then syn-
chronized with event phy=0. The shock is delivered at time
t=t(phy"=0)+APD, where APD is the action potential dura-
tion determined from an ECG record. This same technique
can be utilized for finding estimated locations of the second-
ary or “virtual” electrodes associated with the heterogene-
ities.

In another embodiment, the estimated location of the ana-
tomical reentry causing a cardiac arrhythmia could be deter-
mined in real time based on signal and morphology analysis
of ECG signals from multiple sensing electrode configura-
tions, such as RV-RA electrode vs. RV-can vs. RA-can for
purposes of triangulating the estimated location in 3D space.

In other embodiments of the present invention, no attempt
is made to identify an estimated location of the anatomical
reentry. In these embodiments, the method is implemented by
delivering sub-threshold shocks that have a high probability
of accomplishing the objective of unpinning the anatomical
reentry without knowing the location of the anatomical reen-
try.

In one embodiment, the method is accomplished by detect-
ing and storing the waveform of the electrograms (EG)
recorded from the patient’s heart, then determining the maxi-
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mum negative derivative of the recorded waveform. A set of 25

threshold values is then calculated for the waveform, while
the negative derivative of the waveform is continuously cal-
culated. When the negative derivative exceeds a third thresh-
old value, a timer is started. When the time on the timer
exceeds the patient-specific individually adjusted delay, a
reentry termination shock is delivered to the patient’s heart.
Time of delivery of a sub-threshold shock is chosen so that the
virtual electrode polarization (VEP) would be created at the
anatomical obstacle around which the anatomical reentry
rotates, at the descending phase of AP of the reentrant wave.

In another embodiment, multiple unpinning shocks are
utilized to present alternative wave fronts to the anatomical
reentry in order to increase the likelihood of destructively
interfering with the wave tip. One such embodiment utilizes
multiple (e.g., 3-4) unpinning pulses delivered over a TW
period of 100-150 ms, where all of the pulses are delivered
through the same electrode path. Another such embodiment
utilizes multiple unpinning pulses that are delivered over a
short period, but are delivered over different electrode paths
so as to produce the equivalent of a vector rotating field to the
anatomical reentry.

In another embodiment, the process of empirically deter-
mining a best-fit timing for delivery of the unpinning shocks
is accomplished by an adaptive routine implemented in an
implantable device, for example. In this embodiment a low
energy termination window (TW) is defined to be approxi-
mately equal to about 4™ of the rotation period of the ana-
tomical reentry. During a period of several second necessary
to charge the high voltage capacitor to deliver a defibrillation
shock, the method of the present invention is accomplished by
iteratively having the device deliver an unpinning shock fol-
lowed by ARP timed to a TW that is set to a delay of T/S from
the indication of the anatomical reentry in the ECG data. After
a period of about a second, the ECG data is analyzed to
determine if the arrhythmia has been converted. If so, then the
device stores the time delay and utilizes this time delay as the
initial time delay to attempt for any subsequent arrhythmia
episodes. If the arrhythmia has not been converted, then the
delay is set to a period of 2 T/5 from the indication of the
anatomical reentry in the ECG data and the process of deliv-
ering the unpinning shock followed by ARP is repeated. The
entire process is repeated if the previous delay period is
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unsuccessful until either all possible TW’s have been
attempted, or until the capacitor has been fully charged for
delivery of a high voltage defibrillation shock. In subsequent
episodes, the device would use the delay for TW that empiri-
cally resulted in the best fit for the last successfully converted
cardiac arrhythmia. In one variation of this embodiment, mul-
tiple successful delays would be stored by the device and a
heuristic learning algorithm and/or predictive algorithm
would be used to determine an order of attempting the mul-
tiple successtul delays forattempting to convert a new cardiac
arrhythmia using an unpinning shock that is, preferably, fol-
lowed by ARP.

In one alternative embodiment of the present method, the

method also includes the step of determining whether the
unpinning shock was delivered within a pre-set safety time
period. If the unpinning shock was not delivered within a
pre-set safety time period, a defibrillation shock is delivered
at the time of expiration of the safety time period.
In another alternative embodiment of the present method, the
method also includes the step of determining whether the
anatomical reentry was terminated. If the reentry was not
terminated, a defibrillation shock is delivered at the time of
expiration of the safety time period.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts the dipole, quadrupole, and hexapole pat-
terns induced by an electric field in the bidomain model of
cardiac tissue.

FIG. 2 depicts the basic mechanism of unpinning an ana-
tomical reentry. The depiction utilizes the FitzHugh and BR
models.

FIG. 3 is a graph illustrating the unpinning window for the
BR model and two variations thereof.

FIG. 4 illustrates the wave detachment observed with the
standard BR model. The detachment is diminished with the
modified BR models described herein.

FIG. 5 is a graph illustrating different unpinning mecha-
nisms observed for higher values of pulse intensity.

FIG. 6illustrates an unpinning mechanism at larger voltage
levels.

FIG. 7 is a graph illustrating the dependence of the unpin-
ning threshold electric field on the angle of application of the
current with respect to cardiac fibers.

FIG. 8 depicts an unpinning scenario observed with small
obstacles.

FIG. 9 is a graph showing the threshold of unpinning and
termination of tachycardia in an isolated superfused right
ventricular preparation from rabbit heart.

FIG. 10 is a flow diagram illustrating the one embodiment
of the method of the present invention.

FIG. 11 is a block diagram of circuitry used to modulate
time of shock application in accordance with one embodi-
ment of the present invention.

FIG. 12a shows typical confocal microscopy image show-
ing predominately phosphorylated Cx43 (red) on the super-
fused surface of the tissue and predominately unphosphory-
lated Cx43 (green) in the mid-myocardium.

FIG. 125 shows signal intensities for phosphorylated and
unphosphorylated Cx43 signals from the preparation pic-
tured in FIG. 12a. These signals were averaged across a 1.26
mm section of tissue at increasing distances from the super-
fused surface of the tissue.

FIG. 12¢ shows a surface plot of signal intensities from the
preparation pictured in FIG. 12a.

FIG. 12d shows mean signal intensities from 3 experimen-
tal animals.
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FIG. 13a shows an activation map for pacing at a constant
interval of 300 ms from location indicated with a star. Black
arrow pointing to crowded isochrones indicates an area of
slow conduction.

FIG. 135 shows a preparation photograph overlapped with
the trajectory of points of phase singularity indicating the
cores of two different stable reentries whose isochronal maps
are shown in FIGS. 13¢-134.

FIG. 13c¢ shows an isochronal map for a stable reentry
rotating counterclockwise with 10 ms isochrones. Trajectory
of points of phase singularity is shown with a yellow line. The
core of this reentry corresponds to the area of slow conduction
in FIG. 13a.

FIG. 13d shows an isochronal map for a stable reentry
rotating clockwise with 10 ms isochrones. Trajectory of
points of phase singularity is shown with a cyan line.

FIG. 13e shows optical traces recorded from reentry in
FIG. 134.

FIG. 14a shows a steady-state isochronal map with 10 ms
isochrones.

FIG. 145 shows a phase-plane map 1 ms before shock
application. White circle indicates location of the phase sin-
gularity.

FIG. 14¢ shows a phase-plane map 10 ms after shock
application showing a new region of depolarization near the
reentry core.

FIG. 144 shows optical traces from the locations indicated
with corresponding colored boxes in FIG. 144. Shock-in-
duced depolarization can be observed in the cyan trace.

FIG. 14e shows local ECG recording from surface of the
preparation.

FIG. 14f'shows a polar plot of successful and unsuccessful
shocks applied throughout all phases of reentry.

FIG. 15q is a steady-state isochronal map with 10 ms
isochrones for unpinning of reentry by virtual-electrode
induced excitation of the reentry core without termination.

FIG. 155 is a phase-plane map 1 ms before shock applica-
tion. The phase singularity of the mother rotoris located in the
center of the preparation.

FIG. 15¢ is a phase-plane map 10 ms after shock applica-
tion showing a new region of depolarization near the reentry
core.

FIG. 154 is an optical trace from a location near the reentry
core indicated with a cyan box in FIG. 15b.

FIG. 15e is a local ECG recording from surface of the
preparation.

FIG. 15f'is a polar plot of successful and unsuccessful
shocks applied throughout all phases of reentry.

FIG. 16a is a steady-state activation map of reentry which
uses a 3D trabecula in the reentry path of an isthmus mecha-
nism of termination. Isochrones are 10 ms apart.

FIG. 165 is a polar plot of successful and unsuccessful
shocks applied throughout all phases of reentry.

FIG. 16¢ is an optical recording from location indicated
with a cyan box in FIG. 16a.

FIG. 16d is a local ECG recording from surface of the
preparation.

FIG. 17 is a graph of a survival analysis of terminated
reentries versus shock strength.

FIGS. 18a-18¢ are images of endocardial infarction border
zone in acute and chronic models of infarction thin.

FIG. 19a is a series of graphs showing incidence and loca-
tion of arrhythmias in a chronic infarction model.

FIG. 196 is a series of images showing corresponding
incidence and location of arrhythmias in a chronic infarction
model in FIG. 19a.

20

25

40

45

60

65

8

FIG. 20 illustrates preliminary results from a version of a
model of the rabbit heart with acute and chronic states of
infarction.

FIG. 21 shows a schematic diagram and photograph of a
panoraniic optical system.

DETAILED DESCRIPTION OF THE DRAWINGS

The present invention provides a method of unpinning and
terminating an anatomical reentry, whether the precise or
estimated location of the reentry is known or unknown. A
background discussion of the mathematical and scientific
basis underlying the monodomain and bidomain cell models
which the present invention builds upon is presented, fol-
lowed by a discussion of the present invention and some of the
experimental data and results supporting the present inven-
tion.

Intracellular clefts in cardiac tissue are small areas—
smaller than the cardiac cells themselves—resulting in com-
plex electrical patterns. For a point injection of current, these
clefts create a quadrupole distribution of membrane potential
near an electrode. Near an obstacle, an electrical field creates
a hexapole distribution superimposed over a dipole. This is
valid also for an obstacle around which an anatomical reentry
rotates.

Dipole, quadrupole, and hexapole patterns induced by an
electric field in a bidomain model of cardiac tissue are shown
in FIG. 1. FIG. 1(a) shows a dipole, FIG. 1(5) a quadrupole,
and FIG. 1(¢) a hexapole. FIG. 1(a) illustrates the result of an
object 6 mm in diameter, with an anisotropy ratio a=1, E=0.2
V/em. FIG. 1(b) illustrates the result of a point-based injec-
tion of current [=1.8 pA, a=10. FIG. 1(c) is the same object as
in FIG. 1(a), where a=10. Contours are drawn at intervals of
0.4 mV. The bidomain model is used with the following
values: G,=0.165 mS/cm?, 0,0,,~0;, =144 mS/mm,
0,,~1.44 mS/mm, $=2000 cm™".

The present invention focuses on how an electric field may
be used to unpin an anatomical reentry in terms of how to
unpin a rotating vortex. The minimal energy required for an
electrical field that can accomplish the unpinning, as esti-
mated theoretically, is ~100 times less than the energy tradi-
tionally used in defibrillation (FIG. 3; the energy is propor-
tional to the electric field squared). In rabbit hearts
experiments, the observed decrease of energy was on the
scale 10-20 times as compared to conventional defibrillation.
The following example demonstrates this.

Example

The model describes the extracellular potential, ¢P,, and
the intracellular potential, ¢pd,:

2 )
VooV = ﬁ[cma—rw. g+ 1;0n] -1

(B)

a
V0T = | =)+ | o

where 0, and o, are the conductivity tensors, and I, and I, are
the externally injected currents in the intracellular and extra-
cellular spaces, respectively. B f is the ratio of membrane
surface area to tissue volume, C,, is the membrane capaci-
tance per unit area of the cell membrane, and I, is the ionic
current.

Equations (A) and (B) were used, along with ionic current
(1,,,,) as described by either the FitzZHugh or BR model, or by
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the modifications of the BR model, above. A rotating waves
pinned to a circular obstacle was numerically simulated, and
the effects of an electric field for different timings and inten-
sities were observed. For the relatively simple FitzHugh
model, the entire set of possibilities leading to unpinning was
explored. For the BR model, only situations relevant to car-
diology (i.e. those with a weak electrical field) were explored.

Rotating waves were numerically simulated in the full
bidomain model with nonlinear ionic currents (using equa-
tions (A) and (B), above). The basic mechanism of unpinning
can is described in FIG. 2. FIG. 2(a) illustrates the basic
mechanism of unpinning. This portion of FIG. 2 relies on the
FitzHugh model of a pinned spiral rotating wave at various
time intervals as indicated in the figure. At time t=0 ms, a
pinned spiral rotating wave S is shown. The wave is pinned to
an obstacle, represented by the circle at the center of the wave.
An electric pulse, 20 ms long, is applied from t=20 to 40 ms.
At time t=40 ms, a dipole (D-, D+) is induced around the
obstacle by an electric field having a strength 0 0.52 V/em. At
=80 ms, the positive part of the dipole D+ nucleates a new
wave W. Near the obstacle, this waves propagates only clock-
wise (see t=200 ms, for example) due to the time of applica-
tion of the pulse. At t=280 ms, the waves W and S collide. At
=360 ms, after annihilation of the colliding parts, the rotating
wave is unpinned. If the medium is small enough (i.e. the
boundary is located at the dashed line shown in FIG. 2(a)),
then the reentry is terminated as shown at t=360 ms.

It is important to note that the wave W with the desired
properties can be created only with proper timing of the
electric pulse. Similar to ATP, if the pulse is delivered earlier
it fits inside the restoration part of the propagating wave (i.e.
inside the refractory tail), and no new wave will be nucleated.
If the pulse is delivered much later, it will nucleate two
counter propagating waves. The correct interval of stimula-
tion (referred to as the termination window, VW, as noted
above) is determined by the condition that the image of the
nucleated wave W in the phase space should contain the
Maxwell point inside. A more evident interpretation is: the
nucleated wave W can propagate only in one direction if a part
of its boundary has positive velocity (becoming a front of the
wave) and another part has a negative velocity (becoming the
tail of a wave). This condition sets both the time and voltage
limits of the unpinning window.

FIG. 2(&) relies on the modified BR model (BR ). Again, a
model of a pinned spiral rotating wave at various time inter-
vals is shown. At time t=95 ms, the D+ component of the
dipole D-, D+ is induced around the obstacle (indicated by
the circle at the center of the rotating wave) using an electric
field of strength 0.5 V/em. At t=130 ms, a new wave W is
created by D+. Near the obstacle, this wave, denoted W-,
propagates only clockwise. In this model, the wave W- does
not contact the obstacle. At t=160 ms, the waves W-and S
collide. A small piece of the pinned spiral wave S is not
unpinned, but it decays. At t=200 ms, after annihilation of W-
and S, the rotating wave rotates freely. The asymmetry of the
nucleated wave W (which propagates only in clockwise direc-
tion) requires proper timing of the electric pulse, just at the tail
of wave S. Without proper timing, the nucleated wave W
either propagates in both directions, as in FIG. 2(c), below, or
completely vanishes.

FIG. 2(c) also relies on the modified BR model, (BR ), and
illustrates a failed unpinning. A pinned spiral wave is shown
at t=180 ms. At t=185 ms, the depolarized region D+ is
created by an electric pulse of 0.5 V/iem. At t=200 ms, D+
gives rise to awave W, which collides with S. Att=240 ms, the
wave S continues to rotate around the obstacle.
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From a practical standpoint, it is necessary to determine
precisely how an electric field should be applied for an unpin-
ning. That is, it is necessary to determine at what time the
electric field should be applied, and at what strength. FIG. 3
shows the threshold electric field used to achieve unpinning,
versus the time at which the electric field was applied. The
results shown in FIG. 3 come from the three BR models
described above (the original model and the two modified
versions thereof). Importantly, unpinning is achieved in all
three models using a low electric field (<0.5 V/em). The date
lines on the graph in FIG. 3 indicate the threshold amplitude
of the electric pulse to achieve unpinning. A pulse of ampli-
tude less than 0.5 V/em can unpin for all of the versions of the
ionic model. The BR , model is the most favorable for unpin-
ning. The original BR model exhibits the smallest unpinning
window, due to wave detachment.

By referring to FIG. 3, it can be seen why the modified
models BR, and BR ;, were introduced above. As noted, the
BR model has a smaller unpinning window than the modified
models. This is due to an unexpected phenomenon, illustrated
in FIG. 4. The figure shows that the wave nucleated by the
electric field appears unpinned from the obstacle, although
the rotating wave is pinned to it. This is due to the smaller size
of the nucleated wave. The BR,; and BR ;, models eliminate
this phenomenon.

The basic unpinning mechanism is the same for both the
FitzZHugh and BR models given a low electric field (~0.5
V/ecm). An analysis for unpinning with a larger voltage (>2
V/em) appears below. This analysis utilizes the simpler
FitzHugh model.

Extensive numerical investigation provides unpinning
thresholds as a function of the time of the pulse. The results
are given in graph form in FIG. 5. As the graph indicates, new
scenarios appear relative to the low electric field results pro-
vided in F1G. 3, above. These new scenarios involve compo-
nents of the potential, H, ,*, and/or the hyperpolarized
regions of the dipole (D-). In the curves shown in FIG. 5,
these scenarios are characterized by the lobe of the membrane
potential distribution that interacts with the spiral wave.

The unpinning scenario is shown in FIG. 6. The pinned
wave S is shown at t=—80 ms. An electric shock of 4.5 V/iem
is applied at t=—-60 ms. At t=—40 ms, the depolarizing part of
the dipole coincides with the rotating wave. Both the dipole
and the hexapole are seen. At t=0 ms, anew wave W is created
by the hexapole component H,+. The waves created by H, +
and by D+ merge with S. The wave W, propagating clockwise
at t=40 ms, collides with the original rotating wave at t=80
ms. Annihilation of the colliding parts occurs from t=120 ms
to 160 ms, and the wave is unpinned at t=240 ms.

In the heart, fibers are oriented at various angles. These
various angles 0, (equations (J) and (K), above) will contrib-
ute to the unpinning. This can be understood by the analysis
below. The electronic constant perpendicular to the fibers is
smaller than parallel to them. For large obstacles (radius
R>>A), the maximum potential at the obstacle depends
approximately linearly on the electronic constant A. Linear
approximation of the exact solution gives:

0o _ ~ _ A ‘
VOr=R,0=0)=A1 Eo(R >> A)

R

When the electric field is rotated by 90°, . instead of & is
used in the equation. As a result, the electric field will have a
smaller effect when applied along y than along x, since the
electronic constant is smaller:
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—2 A
l+a ™

where a=0,,/0,,>1 is the anisotropy ratio. The threshold of
excitation, and of unpinning, is thus larger when the field is
applied parallel to y.

More quantitatively, the perturbation analysis allows jus-
tification of the increased unpinning threshold. The transver-
sal case 8,~90° can be deduced from the parallel case by
interchanging e by —e in the equation describing the intracel-
lular tensor, above. Thus, dipolar and hexapolar corrections
of the depolarized region have the opposite sign. This causes
the unpinning threshold to become larger. The dependence of
the unpinning threshold on the fiber direction is shown in FIG.
7. As can be seen, the threshold value remains low for almost
all angles.

The termination threshold is also dependent on the size of
the obstacle to which the rotating wave is pinned. For large
obstacles (radius R>>\}), the maximum potential at the
obstacle depends approximately linearly on the electronic
constant Ai:

Ay =

, A
V2r=R,0=0) z/\(l - ﬁ)EO(R >3 0

Very small obstacles (~1 mm) are not capable of pinning
rotating waves. In this situation, equation (N) is approxi-
mately valid because for typical cardiac tissue, AA~1 mm.
Hence, the dependence of the depolarization on the obstacle
size is weak for obstacle sizes that support rotating waves.
The unpinning window, however, is modified.

For obstacles not much larger than the limiting size to
sustain a rotating wave, a new unpinning mechanism arises.
This mechanism is shown in FIG. 8. At t=65 ms, D+ is
induced by an electric field of strength 0.85 V/cm. When the
electric field nucleates a wave W (=78 ms) in the partially
refractory region, it propagates away from the obstacle, as
seen at t=104 ms, and decays (t=130 ms). The pinned wave
meets the refractory tail of W and unpins at t=156 ms to 182
ms. Thus, for a small obstacle, the unpinning window
becomes smaller in time but larger in phase units. For inter-
mediate obstacles, the wave detachment may decrease the
unpinning window as occurs for the original BR model.
Finally, for large enough obstacles, all models have a low
unpinning threshold and the same unpinning mechanism
operating at this low electric field.

FIG. 9 is a graph showing the threshold of unpinning and
termination of tachycardia in an isolated superfused right
ventricular preparation from rabbit heart. Shock strength is
shown in V/em. Timing of the shock application is shown in
radians, assuming that the period of tachycardia is 6.28 radi-
ans (two pi).

FIG. 10 provides a flow diagram illustrating one embodi-
ment of the method of the present invention. Fach of the steps
in the method has been assigned a number in the drawing for
the sake of clarity. Beginning, then, at the numeral 10, the
VF/VT of the patient is confirmed and a high-voltage capaci-
tor is charged. The initial program parameters and safety time
counter are also initialized. Next, the negative signal deriva-
tive is calculated and the threshold values 1, 2 and 3 are
determined. In addition, a flag is set to zero (12). The negative
signal derivative is calculated once again (14). Then, a deter-
mination is made as to whether the negative signal derivative
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is smaller than threshold 1 and whether the flag is still set to
zero (16). If the answer to both of these determinations is
‘yes,” then the flag is set to 1 (18) and the method proceeds to
the step indicated by the numeral 30. If the answer to either
determination is ‘no,” the method proceeds to the step indi-
cated by the numeral 20. If the method has proceeded to the
step indicated by the numeral 20, a determination is made as
to whether the negative signal derivative is larger than thresh-
old 2 and whether the flag is set to 1. If the answer to both
determinations is ‘yes,’ then the flag is set to 2 (22) and the
method proceeds to the step indicated by the numeral 30. If
the answer to either determination is ‘no,” then the method
proceeds to the step indicated by the numeral 24. If the
method has proceeded to the step indicated by the numeral 24,
a determination is made as to whether the negative signal
derivative is smaller than threshold 3 and whether the flag is
setto 2. [f the answer to both of these determinations is ‘yes,’
then the method proceeds to the step indicated by the numeral
26. After waiting for the patient’s individually adjusted delay
(26), a shock is delivered to the patient’s heart (28). If the
answer to either determination in the step indicated by the
numeral 24, above, is ‘no,” then the method proceeds to the
step indicated by the numeral 30. A determination is made as
to whether the safety time counter has reached zero (30). If the
safety time counter has reached zero, a standard defibrillation
shock is delivered (32). If the safety time counter has not
reached zero, the method proceeds to the step indicated by the
numeral 34. A VF/VT confirmation is performed (34). If
VF/VT is not confirmed, the method is aborted. If VE/VT is
confirmed, the method returns to the step indicated by the
numeral 14 and proceeds as above.

The above analysis demonstrates the present mechanism of
unpinning spiral waves by using a small electric field. An
electric field with energy at least two orders of magnitude
smaller than a defibrillation shock is enough to unpin the
rotating wave. Importantly, the precise location of the pinning
center is not required. The effect is based on the distribution
of membrane potential generated near an obstacle in the pres-
ence of an externally applied electric field.

This embodiment of the present invention provides a
method for low voltage termination of an anatomical reentry
in apatient heart. In order to accomplish the desired result, the
electrical waveform for the patient is detected and stored. The
maximum negative derivative of the electrical waveform for
the patient is also recorded. Next, a set of threshold values for
the waveform parameter is determined. The negative deriva-
tive of the electrical waveform is continuously calculated and
compared to the set of threshold values. A termination shock
is delivered by a suitable cardiac stimulation device, such as,
for example, as device containing a high voltage capacitor.
The shock is delivered to the patient’s heart during a period
reentry when the patient-specific individually adjusted delay
is provided after the negative derivative exceeds the third
threshold value.

Ifthe shock was not delivered within the safety time period,
a prescribed defibrillation shock can be delivered at the time
of expiration of the safety time period. Alternatively, the
prescribed defibrillation shock can be delivered at the expi-
ration of the safety time period if it is determined that the
reentry was not terminated by the initial shock to the patient
heart, as described above,

Referring now to FIGS. 11-17, details of the study of one
embodiment of the present invention will be described. The
study was performed to experimentally validate the possibil-
ity and effectiveness of this new method in an in vitro acute
model of the infarction border zone (BZ), which is known to
provide the anatomical substrate for reentrant tachycardia
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due to nonuniform conduction caused by remodeling of the
BZ. Isolated supetfused preparations of the rabbit right ven-
tricular free wall were used in this study. The endocardial
surface of the ventricle was superfused as a model of the
endocardial BZ. In this model, stable reentrant arrhythmias
that were easily visualized using voltage sensitive dyes and
fluorescent imaging techniques were obtained. These ven-
tricular tachycardias (V1) were driven by a single “mother
rotor” reentrant source. Using low voltage shocks, we inves-
tigated mechanisms of unpinning and termination of “mother
rotor” reentry pinned to a myocardial heterogeneity.

The study conformed to the guidelines of the American
Heart Association. Experiments were performed in vitro on
hearts obtained from New Zealand White rabbits (n=14) of
both sexes weighing between 2-3 kg. The general steps of the
experimental procedure have been described previously in
detail in Nikolski V, Efimov I. “Fluorescent imaging of a
dual-pathway atrioventricular-nodal conduction system,”
Circ Res. 2001; 88:E23-E30. Briefly, the rabbit was anesthe-
tized intravenously with 50 mg/kg sodium pentobarbital and
1000-2000 units heparin. Following a midsternal incision, the
heart was removed and placed onto a Langendorff apparatus,
where it was coronary perfused at 20 ml/min flow rate with
warm (36° C.), oxygenated (95% O,, 5% CO,) modified
Tyrode’s solution of the following composition (in mmol/L):
NaCl128.2, CaCl, 1.3,KC14.7, MgCl, 1.05,NaH,PO, 1.19,
NaHCO, 20 and glucose 11.1. The excitation-contraction
uncoupler 2,3-butanedione monoxime (BDM, 15 mM,
Diacetyl Monoxime, Sigma, St. Louis Mo.) was added to the
perfusate to eliminate motion artifacts in optical recording
caused by muscle contraction. The heart was stained with
voltage-sensitive dye di-4-ANEPPS (5 min, 1.3 uM). Follow-
ing staining, the heart was immediately removed from the
Langendorff apparatus and placed in a bath of ice cold
Tyrode’s solution. The right ventricular free wall was dis-
sected, stretched and pinned epicardial side down onto silicon
disk. The preparation was then placed in a temperature con-
trolled bath (36° C.) with Tyrode’s solution where it was
superfused at a rate of 80 ml/min.

The optical mapping system used for voltage-sensitive
fluorescent imaging as previously described in the general
steps of the experimental procedure. Briefly, light produced
by a 250 W quartz tungsten halogen lamp (Oriel) passed
through a 52045 nm excitation filter and illuminated the
preparation. The fluorescence emitted from the preparation
was long-pass filtered (>610 nm) and collected by a 16x16
photodiode array (C4675, Hamamatsu, Japan). The signal
from the photodiode array was amplified and digitized at a
rate of 1500 frames/sec.

A bipolar electrical recording from the preparation surface
was used to trigger the shock applicationat the required phase
of reentry. The signal was amplified with an isolation ampli-
fier. A threshold detector determined the time of local activa-
tion and a shock was delivered across electrode meshes
located in the bath after a programmable delay. FIG. 11 shows
ablock diagram of this setup. After amplification of the ECG
signal, a threshold detector was used to mark the time of
excitation. From this time of local activation, a shock was
delivered with a specified delay. Field strength was calibrated
with unipolar electrode recordings taken in the center of the
chamber between the meshes. A Kepco 100V regulated
power supply (BOP-100-4M) was used a power amplifier for
delivering shocks, which were synthesized by a digital-to-
analog controller integrated into a data acquisition system.

After a 15 min equilibration period, the field excitation
threshold was determined. Stable reentry was then initiated
by a burst pacing at an interval of 100-130 ms. Shocks con-
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sisting of 10 ms monophasic square pulses were applied at an
initial field strength of 0.25 V/em. The timing of shock appli-
cation was varied throughout the entire period of reentry at 10
ms steps until the whole period of reentry was scanned. If the
full period of reentry was scanned and the reentry did not
terminate, the magnitude of the shocks was increased in 0.1
V/em increments and scanning of the period was repeated.
Once terminated, reentry was immediately reinitiated. If
shocks were not applied, the stable reentry would last any-
where from 20 minutes to 1 hour (this was the longest time
period we allowed the reentry to continue).

After 3 experiments, the preparation was embedded in
Tissue-Tek® O.C.T. compound and frozen. The 16 um trans-
mural cryosections were mounted on poly-L-lysine coated
glass slides. Immunohistochemistry was conducted as
described previously. Briefly, double staining was performed
with a commercially available anti-phosphorylated (Ser368)
connexin 43 (Cx43) polyclonal antibody raised in rabbit
(catalog no. AB3841, Chemicon) used at a dilution of 1:400
and with a commercially available anti-unphosphorylated
(Ser368) Cx43 monoclonal antibody raised in mouse (catalog
no. 13-8300, Zymed) used at a dilution of 1:200. Alexa fluor
488 goat anti-mouse IgG, (catalog no. A-21121, Molecular
Probes) and Alexa fluor 555 goat anti-rabbit IgG (catalog no.
A-21428, Molecular Probes) were used as secondary anti-
bodies at dilutions of 1:1000. Confocal imaging was then
performed using a Nikon C1/80i confocal microscope.

Microscopy images were analyzed by determining the
means of the normalized phosphorylated Cx43 and unphos-
phorylated Cx43 signal intensities averaged over 1.26x0.080
mm? areas along and across the tissue surface. The depth of
the surviving layer of tissue for each section was determined
to be the distance at which the mean phosphorylated and
unphosphorylated signal intensities intersected. The differ-
ences between the phosphorylated and unphosphorylated sig-
nal intensities were analyzed by one-way repeated measure-
ments ANOVA.

Phase plane analysis was performed on reentry data to
determine the location of the reentry core which is indicated
by a point of phase singularity (PS). Specifically, the Bray-
Wikswo method of pseudo-empirical mode decomposition
(PEMD) along with the Hilbert transform was used to gener-
ate the phase plane data. To determine lines of block created
by the reentry cores, the PS trajectories were also obtained by
tracking the locations of PS throughout one or more periods
of reentry. Activation maps were then created using two dif-
ferent methods. For paced data or reentry which included a
three dimensional path (see FIGS. 16a-164), activation maps
were created by determining the local activation time (maxi-
mum of the first derivative) corresponding to each photo-
diode signal. For the reentry data, after phase-plane analysis
was performed, isochronal maps were created by tracking the
location of the wavefront in the phase plane throughout the
entire period of reentry.

Rayleigh’s test was used to determine if the phase of suc-
cessful shock application was statistically different from a
circular uniform distribution. The concentration and angular
mean of successful shocks were also determined. Data are
presented as meanzstandard error of mean. P-values less than
0.05 were considered significant.

The preparations were superfused. Thus, it was expected
that midmyocardium would be subjected to ischemia and
cellular uncoupling due to dephosphorylation of Cx43.*°
Staining with anti-phosphorylated and anti-unphosphory-
lated Cx43 antibodies revealed that only a thin layer of tissue
had phosphorylated Cx43 after 1-2 hours of superfusion,
while the midmyocardium had only unphosphorylated Cx43.
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FIGS. 12a-12d show a summary of these results. A typical
confocal microscopy image at 10x magnification is shown in
FIG. 12a. The endocardial superfused surface of this prepa-
ration is the left edge of the tissue section. Phosphorylated
Cx43 is shown in red, with the signal extending from the
endocardial surface to approximately 0.30 mm into the tissue.
Unphosphorylated Cx43 is shown in green which becomes
visible at approximately 0.30 mm from the surface and
extends to the edge of the photograph. The averaged normal-
ized signal intensities (see Methods) for the preparation pic-
tured in FIG. 12a are shown in FIG. 125, again with phos-
phorylated Cx43 shown in red and unphosphorylated Cx43
shown in green. The depth of the surviving layer of tissue was
determined to be the intersection of these two signals, and for
this preparation was 0.299 mm. FIG. 12¢ shows a surface plot
of the signals across the width of the tissue section pictured in
FIG. 124 before the means were calculated. Combined results
from 3 animals are shown in FIG. 12d. The phosphorylated
and unphosphorylated signals were significantly different
throughout the depth of the tissue (p=0.0036, one way
repeated measurements ANOVA). The average depth of tis-
sue at which phosphorylated Cx43 was of higher density as
compared to unphosphorylated Cx43 was 0.38+0.10 mm.

In all studied preparations, the activation sequence during
pacing and during reentrant tachycardia induced by burst
stimulation was characterized. Interestingly, in all prepara-
tions it was observed that the arrhythmias were driven by a
single reentrant circuit in accordance with the “mother-rotor”
mechanism.

FIGS. 13a-13e illustrate typical results obtained from a
single preparation for constant pacing and stable reentry. FIG.
13a shows a map of activation produced by constant pacing
applied with a cycle length of 300 ms at the site indicated with
a star. The black arrow is pointing to an area of crowded
isochrones, indicative of slow conduction. A preparation pho-
tograph is shown in FIG. 135 along with the trajectories of PS
obtained for two different stable reentries observed in this
experiment, indicating the location of the core for each reen-
try. Numbers in FIG. 135 correspond to the location of each
optical signal. The activation times (black circles) were deter-
mined by the maximum of the first derivative. White circle at
trace 1 indicates activation for the next rotation of reentry. The
isochronal maps for these reentries are shown in FIGS. 13¢-
134, with the yellow core corresponding to the isochronal
map in FIG. 13¢ and the cyan core corresponding to the
isochronal map in FIG. 13d. The trajectories of PS are also
shown on the isochronal maps in FIGS. 13¢-13d. 1t is not
surprising that the reentry core in FIG. 13¢ corresponds to the
area of slow conduction observed during constant pacing
illustrated in FIG. 134, as this area of slow conduction is
heterogeneous with respect to the surrounding tissue and
provides the substrate to pin a reentrant arrhythmia. Several
optical signals are shown in F1G. 13e illustrating the progres-
sion of activation around the reentry core illustrated in FIG.
13d. The locations of the recording sites for each of the optical
signals are shown with corresponding numbers on FIG. 135.
The activation times determined for each signal as
(-dF/dt),,,. (where F=fluorescence signal recording) are
shown with black dots. The white circle in trace 1 indicates
activation for the next rotation of reentry.

The first example of low-voltage termination of reentry
presented here is similar to the mechanism predicted by bido-
main simulations of the present invention in which a “sec-
ondary source” of excitation is created near the reentry core
immediately after shock application, presumably due to the
VEP mechanism at the heterogeneity serving as the reentry
core. FIGS. 14a-14f illustrate this example. The isochronal
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map for stable reentry is shown in FIG. 14a, rotating coun-
terclockwise with a period of 146.4 ms. FIG. 145 shows the
phase plane and location of PS (white dot) 1 ms prior to shock
application. A shock of 0.63 V/em was then applied. Ten ms
after shock application, a new shock-induced wavefront can
be observed in the phase plane as indicated by the depolarized
red region near the PS in FIG. 14¢. Optical traces from the
locations indicated with corresponding colored boxes in FIG.
145 are shown in FIG. 14d and the surface ECG recording is
shown in FIG. 14e. The red optical trace appears unaffected
by the shock, whereas shock-induced depolarization can be
observed in the cyan optical trace. This new wave of depolar-
ization then collided with the reentrant wavefront, unpinning
it from the reentry core. The unpinned reentry then made two
additional rotations with the core located far from the area of
pinning before it reached the edge of the preparation and
terminated. Fach termination of this reentry proceeded in a
similar manner, with the unpinned reentry making anywhere
from 0-3 additional rotations before termination at the border
of the preparation. A polar plot of successful and unsuccessful
0.63 V/em shocks applied throughout all phases of reentry is
shown in FIG. 14f. Successful shocks were clustered around
the angular mean with a concentration of 0.80. Rayleigh’s test
found the distribution of successful shocks to be statistically
different from a uniform circular distribution (p<0.05).

Interestingly, reentry in all preparations was highly repro-
ducible. Although, the exact location of the mother rotor
could be different from tachycardia induction to induction, it
was always stationary.

The example of unpinning of reentry by virtual electrode-
induced excitation of the reentry core without termination is
similar to the previous example in that a shock-induced sec-
ondary source of excitation near the reentry core collided with
and unpinned the reentry. However, in this case, the reentry
did not proceed to the edge of the preparation and terminate.
Instead, it pinned to a new location for several beats. After
making 1-5 rotations around this new core, the reentry then
repinned back to the original core, which apparently had
stronger pinning force. The steady-state isochronal map for
this reentry is shown rotating clockwise with a period of 131.0
ms in FIG. 15a. The phase-plane map 1 ms prior to shock
application is shown in FIG. 155. The PS of the mother rotor
is indicated with a white dot in the center of the preparation.
Additional PSs were present elsewhere in the preparation due
to transient block of conduction, however full rotations were
not maintained around these PSs. Ten ms after shock appli-
cation, a new wavefront was created near the reentry core as
indicated by the depolarized red region in FIG. 15¢. Before
shock application, a dual-hump morphology is observed
which indicates the presence of a reentry core. After shock
application, 3 full magnitude APs are recorded while the
reentry is pinned to a new location. The reentry then sponta-
neously repinned to the original reentry core and the dual-
hump morphology is again observed. This wavefront then
collided with and unpinned the reentry. Although the reentry
was unpinned, it immediately reattached to a new core, where
it made several rotations before spontaneously moving back
to the original reentry core. Unpinning of reentry was verified
with optical signals recorded from locations near the original
reentry core. One such signal is shown in FIG. 15d. This
signal was taken from a location near the original reentry core
indicated with a cyan box in FIG. 15b. Before shock applica-
tion, a dual-hump morphology can be observed, indicating
that this location is at the core of a reentrant arrhythmia.
Immediately after shock application, the dual-hump mor-
phology is no longer present and 3 full magnitude APs are
recorded. The reentry then spontaneously repinned back to its
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original core and the dual-hump morphology can again be
observed. The corresponding surface ECG recording is
shown in FIG. 15¢. FIG. 15/ shows a polar plot of successful
and unsuccessful shocks applied throughout all phases of
reentry. Successful shocks were clustered around the angular
mean with a concentration of 0.80. Rayleigh’s test found the
distribution of successful shocks to be statistically different
from a uniform circular distribution (p<0.001). Such unpin-
ning without termination was observed in 1 preparation out of
14.

In 2 experimental preparations, reentry circuits were
observed which included a narrow isthmus of tissue. In these
cases, low-voltage termination was different than the previ-
ous examples. For these reentrant circuits, the timing of shock
application was not as critical as it was for previous examples.
Rather, termination was achieved at practically any phase of
reentry. This mechanism occurred when the reentry was rotat-
ing near the edge of the preparation or when the reentrant path
included a3D trabecular structure as in the example presented
here. The activation map for this reentry is shown in FIG. 16a,
with the reentrant pathway indicated with yellow arrows. In
the middle of the preparation, the pathway included a narrow
trabecular structure. As can be observed in the polar plot of
successful and unsuccessful shocks in FIG. 165, termination
of this arrhythmia had a threshold-like behavior. Successful
shocks were found to have a very low concentration (0.46)
around the angular mean which was not significantly different
from a circular uniform distribution. Below 0.51 V/cm, tet-
mination could not be achieved at any phase of reentry. How-
ever, above this value, termination could be achieved over
many phases of reentry. This observation was confirmed with
Rayleigh’s test which found the successful shocks to have a
relatively low concentration (0.46) around the angular mean,
which was not found to be statistically different from a uni-
form circular distribution (p>0.05). It is believed that this
phenomena occurred because 0.51 V/ecm exceeded the field
excitation threshold for the trabecular structure present in the
reentrant path. Once this structure became excited, it was
either depolarized or refractory when the reentrant wavefront
approached the structure. Because this narrow path was nec-
essary to maintain the reentry, the wavefront had no alterna-
tive route and terminated. An optical trace from the location
indicated with a cyan box in FIG. 16« is shown in FIG. 16¢
and the corresponding surface ECG recording is shown in
FIG. 16d.

In this study a total of 192 reentries were initiated and
terminated or unpinned in 14 experimental animals. Across
all animals, the average period of reentry was 155.78+38.58
ms. Survival analysis found that E,, (shock strength at which
80% of reentries were terminated) was 1.21 V/em which
corresponds to 6.6 times the average field excitation thresh-
old. A survival plot of the combined experiments is shown in
FIG. 17, with the red dashed lines indicating the upper and
lower 95% confidence intervals. All reentries in all experi-
mental animals were terminated at shock strengths at or
below 2.74 V/cm.

In the present study, a new method of low voltage destabi-
lization and termination of ventricular reentrant tach-
yarrhythmias was investigated in an appropriate model of the
infarction BZ. Two different mechanisms of unpinning and
termination of reentrant arthythmias were observed in this
model; one of which was predicted by the theoretical inves-
tigations and one of which was not.

The infarction BZ model used in this study was critical for
many reasons. First and foremost, immunohistochemistry
results indicated survival of only 0.38+0.10 pm of the
endocardial superfused surface. This thin layer of surviving
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tissue provided an essentially two-dimensional sheet of
endocardium. This assured that the reentrant arrhythmia
could be constantly visualized using optical imaging tech-
niques as there was no transmural progression of the reentry
into the mid-myocardial layers where optical imaging can no
longer record changes in transmembrane potential. Also of
great importance was the ability of this preparation to sustain
stable reentrant arrhythmias. This was likely due to slight
variations in the depth of the infarction BZ and levels of
phosphorylated Cx43. Peters and colleagues observed that
pathways of reentrant circuits and functional lines of block
occurred in regions where the surviving layer of the infarction
BZ was thinnest in a canine model of the epicardial BZ.
(Peters N S, Coromilas J, Severs N J, Wit A L., “Disturbed
connexin43 gap junction distribution correlates with the loca-
tion of reentrant circuits in the epicardial border zone of
healing canine infarcts that cause ventricular tachycardia,”
Circulation. 1997; 95:988-996)

In this study, two mechanisms of low-voltage destabiliza-
tion of reentrant arrhythmias were observed in the superfused
endocardial model of the infarction BZ. The first of these
mechanisms was predicted with bidomain models of ana-
tomically-defined reentry by the theoretical investigations
where appropriately-timed VEP-induced excitation of the
reentry core interacts with the reentry causing unpinning and
possible subsequent termination. This mechanism was
observed in all experimental preparations in the present study
and is illustrated in FIGS. 14a-14e and FIGS. 154-15f. After
unpinning of the reentrant arrhythmia, the predominant result
in this isolated ventricular free wall was termination of the
reentry when it reached the edge of the preparation. However,
this was not the only observed result and immediate termina-
tion would not necessarily be expected in a whole heart
model. FIGS. 154-15f illustrate an example where once
unpinned, the reentry immediately repinned to another het-
erogeneity on the preparation. This behavior would be
expected in a whole heart where much heterogeneity exists
that could act to repin the reentry.

To avoid immediate repinning and facilitate complete ter-
mination of the unpinned reentry, one embodiment of the
present invention uses anti-repinning (ARP) pulses applied
after the low voltage unpinning shocks. Conventional ATP
has difficulties terminating anatomical reentry when the pac-
ing site is located at a distance from the reentry core. How-
ever, there are no such difficulties associated with ATP termi-
nation of a functional reentry. Therefore, once the reentry is
unpinned from its anatomical core, ARP pulses can be effec-
tively administered for terminating these now functional
reentries and preventing their reattachment to a new core.

The second observed mechanism of low voltage termina-
tion occurred when the reentrant path included a small isth-
mus of tissue. These paths were present when the reentry was
rotating near the edge of the isolated preparation, or when the
reentrant path included a three-dimensional trabecular struc-
ture. In these instances, termination was always immediate;
reentry was never effectively “unpinned,” freely rotating
about the tissue. The timing of shock application in these
instances was not critical and exhibited a threshold-like
behavior. Below a certain threshold, termination could not be
achieved. However, above this threshold, termination could
be achieved at all phases of the reentry period. An example of
one such reentrant path along with successful and unsuccess-
ful shock applications is illustrated in FIGS. 16a-16d. This
mechanism of termination was observed for 4 different reen-
tries in 2 different experimental animals. It is believed that
both the threshold-like behavior and time-independence of
this mechanism is due to the isthmus of tissue itself. The
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threshold of termination likely corresponds to the field exci-
tation threshold of the isthmus. Shocks applied below this
threshold will have little or no effect on the reentry. However,
shocks applied above this threshold will excite the isthmus.
Because the narrow isthmus is essential for maintenance of
the reentry, when the reentrant wavefront reaches this now
excited or refractory tissue, no other pathway exists for the
reentry and it immediately terminates.

Regardless of the mechanism of unpinning and/or termi-
nation, the destabilization of a reentrant arrhythmia using this
method can be achieved at significantly lower voltage gradi-
ents (VGs) than those required for conventional defibrillation.
A recent study by Niemann and colleagues measured intrac-
ardiac VGs during transthoracic defibrillation, and found that
for commercially available devices, intracardiac VGs can
reach up to 33 V/cm for monophasic waveforms and up to 24
V/em for biphasic waveforms. (Niemann J T, Walker R G,
Rosborough J P, “Intracardiac Voltage Gradients during Tran-
sthoracic Defibrillation: Implications for Postshock Myocar-
dial Injury,” Acad Emerg Med. 2005; 12:99-105). Similar
studies have yet to be performed for defibrillation shocks
administered with ICDs, although it is generally well known
that the goal for an ICD is to create VGs of at least 5-10V/em
and it is likely that the VGs would be of similar magnitude to
transthorasic defibrillation and perhaps much larger near the
shock electrodes where VGs are more than 20 times greater
than the weakest VG more distant from the electrode.
Although the concept of a “threshold level” for myocardial
dysfunction is ambiguous, studies of the effects of strong
shocks on papillary muscles and ventricular muscle fibers
have found the thresholds for electroporation and subsequent
arrhythmogenic responses in these tissues to be as low as 15
V/em and 34 V/em, respectively. (Kodama 1, Shibata N,
Sakuma I, Mitsui K, Iida M, Suzuki R, Fukui Y, Hosoda §,
Toyama J. Aftereffects of high-intensity DC stimulation on
the electromechanical performance of ventricular muscle.
AmJ Physiol. 1994; 267:H248-H258; and LiH G, Jones D L,
Yee R, Klein G I. Defibrillation shocks produce different
effects on Purkinje fibers and ventricular muscle: implica-
tions forsuccessful defibrillation, refibrillation and postshock
arrhythmia. J Am Coll Cardiol. 1993; 22:607-614).

The method of the present invention for low-voltage ter-
mination of reentrant arrhythmias may be free from these
adverse side effects of high VG shocks. The accepted VG for
conventional defibrillation shocks (to defibrillate 80% of the
time) is 5.4+0.8 V/em for a 10 ms monophasic waveform.
(Zhou X, Daubert J P, Wolf P D, Smith W M, Ideker R E,
“Epicardial mapping of ventricular defibrillation with
monophasic and biphasic shocks in dogs,” Circ Res. 1993,
72:145-160). If this is the minimum VG required everywhere
in the myocardium, and if this shock is delivered from an
electrode on the heart, one can again consider that VGs near-
est the electrode will reach magnitudes of more than 20 times
the weakest V. This results in VGs of over 100 V/emnear the
electrode, which greatly exceeds the threshold for electropo-
ration and arrhythmogenesis in some cardiac tissue. In the
present study, it was determined that 80% of initiated reen-
tries could be terminated with a VG of 1.21 V/em (10 ms
monophasic waveform) when shocks were effectively
applied at the correct phase within the period of reentry. This
corresponds to a 20-fold reduction (5.4/1.21) in defibrilla-
tion energy. This is likely to result in much less severe damage
and resulting myocardial dysfunction.

The method of termination, low voltage unpinning shock
in accordance with the present invention combined with ARP
pulses may be a powerful new clinical tool for treating fast VT
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and fibrillation. The significant reduction of energy provided
by this method may allow for painless defibrillation.

Recording of VEP induced by low voltage shocks is a
challenge due to the relatively low signal-to-noise ratios of
optical signals in this superfused preparation and to the low
amplitude of the shock-induced VEP. Thus, the study was
unable to directly measure VEP at tissue heterogeneities.

Unpinning shocks alone is not likely to effectively termi-
nate VT or VF in the human heart due to the larger size of the
heart. The preparations in the study were relatively small so
that in 13 out of 14 preparations, unpinning resulted in quick
drift of reentry toward the edge of the preparation and termi-
nation. This is an unlikely scenario in the large mammalian
heart. The study did not address this limitation, which could
be resolved by subsequent application of ATP as described
elsewhere in this specification.

The experiments described above were conducted in super-
fused in vitro preparations in which only a thin endocardial
layer survives after 30-40 minutes of ischemia of midmyo-
cardial and epicardial layers as shown in FIGS. 184-18¢. This
is a model of acute phase of infarction, in which arrhythmias
are induced with significantly higher likelihood and repro-
ducibility as compared to coronary perfused preparations or
intact heart. Arrhythmia induction and termination is best in
this preparation with some modifications because it offers the
unique possibility to map electrical activity from entire avail-
able myocardium. However, it remains to be shown that
arrhythmias could be reproducibly induced and mapped in
hearts with chronic healed infarct. A preliminary study on a
model of healed infarction, Li L, Nikolski V P, Wallick D W,
Efimov I R, Cheng Y, Mechanisms of enhanced shock-in-
duced arrhythmogenesis in the rabbit heart with healed myo-
cardial infarction, Am. J. Physiol., 2005, revisions subm, the
disclosure of which is hereby incorporated by reference
herein, and which fully supported the hypothesis of the
present invention.

Referring to FIGS. 18a-18¢ and FIGS. 194-194, in this
model infarction was induced by ligature of left marginal
artery during sterile surgery. Animals were allowed to recover
for 1-8 weeks prior to in vitro study. As evident from FIGS.
18a-18¢, direct perfusion from ventricular cavities allows
survival of a thin layer of myocardium in the rabbit heart
during acute phase and during healing of infarction. FIG. 18a
shows anti-Cx43 staining reveals that only a thin 100-200 pm
endocardial layer of cells, which remain coupled with gap
junctional channel after 1 hour of ischemia. Deeper layers of
cells uncouple due to dephosphorylation of Cx43. FIG. 18
shows triple immunostaining reveals that only a 2-cell thin
layer of myocytes remains in this 4-week infarction border
zone. As evident from Cx43 staining (red) these cells are
coupled with gap junctional channels and are surrounded
with large number of fibroblasts (blue). FIG. 18¢ shows his-
tology Masson trichrome staining reveals that the entire
endocardial layer of this massive infarct survives as a thin
layer of endocardial border zone (EBZ). This section contains
a free wall and a papillary muscle that were replaced with a
scar during healing of infarction, except for 50-200 pum
endocardial layers. No myocytes survived at the epicardium,
which was entirely scarred.

Preliminary data shows that this layer of tissue is respon-
sible for a high propensity of arrhythmogenesis in agreement
with studies by Peters et al in canine model of infarction.
(Sambelashvili A., Nikolski V., Efimov I. R., Nonlinear
effects in subthreshold virtual electrode polarization, Am. J.
Physiol. Heart Circ. Physiol. 2003, 284(6):H2368-H2374).
Data shows that expression of Cx43 is disrupted in this border
zone (BZ) layer. Heterogeneities of Cx43 ion channel expres-



US 9,067,079 B2

21

sion provide the ionic substrate for reentry. Another candidate
is significant proliferation of fibroblasts, which could be
coupled via gap junctions to the myocytes in the EBZ and thus
alter source-sink relationship creating conditions for slow
conduction and reentry. FIGS. 19a-195 illustrate significantly
enhanced arrhythmogeneisis in this model (left panel) and the
prominent role of the BZ layer in it. FIG. 19a shows vulner-
ability to arrhythmias was evaluated by monophasic shocks
of either polarity applied at varying phase of action potential.
Hearts with infarct were significantly more inducible. In FIG.
195, the probability of reentrant wavefronts to occur at dif-
ferent anatomical locations is shown. Areas of infarction bor-
der zone were always involved in sustaining reentry.

FIG. 20 illustrates preliminary results from a version of a

10

model of the rabbit heart with acute and chronic states of 15

infarction. 3D visualization of electrical activity in the Lan-
gendorff-perfused rabbit heart. Left three panels show three
projections of the heart as they are seen by three photodiode
arrays. Next three panels show maps of transmembrane
potential recorded by corresponding PDAs. Next three panels
show raw optical data V , recorded during sinus rhythm from
recorded sites shown with circles in the left panels. Right
lower panel shows 3D surface reconstruction of the heart and
3D distribution of transmembrane potential at a given time.

An elegant demonstration of the role of anatomical hetero-
geneities in the initiation and maintenance of reentry near the
healed scarhas been described in the literature. Sambelashvili
A., Nikolski V., Efimov 1. R., Nonlinear effects in subthresh-
old virtual electrode polarization, Am. J. Physiol. Heart Circ.
Physiol. 2003, 284(6):H2368-H2374; and F. Aguel, J. Eason,
N. Trayanova. Advances in modeling cardiac defibrillation,
1IBC, 13:3791-3805, 2003 These and numerous preceding
studies set the stage for understanding the role of structural
and molecular remodeling at the infarction border zone (IBZ)
in the stabilization of reentrant circuits at the IBZ. In one
embodiment of the present invention, three models of differ-
ent stages of infarction in the rabbit heart were developed,
which allow accurate documentation of the reentrant circuit
and its termination during defibrillation. These models
include: superfused and coronary perfused isolated RV free
wall preparation to model the acute phase of infarction, 1so-
lated preparation from hearts with healed myocardial infarc-
tion, and intact Langendorff-perfused rabbit heart with healed
myocardial infarction. These three models allow the system-
atic study of the application of the method of the present
invention with appropriate spatial-temporal resolution. In
particular, it is believed that in the model of coronary disease
utilized by the present invention, reentrant arrhythmias are
stabilized and facilitated by scars and IBZ areas and that
reentrant circuits can pin to the scar and form a leading center
of VT or V.

A significant body of literature has presented convincing
evidence of virtual electrode polarization during high energy
defibrillation shocks. See, M. Hillebrener, J. Eason, N. Tray-
anova. Postshock arrhythmogenesis in a slice of the canine
heart, J. Cardiovasc. Electrophys., 14:5249-8256, 2003; N.
Trayanova, R. Gray, D. Bourn, J. Eason. Virtual electrode
induced positive and negative graded responses: New insights
into fibrillation induction and defibrillation, JCE. 14:756-

20

25

30

35

40

45

50

55
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electrically-induced reentrant circuits in a sheet of myocar-
dium, Annals Biomed. Eng., 31:1-13, 2003; Efimov I. R,,
Fibrillation or Neurillation: Back to the future in our concepts
of sudden cardiac death? Circ. Res. 2003, 92(10):1062-4.
Editorial; Efimov I. R., Nikolski V. P., Diastolic shocking
experience: do virtual anodes exist only during systole?, J.
Cardiovasc. Electrophysiol., 2003, 14(11): 1223-4. Editorial,
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Efimov 1. R., Biermann M., Zipes, D., Fast Fluorescent Map-
ping of Electrical Activity in the Heart: Practical Guide to
Experimental Design and Applications. In “Cardiac Map-
ping”, 2nd edition, eds. Shenasa M., Borggrefe M., Breithardt
G, Futura Publishing Co., 2003, p. 131-156; and Cheng Y., Li
L., Nikolski V. N., Tchou P. I., Efimov 1. R., Shock-induced
arrhythmogenesis is enhanced by 2,3-butanedione mon-
oxime as compared with cytochalasin D, Am. J. Physiol.,
2004, 286(1): H310-H318, all of which are incorporated
herein by reference.

Imaging with voltage sensitive dyes has established that
electric shocks produce simultaneously areas of positive and
negative polarization. These areas of positive and negative
polarization are commonly referred to as areas of virtual
cathodes and virtual anodes, respectively. Polarity and
strength of polarization is determined by the strength of the
virtual electrode or “activating function”, which depends on
both the field strength and on the tissue resistive properties.
Microscopic and macroscopic resistive heterogeneities are
particularly important sources of virtual electrodes, because
they strongly contribute to the generalized activating function
via components of resistivity tensor, as described in Takagi S.,
Pumir A., Pazo D., Efimov I., Nikolski V., Krinsky V., Unpin-
ning and removal of a rotating wave in cardiac muscle. Phys.
Rev. Let., 2004, 93: 05810, the disclosure of which is hereby
incorporated by reference herein.

The present invention further hypothesize that scars and
other sources of resistive heterogeneity facilitate shock-in-
duced polarization via the effect known as “virtual electrode”
polarization or interchangeably “secondary source” forma-
tion. Thus, one embodiment of the present invention takes
advantage of the fact that the same anatomical heterogeneities
that facilitate sustained stable reentry also facilitate electric-
field induced transmembrane polarization in adjacent areas of
excitable myocardium. Based on this observation, it is
believed that a low energy shock will selectively affect areas
that provide the substrate for the leading center(s) of VI/VFE.
Therefore, we will be able to destabilize and terminate VI/VF
with significantly lower energy as compared with conven-
tional defibrillation, in which termination of activity in nearly
all cardiac cells is required.

The present invention overcomes the reasons that previous
attempts at ATP have not achieved effective unpinning of a
reentry by recognizing that unpinning reentry does not nec-
essarily mean its subsequent automatic termination. An
unpinned anatomical reentry preferably must be terminated
by another method. As previously described, in one embodi-
ment of the present invention, anti-repinning (ARP) pulses
generally analogous to anti-tachycardia pacing (ATP) pulses
are employed immediately after the low energy pulse to ter-
minate any unpinned reentry. Presently, low energy ATP is
sometimes used as an alternative to high energy defibrillation
shock. Current ATP therapy is applied prior to defibrillation
shock at an empirically chosen frequency higher than that of
VT/VFE. A defibrillation shock is then used as a last resort
when ATP fails, which occurs in 10-30% of cases. In this
embodiment of the present invention, these two events are
reversed: a low-energy unpinning shock is applied first and
ARP termination of the unpinned reentry is applied second.
Although ARP in accordance with the present invention is
generally analogous to conventional ATP, the purpose and
timing of ARP pulses is not to control heart rate as is the case
for ATP pulses. It is believed that the combination of appro-
priately-timed low energy shock with ARP in accordance
with this embodiment of the present invention will allow
significantly reduce defibrillation energy requirements by
increasing the efficacy of ARP pulses that are “precondi-
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tioned” with an unpinning shock. Preferably, the ARP pulses
of the present invention will be delivered as near-field elec-
trical stimulation pulses similar to pacing and ATP pulses.
Alternatively, the ARP pulses of the present invention may be
delivered as far-field electrical stimulation pulses.

Earlier studies of defibrillation have been impeded by the
inability to observe electrical activity from the entire surface
of the heart. Several research laboratories have attempted to
develop panoramic imaging, which would allow dynamic
detection of wavefronts of excitation from the entire epicar-
dium of a Langendorff-perfused heart. Previous approaches
employed CCD sensors, which typically produce lower sig-
nal quality as compared with photodiode array (PDA) sen-
SOrS.

One embodiment of the present invention has utilized a
PDA-based panoramic system with a high sampling rate
(5000 frames/sec) and signal-to-noise ratio (78+21). This
new imaging system has 768 individual optical channels
(256x3) and 8 instrumental channels. We developed an inte-
grated control software under LabVIEW (National Instru-
ments) with an advanced custom-made toolbox for dynamic
analysis and visualization of electrical activity on the entire
epicardial surface. FIG. 21 shows a schematic diagram and
photograph of the panoramic system. A 3D fast panoramic
optical mapping system consists of 3 16x16 photodiode
arrays (Hamamatsu) and 3 arrays of super luminescent light
emitting diodes (LEDs). System allows continuous image
acquisition of electrical activity at 5000 frames/second from
the entire surface of the heart, stained with voltage-sensitive
dye di-4ANEPPS.

The mechanisms of formation of the post-shock wave-
fronts, phase singularities, and scroll-wave filaments have
been examined in Sambelashvili A., Efimov I. R., Dynamics
of virtual electrode-induced scroll-wave reentry in a 3D bido-
main model. Am. J. Physiol. 2004: 287(4): H1570-81, the
disclosure of which is hereby incorporated by reference
herein. It has been demonstrated for the first time how VEP
induced phase singularity mechanism is responsible for I, U
and O-shaped scroll wave formation in a simplified slab 3D
active bidomain model. In several experimental publications
we have examined factors responsible for survival of wave-
fronts of break excitation, which are formed by virtual elec-
trode polarization. In particular, the role of sodium and cal-
cium channels was examined as described in Li L., Nikolski
V., Efimov I. R., The effect of lidocaine on shock-induced
vulnerability. J. Cardiovasc. Electrophysiol, 2003, 14: 8237-
S248; and Mowrey K A, Efimov I R, Cheng Y, Kinetics of
Shock Induced Transmembrane polarization: Effects of Nife-
dipine and lidocaine, 2005, Am. J. Physiol., subm, the disclo-
sures of which are hereby incorporated by reference herein.

The role of shock waveform rate, and electrode configura-
tion was also examined in Qu F., Zarubin F., Nikolski V. N,
Efimov 1. R., The Gurvich defibrillation waveform has lower
defibrillation threshold than the Zoll waveform and the trun-
cated exponential waveform in the rabbit heart, Can. .
Physiol. Phar. 2005, in press; Qu F., Li L., Nikolski V. P,
Sharma V., Efimov 1. R., Mechanisms of Superiority of
Ascending Ramp Waveforms: New Insights into Mechanisms
of Shock-induced Vulnerability and Defibrillation, AJP,
2005, revisions subm; and Li L, Nikolski V P, Wallick D W,
Efimov I R, Cheng Y, Mechanisms of enhanced shock-in-
duced arrhythmogenesis in the rabbit heart with healed myo-
cardial infarction, Am. J. Physiol., 2005, revisions subm, the
disclosures of which are hereby incorporated by reference
herein.

In parallel, the mechanisms of scroll wave formation and
termination in the 3D bidomain model of the intact rabbit
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heart were investigated to determine whether post-shock
behavior is dependent on the number of pre-shock functional
reentrant circuits, and if so, what mechanisms were respon-
sible. Shocks were applied to a 3D bidomain slice to termi-
nate either a single scroll wave (SSW) or multiple scroll
waves (MSWs). The ED50 shock strength for SSW was
found to be 13% less than that for MSWs indicating that a
larger number of functional reentries resulted in an increased
DFT. Understanding the complex spatiotemporal dynamics
of post-shock activity in the heart is exceedingly difficult. In
the next set of studies, non-linear dynamics tools were used to
simplify this task. Specifically, post-shock activity was stud-
ied in terms of the post-shock phase singularities, which
represent the organizing centers of reentrant activity. This
provided a new opportunity to clarify the interaction of the
shock with the pre-shock phase singularities, to evaluate how
the shock itself induced phase singularities, and to examine
the behavior of the post-shock singularities for failed and
successful shocks. The goal of mechanistically examining the
interaction of VEP with the phase singularity of a scroll wave
(SW) rotating in a bidomain sheet of straight fibers was pre-
sented in T. Ashihara, T. Namba, M. Ito, T. Ikeda, K. Naka-
zawa, N. Trayanova. Spiral wave control by a localized stimu-
lus: A bidomain model study, J. Cardiovasc. Electrophys.,
15:226-233, 2004, the disclosure of which is hereby incorpo-
rated by reference herein. It was found that this interaction
resulted in one of three possible outcomes: SW shift, SW
breakup, and no effect.

In accordance with one embodiment of the present inven-
tion, it is recognized that conventionally used truncated expo-
nential waveforms which are used in ICDs and some external
defibrillators are not optimal. These waveform were devel-
oped based on hardware considerations dating 50 years back.
Based on our studies we suggested in these publications that
biphasic sinusoidal Gurvich waveform, as described in Qu F.,
Li L., Nikolski V. P., Sharma V., Efimov I. R., Mechanisms of
Superiority of Ascending Ramp Waveforms: New Insights
into Mechanisms of Shock-induced Vulnerability and
Defibrillation, AJP, 2005, revisions subm, the disclosure of
which is hereby incorporated by reference herein. Alterna-
tively, an ascending biphasic waveform as described in Li L,
Nikolski V P, Wallick D W, Efimov I R, Cheng Y, Mechanisms
of enhanced shock-induced arrhythmogenesis in the rabbit
heart with healed myocardial infarction, Am. J. Physiol,,
2003, revisions subm, the disclosure of which is hereby incor-
porated by reference herein, may offer a 20-30% improve-
ment in defibrillation energy requirements.

The central idea of this superiority is based on observation
that the cellular membrane has a time constant in 1-7 ms range
depending on the state of myocardium and pharmacological
therapy. See, Mowrey K A, Efimov I R, Cheng Y, Kinetics of
Shock Induced Transmembrane polarization: Effects of Nife-
dipine and lidocaine, 2005, Am. I. Physiol., subm. Thus, it
cannot follow the rapid leading edge of the shock, which is
usually in 1 microsecond range. As a result, application of a
descending ramp or exponential waveform would result in
incomplete utilization of delivered energy. Indeed, the mem-
brane reaches its maximum polarization after a delay from the
leading edge and then the charge dissipates by the end of first
phase of the shock, because of decaying activating function of
a descending waveform. In contrast, ascending waveform
keeps increasing activating function through the duration of
the waveform and membrane 1s polarized at its maximum at
the end of the 1* phase. Thus, maximum utilization of the
delivered energy is achieved during first phase. The second
phase will follow and terminate arrhythmogenic effects of the
first phase.
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The method described above is exemplary of the method of
the present invention. The methods above may be accom-
plished by an external device or by an internal, implanted
device. The methods above may be accomplished using any
number and configuration of electrode arrangements, such as
endocardial, epicardial, intravenous, implantable or external,
or any combination thereof, to deliver electrical cardiac
stimulation in accordance with the present invention. Mul-
tiple path electrode configurations as contemplated for use
with some embodiments of the present as shown, for
example, in U.S. Pat. Nos. 5,306,291 and 5,766,226, the
disclosure of each of which are hereby incorporated by ref-
erence herein.

Tt is contemplated that the method of the present invention
can be utilized together with, or separate from, other pacing
and defibrillation therapies. For example, the present inven-
tion can be implemented as part of an ICD where a high
voltage defibrillation shock can be delivered in the event that
the method of the present invention is unable to successfully
convert a cardiac arrhythmia. Alternatively, the present inven-
tion could be implemented as part of a conventional pace-
maker to provide for an emergency response to a VI/VF
condition in the patient that would increase the chances of
patient survival. Still another embodiment of the present
invention could be implemented as part of an automated
external defibrillator (AED) as part of the application of
external electrical therapy for emergency response to a car-
diac arrhythmia.

The methods of the present invention also contemplate the
use of any number of arrangements and configurations of
waveforms and waveshapes for the electrical stimulation
pulse(s). Known monophasic, biphasic, triphasic and cross-
phase stimulation pulses may be utilized. In one embodiment,
the use of an ascending ramp waveform as described in the
article entitled “Mechanisms of Superiority of Ascending
Ramp Waveforms: New Insights into Mechanisms of Shock-
induced Vulnerability and Defibrillation,” a copy of which is
attached as Appendix A to U.S. Provisional Application No.
60/697,858, and the disclosure of which is hereby incorpo-
rated by reference herein.

The methods of the present invention also contemplate the
use of any number of arrangement and configurations for the
generation of the electrical stimulation pulse(s). While con-
ventional high voltage capacitor discharge circuitry may be
utilized to generate the lower energy stimulation pulse(s) in
accordance with the present invention, itis also expected that
alternative arrangements could be utilized involving lower
voltage capacitor arrangements, such as stacked, switched or
secondary capacitors, rechargeable batteries, charge pump
and voltage booster circuits as described, for example, in U.S.
Pat. Nos. 5,199,429, 5,334,219, 5,365,391, 5,372,605, 5,383,
907, 5,391,186, 5,405,363, 5,407,444, 5,413,591, 5,620,464
and 5,674,248, the disclosures of each of which are incorpo-
rated by reference herein. Generation of the ARP pulses in
accordance with the preferred embodiment can be accom-
plished by any number of methods, including known methods
for generating pacing pulses. Similarly, any number of known
techniques for cardiac arrhythmia detection may be used in
accordance with the method of the present invention.

Various modifications to the method may be apparent to
one of skill in the art upon reading this disclosure. The above
is not contemplated to limit the scope of the present invention,
which is limited only by the claims below.
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The invention claimed is:

1. An implantable system for treating ventricular tach-
yarrhythmias, the implantable system comprising:

a plurality of implantable electrodes; and

an implantable therapy generator operably connected to

the plurality of implantable electrodes, the implantable

therapy generator programmed to:

detect a ventricular tachyarrhythmia in a heart of a
patient;

establish a termination window associated with the ven-
tricular tachyarrhythmia;

deliver an unpinning shock via the plurality of electrodes
to the patient within the termination window that gen-
erates a relatively low voltage field to create a depo-
larized region in the heart to extinguish the ventricular
tachycardia by destructively interfering with a reentry
wave associated with the ventricular tachyarrhythmia
so as to effectively unpin the reentry wave,

wherein the unpinning shock is delivered at an energy
that is higher than conventional anti-tachycardia pac-
ing pulses and lower than an expected lower limit of
vulnerability of the patient for the ventricular tach-
yarrhythmia such that the relatively low voltage field
created by the unpinning shock is sufficient to unpin
the reentry wave from a location in the heart without
increasing a risk of ventricular fibrillation.

2. The system of claim 1 wherein the implantable therapy
generator is programmed to deliver multiple pulses for each
unpinning shock, wherein at least two of the pulses are deliv-
ered through different electrode paths in order to present
alternative wave fronts to the reentry wave so as to produce an
equivalent of a vector rotating field to the reentry wave.

3. The system of claim 1 wherein the implantable therapy
generator is programmed to deliver at least one anti-repinning
pulse subsequent to delivering the at least one unpinning
shock and within the termination window to extinguish the
reentry wave that is unpinned from the location in the heart,
the at least one anti-repinning pulse having an energy that is
less than the at least one unpinning shock.

4. The system of claim 1 wherein the implantable therapy
generator is programmed to define the termination window as
a time period based on a frequency of the ventricular tach-
yarrhythmia.

5. A method for treating ventricular tachyarrhythmias in a
patient, comprising:

providing an implantable therapy generator including pro-

grammably-operably circuitry to be implanted in a
patient and operably connected to a plurality of implant-
able electrodes; and

configuring the programmably-operably circuitry of the

implantable therapy generator to detect and terminate a

ventricular tachyarrhythmia, including by:

establishing a termination window associated with the
ventricular tachyarrhythmia; and

deliver an unpinning shock via the plurality of electrodes
to the patient within the termination window that gen-
erates a relatively low voltage field to create a depo-
larized region in the heart to extinguish the ventricular
tachyarrhythmia by destructively interfering with a
reentry wave associated with the ventricular tach-
yarrhythmias so as to effectively unpin the reentry
wave,

wherein the unpinning shock is delivered at an energy
that is higher than conventional anti-tachycardia pac-
ing pulses and lower than an expected lower limit of
vulnerability of the patient for the ventricular tach-
yarrhythmia such that the relatively low voltage field
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created by the unpinning shock is sufficient to unpin
the reentry wave from a location in the heart without
increasing a risk of ventricular fibrillation.

6. The method of claim 5 wherein configuring the program-
mably-operably circuitry of the implantable therapy genera-
tor to deliver the unpinning shock includes delivering mul-
tiple pulses for each unpinning shock, wherein at least two of
the pulses are delivered through different electrode paths in
order to present alternative wave fronts to the reentry wave so
as to produce an equivalent of a vector rotating field to the
reentry wave.

7. The method of claim 5 wherein configuring the program-
mably-operably circuitry of the implantable therapy genera-
tor causes deliver of at least one anti-repinning pulse subse-
quent to delivering the at least one unpinning shock and
within the termination window to extinguish the reentry wave
that is unpinned from the location, the at least one anti-
repinning pulse having an energy that is less than the at least
one unpinning shock.

8. The method of claim 5 wherein configuring the program-
mably-operably circuitry of the implantable therapy genera-
tor defines the termination window as a time period based on
a frequency of the ventricular tachyarrhythmia.

9. A method for controlling an implantable therapy gen-
erator adapted to be implanted in a patient and operably
connected to a plurality of implantable electrodes, the method
comprising configuring the implantable therapy generator to:

detect a ventricular tachyarrhythmiain a heart of a patient;

establish a termination window associated with the ven-
tricular tachyarrhythmia;

within the termination window, deliver an unpinning shock

via the plurality of electrodes that generates a relatively
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low voltage field to depolarize a region in the heart for
extinguishing the ventricular tachyarthythmia by
destructively interfering with a reentry wave associated
with the ventricular tachyarrhythmia so as to effectively
unpin the reentry wave,

wherein the unpinning shock is delivered at an energy that

is higher than conventional anti-tachycardia pacing
pulses and lower than an expected lower limit of vulner-
ability of the patient for the ventricular tachyarrhythmia
such that the relatively low voltage field created by the
unpinning shock is sufficient to unpin the reentry wave
from a location in the heart without increasing a risk of
ventricular fibrillation.

10. The method of claim 9 wherein configuring the
implantable therapy generator to deliver the unpinning shock
includes delivery of multiple pulses for each unpinning
shock, wherein at least two of the pulses are delivered through
different electrode paths in order to present alternative wave
fronts to the reentry wave so as to produce an equivalent of a
vector rotating field to the reentry wave.

11. The method of claim 9 wherein configuring the
implantable therapy generator further includes delivery of at
least one anti-repinning pulse subsequent to delivering the at
least one unpinning shock and within the termination window
to extinguish the reentry wave that is unpinned from the
location, the at least one anti-repinning pulse having an
energy that is less than the at least one unpinning shock.

12. The method of claim 9 wherein configuring the
implantable therapy generator defines the termination win-
dow as a time period based on a frequency of the ventricular
tachyarrhythmia.
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