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(57) Abrége/Abstract:

A method and apparatus for treating cardiac arrhythmias comprising an instrument for mapping ventricular tachycardia, Is
disclosed. The method Is for ablating a portion of an organ or bodily structure of a patient, which comprises obtaining a
perspective image of the organ or structure to be mapped; advancing one or more catheters having distal tips to sites adjacent

C an adg http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca

OPIC - CIPO 191

of

ELECTROPHYSIOLOGIC
[ SIGNAL
PROCESSOR

BODY
SURFACE

RECE IVING
ANTENNAS

SIGNAL PROGESSOR
69

0

DISPLAY

,
L
X
e
e . ViNENEE
L S S \
ity K
.' : - h.l‘s_‘.}:{\: .&. - A L~
.
A

A7 /7]
o~

OPIC




CA 2144946 C 2004/03/23

anen 2 144 946
13) C

(57) Abréege(suite)/Abstract(continued):
to or within the organ or structure; sensing the location of each catheter's distal tip using a non-ionizing field; at the distal tip of

the catheters, sensing local information of the organ or structure; processing the sensed information to create one or more data
points; superimposing the data points on the perspective image of the organ or structure; and ablating a portion of the organ or
structure. A catheter (51) Is Introduced into the heart chamber (52) Iin the body of a patient. An antenna (101) Is connected to a
receiver (102), and the antennas (103a, 103b, 103c¢) located at the body surface (57) are transmitting antennas. The transmitter

(105) transmits signals to the transmitting antennas (103a, 103b, 103c¢).
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A method and apparatus for treating cardiac arrhythmias comprising an PROCESSOR
instrument for mapping ventricular tachycardia, is disclosed. The method is N
for ablating a portion of an organ or bodily structure of a patient, which —=

CATHETER &

comprises obtaining a perspective image of the organ or structure to be
mapped; advancing one or more catheters having distal tips to sites adjacent
to or within the organ or structure; sensing the location of each catheter's
distal tip using a non-ionizing field; at the distal tip of the catheters, sensing
local information of the organ or structure; processing the sensed information
to create one or more data points; superimposing the data points on the
perspective image of the organ or structure; and ablating a portion of the organ
or structure. A catheter (51) is introduced into the heart chamber (52) in the
body of a patient. An antenna (101) is connected to a receiver (102), and the
antennas (103a, 103b, 103c) located at the body surface (57) are transmitting
antennas. The transmitter (105) transmits signals to the transmitting antennas
(103a, 103b, 103c).
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APPARATUS FOR MAPPING A HEART CHAMBER

FIELD OF THE INVENTION

This inventilion 1is directed to an apparatus and
method for treating a cardiac arrhythmia such as
ventricular tachycardia. More particularly, this
invention 1s directed to an lmproved apparatus and method
whereby there 1s faster identification of an active site
to be ablated.

BACKGROUND OF THE INVENTION

Cardiac arrhythmias are the leading cause of death
in the United States. The most common cardiac arrhythmia
is ventricular tachycardia (VT), 1i.e., very rapid and
ineffectual contractions of the heart muscle. VT 1is the

cause death of approximately 300,000 people annually.

In the United States, from 34,000 to 94,000 new
patients are diagnosed annually with VI. Patients are
diagnosed with VT after either (1) surviving a successful
resuscitation after an aborted sudden death (currently
25-33% of sudden death cases) or (2) syncope, 1l1.e.,
temporary loss of consciousness caused by 1insufficient
cerebral circulation. The number of VT patients 1is
expected to increase 1n the future, estimated to range
between 61,000 and 121,000 patients annually 1n five
years, as a result of early detection of patients at risk
for sudden death by newly developed cardiac tests,
advances in cardiopulmonary resuscitation, better medical
management of acute myocardial infarction patients, and

the demographic shift to a more aged population.

Without proper treatment most patients dlagnosed
with VT do not survive more than two years. The most

fregquent current medical treatment consists of certain
ml...-
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frequent current medical treatment consists of certaln
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antiarrhythmic drugs or implantation of an automatic
implantable cardiac defibrillator (AICD). Drug treatment
is associated with an average life span of 3.2 years, a

5 30% chance of debilitating side effects, and an average
cost of approximately $88,000 per patient. In contrast,
AICD implantation is associated with a life expectancy of
5.1 years, a 4% chance of fatal complications, and a cost

of approximately $121,000 per patient.

10 In a majority of patients VT originates from a 1 to
2 mm lesion that is located close to the 1i1nner surface of
the heart chamber. A treatment of VT in use since 1981
comprises a method whereby electrical pathways of the
heart are mapped to locate the lesion, i.e., the "active

15 site," and then the active site is physically abléted.
In most instances the mapping and ablation are performed
while the patient’s chest and heart are open. Also, the
mapping procedure has been carried out by sequentially
moving a hand-held electrical recording probe or catheter

20 over the heart and recording the times of arrival of
electrical pulses to specific locations. These processes

are long and tedious.

Attempts to destroy, i.e., ablate, the critical

lesion are now guite successful, but are currently

25 limited to a small number of patients who can survive a
prolonged procedure during which they have to remain in
VT for almost intolerable periods of time. The time-
consuning part of the treatment is the localization,
i.e., identifying the site, of the target lesion to be

30 ablated. Another limitation preventing the wide-spread
use of catheter ablation for VT is poor resolution of
target localization, which in turn compels the physician
to ablate a large area of the patient’s heart. The
reduction in heart function following such ablation

35 becomes detrimental to most patients with preexisting
cardiac damage. However, once the target 1s correctly
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identified, ablation is successful in almost all

patients.

An improved procedure for treatment of VT must
include a faster, more efficient and accurate technique

for identifying, or "mapping", the electrical activation
sequence of the heart to locate the active site.

In electrophysiologic examinations, and in parti-
cular in those using invasive techniques, so-called
electrical activation mapping is frequently used in
combination with an x~ray transillumination. The local

electrical activity is sensed at a site within a

patient’s heart chamber using a steerable catheter, the

position of which is assessed by transillumination images

in which the heart chamber is not wvisible. Local

electrical activation time, measured as time elapsed from
a common reference time event of the cardiac cycle to a
fiducial point during the electrical systole, represents
the local information needed to construct the activation
map data point at a single location. To generate a
detailed activation map of the heart, several data points
are sampled. The catheter is moved to a different loca-
tion within the heart chamber and the electrical activa-
tion is acquired again, the catheter is repeatedly por-
trayed in the transillumination images, and its location

is determined. Currently catheter location is determined
qualitatively or semi-qualitatively by categorizing
catheter location to one of several predetermined loca-

tions. Furthermore, the transillumination method for
locating the catheter does not convey information

regarding the heart chamber architecture.

The present technique regquires the use of a
transillumination means during each of the subsegquent
catheter employments. This means that if the subsequent
catheter locating is achieved by ionizing radiation, the
patient and the physician must be subjected to a
radiation exposure beyond that which would be required
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only for producing the basic image of the heart chamber

architecture.

A catheter which can be located in a patient using
an ultrasound transmitter allocated to the catheter 1is
5 disclosed in U.S. Pat. No. 4,697,595 and in the technical
note "Ultrasonically marked catheter, a method for
‘positive echographic catheter position igeﬁtification."
Breyer et al., Medical and Biological Eﬁ&ineering and
Computing. May, 1985, pp. 268-271. Also, U.S. Patent
10 No. 5,042,486 discloses a catheter which can be located
in a patient using non-ionizing flelds and superimposing
catheter location on a previously obtained radiological
image of a blood vessel. There is no discussion 1n
either of these references as to the acquisition of a
15 local information, particularly with electrical
activation of the heart, with the locatable catheter tip
and of possible superimposition of this local information
acquired in this manner with other images, particularly

with a heart chamber image.

20 OBJECTS OF THE INVENTION

It is an object of £he present invention to provide
an alternative method for the permanent portrayal of the
catheter during mapping procedures by a method making use
of non-ionizing rays, waves or fields, and thus having

25 the advantage of limiting the radiation exposure for the

patient and the physician.

It is also an object of the invention to provide a
catheter locating means and method that will offer
quantitative, high-resolution locating information that

30 once assimilated with the sensed local information would
result a high-resolution, detailed map of the information

superimposed on the organ architecture.

It is a further object of the present invention to

provide a mapping catheter with a locatable sensor at its
35 tip.
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These and other objects of the invention will become

more apparent from the discussion below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic block diagram for acquiring a
basic image;

FIG. 2 is a schematic block diagram representing a

computerized endocardial mapping algorithm;

FIG. 3 1is a schematic block diagram representing a
computerized pace mapping algorithm;

FIG. 4 1s a schematic block diagram representing
output device configuration of an embodiment of the

invention;

FIG. 5 1s a schematic block diagram for illustrating
the mapping catheter with the sensor at its tip and a
locating method in accordance with the principles of the

present invention making use of a transmitting antenna at
the catheter tip;

FIG. 6 1s a schematic block diagram representing use

of the invention for pace mapping;

FIG. 7 is a schematic block diagram representing the
algorithm used to calculate the cross-correlation index
while pace-mapping;

FIG. 8 1s a dlagram representing the catheter used
for mapping arrhythmias; and

FIGS. 9 and 10 are each a schematic block diagram
representing an aspect of the invention.

SUMMARY OF THE INVENTION

A trackable mapping/ablation catheter, for use with
reference catheters in a field such as an electromagnetic

or acoustic field, has (i) a transmitting or receiving
antenna for the relevant field within its tip, (ii) a

- -
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sensor at its tip for acquiring local information such as
electrical potentials, chemical concentration, tempera-
ture, and/or pressure, and (iii) an appropriate port for
delivering enerqgy to tissue. Receiving or transmitting
antennas for the respective field are attached to the
patient in which the catheter is disposed. A receiver or
transmitter is connected to these antennas and converts
the field waves received into electrical locating or
image signals. The sensed local inform;%ion of each site
can be portrayed on a display at the ;zépective locations
and combined with an image of the structure acgquired 1n a
different manner such as by x-ray, NMR, or ultrasound.
The resulting information can be used to map the
electrical pathways of the heart to determine the situs

of a lesion to be ablated.

DETAILED DESCRIPTION OF THE INVENTION

The above objects of the invention are achieved 1n a
method for real-time portrayal of a catheter in the heart
chamber, which makes use of a transmitter for electromag-

netic or acoustic waves located at the tip of a catheter,

these waves being acquired by a receiving antenna
attached to the patient and being converted into electri-
cal image signals. The image of the catheter can then be
superimposed on a heart chamber image disclosing wall
architecture acquired by same or other means of imaging.
In an alternative embodiment, the catheter tip may be a
receiving antenna, and the externally applied antennas
may be transmitting antennas. The sensor 1in the catheter
tip is designed to acquire the information of interest,
and the acgquisition of local activity at sites located by
the tracking methods is used to map the organ under
study.

The aforementioned known electromagnetic or acoustic
technology permits a simple portrayal of the catheter,

because the catheter differs greatly from its environment

el * e
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(biological tissue) with respect to the interaction of x-
rays. The catheter locating technique can be employed
with an imaging method and with a corresponding, real-
time imaging system which makes use of non-ionizing
radiation. The non-x-ray image which portrays the
catheter can be combined with an image disclosing heart
chamber architecture acquired in an appropriate way. The
problem of excess radiation exposure is thus overcome;
however, the demands made on the non-ionizing imaging
system with respect to its applicability and resolution
are rather high.

A further possibility, therefore, is to use the non-
ionizing field as part of a locating method, as opposed
to an imaging method. Locating methods differ from
imaging methods in the following ways: Imaging methods
are primarily used to topically correctly portray and
resolve a number of subjects or subject points within an
image within specific limits. This property is known as
the multi-target capability in radar technology and is
not present 1n locating methods. Locating methods
operate precisely and unambiguously only in the case
wherein a single subjecﬁ 1s to be portraved, i.e., to be
located. As an example, the catheter tip is a suitable
subject point. The advantage of the locating method is
that wave fields can be used wherein the employed wave-
length, which is defined by the fregquency and phase
velocity of the surrounding medium (tissue), can be
relatively high, and need not be on the order of magni-
tude of the locating precision. As is known, range
decreases greatly with increasing frequency given non-
ionizing waves, such as electromagnetic waves and

acoustic waves.

It is thus possible, given the use of a locating
method, to make use of relatively long wavelengths, and
thus lower frequencies. Moreover, the outlay for signal
bandwidth and aperture is much smaller in locating
methods than in imaging methods, particularly in view of

_'7...
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the spectral (signal) and spatial (aperture) occupation
density. It is sufficient to bring the subject point to
be located into interaction with only a few extracor-
poreal aperture support points, for example, three to
five transmitters or receivers, given a few discreet
frequencies, for example, three to five frequencies.

Oon the basis of this interaction, ranges or range
differences with reference to the subject position and
the various aperture supportingpoints,wz?e combination
of which makes an unambiguous and exact positional
identification (locating) of the subjéﬁg point possible,
are determined by measuring phase relationships or
transit time relationships. The subject point, 1.e., the
catheter tip, must be marked for this purpose 1in a

sulitable manner.

As in conventional pathfinder technology, it 1s
necessary that the catheter image and the heart chamber
image be combined with each other in a proper three-
dimensional correspondence, and it is also necessary that
the heart chamber architecture does not displace or
deform during the treatment. To correct for displacement
of the heart chamber that occurs during the cardiac cycle
the catheter location is sampled at a single fiducial
point during'the cardiac cycle. To correct for displace-
ment of the heart chamber that may occur because of
breathing or patient movement, a set of more than two
locatable catheters is placed at specific points in the
heart chamber during the mapping procedures. The
location of these reference catheters supplies the
necessary information for proper three-dimensional
correspondence of the heart chamber image and the mapping
catheter location.

The above principles can be applied for mapping
other structures of the body, for example, of the urinary

bladder, brain, or gastrointestinal tract. Dependent

upon the examination technique, the catheter may be




. WO 95/02993 | 2 1 4 4 9 4 6 PCT/US94/08352

10

15

20

25

30

35

replaced by a needle whose tip is the locatable sensor

port.

In a broader perspective the invention encompasses
four aspects: the first is intended to process locating
information; the second processes sensed electrical
information; the third integrates previously processed
information; and the fourth processes the integrated
information to generate a topographical map of the sensed
variable. These aspects are described in more detail

below.

Catheters will be introduced percutaneously into the
heart chambers. Each catheter will be trackable (using
the previously described methodology). Preferably three
reference catheters will be left in known landmarks, and
a fourth catheter will be used as the mapping/ablation
catheter. The locations of the three reference catheters
will be used to align the location of the heart chamber
relative to its location on the "“basic image."

1. Image and Location Processor

L‘,
Image acquisition: A method and device to acquire

images of the heart chambers from available imaging
modalities (e.g., fluoroscopy, echo, MRI, etc.). The
image is to be acquired with sufficient projections
(e.g., bi-plane fluoroscopy, several longitudinal or
transverse cross-sections of echocardiography) to be able
to perform 3-dimensional reconstructions of the cardiac
chambers’ morphology.

Images will be acguired at specific times during the
ablation procedure: the basic image will be recorded at
the beginning of the procedure to allow determination of
the cardiac chamber anatomy and of the positions of
reference catheters in the heart. This image will be
used thereafter as the basic source of information to

describe the heart chamber morphology.
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The image and location processor identifies (1) the
location of chamber boundaries using the methods of edge
enhancement and edge detection, (ii) catheter locations
relative to the chamber boundaries, and (iii) the dynam-

5 ics of chamber morphology as a function of the cardiac

cycle.

By analyzing the displacement of the catheter tips
during the cardiac cycle the image processor will
calculate the regional contractile performance of the

10 heart at a given moment during the mapping/ablation
procedure. This information will be used to monitor

systolic contractile functions before and after the abla-

tion procedure.

The location processor identifies the locations of
15 catheters. The locations of the reference catheters are
used to align the current position of the heart chamber
with that of the "basic image." Once current location
data is aligned with the "basic image," location of the
mapping and ablation catheter is identified and reported.

20
2. Electrophvsiologic (EP) Processor
The electrophysiologic signal processor will acquilre
electrical information from one or more of the following
sources:
25 A. ECG tracings (by scanning the tracing);

B. Body surface ECG recordings, elither from a 12-
lead system (X,Y,Z orthogonal lead system) oOr
from a modified combination of other points on
the

30 patient’s torso; and
C. Intra-cardiac electrograms, from the ablation/-

recording catheter, and/or from a serles of

fived catheters within the heart chambers.
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At each of the mapping/ablation stages, namely,
sinus rhythm mapping, pace mapping and VT mapping, the EP
processor will determine the local activation time
relative to a common fiducial point in time. The local
activation time recorded at each stage will furnish part

of the information required to construct the activation
map (isochronous map).

The electrophysiologic processor will also perform

" the following signal processing functions:

2.A. Origin Site Determination

Determine the most likely origin site of the
patient’s arrhythmia based upon the body surface ECG
tracings during VT. The most likely VT origin site will
be detected by analyzing the axis and bundle morphology

of the ECG, and by using the current knowledge of corre-

lation between VT morphology and VT origin site.

2.B. Sinus Rhythm Mapping

2.B.1 Delaved Potential Mappiling

Using intracardiac electrograms recorded from the

mapping catheter tip during sinus rhythm the EP processor
will detect and then measure the time of occurrence of

delayed diastolic potentials. Detection of late
diastolic activity either by (1) ECG signal crossing a
threshold value during diastole; or by (2) modelling the
electrical activity at a user-defined normal site and
then comparing the modelled signal with the actual
signal, and estimating the residual from the normal
activity; or by (3) using a band pass filter and
searching for specific organized high-frequency
activities present during diastole; or by (4) using
cross—-correlation and error function to identify the
temporal position of a user-defined delayed potential

template. This analysis will be performed on a beat-by-
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beat baéis, and its results will be available to the next
stage of data processing and referred to as the time of

delayed potential occurrence.

2.C. Pace Mapplng

2.C.1 Correlation Map e

In a "pace mapping mode" the ECG processor will
acquire ECG data while the pat1ent's>heart is paced by an
external source at a rate similar to the patient’s
arrhythmia cycle length. The ECG data will be acquired
from the body surface electrograms, and the signal will
be stored as a segment of ECG with a length of several
cycles. The signal acquired will then be subjected to
automatic comparison with the patient’s own VT signal
(see Fig. 7). The comparison between arrhythmia
morphology and paced morphology will be performed 1in two
stages: First, the phase shift between the template VT
signal and the paced ECG morphology would be estimated
using minimal error or maximal cross-correlation for two
signals. Then, using this phase shift estimated from an
index ECG channel, the similarity of the VT and the paced
ECG morphology will be measured as the average of the
cross—-correlation or the square error of the two signals

of all channels recorded.

This two-stage calculation will be repeated each
time using a different ECG channel as the index channel
for determining the phase shift.

At the end of this procedure the minimal error or
the maximal cross-correlation found will be reported to
the operator as a cross-correlation value (ACI) of this

pacing site.

-]
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2.C.2 Local Latency

The ECG processor wlll measure the pacing stimulus
to ventricular activation. The earliest ventricular
activation will be measured from the earliest zero
crossing time of the first derivative signal generated
from each of the body surface ECG recordings acquired
while pacing. This interval will be reported to the
operator and will be later used in the process of judging
the suitability of the site for ablation.

2.D. VT Mapping

2.D.1 Pre-potential Map

During spontaneous or induced VT the ECG processor
wlll search for a pre-potential present on the
mapping/ablation electrode electrogram. The potential
will be marked either automatically (by a threshold
crossing method, by band pass filtering, or by modelling
normal diastolic interval and subtracting the template
from the actual diastolic interval recordings) or
manually by the user-defined fiducial point on the pre-

potential signal. The processor will measure the
interval between the time of the pre-potential (PP)

signal and that of the earliest ventricular (V)
activation as recorded from the body surface tracings,
and the interval will be calculated and reported to the

user. The ECG processor will report on a beat-by-beat
basis the value of the PP-V interval.

2.D.2 Premature Stimuli Local Latency

During VT, when premature extrastimuli will be
delivered to the mapping catheter, the ECG processor will
detect the time of a single premature signal delivered to
the mapping/ablation catheter and the earliest local
activation (judged by the presence of non-diastolic
activity following a predetermined interval at the

-13 =
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mapping/ablation catheter and the presence of a different
signal morphology shape and value at the body surface

electrograms when compared to their value at one cycle
length before that event). The presence of electrical
activity on the mapping/ablation electrode and the
presence of an altered shape of the body surface
morphology will be termed as a captured beat. In the
presence of a captured beat the ECG prpq?ssor will calcu-
late the intervals between the stimulug"and the preceding
earliest ventricular activation (terﬁéd V=-S) and the
interval between the stimulus and the following earliest
activation of the ventricle (termed S-V’). The ECG
processor will report these intervals to the user after
each extrastimulus delivered. Also, the intervals V=S
and S-V’ will be graphically plotted as a function
describing their dependence. The ECG processor will

update the plot after each extrastimulus.

2.D.3 Phase Shifting of VT by Premature Stimuli

The ECG processor will identify the effects of the
extra-~stimulus on the phase shifting of the VT as
recorded by body surface electrograms. A user-defined
body surfaced channel electrogram of non-paced VT
morphology will be used as a template (segment length
egual to twice VT cycle length), and the electrogram of
the same channel acquired for the same duration followilng
the delivery of an extrastimulus during VT will be used
as a test segment. The ECG analyzer will compare the
template and the test signal morphologies (using minimal
error function or maximal cross correlation) to assure
that the VT was not terminated or altered. If VT
persists, the ECG analyzer will calculate the phase shift
caused by the extrastimulus. Phase shift will be
calculated as a part of the VT cycle length needed to be
added or subtracted to regularize the VT time seriles.

-14~

PCT/US94/08352




@ "Orm _: 2144948 PCT/US94/08352

10

15

20

25

30

2.D.4 VT Termination by Premature Stimuli

The ECG processor will look for a non-capture event
following the extrastimulus. In that event the ECG
processor will look for alteration in the VT following
the extrastimulus delivered. If the VT was terminated
(as defined by returning to normal ECG morphology and
rate), a note of non-capture termination will be
generated by the ECG processor. In case there was no
capture but VT morphology did not change, the operator
will be notified to change the coupling interval for the
coming extrastimuli.

3. Image, Catheter Location and Electrophysiologic

Information Integrator

This processor will receive information from the
devices described earlier and will attribute the
processed electrical information to the specific
locations of the heart chamber from which it was
recorded. This process will be performed in real time

and transferred to the next processor.

Processed electrical information, when combined with
its location, generates a map. By use of the previously
described variables, the following maps will be

generated:
(1) Spatial location of the endocardium;
(2) Sinus rhythm activation map (isochronous map) ;

(3) Diastolic potential occurrence time isochronal
map for sinus rhythm mapping;

(4) Correlation map for pace mapping;

(5) Local latency isochronal map during pace
mapping;

(6) Activation time isochronal map during VT; and

(7) Pre-potential isochronal map during VT mapping.

-] 5w
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Also, the sites where VT was termlinated by a non-

captured premature stimulus will be presented.

At each stage (sinus rhythm mapping, pace mapping
and VT mapping) after each data point is acquired, all
available information is reassessed for two purposes:
first, to suggest to the operator the ngxt site for data
acquisition, and second, to test the available

information to propose a site for ablation.

Two algorithms are running simultaneously to perform

this procedure:

(1) Mapping guidance algorithm (see Evaluate
Activation Map (17) in Fig. 2 and Evaluate Auto-
Correlation Map (3a) in Fig. 3). This algorithm uses as
an input the available mapped information of a certaln
variable (e.g., local activation time during sinus
rhythm). The algorithm calculates the spatial derivative
of the mapped variable (i.e., activation time in this
example) and calculates the next best location for adding
another data point when the objective function 1is
regularizing the spatial gradients of the mapped vari-
able. For example, this _algorithm will suggest that more
data points be acquired in areas in which the mapped

variable is changing significantly over a short distance.

The location suggested by the algorithm will be
presented to the operator as a symbol on the display.
The same display already shows the basic image of the
heart chamber and the current location of the
mapping/ablation catheter. Therefore, the operator will
move the mapping/ablation catheter to reach the suggested

location for further data acquisition.

This algorithm will become most beneficial during VT
mapping, where the available time for data acquisition 1is
limited by the adverse hemodynamic effects of the
arrhythmia. Therefore, such an algorithm which examines

the available data points of a map in real-time and

-l 6-
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immediately suggests the next site for acquisition is

greatly needed.

(2) Prognosing likelihood of successful ablation
algorithm. This algorithm is a user-defined set of
hierarchical rules for evaluating the acquired
information. The operator is expected to grade the
importance of the specific information acquired in the
mapping/ablation procedure, as to its likelihood to
identify the correct site for ablation. An example of

such an algorithm is described in the following section.

Grading of mapping results suggesting the likelihood
of successful ablation at that site (A = highly likely

successful and D = least likely successful):

(a) The identification of a typical re-entrant

pathway on VT mapping with an identifiable common slow

pathway — Grade A;

(b) The identification of a site with over 90%

correlation index in the pace map — Grade B;

(c) The 1identification of a site where VT was
terminated with a non-capture premature stimulus — Grade
C; and |

(d) The identification of pre-potential maps
recorded during VT, which are similar to diastolic
potential maps recorded during sinus rhythm — Grade D.

4. Integrated (Image and Electrical)
Processor and Display

The output device will use a computer screen or a
holographic imaging unit that will be updated on a beat-
by-beat base. The output will include the following
information: superimposed on the basic image the
position of the catheter will be represented as a symbol
on the ventricular wall. The maps will be plotted and

overlaid on the same 1mage.
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Catheters

The output device at the mode of guided map
acquisition would mark on the ventricular wall image the
next best place to position the catheter to acquire ECG
information based on the results of the previous

analysis.

5. Locatable Catheter Mapping and Ablation

= ‘,:f}

‘&

The catheters used for mapping are critical to the

invention. The catheters have a locatable, sensing
and/or ablation tip. For locating using electromagnetic
fields, locating of the catheter tip is achieved by an
antenna disposed at the catheter tip, with an antenna
feed guided in or along the catheter. An electrical
antenna (dipole) or a magnetic antenna (loop) can be
used. The antenna can be operated as a transmission
antenna or as a reception antenna, with the extracor-
poreal antennas located at the skin surface corre-

spondingly functioning as reception antennas or trans-
mission antennas. Given multi-path propagation between
the catheter tip and the-external antennas, the path
between the relevant antennas can be calculated by a
suitable multi-frequency or broadband technigque. It 1is

also possible to employ the locating method using

acoustic waves. The problem of the contrast of the
biological tissue is significantly less critical when
acoustic waves are used than in the electromagnetic
embodiment. The problem of multi-path propagation in the
case of acoustic waves, however, will be greater for this
embodiment because of the lower attenuation offered by
the biological tissue. Both problems, however, can be
solved as described above in connection with the elec-

tromagnetic embodiment.

A ceramic or polymeric piezoelectric element can be
used as the antenna at the catheter tip. Due to the high

transmission signal amplitudes, operation of the catheter
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antenna as a reception antenna is preferred for the case
of acoustic locating. Because the transmission paths are
reciprocal relative to each other, the locating results
are equivalent given reversal of the transmission

direction.

The sensor at the catheter tip is constructed with
respect to the property to be sensed and the interaction
with the locating field waves. For example, a metal
electrode for conducting local electrical activity may
interact with locating technigques using electromagnetic
waves. Thilis problem can be solved in the preferred

embodiment by using composite material conductors.

The delivery port at the tip of the catheter is
designed with respect to the energy characteristic to be
delivered. In the present embodiment the delivery port
1s the sensing electrode and can function either as an
electrode for sensing electrical activity or an antenna

to deliver radiofrequency energy to perform ablation of
tissue 1n close contact to the delivery port.

The invention can perhaps be better understood by
making reference to the drawings. Fig. 1 is a schematic
block diagram for illustrating the acquisition of the
basic image. Using a transesophageal echocardiograph (1)
in the preferred embodiment, a multiplane image of the
heart chambers is acquired prior to the mapping study.
The image 1s acquired only during a fiducial point in
time during the cardiac cycle. In the preferred embodi-
ment the image is acquired at end-diastole (2). A three-
dimensional image of the heart chambers is reconstructed
indicating the endocardial morphology and the location of
the reference catheters within the heart chamber (3).

FIG. 2 1s a schematic block diagram for illustrating
the computerized endocardial activation mapping algorithm
(used during sinus rhythm mapping and during ventricular
tachycardia mapping). A visible or audible indicator

indicates the beginning of a data point acquisition (4).

-10 -
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Data is acgquired for each point in the map from two
sources. The catheter is in steady and stable contact
with the endocardium. The mapping catheter tip 1is
localized (5). The localization of the catheter tip

5 involves the localization of the three reference
catheters (7). All locating signals are synchronized to
end-diastole (8). The transformatigﬁ;bf the three
reference catheters relative to thé££ original location
in the basic image is calculated (9), and the transfor-

10 mation values in the X,Y, and Z as well as the three
orientation movements are applied to the measured
location of the mapping/ablation catheter (10), the
correction of which yields the location of the
mapping/ablation catheter with respect to the basic 1mage

15 (11). Electrical activation acgquired with the map-
ping/ablation catheter tip is analyzed 1in the electro-
physiologic signal processor (6). The local electrogram
(12), after being filtered, is analyzed to detect the
local activation (14) (by one or more of the technilques

20 for amplitude, slope, and template fitting, or by manual
detection by the user). The interval elapsed from
previous end-diastole to the present local activation 1is
the local activation time (T, 15). The association of
the location of the sensor with the activation time

25 generates a single data point for the.activation map
(16) . The process of data acquisition can be terminated
by the user, or can be evaluated by the "evaluate
activation map" algorithm (17) that examines the already
acquired activation map for the density of information

30 relative to the spatial gradient of activation times.
This algorithm can indicate the next preferable site for
activation time detection (18). The catheter should be

moved by the user to the new site, and the process of

mapping continues.

35 During VT a data point is determined about every 4
+o 6 beats. Thus, approximately 15 to 25, typically
about 20, data points can be determined each minute.
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This factor, in combination with the remainder of the

system described herein, permits faster mapping.

FIG. 3 1s a schematic block diagram for illustrating

the computerized pace mapping algorithm. A visible or
audible indicator indicates the beginning of a data point

acquisition (20). Data is acquired for each point in the
map from two sources. The mapping/ablation catheter is
in steady and stable contact with the endocardium, and
the mapping/ablation catheter tip is localized (21). The
localization of the catheter tip involves the localiza-
tion of the three reference catheters (22). All locating
signals are synchronized to end-diastole (23). The
transformation of the three reference catheters relative
to their original location in the basic image is calcu-
lated (24), and the transformation values in the X,Y, and
Z as well as the three orientation movements are applied
to the measured location of the mapping catheter (25),
the correction of which yields the location of the map-
ping/ablation catheter with respect to the basic image
(26) . Body surface ECG acquired is analyzed in the
electrophysiologic siénal processor (22) according to the

pace mapping algorithm. “The association of the location
of the pacing electrode with the cross-correlation index

(ACI, 28) of that site yields a single data point of the
pace map (29). The process of data acguisition can be
terminated by the user, or can be evaluated by the
"evaluate pace map" algorithm (30) that examines the
already acquired activation map for the density of
information relative to the spatial gradient of cross-
correlation index, as well as the presence of circum-
scribed maxima points in the map. This algorithm can
indicate the next preferable site for pacing (31). The
catheter should be moved by the user to the new site,
pace the heart from that new site and calculate the

assoclated cross-correlation index.

FIG. 4 1s a schematic block diagram for illustrating

the output device configuration (45) of the present
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embodiment. A quasi-static picture of the heart chambers
(40) is presented as 3-D reconstruction of a basic image
(41) acquired prior to or during the study. Super imposed
on the image (40) will be the location of the mapping/-
ablation catheter (42), locations of the reference cathe-
ters (43), and the current and previous information
acquired from the mapping study (44)._ "This information
may include, when appropriate, the aQézvation times
(presented using a color code at eacﬁ’acquisition site)
or cross—-correlation index for each point in the pace
map. Furthermore, the map can represent in the color
coding the duration of the local electrograms, the
presence of fragmented activity as well as various other

variables calculated by the electrophysiologlc processor.

FIG. 5 is a schematic block diagram illustrating the
instrument while being used for VT mapping. As shown, a
catheter (51) is introduced into the heart chamber (52)
in the body of a patient. The catheter (51) has an
antenna (53) at its tip, which is supplied with energy by
a transmitter (54). The transmitting antenna (53) may be,
for example, a dipole. The receiver (55) is provided for
locating the position of~the tip (53). A receiver (55)
receives the electromagnetic waves generated by the
antenna (53) by means of a plurality of receiving
antennae (58a, 58b, and 58c) placed on the body surface
(57) of the patient. A sensor (59) placed on the
catheter tip receives local electrical activity of the
heart chamber muscle. The signals from the sensor
electrode (59) are supplied to an electrophysiologic
signal processor (60) which calculates the local
activation time delay by subtracting the absolute local
activation time from the absolute reference time measured
from the body surface electrogram (61) of the present
heart cycle. A display (66) permits visual portrayal of
the local activation times at the location of the
catheter tip as described earlier, for example, by super-
imposition with an ultrasound image showing the heart
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chamber architecture. The signals from the receiver (55)
and output of electrophysiologic signal processor (60)
are supplied to a signal processor (69) which constructs
an image of the activation time map.

Information regarding the heart chamber architecture
is supplied to the signal processor (69) via a separate
input (70). The images are superimposed and are
portrayed on the display (66). As noted above, the
transmitter and receiver may be an ultrasound transmitter
or receiver, instead of electromagnetically operating

devices.

FIG. 6 1is a schematic block diagram illustrating the
instrument while being used for pace mapping. The
methods for locating catheter tips used in this example
are similar to those represented by Fig. 5. Pacing poles
(81) are placed on the catheter tip and are connected to
a pacemaker (82) source. The pacemaker source activated
either by the user or by the electrophysiologic signal
processor (84), activates the heart starting at the site
of contact of the heart and the pacing poles. Simul-
taneously acquired ECG (83) is saved and processed in the
electrophysiologic signai processor (84). Cross-correla-
tion analysis is carried out in the signal processor

(84), and the resulting cross-correlation index (ACI) is
transferred to the display unit and associated with the
location of the catheter tip to be superimposed on the

image of the heart chamber at the appropriate location.

FIG. 7 1s a schematic block diagram for illustrating
the algorithm used to calculate the cross-correlation
index while pace mapping. Body surface ECG data is
acquired at two stages. First, during spontaneous or
pacing induced VT, and second during pacing the
endocardium at different sites. The ECG data acquired

during VT are signal averaged, and a template is con-
structed (T,, for each channel recorded). During

endocardial pacing the ECG data is acquired, and the same

-—D 3 -
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nunmber of beats (N) 1is acquired to calculate the sigﬁal
averaged QRS (P,, for each channel recorded). The
algorithm then calculates the phase shift between P, and
T,, which yields for the first channel the maximal cross-
correlation. This time shift is used to shift the
remaining channels and calculate for them the cross-
correlation. All cross-correlations for all channels are
summarized and stored. The algorithm,ghén uses the next
channel recorded to calculate the time shift that will
cause maximal cross-correlation 1in tﬁis channel. Now
this time shift is applied for all cross-correlations
between P, and T,, and again all cross-correlations are
summarized. This procedure is repeated for all channels,
and the maximal cross-correlation achieved 1s used as the
value of the cross-correlation of the T, and the P, at

this site on the endocardiun.

FIG. 8 is a schematic diagram illustrating a
catheter (90) used for mapping arrhythmias. The distal
catheter tip (91) has a conducting material on its outer
surface that is the sensing/pacing pole (92) connected to
lead (93). In close proximity to pole (92), but
separated by insulating material (94), is pole (95),
which comprises an annular conducting ring connected to
lead (96). The receiver/transmitter antenna (97) of the
locating device is placed inside the catheter tip (91),
with at least two leads (98) and (99). At least four
electrical connections corresponding to leads (93), (96),
(98), and (99) exit the catheter: two for the two con-
ducting poles of the sensing/pacing poles and at least
two for the locating device antenna.

Although a multitude of catheters (91) could also be
used as reference catheters, a catheter (not shown)
having only the receiver/transmitter antenna with leads
(98, 99) could function suitably. Also, a

mapping/ablation catheter (not shown) could be similar in
structure to catheter (90) with an additional lumen or

-4 -




WO 95/02995 2 1 4 4 9 4 6 PCT/US94/08352

10

15

20

25

30

structure or leads to conduct or transmit ablation

enerqy.

An alternative embodiment is shown in FIG. 9,
wherein the antenna (101l) is a receiving antenna. In
this embodiment, the antenna (101) is connected to a
receiver (102), and the antennas (103a), (103b) and
(103c) located at the body surface (57) are transmitting
antennas. The transmitter (105) transmits signals to the
transmitting antennas (103a), (103b), and (103c). Opera-
tion of the method is otherwise identical to that
described 1n connection with FIG. 5. The embodiment of
FIG. 9 can be operated as well using acoustic transmis-

sion and reception components instead of electromagnetic

transmission and reception components.

FIG. 10 describes a preferred embodiment of a method
for proper three-dimensional correspondence of the
catheter tip location and the heart chamber image. Three
reference locatable catheters (110), (111), (112), as
described in the previous sections of this disclosure are
placed i1n fixed positions in the heart, for example, the
right ventricular apex, the right atrial appendage, and
the pulmonary artery at the level of the pulmonary valve,
respectively. The operation method is similar to that
described earlier. The location of these three reference
catheters 1s used by the signal processor (69) for proper
three-dimensional correspondence of the heart chamber

image and the mapping catheter location.

In one embodiment of the invention the mapping

procedure can proceed as follows:

1. Insertion of more than two reference catheters

(locatable) to fixed positions in the heart.

2. Acquisition of a "basic image" by an imaging
modality such as echocardiogram or MR imaging. Image
acqguired and 3-D reconstructed at end-diastole.
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3. Insertion of mapping/ablation catheter
(locatable) and positioning of the catheter in the area
suspected by VT morphology to include the tactive site."

4. Sinus rhythm mapping to construct sinus rhythm

activation maps and diastolic potential i1sochronal maps.
5. Pace Mapplng:
(a) Construction of ACI maﬁ.
(b) Construction of local latency map.
6. VT Mapping

(a) Activation mapping: Construction of activation map

during VT.
(b) Pre-potential isochronal map.
(c) Extrastimuli pacing during VT.

7. Ablation

(a) Detection of optimal location of ablation from
the data acquired with the above mapping.

(b) Positioning the mapping/ablation catheter on

top of the endocardial site;
¢

(c) Measuring systolic contractile function at that
site;

(d) Delivering ablative energy to the preferred
site;

(e) Repeating step (c)

As can be appreciated, the overall mapplng procedure

to determine an "active site" is complex and includes
several stages, none of which is mandatory. Dependent

upon the results obtained in each stage, mapping may
continue.

Specific aspects of the procedure can be per formed

in the following seqgquence:

Through a percutaneous venous access three reference
catheters are introduced into the heart and/or the large

., Y-
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vessels. The three reference catheters are positioned so
that the respective distal tips are at least 2 cm,

preferably 4 to 8 cm, apart. Next, A 3-D image of the
chamber of interest is reconstructed using, for example,

5 transesophegeal ultrasonography. Then, the locations of

the distal tips of the reference catheters are marked.

Through another vascular access port a

mapping/ablation catheter is introduced to the area of
interest, and then the location of its distal tip as well

10 as the sensed electrical activity are recorded. The

location of the mapping/ablation catheter is measured

relative to the location of the reference catheters.

In a modified embodiment of this invention the map

previously described can be superimposed on the mapped
15 organ image.

Once the operator identified an active site, the
mapping/ablation catheter is positioned so that the
active site can be ablated. The ablation is performed by

radiofrequency energy. Qther known methods could be used
20 instead (e.g., laser, cryotherapy, microwave, etc.).

Although modifications and changes may be suggested
by those skilled in the art, it is the intention of the
inventor to embody within the patent warranted hereon all
changes and modifications as reasonably and properly come

25 within the scope of their contribution to the art.
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The embodiments of the invention in which an
exclusive property or privilege is claimed are defined as

follows:

1. An apparatus for mapping a heart chamber
comprising:

(a) a plurality of transmitting antennas
located at a body surface for generating electromagnetic
Or acoustic waves;

(b} a catheter having a receiving antenna at
1ts tip for receilving the electromagnetic or acoustic
waves and locating the position of the tip and a sensor
for receiving local electrical activity of the heart

chamber; and

(c}) a signal processor which receilves signals
from the sensor and calculates an activation time based

on the signals and constructs an activation time map.

2 . Apparatus according to c¢laim 1, wherein a non-
1onizing field is used for locating the position of the

tip of the catheter.

3. Apparatus according to claim 1 or claim 2, and
comprising a display for visual portraval of the

activation time map.

4 . Apparatus according to claim 3, wherein the

display has an ultrasound image.

5. Apparatus according to claim 4, wherein the
display allows for local activation times at the location
of the catheter tip to be superimposed with the

ultrasound image.
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6 . Apparatus according to claim 1, wherein the
transmitting antennas have electromagnetic transmission
components and the recelving antenna has electromagnetic

reception components.
7 . Apparatus according to claim 1, wherein the
transmitting antennas have acoustic transmission

components and the receiving antenna has acoustic

reception components.
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