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Analyzes surface electrocardiographic and intracardiac sig-
nals to identify and separate electrical activity corresponding
to distinct but superimposed events in the heart. Assesses the
spatial phase, temporal phase, rate, spectrum and reproduc-
ibility of each event to determine uniformity of activation in
all spatial dimensions. Uses numerical indices derived from
these analyses to diagnose arrthythmias. Uses these indices
to determine the location of an arrhythmia circuit, and to
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atrial and ventricular arrhythmias.

Continue until matched on PPI,
correlations maximized in all EG
L Display “SITE"
y 695
E: DETERMINATION OF ABLATION
SUCCESS MODE

700

epeat catheter spatial
idance Module

705
closest correlation match is reduced

elow predetermined threshold AND
n-inducible # likely successful -blu!im\‘ﬂ End
v 710
F: ARRHYTHMIA
PREDICTION MODE
s
Pace incrementally from trans-
esophageal or Rove catheter
y 720

Repeat temporospatial correlation
ateach pacing rate

725

v
Terminal P, QRS or T wave
variabllity?

[2

Variability OR Does relevant
correlation (P, QRS, T) show loo, igh ri
bifurcation -lemax:-) ? i Highrisk
No 740, 745
No variability AND Does component No
show equivalent loop rates to block? Intermediate risk
¥ Yes 750 ¥

Low risk H End




Patent Application Publication Jan. 25, 2007 Sheet 1 of 15 US 2007/0021679 A1

Aorta

Superior vena cava

Great cardiac vein

Halo catheter 15

in right heart 0 25 Surface

lectrode

Coronary sinus os

Multi-pole catheter 18
in left heart
Ablation catheter 20

Inferior vena cava

10 Heart 5 System

[

60

Pacing | Electrode
Module | - "| Controller

50 ,
40 \ ¢ 70 Signal
L E Processing
e / Module
< Generator [« Process
Controller
Display Input

Figure 1A



Patent Application Publication Jan. 25, 2007 Sheet 2 of 15 US 2007/0021679 A1

Esophageal electrode 136 l

Aorta 116

Superior vena cava
Great cardiac vein 114

Chest wall

Halo catheter 134’
Coronary sinus catheter 134' Surface electrode

Catheter 134
Coronary sinus os 112
Esophagus 120

Ablation catheter (ROVE)
(recol'ds S., Pi, i=l, 2, 3) 138 Surface ECG leads 130
Inferior vena cava
_ 110 Heart
LEAD SELECTION Electrode
MENU Control
Surface ECG 14
Endocardial Energy
C;""ﬁ"""‘}“s CONDITIONING UNIT \\|_Gcnerator 172
s‘g hagea 144 Anti-aliasing Filter
ther = A/D Converter Ablate
Filters: §0/ 180 H?.m : 170
PROCESS SELECT 2 A
L. Corr Coeff > H'ost Processor 4
2. Slope + Intercept - 195 Record Pace Defibrillate
3. Power spectrum 158 160 180
4. Filter: LP, HP, BP — —

155 " /~ [Interface to other
sources of ECGl

Process Controller

) Input Module 4__—_—/ 190} »|  Database

8

200 | n 197
Display
230
ANALYSIS ACTION MODE OF OPERATION =
Signa!l Conditioning A.Signal sampling
Temporospatial correlation B.Surface ECG Diagnosis & Localization|
Timing Analysis ’ C. Intracardiac diagnosis &
Spatial magnitude comparator arrhythmia localization
Spatial relationship comparator D. Catheter guidance System
Spectral processing E. Determination of ablation success
Other numerical analysis, e.g., F. Amthythmia prediction  ,,
Eigen vector analysis etc. 21 —

Figure 1B



Patent Application Publication Jan. 25, 2007 Sheet 3 of 15 US 2007/0021679 A1

350 Deflected tip positions
4 360 Ablation or
310 Multiple electrode structure pacing electrodes
Flexible shaft 380
Flexible shaft 320
Handle 300 ‘
Connector 330 Deflection handle 370
Connector 390

Figure 2 Figure 3
Halo catheter Ablation Catheter



Patent Application Publication Jan. 25, 2007 Sheet 4 of 15 US 2007/0021679 A1

600
Rhythm under consideration
v 605
A:SIGNAL SAMPLING
Y 610 , 612
B: SURFACE ECG DIAGNOSIS .
& LOCALIZATION Choose ECG pairs
v 620 y 614
C: INTRACARDIAC DIAGNOSIS Compute temporospatial
& LOCALIZATION MODE morphology correlation on vector
v %30 loops in 3D spatially (Figure 5
v 616
Acquisition module Make diagnosis based on.
reg/rate/loops/fre
v 635 g/ rate/loops/freq
Pace from electrode ROVE, ¢ 618
134,136 or 138 Prompt for intracardiac
v 640 diagnostic catheter
Repeat Diagnostic mode on: paced
EG OR on sampling mode EG
645
Determine difterence between
pace + cardiac event
650 655

Pace from Rove catheter. Determine
difference from tachy in ECG pace -
map, EG (intracardiac), concealed

Use Analysis engine to compute
temporospatial morphologic

entrainment, PPI, ST-ORS vs EG-ORS correlations (Figure 5)
660
D: CATHETER SPATIAL
GUIDANCE MODE
665

Determine spatial plane within
which maximum deviation is seen in
pace/native thythms e.g., XY, YZ, XZ
670
Determine direction in which to mov
catheter in this plane. Based on EG
polarity pace vs native: if pace less
ositive move towards this electrode

675

Display vector (e.g., arrow)
for catheter movement

v

Figure 4



Patent Application Publication Jan. 25,2007 Sheet 5 of 15 US 2007/0021679 A1

* 680
Continue until matched on PPI,
correlations maximized in all EG
v 690
Display “SITE”
v 695
- E: DETERMINATION OF ABLATION
SUCCESS MODE
. 700
Repeat catheter spatial
guidance Module
v » 705

f closest correlation match is reduced

below predetermined threshold AND
on-inducible $ likely successful ablation End
v 710
F: ARRHYTHMIA
PREDICTION MODE
¥ 715

Pace incrementally from trans-
esophageal or Rove catheter
v 720

Repeat temporospatial correlation
at each pacing rate

v - 725
Terminal P, QRS or T wave
variability?
v 730 .
Variability OR Does relevant Yes
correlation (P, QRS, T) show loop > High risk -
bifurcation (alternans)?
y No 740 745
No variability AND Does component No o L
show equivalent loop rates to block? Intermediate risk
* Yes 750 +
Low risk End -«

Figure 4 (contd.)



Patent Application Publication Jan. 25, 2007 Sheet 6 of 15

US 2007/0021679 Al

! 405

User choice of real time or
archived or databased signal

source
* 410
Identify QRS, T and atrial
components
4 420

----p

For each electrogram channel
or ECG lead

v 430

Automatic or manual selection
of a template

v 440

v

For successive time points
in atrial ECG or EQ timeline

v 450

Pearson’s correlation coefficient,
slope, or intercept computation:
template vs same duration in EG

v 460
Next time point
¢ 470

————]

Repeat for next ECG channel

v 480

Identify pts of atrial max, min, zero
crossing or any other fiducial on
correlation plots for all leads

490

Using these points as isoelectric,
baseline correct- linear or cubic
splines

v 500

Signal average atrial signals not
overlapping with ventricular
activity. Align based on time
domain, frequency domain or
correlation fiducials

|

v 510

Auto-select atrial, QRS & T
components

¢ 520

For each baseline corrected
ECG lead or EG channel

+ 530

Select atrial, ventricular or T
template in turn

v 510

l

For successive timepoints ]4

v 550

Compare in current/ database

template vs native:

a) Pearson correlation coefficient, other

b) slope

c) derive baseline corrected voltage
using signal averaged or native

v 560
Next timepoint
+ 570

Next ECG leads or EG

v ' 580
Display vector loops for
orthogonal ECG leads

+ 590

Display vector loops or Eigen
vectors or loop areas of Eigen
leads of atrial, QRS, T for each beat

+ 595

Perform FFT on 8 - 10 s of ECG and/or
Pearson correlation data in each lead

v

98
End analysis engine

———

______

Figure 5




US 2007/0021679 Al

Patent Application Publication Jan. 25, 2007 Sheet 7 of 15

9 331y

Weay ay) 9pisul AJIATIOR [eInY

v

e

p \\./

aurt \.\/
- ..Hk

'

|
i
1
|
1
|
!
I
!
!
)|
T
3
1

Y

i i D PR S

e

+
I

y

jurod yoea 1o - |
couﬂob\on«u uone[a109 yead oo JOMENL “f
ad [eLe payseN m “
TR IEnY surm 1040 Apaaissardoad sapifs oyejdway, \ m
(I peay “3-0) Ananoe ey
D) 90elINg orejduwey [euSis [euyy »

(uonezirejodop tenotnuan) SYO

Correlation Coefficient (r)




v
«
(=
A 3 -
s 7 7 ]
g e g
S 7 % /
= b 7TV / i P/
o ! ]
2 N A \ t ]
M Zavi \“ _ \b N
z (e 1011g) A ’ v/jas
: e . .0/ P2/ AR K
a4z U.Hs.w..mm y ‘“\ 7t \“\\ i i
y e \ 7 “\ /
y /
/1 \ v/l 24
] (i 4 [ A
7 M DA77
H&; / — 18] .:b_w
(peyru8ewr) sdooj erny sdooy 1ng

X sa X :dooj 10309

 V4amS3ig

sdgo] toneaiio: \%
7/
y :

[eIIe RoYSE

y.

Vi
7977
L

.4

7

.wnos ONR[ILI0] [eLy

. 1 : %mi&.w L
»?x.saaoﬁauo% Q-Z%Eixvm?uﬁ

uoneaa10) regedsorodwa ], sa werSorpIesiopa A

Patent Application Publication Jan. 25, 2007 Sheet 8 of 15
\
N
A




Patent Application Publication Jan. 25,2007 Sheet 9 of 15 US 2007/0021679 A1

Template
@
2
»
-t
e
>
3
a m
[}
£ 'I"
IN
Panel 3. Pearson's correlation coefficient (r) plots
XvsY YvsZ XvsZ
1 1 1
AT ek T Al ek Lk ) Aibial ek F=
cprrlatio correlation cogrelatip
| , I
v f
7.0 : : /4 4 ] : tr ial
Tasked atrial | A s el atrial
7 N | | peak c()rrelation; odg::!on pgaK ¢ rrglatncn
20| Vent. tdkdoff | | Lol ] Vent. thkéoff [ | 1. Neht. hake off!
-1 -1 -1
Panel 3'. X vs Y: Atrial correlation loop X vsY: Masked atrial correlation loop
1 1
!
/ —
-1 1 1 1
o4, v 4
yd W4
27
- -1
A Panel 4. A Panel 5.
FFT of ECG FFT of r (correlation)
: |
; .
g L |
il
i j L:.. ! - A 1; A [
0 5 10 18 20 2 0 5 10 15 20 25
Frequency (Hz) Frequency (Hz)

Figure 8A



Patent Application Publication Jan. 25,2007 Sheet 10 of 15 US 2007/0021679 A1

Template

(V5)

Panel 1
ce E
X |(Z(V1) Y(aVF) X
% P

Panel 3. Pearson's correlation coefficient (r) plots
XvsY YvsZ XvsZ
1 1 1

N
L~
—

-1 -1

T S
-1

A Panel 4. FFT of ECG A Panel 5. FFT of r (correlation)

‘1AAJ.AA$ AJ:- »

.

0 5 10 15 20 25 0 5 10 15 20 25
Frequency (Hz) Frequency (Hz)

Power

~ Figure 8B



Patent Application Publication Jan. 25,2007 Sheet 11 of 15 US 2007/0021679 A1

Panel 1

Template

e
I
-

(V5)

Panel 2
r

ZTY X|Z(Vl) YaVF) X

A AN N AN AN AT

Panel 3. Pearson's correlation coefficient (r) plots

XvsY

YvsZ
1

LN

XvsZ

|~
Py

'8
\

-1

-1

Power

t

0

lPanel 4. FFT of ECG
!

Frequency (Hz)

5 10 15 20

P

nel 5. FFT of r (correlation)

S 10 15 20 25
Frequency (Hz)

Figure 8C



Patent Application Publication Jan. 25,2007 Sheet 12 of 15 US 2007/0021679 A1

a Template
2
e
i
u ’
g : ; g
A 3 "
SANA
2
N

Panel] 2
r
Y

Panel 3. Pearson's correlation coefficient (r) plots
XvsY YvsZ XvsZ
l - l. T P— l [Ev—
i / T \
/ Y 1 41 ; 1
\ A N .| /
| Z I N
T ¥ | 5 2
LI B AN~ i et N I T T B O N el 0 OO O
-1 -1 -1

Power

[

15 20 25

0 S 10 15 20 25
Frequency (Hz) Frequency (Hz)

Figure 8D



Patent Application Publication Jan. 25,2007 Sheet 13 of 15 US 2007/0021679 A1

Panel 1
u

C
Z(V1) Y(aVF) X(V5)

Panel 2

Template

r
Z'yY

N NANNNANN
ASNSNSNSN SN A N SN A P
VAVAVAVAVAVAVAVAVAYAY
AVAVAVAVAVAVAVAVAVAVAN

P
XvsY
1

anel 3. Pearson's correlation coefficient (r) plots
YvsZ XvsZ
1 1

L]

| -

=1

Power

$

L

Panel 4. FFT of ECG Panel 5. FFT of r (correlation)

A

0 5 10

Frequency (Hz) Frequency (Hz)

» d A 3

15 20 25 0 5 10 15 20- 25

Figure 8E



Patent Application Publication Jan. 25,2007 Sheet 14 of 15 US 2007/0021679 A1

late

5
)

e EC

Panel 1
Z(V1) Y(aVF) X(V5)
S

?

Z

Panel 3. Pearson's correlation coefficient (r) plots
XvsY YvsZ XvsZ
1 1 1
L 7 : N ; AN
o AR B4 07/=
1 /s 1 - y A 1o L2 1
7 YA ; ¢ g
2N, 7
ol K - A
-1 - -1
Panel 4. FFT of ECG Panel 5. FFT of r (correlation)
A A
]
E _JJ{ JL
0 5 10 15 20 25 0 S 10 15 20 25
Frequency (Hz) Frequency (Hz)

~ Figure 8F




Patent Application Publication Jan. 25,2007 Sheet 15 of 15 US 2007/0021679 A1

—> B —>—

DWF

: Y
< — A

<€
SCZ —
Y
A
—» -

Figure 9



US 2007/0021679 Al

METHOD AND APPARATUS FOR CLASSIFYING
AND LOCALIZING HEART ARRHYTHMIAS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 10/323,423, filed Jun. 3, 2003, which claims
the benefit of U.S. Provisional Application No. 60/412,148,
filed Sep. 19, 2002. The entire contents of both applications
are incorporated herein by reference.

BACKGROUND OF INVENTION

[0002] 1. Field of the Invention

[0003] This invention relates generally to the field of heart
rhythm disorders and more specifically to systems and
methods for analyzing the electrocardiogram, pacing and
mapping the heart for the diagnosis and treatment of cardiac
conditions.

[0004] 2. History of Technology

[0005] A normal heartbeat consists of an organized
sequence of conduction and orderly myocardial contraction.
Normal (sinus) rhythm begins when the sinoatrial node (or
“SA node”) generates a depolarization wavefront in atrium.
The impulse causes adjacent atrial cells to depolarize in a
spreading wavefront, resulting in the “P-wave” on the Elec-
trocardiogram (ECG), which causes the atria to contract and
empty blood into the ventricles. Next, the impulse is deliv-
ered via the atrioventricular node (or “AV node”) and the
bundle of His to myocardial tissue cells of the ventricle.
Depolarization propagates similarly across ventricular cells,
resulting in the “QRS” complex on the ECG, causing the
ventricles to contract and eject blood into the lungs and the
systemic circulation.

[0006] Unfortunately, several important and common dis-
eases result when aberrant conductive pathways develop and
disrupt the normal paths of atrial or ventricular depolariza-
tion. In general, anatomic barriers (known as “conduction
blocks™) can develop and disorganize the electrical impulse
into wavelets that circulate around the barrier. In addition,
localized regions of scarred or ischemic tissue may propa-
gate depolarization slower than normal tissue, causing “slow
conduction zones” (SCZ) which facilitate the wavelets to
create errant, circular propagation patterns. The “reentry” or
“circus motion” resulting from these effects disrupts normal
depolarization and contraction of the atria or ventricles, and
can lead to abnormal rhythms (“arrhythmias™).

[0007] Arrhythmias cause significant mortality and mor-
bidity in the United States. Arrhythmias can include fast
rhythms (“tachycardias”) and slow rhythms (“bradycar-
dias”). Both can be life-threatening or cause symptoms such
as shortness of breath, chest pain, dizziness, loss of con-
sciousness or stroke. Ventricular arrhythmias are the most
common cause of sudden death, causing over 300,000
deaths per year. Ventricular arrhythmias include ventricular
tachycardia (VT) and fibrillation (VF). Atrial arrhythmias
are very common and cause many symptoms. They include
atrial fibrillation (AF), the most common arrhythmia in the
U.S., affecting up to 5% of the population, atrial tachycardia
(AT) and atrial flutter (AFL).

[0008] Accurate and precise diagnosis of the arrhythmia is
critical in customizing medication therapy for the patient,
and to provide accurate advice on the likely outcomes of
therapy for that patient. In addition, many arrhythmias are
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cured nowadays by precisely destroying tissue (known as
“ablation”) responsible for aberrant conduction using a
specialized electrical probe (or “catheter”). For example,
typical atrial flutter, in which the circuit involves the sub-
eustachian isthmus of the right atrium, is successfully cured
in this way. However, other rhythms that may appear similar
on the surface ECG, such as atypical AFL, may involve
circuits that vary between successive beats and may not
consistently involve the isthmus. These rhythms are less
successfully ablated. The precise diagnosis and localization
of the tissue responsible for an arrhythmia is clearly impor-
tant for successtful ablation.

1. Diagnosis

[0009] Current techniques for precise heart rhythm diag-
nosis are sub optimal and cumbersome. Although the elec-
trocardiogram (ECG) recorded from the body surface forms
the cornerstone of diagnosis, current interpretation methods
often cannot determine the arrhythmia diagnosis. Invasive
electrophysiologic study is then required to confirm the
diagnosis and decide upon treatment, although this involves
discomfort and risk to the patient. For example, the ECG
often cannot separate typical and atypical AFL. However,
this distinction is important since typical AFL is best treated
by ablation while atypical AFL is more difficult to ablate and
is often treated with medications. Thus, invasive electro-
physiologic study may be performed, only to find atypical
AFL and recommend drug treatment. There is a pressing
need to improve upon the prior art and allow accurate
diagnosis from the standard 12-lead body surface ECG of
the various forms of AFL, other atrial arrhythmias and forms
of VT.

2. Arrhythmia Localization, Catheter Guidance and Deter-
mination of Ablation Success

[0010] For successful ablation, destructive energy is typi-
cally targeted and delivered using a catheter positioned in
contact with tissue integral to the circuit. The first pass at
arrhythmia localization is made using the ECG. However,
current methods of analyzing the ECG are often inadequate
even to determine if the rhythm originates in the atria or
ventricle (such as “wide complex tachycardias™), or whether
it primarily involves the left or right side of the heart (such
as atypical AFL). However, these distinctions are important
since they determine the recommendation for medical or
invasive therapy, and the type of invasive therapy (including
ablation or surgery). There is a real need for methods to
improve arrhythmia localization from the ECG, to help
avoid electrophysiologic study in some patients while guid-
ing the study in others.

[0011] More precise arrhythmia localization is usually
performed during invasive electrophysiologic study. These
methods generally involve placing a catheter close to the
arrhythmia circuit. This is indicated when the signals after
stimulating the heart (“pacing”) match those during the
actual arrhythmia. However, this requires considerable skill
and is often cumbersome even for practitioners skilled in the
prior art. All methods require the physician to assimilate and
compare the shape and relative timing of multiple (often
10-15) complex signals from the ECG and inside the heart
(“intracardiac™), during each pacing episode. This is a field
in which numerical and computer processing should have
led to increased precision and efficiency. However, the prior
art has yet to fill this void; most practitioners use their expert
knowledge to process information in much the same way as
they did a decade ago.
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[0012] Once a catheter is maneuvered to the located
arrhythmia circuit, it is used to deliver destructive energy
(“ablation”). Determining whether ablation is successful is
also sub optimal. It requires the physician to be unable to
re-induce the arrhythmia. However, this is not foolproof
since many arrhythmia circuits are induced on a sporadic
basis in the first place. There is clearly a need for quantita-
tive methods to reproducibly determine if activation of the
arrhythmia circuit has been eliminated by ablation.

3. Pacemaker and Defibrillator Lead Positioning

[0013] The leads of pacemakers and implantable defibril-
lators are required to pace or deliver high-voltage energy to
(“defibrillate) a heart chamber. This purpose is best served
by placing leads close to arrhythmia circuits. However, this
customization for each patient is not performed, and leads
are generally placed in standard anatomic locations. This is
because current methods for arrhythmia localization are
difficult to implement when implanting a lead. Therefore,
even though an atrial lead would better terminate AFL, for
example, if placed in the right atrial isthmus, it is usually
placed in the right atrial appendage. Similarly, the ventricu-
lar lead of an implantable cardiac defibrillator is rarely
targeted to a site of VT, even though pacing and defibril-
lating rhythms emanating from that site may be the main
function of that device.

[0014] A method to quickly and systematically localize an
arrhythmia circuit during implantation of a pacer or defibril-
lator lead would significantly advance the performance of
each of these frequently implanted devices.

4. Arrhythmia Risk Stratification

[0015] The prediction of whether a patient will develop an
arrhythmia in the future is becoming increasingly important.
This is particularly true for VT and VF, where the first
occurrence may cause death, but is also important for AF
and other arrhythmias. However, the current art is sub
optimal in this “risk stratification” since it is rarely able to
detect substrates until the patient has a documented arrhyth-
mia. Although there are several methods to determine the
risk for VT or VF, none are very accurate and they have not
entered routine clinical practice. The prior art for predicting
AF, AFL and other atrial arrhythmias is even more rudimen-
tary.

[0016] There is a very real need to improve risk stratifi-
cation for these arrhythmias. Waiting for VT or VF to occur
puts the patient at an unacceptable risk (a third or more will
not survive), but if identified ahead of time they may receive
proven life-saving treatment such an implantable cardio-
verter defibrillator. Similarly, waiting for AF or AFL to occur
delays treatment, while earlier diagnosis and treatment
makes them less likely to progress and reduces the risk for
stroke and other complications.

PRIOR TECHNOLOGY

[0017] This section will describe prior technology in each
of the areas covered by the invention.

1. Diagnosis

[0018] The surface ECG is by far the most common
technology used by skilled practitioners to diagnose an
arrhythmia. The prior art describes several methods to use
the ECG to broadly classify rhythms including AF, typical or
atypical AFL, VT or VF. However, these methods are limited
when attempting to separate related rhythms, such as AF or
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AT from AFL as shown by Horvath et al. [1], or when more
precisely localizing atrial [2] or ventricular circuits.

[0019] Several methods can improve ECG diagnosis of
atrial rhythm events by enhancing P-wave detection. These
include methods to subtract out the QRS complex including
U.S. Pat. No. 4,721,114 issued to DuFault and work by Xue
et al. [3]. However, these methods simply enhance atrial
activity. Fast atrial rates are likely to signify AF. This can be
detected via frequency analysis of the surface ECG, as in
U.S. Pat. No. 6,064,906 issued to Langberg. The shape of the
P-wave can also help localize sites of origin in the atria, such
as work by Tang et al. [2], and pulmonary veins [4]. Recent
methods have used high spatial resolution body surface
potential maps to improve the non-invasive detection of
atrial activation and its vector of activation, such as work by
SippensGroenewegen et al. [5].

[0020] Several methods have been used to diagnose ven-
tricular arrhythmias from the ECG. The most frequently
used prior art includes the criteria of Brugada et al. [6] to
separate VT from types of atrial arrhythmia that appear
similar. If a beat is thought to arise from a ventricular site,
ECG vector analysis can determine the location of that site
[7]- Finally, high spatial resolution ECGs have also been
used to better define the direction of activation in VT, such
as work by Peeters et al. [8].

[0021] Currently, when a definitive diagnosis of an
arrhythmia is required, intracardiac signals have to be ana-
lyzed. Such signals are obtained at invasive electrophysi-
ologic study, which introduces discomfort and potentially
serious risks to the patient. At invasive study, signals are
recorded from each chamber of the heart, enabling their
relationship to be easily determined. Notably, most of the
prior art focuses on diagnosis using the ECG or intracardiac
signals, but not both.

[0022] Using intracardiac atrial and ventricular signals,
much of the prior art focuses on detection of high rates. AF
has been diagnosed from high atrial rates in U.S. Pat. No.
5,522,852 issued to White, U.S. Pat. No. 6,041,251, issued
to Kim and U.S. Pat. No. 5,827,197 issued to Bocek. High
rates are also analyzed as high frequencies in U.S. Pat. No.
6,178,347 issued to Olsson. In particular, work by Stambler
et al. [9] showed that, after QRS subtraction, AF is repre-
sented by several frequency components in a broad band-
width. U.S. Pat. No. 5,868,680 issued to Steiner reports that
when AF becomes more organized, indicated by distinct
frequency characteristics, it is more likely to terminate.
Other work, such as U.S. Pat. No. 5,366,486 issued to Zipes
and U.S. Pat. No. 5,509,925 issued to Adams, used signal
regularity to diagnose AF and make similar inferences.

[0023] AF and AFL have also been diagnosed using vari-
ability in the size or shape of atrial signals on intracardiac
tracings. AF is associated with a fall in intracardiac atrial
signal size in U.S. Pat. No. 5,720,295 issued to Greenhut,
while atrial signal shapes distinguish AFL (consistent) to AF
(variable) in U.S. Pat. No. 5,968,079 issued to Warman.
However, much of this work cannot separate typical from
atypical AFL, which have similar rates and ECG appear-
ances, but different treatments. U.S. Pat. No. 5,782,876
issued to Flammang and other work use rules based on the
rate and regularity of intracardiac atrial signals to separate
AF from AFL. As a means to separate atypical AFL from AF,
which can be difficult from the ECG, U.S. Pat. No. 5,817,
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134" issued to Greenhut diagnosed AF when variability
between 2 temporally or spatially separated atrial signals is
high. U.S. Pat. No. 5,676,153 issued to Smith extends this
concept by measuring the distance over which atrial signals
are part of the same wavefront (“activation space constant”),
thus separating AFL. (most organized) from AF (least orga-
nized).

[0024] Intracardiac diagnosis can also be based on the
relationship between atrial and ventricular activity (atrio-
ventricular relationship), such as U.S. Pat. No. 5,782,876
issued to Flammang, while U.S. Pat. No. 5,542,430 issued to
Farrugia and other work describes how this relationship can
be analyzed using neural networks.

[0025] Analogous prior art pertains to ventricular rhythm
diagnosis. For the surface ECG, VT and VF can be detected
from a rapid rate, from wide QRS complexes in U.S. Pat.
No. 5,400,795 issued to Murphy, and via measures of ECG
complexity in work by Zhang et al. [ 10]. Using intracardiac
signals, VT and VF have been detected from rapid ventricu-
lar signals in U.S. Pat. No. 5,891,170 issued to Nitzsche,
signal shapes in U.S. Pat. No. 4,552,154 issued to Hartlaub,
and systems that integrate many such criteria such as U.S.
Pat. No. 5,542,430 issued to Farrugia.

2. Arrhythmia Localization and Ablation

[0026] Two major concepts in the prior art help localize an
electrode close to the arrhythmia circuit, to enable ablation
or termination of the rhythm via pacing. First, pacing from
the site of the arrhythmia will produce a theoretically
identical ECG to the tachycardia. This “pace mapping” is
used at invasive electrophysiologic study when the patient is
not in the arrhythmia [11], and is described in the section
entitled Detailed Description of the Invention. Second, a
catheter placed at the arrhythmia site will record identically
timed intracardiac signals and ECGs during tachycardia and
when pacing. This “entrainment with concealed fusion” is
used when the patient is in arrthythmia and works for both
atrial [12] and ventricular [13] rhythms, and is also
described further in the Detailed Description of the Inven-
tion. Although this approach is the standard of care, it
accurately identifies the site to ablate in only 25% of
ventricular [13] and 50% of atrial [12] rhythms. This shows
the obvious difficulty for even the most skilled practitioners
to compare differences between 10-15 waveforms from
multiple catheter sites using just visual analysis.

3. Assessment of Ablation or Termination Effectiveness

[0027] There are very few methods in the prior art to
determine if an arrhythmia has been ablated successfully. In
the case of isthmus-dependent AFL, there are a few
examples. First, work by Hamdan et al. [14] show that
P-wave develops a specific shape and vector during isthmus
pacing if ablation was successful. Second, a positive uni-
polar intracardiac signal on the opposite side of the ablation
line to the pacing site [15] and, third, showing double
potentials along the ablation line [16] indicate successful
ablation. However, these methods are cumbersome and not
always accurate, and practitioners often use the inability to
re-start an arrhythmia to indicate that it has been eliminated;
as discussed, this may be inaccurate if arrhythmia induction
is sporadic.
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4. Pacemaker and Defibrillator lead Positioning

[0028] Placing a lead close to an arrhythmia site will make
it easier to terminate that arrhythmia by pacing or defibril-
lation. The opposite is also true, and studies by Stevenson et
al. [13] and Morton et al. [12] have shown that arrhythmias
like AFL or VT are less easily terminated from a remote
location. However, the prior methods for locating an
arrhythmia (mentioned above) are lengthy and difficult to
perform during permanent pacemaker or defibrillator lead
implantation. However, targeting a specific lead position is
increasingly felt to be important, and is already being done
to improve the strength of heart contraction, such as work by
Leclercq et al. [17], and possibly to reduce arrhythmias, in
work by Zagrodzky et al. [18].

5. Arrhythmia Risk Stratification

[0029] There are several prior art methods to stratify the
risk for arrhythmias non-invasively from the ECG. How-
ever, they can have limitations and are rarely used except for
research. To predict AF, work by Steinberg et al. [19] and
others show that prolonged atrial activity indicates slow
conduction and may predict AF, while recent work by
Narayan et al. [20] suggests that an alternation of the timing,
shape or amplitude of the intracardiac atrial signals may
predict AF. In the ventricle, Kleiger et al. [21] showed that
reduced variability over 24 hours in the interval between
heart beats (“heart rate variability”) predicts VT or VF. Slow
conduction through ventricular scar has been detected as
“late potentials™ at the end of ventricular depolarization, and
may predict the risk for ventricular arrhythmias [22]. U.S.
Pat. No. 4,802,481 issued to Cohen, and work by others,
describe techniques for using fluctuations in the size of
T-waves (“T-wave alternans™) to predict VT or VF. Newer
methods, such as U.S. Pat. No. 5,555,888 issued to Brewer
use altered ventricular activation after sub-threshold current
to assess the risk for VT or VF.

Deficiencies in Prior Technology

[0030] The prior art can have several significant deficien-
cies in each of the areas addressed by the current invention.
Most prior art in the field of arrhythmias has limited scope.
Thus, methods exist that can use either the surface ECG or
intracardiac signals, but few that can use both. Similarly,
there are several methods that apply for either atrial or
ventricular arrhythmias, but few that apply to either. Fur-
thermore, there are several methods that can examine the
timing, spectra, spatial pattern or shape of ECG or intrac-
ardiac signals, but few that incorporate all four. This lack of
integration has arisen since methods focus on the manifes-
tations of arrhythmia substrates, rather than on the substrates
themselves. This has slowed technical advances in arrhyth-
mia management, since ECG diagnosis, arrhythmia local-
ization and catheter guidance have had to be separated. In
contrast, the current invention studies temporal, spatial
phase and spectral relationships that are true for surface
ECG and intracardiac signals, and for atrial as well as
ventricular arrhythmias.

1. Diagnosis

[0031] Several specific deficiencies can be identified in the
prior art. In general, the prior art focuses on arrhythmia
diagnosis for implanted pacemakers and defibrillators, rather
than on bedside clinical diagnosis.

[0032] First, the prior art does not help very much in
separate rhythms of similar rate and regularity from the
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ECG. This remains a major dilemma since, for example,
typical and atypical atrial flutter (AFL) may co-exist as
described by Horvath et al. [1]. Ablation of typical AFL in
these cases is less successful. If co-existence was known in
advance, invasive study and its attendant risks may be
avoidable. Another example is the diagnosis of a wide
complex tachycardia as either VT or SV'T, despite the rules
proposed by Brugada et al. [6].

[0033] Second, the prior art has limited methods for ana-
lyzing superimposed activity. The method of QRS subtrac-
tion is frequently applied to ‘uncover’ P-wave activity, yet it
introduces errors since the average QRS used for subtraction
will differ from the actual QRS complex. These errors are
often compounded if frequency analysis is subsequently
performed.

[0034] Third, the prior art is poor at localizing an arrhyth-
mia site from the surface ECG. The work by Tang et al. [2]
and Yamane et al. [4] for atrial, and Callans et al. [7] for
ventricular, arrhythmias provide very general locations. For
example, they cannot determine if an atypical AFL circuit is
in the right or left atria, which require significantly different
invasive approaches.

[0035] Fourth, the prior art does not fully exploit func-
tional information, such as whether atrioventricular relation-
ships are likely physiologic. Thus, although methods have
recently begun to focus on atrial versus ventricular rate, they
usually ignore additional information used by experts, such
as the precise timing of ventricular to atrial activity (for
example, in atrial flutter with 4:1 ventricular conduction,
does ventricular activity arise at the same point in each
preceding atrial activity?)

[0036] Clearly, there is a need to improve the accuracy of
ECG diagnosis of complex rhythms. Some of the uses of this
improvement would be to improve the diagnosis and treat-
ment of patients by physicians, improvements in the diag-
nostic algorithm of modern ECG machines, and a more solid
foundation for invasive electrophysiologic studies in those
patients who still require them.

2. Arrhythmia Localization and Catheter Guidance

[0037] Despite the current focus on ablation (destroying)
many arrhythmia circuits using precisely targeted energy
delivery, localization of the delivery site requires several
manual measurements and comparisons by the practitioner.
Very few methods have been described to automate or
simplify this process. Ablation therefore remains time-con-
suming and laborious, even for the most skilled practitioners
of the art.

[0038] From the ECG, the prior art for localization is
limited. In the atrium, certain rhythms have characteristic
ECG patterns, and ablation is successful using a stereotypi-
cal approach in most patients. Once the diagnosis of typical
isthmus dependent AFL has been made, ablation in the
isthmus of the right atrium is successful in the vast majority
of cases as shown by Feld et al. [23]. Similarly, once the
diagnosis of atrioventricular nodal reentry tachycardia is
made, ablation in the region of Koch’s triangle is almost
universally effective as shown by Jackman et al. [24].
However, problems still arise when ECG patterns are not
typical, such as atypical AFL masquerading as typical [1], or
when another rhythm event mimics these ECG patterns.
Ventricular arrhythmias are somewhat better localized from
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the ECG, but methods are still limited. First, certain ven-
tricular rhythms have stereotypical ECG patterns, such as
VT arising from the outflow tracts of the right or left
ventricles as described by Callans et al. [7]. Second, vector
analysis of ventricular complexes localizes the arrhythmia
more easily than for atrial arrhythmias, where low voltages
obfuscate this analysis. However, precise localization
remains difficult and there are few tools enabling this task to
be automated in modern ECG machines or laboratory elec-
trophysiology systems.

[0039] In other rhythms, intracardiac localization must be
customized to the patient using pace mapping or entrainment
with concealed fusion. There is little prior art to aid or
automate this cognitive process. This is true despite the
widespread adoption of digital laboratory electrophysiologic
machines, which therefore remain little more than digital
monitors and recorders, annotation pads, measurement sys-
tems and storage devices.

[0040] Using catheters inside the heart, an arrhythmia
circuit is located by finding the region which activates first,
or from where pacing produces electrograms similar in
shape to the tachycardia in all channels, known as pace
mapping [11]. Methods have begun to numerically analyze
beat similarity by storing a template (of native or paced
rhythm), as described by Watanabe [25] and Saba [26], then
performing a correlation of this beat to an aligned paced
beat. However, these methods are limited. First, many
different paced beats may produce the same numerical
correlation against template, and therefore be indistinguish-
able. Prior methods do not identify which of these pacing
sites is most likely to lead to successful ablation. Second,
most strategies rely on a “lead count” of successful ECG
lead matches (typically, “pacing matches tachycardia in
11/12 leads™). However, quite distinct pacing sites may
produce matches in the same proportion of leads. The prior
art does not identify which site is likely closest to a suc-
cessful ablation site. Third, the prior art usually analyzes
very few paced beats (often one), as discussed by Saba [26],
which may be subject to “impurities”. For example, this beat
may be fused with native activation, making the pace maps
appear better than they are. By way of another example, the
beats analyzed may not adequately represent normal beat-
to-beat variability, leading to the mis-classification of beats.
Fourth, the prior art superimposes the paced and native beat
to compute correlation at one “optimal” alignment. This
single analysis for each beat ignores variabilities along the
duration of the ECG beat. Fifth, the prior art correlation
methods are greatly affected by amplitude or temporal
scaling. In other words, paced and native beats of the same
shape, but differing either in magnitude or “stretched”
relative to the other, will not match well. As a corollary, the
prior art is not effective when comparing rhythms of differ-
ent rates, from different recording sessions or from different
equipment. This prevents comparison of one rhythm to a
previously stored rhythm in that patient or another patient.
Sixth, the prior art provides little aid in guiding a catheter
from its current position to move closer to the putative
ablation site.

[0041] “Entrainment with concealed fusion” is used to
confirm the diagnosis of re-entry and that an intracardiac
catheter is located close to the circuit, as described by the
prior art of Waldo [27, 28], Stevenson [13] and others.
During tachycardia, several criteria must be met while
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pacing from the intracardiac catheter. First, the interval
separating the intracardiac signal at the catheter from its
ECG activity must be identical during pacing or tachycardia.
Second, the ECG resulting from pacing (pace maps) should
be identical to those during tachycardia. Third, after the
cessation of pacing, the tachycardia should resume at its
prior rate without an intervening delay. Fourth, progres-
sively faster pacing should cause a progression in ECG and
intracardiac signal shape from the tachycardia (when
matched by the pacing rate) to that of pacing (when faster
rates). Finally, the time interval between the pacing stimulus
at the site and the ECG wave is characteristic.

[0042] However, the application of this method requires
improvement. Although experts routinely apply these crite-
ria for atrial [ 12] and ventricular [13] rhythms, their success
in locating ablation sites is only 50% of atrial [12] and 25%
of ventricular [13] rhythms. This highlights the difficulties
for a human operator to compare subtle changes in the
relative timing and shape of 12 surface ECG and additional
intracardiac signals for each of several catheter positions,
then select the set that matches the above criteria. Recently,
concealed entrainmentfor a single beat was implemented by
cross-correlation in U.S. Pat. No. 5,792,064 issued to
Panescu. This prior art examined two criteria of concealed
entrainment: whether intracardiac electrogram timing and
shape were similar between one paced beat at the catheter
location and the extra beat which initiates AF. However, this
method was not described for continuous tachycardia. In
addition, it did not analyze the surface ECG, nor did it assess
the other criteria of concealed entrainment. Clearly, there is
a need for numeric methods to implement this method and
help to automate it.

3. Pacemaker and Defibrillator Lead Positioning

[0043] As mentioned above, positioning a pacemaker or
defibrillator lead close to an arrhythmia circuit requires pace
mapping or concealed entrainment. The current rules for
these methods make them unwieldy to apply while placing
a poorly steerable lead. There is a need to develop ECG
methods, confirmed using intracardiac signals, to position a
lead in an individualized location where it can later facilitate
the termination of an arrhythmia by pacing (stimulating) or
defibrillating (providing an electrical shock) the tissue.

4. Assessment of the Effectiveness of Ablation

[0044] There are few prior art methods to measure the
effectiveness of ablation in eradicating the substrate for an
arrhythmia. Although markers of success exist for certain
arrhythmias, such as P-wave shape change and double
potentials along the ablation line in AFL, most of the prior
art does not probe the arrhythmia circuit and cannot there-
fore detect its absence after ablation. This may partly explain
the recurrence rate after the ablation of AFL (up to 15%) and
other rhythms. There is a need to accurately measure the
continued presence of substrates for the arrhythmia.

5. Arrhythmia Risk Stratification

[0045] Risk stratification for arrhythmias from the surface
ECG is an attractive but largely elusive task. Predicting the
risk for AF remains difficult. There has been somewhat more
success in predicting the occurrence of VT and VF. How-
ever, the “heart rate variability” method of Kleiger et al. [21]
requires a long recording period, assesses only long-term
risk, and cannot be performed in many patients with pre-
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existing arrhythmias such as AF. Late potentials cannot be
examined if patients have AF or bundle branch block, and
their predictive accuracy for VT or VF has also been
seriously questioned. The “T-wave altemans” method of
Cohen in U.S. Pat. No. 4,802,481 has sub optimal predictive
accuracy and requires considerable experience in interpre-
tation, yet still often produces uninterpretable results (see,
for example, Bloomfield et al. [29]) and also cannot be
performed if the patient has AF or bundle-branch block. The
success of other, newer methods has yet to be determined.
None have entered routine clinical practice as none improve
upon assessments of the strength of ventricular contraction
and other non-arrhythmic factors. There is clearly a need to
improve the risk stratification for both atrial and ventricular
cardiac rhythm events from the ECG.

BRIEF DESCRIPTION OF THE DRAWINGS

[0046] FIG. 1a is a general schematic of a system in
accordance with the present invention;

[0047] FIG. 15 is a detailed schematic of the system of the
present invention;

[0048] FIG. 2 is a diagram of sensing/pacing a catheter in
accordance with the present invention;

[0049] FIG. 3 is a diagram of sensing/pacing an ablation
catheter in accordance with the present invention;

[0050] FIG. 4 is a chart integrating modes of operation in
accordance with the present invention;

[0051] FIG. 5 is a flowchart of an analysis engine in
accordance with the present invention;

[0052] FIG. 6 is a schematic diagram of a method for
computing temporal spatial correlation in accordance with
the present invention;

[0053] FIG. 7 is a schematic diagram comparing prior-art
vectorcardiography with the invention;

[0054] FIG. 8A is a schematic diagram of the invention
diagnosing typical atrial flutter;

[0055] FIG. 8B is schematic of the invention diagnosing
atrial tachycardia;

[0056] FIG. 8C is a schematic of the invention diagnosing
atypical atrial flutter;

[0057] FIG. 8D is a schematic of the invention diagnosing
atrial fibrillation;

[0058] FIG. 8E is a schematic of the invention diagnosing
monomorphic ventricular tachycardia;

[0059] FIG. 8F is a schematic of the invention diagnosing
polymorphic ventricular tachycardia; and

[0060] FIG. 9 is a schematic explaining reentry arrhyth-
mias.

DETAILED DESCRIPTION OF THE
INVENTION

[0061] FIG. 1A shows an overview of the general com-
ponents of a system 5 for analyzing the timing and shape
(“morphology”) of body tissue biopotentials in three spatial
dimensions over time, for diagnostic and therapeutic pur-
poses. The heart is shown diagrammatically and not in an
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anatomically accurate form. The illustrated and preferred
embodiment shows the system being used to analyze the
activation (“depolarization”) and recovery (“repolariza-
tion”) of heart tissue experiencing an arrhythmia.

[0062] A strength of this invention is that it has the option
of integrating the analysis of shape, distribution, reproduc-
ibility and timing of biopotentials from inside the heart as
well as from the body surface. From the surface ECG, the
invention can analyze a cardiac signal which corresponds to
the activation wavefront on the heart, and which can be
measured using several ECG leads. The invention can
diagnose subtly different rhythm abnormalities (“arrhyth-
mias”) in the atria and/or ventricles from the traditional
12-lead ECG. This includes a very accurate separation
between typical and atypical forms of atrial flutter
(described above). Using spectral, temporal and spatial ECG
morphology analysis, the invention can precisely compare
pace-maps taken from different locations and times in a
single patient, or compare them to previously stored ECG
maps of known arrhythmias from this or different patients.
Pacing can be performed using a medical instrument includ-
ing, but not limited to devices inside the heart, e.g., pacing
catheters, pacemaker leads and defibrillator leads, or devices
external to the heart. The invention also performs non-
invasive prediction of the presence of substrates for arrhyth-
mias by detecting variations in the above analysis from beat
to beat.

[0063] From signals inside the heart (“intracardiac”), the
invention quantifies the measurement of entrainment with
concealed fusion[12, 13]. This enables it to confirm an ECG
diagnosis, and to help automate the diagnosis of an arrhyth-
mia mechanism and its localization, to enable a catheter to
be placed close to the circuit for therapeutic ablation. The
invention provides a spatial relationship comparator func-
tion, enabling it to guide the physician in moving a catheter
towards the arrhythmia circuit for optimum ablation. The
invention can also be used for the optimal placement of a
pacemaker or defibrillator lead. Finally, the invention can
assess whether ablation was successful by detecting whether
substrates for the arrhythmia circuit are still present.

[0064] The invention is well suited for use in performing
electrical diagnosis and therapy of the heart. However, it
should be appreciated that the invention is applicable for use
in other regions of the body where tissue biopotential
morphologies can be ascertained by analyzing electrical
events in that tissue. For example, the various diagnostic
aspects of the invention have application in analyzing elec-
troencephalograms in the brain or neurologic tissue, or
electrograms in the gastro-intestinal tract. Many aspects of
the invention have potential applicability for invasive sur-
gical techniques on the heart, brain or other organs. Fur-
thermore, it should be appreciated that the invention can
analyze any biopotential and could be applied, for example,
to the detection of atrial and ventricular timing and hence the
analysis of rhythm disturbances using hemodynamic record-
ings.

[0065] Furthermore, the principal analysis of this inven-
tion has potential applicability in the field of electrical
engineering, such as to assess frequency variability (“jitter)
from an oscillating waveform, such as may arise from
analogue circuits. This will be discussed again later.

[0066] Turning in more detail to FIG. 1A, one can see the
system 5 for analyzing electrical events in the heart 10 using
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a combination of electrodes. These electrodes may be stan-
dard body surface ECG electrodes 25, or electrode catheters
placed within the chambers or vasculature of the heart,
labeled 15, 18, 20. An ablation catheter 20 can be placed
within the heart or its vasculature to destroy tissue respon-
sible for a cardiac event. From a general point of view, it can
be seen that the electrodes interface with an electrode
controller 30, interfaced to a process controller 70. The
ablation catheter 20 interfaces with an energy generator 40.
The process controller 70 interfaces to modules for signal
processing 50, pacing 60 and the energy generator 40. The
process controller 70 also receives input from an input
module 80 and controls a display module 90.

[0067] FIG. 1B presents a detailed schematic of a pre-
ferred embodiment of the invention. The system analyzes
electrical events in regions of the heart 110. Signals may be
recorded from standard body surface ECG electrodes 130,
catheters 134' percutaneously inserted into a vein or artery
(typically the femoral vein or artery) into the right or left
side of the heart, or inserted into the coronary arteries (not
shown) via the aorta 116 by passing retrograde from a
peripheral artery, or through the coronary sinus 112 into the
cardiac veins 114. An electrode 136 can also be placed
within the esophagus 120, where it lies in close proximity to
the heart without the need to directly access the vasculature.
An important component is the connection of one or more
ablation catheters 138. One of the above catheters, denoted
ROVE, is moved within the heart to localize an arrhythmia
circuit. In the preferred embodiment, ROVE is the ablation
catheter 138, which is typically steerable and therefore
easily directed within the heart 110 or its vasculature 114,
but any catheter may serve this purpose. A series of signals
recorded at ROVE during the cardiac diagnosis are labeled
S,, and during pacing are labeled P;, where 1=1, 2, 3 or
greater. These signals S1, S2, S3 or P1, P2, P3 may represent
signals obtained from one site at different timepoints, or
from separate and distinct sites at one timepoint. In the
preferred embodiment, these signals are unipolar recordings,
obtained between ROVE catheter electrodes and a distant
electrode in the inferior vena cava or another indifferent
electrode (not shown). However, these and other signals may
also be recorded in bipolar, monophasic action potential or
other configurations as desired.

[0068] The electrodes are connected to an electrode con-
trol 140 allowing electrical stimulation of the heart from a
menu of electrodes 144, at user-selectable current, voltage,
waveform shape, rate and pattern of stimulation. This can be
implemented using commercially available digital-to-analog
processor boards and associated software such as those from
National Instruments Inc., Austin, Tex. Signals from the
electrode controller 140 pass through a conditioning unit
150 that includes an anti-aliasing filter, analog-to-digital
converter and line frequency filter. A cardiac signal should
first be digitized using this conditioning unit 150. The
conditioning unit can also effectively removes pacing
stimuli from the input waveform using smoothing, low-pass
filtering, interpolation or other methods in a window cen-
tered on the stimulus artifact. The electrograms may or may
not be filtered before analysis. Typically, a 0.05-300 Hz
bandpass filter is used for filtering. If a filter is used to reduce
the noise, the same filters must be employed for all subse-
quent analysis since filtering may alter electrogram mor-
phology. In addition, magnitude clipping or clamping is
made available to diminish the effect of large or outlying
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magnitudes on subsequent analyses. The ablation electrode
138, is connected to an energy generator 172. Typically, this
provides radiofrequency energy such as that from EP Tech-
nologies Inc., Sunnyvale, Calif., but could alternatively
provide electrical, ultrasound, infrared or other energy types.

[0069] For recording, conditioned signals are transferred
to a recording system 158 comprising electromagnetic,
magneto-optical or other technology. Signals are then pro-
cessed on the host processor 195, such as a personal com-
puter, using a menu 155. This menu includes mathematical
processing for correlation, slope and intercept, and power
spectral analyses, as well as additional filters such as high,
low and band pass and notch. A pacing module 160 provides
energy pulses to the electrode control system 140 to elec-
trically stimulate the heart. A defibrillating energy source
180, such as that by Medtronic Physio-Control, Redmond,
Wash., is used to cardiovert or defibrillate the heart using
connections to the electrode controller 140 via catheters
134'136 or 138 or surface paddles. An ablation module 170
interfaces with the energy generator 172 interfaced to the
ablation catheter 138.

[0070] To accomplish an important goal of the invention,
a master process controller 190 integrates the abovemen-
tioned modules for recording 158, pacing 160, ablation 170
and defibrillation 180. The process controller 190 is electri-
cally coupled by a bus to the host processor 195, that is
adequately implemented as a Pentium II, Maclntosh G-se-
ries or newer computer. The process controller 190 inter-
faces to a database system 197 for storage of electrograms
and analyzed information, to alternative ECG sources 198,
an input module 200 and a display module 230.

[0071] In an alternative embodiment, ECG and electro-
gram data can be uploaded from the database 197 for
analysis in a completely analogous fashion to the real-time
mode of operation described below. Data from the database
197 can be from the same or different patients, recorded at
any time and using any acquisition system. In yet another
embodiment, the process controller 190 can upload for
analysis electrograms from a mapping system, that may be
computed (“virtual”), such as in the system by Endocardial
Solutions, Inc. (St. Paul, Minn.), or real, such as in the
system by Biosense Webster, Inc. In these cases, the map-
ping system provides additional location information for
these electrograms, which is used for subsequent catheter
electrode localization.

[0072] The input module 200 allows selection of the mode
of operation and other functions of the invention. In the
preferred embodiment, a menu of Modes of Operation 220
includes A. Signal Sampling; B. Surface ECG Diagnosis and
Localization, C. Intracardiac Diagnosis and Arrhythmia
Localization, D. Catheter Guidance System to target the
placement of a diagnostic, ablation, pacemaker or defibril-
lator electrode, E. Determination of Ablation Success after
delivery of ablation energy, and F. Arrhythmia Prediction by
detecting arrhythmia substrates prior to arrhythmia onset. In
an alternative embodiment, these and related modes can be
selected using a neural network or other type of expert
system.

[0073] Analysis actions may be selected from a menu 210,
either automatically or interactively by the user, and underlie
each mode of operation. These analyses are described briefly
now, and in more detail later in the specification. The first
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action includes further signal conditioning such as bandpass
filtering. The primary analysis of this invention is the
temporospatial correlation of electrogram morphology. This
analyzes the reproducibility of electrogram morphology
over time for each electrode, and then between electrodes. A
strength of this method is that it can integrate analyses of the
shape, distribution, reproducibility and timing of many types
of biopotential. From the surface ECG, the analysis can
diagnose regular versus irregular tachycardias, compare
pace-maps, provide timing information similar to those from
intracardiac signals and non-invasively determine the pres-
ence of arrhythmia substrates. From intracardiac signals, the
system implements a quantitative measurement of entrain-
ment with concealed entrainment including the matching of
electrogram shapes. This enables it to make the diagnosis of
reentry, place an electrode catheter close to an arrhythmia
circuit for ablation or for pacemaker or defibrillator lead
positioning, and to assess whether ablation was successful.
Menu 210 provides additional analyses including Timing
analyses, Spatial Magnitude comparator, Spatial relation-
ship comparator, Spectral processing and other numerical
methods including the computation of Figen vectors, mor-
phology cross-correlation, and magnitude clipping or clamp-
ing (which diminish the effects of large or outlying magni-
tudes).

[0074] The process controller 190 connects to a display
module 230 to display user-selectable screens. Typically,
information relevant to the current mode of operation is
displayed, including real-time electrograms on all catheters
including ROVE (mode A), the computed arrhythmia diag-
nosis (mode B) or intracardiac signals (mode C). The display
also indicates the plane in which ROVE signals least match
the arrhythmia under consideration. It therefore graphically
displays the direction in which to move the ROVE catheter
to reach the circuit (mode D). The display indicates if the
ROVE catheter is close to a site where ablation is likely to
terminate the arrhythmia, based on entrainment analysis,
which is text labeled SITE (mode D). After ablation, the
display indicates if ablation was likely to have been suc-
cessful (mode E). Separately (mode F), the display indicates
the presence of substrates for the arrhythmia for risk strati-
fication. These display elements are enumerated by way of
example, and several other items may be selected.

[0075] Although analysis actions 210 have been described
as user-selectable choices, it must be stressed that the
preferred embodiment is ‘automated’. It suggests an optimal
sequence of actions based on the current rhythm, and in this
way integrates several of the above modes. The preferred
embodiment therefore enables a complete and efficient
arrhythmia diagnosis and therapeutic procedure for a
patient. In a partly-automated fashion driven by user
prompts and confirmations, the invention makes a diagnosis
from the ECG and intracardiac signals, localizes the arrhyth-
mia to facilitate ablation, then confirms its success.

[0076] FIG. 2 shows an electrode catheter (labeled 134' or
136 in FIG. 1B) with a flexible body 320. Its distal end
carries a three dimensional multiple electrode structure 310.
In one preferred embodiment of the invention, structure 310
takes the form of a linear array of electrodes. The shaft is
approximately 100-125 cm in length, has an external diam-
eter of 1-3 millimeters (3 to 9 “French”), and its terminal end
may be straight or curved in various configurations. In
another embodiment, structure 310 takes the form of a
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basket defining an open interior space. It should be appre-
ciated that alternative one, two or three dimensional struc-
tures could also be used. A signal wire (not shown) is
electrically coupled to each electrode in the multipole struc-
ture 310. The wires run through the flexible shaft 320 into a
handle 300, and then to an external multiple pin connector
330. The connector 330 electrically couples the electrodes to
the electrode controller 140 in FIG. 1B.

[0077] FIG. 3 shows an ablation probe that features a long
narrow flexible catheter body 380. For the sake of illustra-
tion, FIG. 3 shows a single ablation electrode 360 at the
distal tip of the catheter body 380. Of course, other con-
figurations employing multiple ablation electrodes are pos-
sible. The ablation electrodes can be used to emit signals to
pace the heart structure 110 (in FIG. 1B). A handle 370
attached to the proximal end of the catheter body 380
controls a steering mechanism that runs the length of the
catheter, and bends or flexes the distal portion of the catheter
body 380 along its length. This is shown in two positions
350. In the preferred embodiment, the tip can curve through
an angle of curvature of approximately 180 degrees in each
plane. The actual steering mechanism can vary, such as that
described in U.S. Pat. No. 5,254,088 issued to Lundquist,
which is incorporated herein by reference. A wire (not
shown) electrically couples the ablation electrode 360 to a
connector 390. Connector 390 interfaces the electrode to an
energy generator (172 in FIG. 1B) to provide varying types
of energy to the electrode 360. Typically, the generator 172
supplies radio frequency energy, such as Model EPT-1000
from EP Technologies Inc., Sunnyvale, Calif. In use, the
physician places the catheter 138 in contact with heart tissue
at the site identified for ablation. The ablation electrode 360
emits energy to thermally destroy the tissue. Alternatively, a
piezoelectric crystal-based catheter could generate ultra-
sound energy, while cells or genes could be injected to
improve or worsen conduction.

[0078] In a preferred embodiment, the invention automati-
cally runs a sequence of six modes that can be modified
interactively by the user. The mode menu 220 can have
different, fewer or greater number of modes. By way of
example, a user can select Mode A, signal sampling, from
the mode menu 220 on display 230 so that this mode is
operated first. Upon completion of the mode, the user is
prompted to either automatically enter Mode B or, for
example, to return to the mode menu 220. While in Mode A,
if a rapid arrhythmia (“tachycardia™) is detected by the
process controller 190, it thus prompts the user to initiate
mode B: Surface ECG Diagnosis and Localization, that
suggests the most likely diagnoses and possible locations
within the heart. If intracardiac catheters 134", 136 or 138 are
connected, the process controller 190 can then prompt the
user to initiate mode C: Intracardiac Diagnosis and Arrhyth-
mia Localization. This interactive mode will quantify
entrainment with concealed fusion to help the physician
confirm the diagnosis and location of the arrhythmia circuit.
Upon completion of Mode C, the user can then be prompted
to enter Mode D: Catheter Guidance to help direct the
catheter to an appropriate ablation site. Upon completion of
this mode, the user may then be prompted to return to the
mode menu.

[0079] In the illustrated embodiment, the user can termi-
nate any mode manually if desired. Modes C and D can be
further enhanced if the ROVE catheter is connected to an
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intracardiac mapping system (such as by Endocardial Solu-
tions, Inc., or Biosense Webster, Inc.). After ablation, the
process controller 190 can suggest the use of mode E:
Determination of Ablation Success, or, as with any of the
modes, the user can enter mode E directly from the mode
menu 220. Upon direct entry into a mode, if the required
information has not yet been obtained, the user can be
prompted to enter or designate a source for such informa-
tion. As an alternative example, if the patient starts in a
regular rhythm, the process controller 190 will offer the
option of enabling mode F: Arrhythmia Prediction, or of
inducing the cardiac event by pacing from module 160.

Modes of Operation

[0080] As previously mentioned, the display 230 shows a
menu of six user-selectable modes of operation 220. FIG. 4
provides an overview of the six modes (corresponding to the
below headings A-F) of operation of the invention in the
preferred embodiment. FIG. 5 expands upon process blocks
614, 655 and 720 of FIG. 4.

A. Signal Sampling

[0081] Inthe illustrated and preferred embodiment, Signal
Sampling is performed during an arrhythmia that the phy-
sician seeks to diagnose or treat, for example, ventricular
tachycardia (VT), atrial tachycardia (AT), atrial flutter
(AFL) or atrial fibrillation (AF). This is shown in FIG. 4,
process 605. The invention requires digital ECG and elec-
trogram data. However, in cases where these cannot be
provided directly, analog sources of these signals can be
digitized prior to processing by the invention. In a preferred
embodiment, the ECG or electrogram data should comprise
at least one cardiac cycle (which generally represents a heart
beat). In modified circumstances, a cardiac cycle may
include at least one instance of portion of the interval
between two instances of the rhythm under consideration.
This will include portions of atrial and ventricular activity in
sinus rhythm, or simply ventricular activity in ventricular
tachycardia, for example.

[0082] In one embodiment, the signal sampling mode
requires that either ECG electrodes are connected to the
body surface 130, and/or that other electrodes are connected
such as catheters 134' or an ablation catheter 138 or an
electrode 136 in the esophagus 120. During sampling, it is
important that the various intracardiac electrodes remain
stationary relative to the heart 110, and that the surface ECG
electrodes 130 are not re-positioned. In an alternative
embodiment, signal sampling can be performed without
connecting any catheters, by uploading already-stored elec-
trograms from the database 197 to the process controller
190. In a third embodiment, the process controller 190
interfaces to different acquisition systems 198 to upload
electrograms. In this embodiment, the sampled signals can
be traditional as well as virtual (or computed) electrograms
from a mapping system such as that by Endocardial Solu-
tions, Inc. (St. Paul, Minn.). Electrograms are analyzed in an
analogous fashion for all embodiments.

[0083] To ensure that adequate contact is made in the
desired region of the heart 110 with an electrode catheter
134', 136 or 138, the physician may have to move, rotate,
curve or straighten the catheter. The degree of contact can be
monitored by the process controller 190 in various ways. For
example, the process controller 190 can ascertain contact by
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comparing the amplitude of the sensed signals during the
cardiac event to a predetermined threshold. Alternatively,
the process controller 190 can condition the pacing module
160 to emit pacing signals through catheters 134', 136 or
138. The process controller 190 conditions the processing
module 150 and sensing electrodes 130, 134', 136 or 138 to
detect the pacing stimuli or paced electrograms and use their
amplitude to ascertain effective contact. As a third alterna-
tive, the processing module 190 can also ascertain the
desired degree of contact by measuring tissue impedance.

[0084] Once the multiple electrode system is properly
positioned, the process controller 190 conditions the elec-
trodes 130, 134", 136 or 138, conditioning module 150 and
recording module 158 to record electrogram samples during
the selected cardiac event at a given gain and paper sweep
speed. The processor controller 190 then records and saves
electrogram samples in the host processor 195. In an alter-
native mode of operation, the user uses module 200 to input
instructions to upload previously stored electrograms from
the database 197. Other acquisition, recording or archival
systems can be interfaced 198 from a 12-lead ECG machine,
event recorder, Holter monitor or other systems. This inven-
tion can use any user selected data sample rate (such as 1 ms
sampling, 4 ms sampling and so on). When data is imported
from these systems, the data sample rate will be matched to
that of the invention using linear and other interpolation
methods. Parts of this process can be performed before
acquiring any real-time data. All signals are subsequently
analyzed in an analogous fashion.

B. Surface ECG Diagnosis and Localization

[0085] The Surface ECG Diagnosis and Localization
mode uses ECG signals from electrodes 130 in the standard
12-lead or the Frank X,Y,Z configurations, and is summa-
rized in FIG. 4, processes 610 to 618. The algorithms
selected from the menu of actions 210 in FIG. 1B can be
relatively easily implemented in software by a practitioner
skilled in the art, operate relatively quickly and are suitable
for real-time as well as off-line analysis. For example, in one
implementation of the algorithm in the Labview program-
ming language running under Windows 2000 on a Pentium
3 PC at 1.2 GHz processor speed, analysis of a full ECG took
under one second.

[0086] FIG. 5 illustrates a flowchart detailing the primary
analysis of this invention of temporospatial morphology
correlation. This algorithm comprises several computational
steps, described below.

1. Temporospatial Morphology Correlation

[0087] Temporospatial morphology correlation is the
major analysis of the present invention and a significant
advance over prior art methods. It involves correlating the
electrographic signal shape (“morphology”) to a template
over time, then assessing these temporal correlations simul-
taneously in multiple spatial planes (based on the X, Y and
Z directions). It is generally performed after baseline cor-
rection (processes 420-500). These processes are designed
to compute a baseline voltage, even if this is obscured by
continuous atrial activity such as in atrial flutter. The pro-
cesses, which can be useful for example in Eigen vector
calculation, and which can be omitted in modified embodi-
ments, will be discussed later.

[0088] In FIG. 5, process 520 commences the algorithm,
which can be made on electrographic data or derived signals.
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Process 530 selects an atrial or ventricular template, typi-
cally selected for atrial or ventricular rhythms, respectively.

[0089] In a preferred embodiment, the physician will
initially (e.g., at step 600) focus his or her attention on a
region of abnormality on the patient’s ECG. This focus will
typically be the atrial signal (P-wave) for atrial rhythm
problems. For example, the physician may observe abnor-
malities (e.g., abnormal shape or vector) in the atrial portion
of the ECG. The focus can also be the ventricular portion of
the ECG reflecting ventricular depolarization (QRS com-
plex) or ventricular repolarization (the T-wave). The physi-
cian may then select a template that primarily includes the
activity of interest (e.g., F wave in atrial flutter or QRS
complex in ventricular tachycardia). In a preferred embodi-
ment, the invention will provide an automatic selection of
template that the user may accept. Typically, the template
duration is 70-400 milliseconds, but the selection incorpo-
rates the duration of electrical activity and the inter-beat
interval to shorten the template at faster rates. Templates
have no theoretical upper limit on duration, are typically
50-200% of the duration of activity. The duration of activity
may span the entire cycle (for example, atrial flutter or
monomorphic ventricular tachycardia), or be shorter (for
example, focal atrial or ventricular tachycardias) or longer
(such as where altemans arises since atrial or ventricular
activation exceeds cycle length). As the template lengthens
to span more of the cycle or multiple cycles, such as F-waves
(a variant of P-waves seen in AFL) or ventricular cycles in
VT, analysis will be more specific for reproducibility but
less sensitive since it will be less tolerant of variations in
shape or rate.

[0090] In an alternative mode of operation, the host pro-
cessor 190 searches for, locates and uploads a previously
stored template from the database 197. This mode allows the
current event to be compared against a template of a
previous rhythm in this or another patient. Indeed, a par-
ticular strength of this method, which will be expanded upon
later, is that any signal shape can be used to assess corre-
lation, including a generic template unrelated to the ECG
channel in question.

[0091] FIG. 6 summarizes the main correlation engine for
the invention. In a preferred embodiment illustrated in FIG.
6, the ECG signal should comprise at least one cardiac cycle.
A cardiac cycle is defined as a heart beat. However, in
modified circumstances, it may be defined to encompass a
portion of the interval between two instances of the rhythm
under consideration. Processes 440, 450 and 460 (and FIG.
6) summarize correlation of the template against a window
of the same duration from the ECG. This yields one corre-
lation value. The next correlation is calculated by ‘sliding’
the template one point (for example, 1 ms) along the digital
or digitized ECG. Alternatively, the template can slide more
rapidly across the ECG by using steps of 2 or more milli-
seconds, so that the template is slid more than 1 point per
step. The template is then correlated against this ECG. This
process is repeated for the entire ECG duration as shown in
FIG. 6 (process loop 440 to 460), then repeated for each
ECG channel (process loop 420 to 470). Correlation can
proceed using Pearson, Fischer or other functions. The
preferred embodiment uses the Pearson function, which can
be calculated on M pairs of data {X,, Y.}, where X, and Y,
are samples of fixed duration from the original ECG
sequence, as follows:
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where the index in X, LEk=L+M-1;

ri=

and the index in Y, j=m=j+M-1;

j=1,...,Q-M (where Q is the last sample point for analysis
in the ECG);

and 1=L=Q-M.

[0092] Process 460 performs this repetitive correlation for
successive timepoints as shown in FIG. 6. This generates a
correlation time series, i.e., a mapping of correlation values
against time, for this signal (e.g., an ECG signal in one
preferred embodiment). FIG. 6 shows analysis for a digi-
tized cardiac signal, derived from the conditioning unit 150.
First, in this case of atrial flutter the upper part of the figure
shows clearly separate ventricular activity (QRS complexes)
and intervening segments, which include atrial activity and
ventricular repolarization (T-waves). These latter two com-
ponents are difficult to separate visually. An atrial signal
template is selected (and labeled) just prior to a QRS
complex, to reduce the inclusion of T-wave activity. The
invention cross-correlates this template to the original ECG
at progressive timepoints, as indicated, generating a series of
correlation (“t;”) values. The lower part of the figure plots
these correlations across time. Periodic r-values oscillate
with atrial (and ventricular) cycles over time, reflecting each
atrial cycle (correlations approach 1) and superimposition of
a QRS complex on alternate atrial cycles (reducing maxi-
mum correlation to approximately 0.7). The largest positive
excursion of the correlation function is therefore close to
1.0, and the largest negative excursion approaches —1.0.

[0093] In general, a “feature” can be identified whenever
correlation values exceed a predetermined threshold. A
“feature” may comprise atrial depolarization (the P-wave) or
repolarization, or ventricular depolarization (QRS complex)
or repolarization (the T-wave). In FIG. 6, the clearly evident
P-waves (or F-waves of atrial flutter) are identified by
correlation values (labeled “atrial peak correlations™). In
addition, FIG. 6 also illustrates a “feature extraction” aspect
of the invention, wherein atrial activity that is masked by
ventricular activity, and therefore not clearly evident in the
ECG, is also unmasked by the correlation method. These
unmasked P-waves are labeled “masked atrial peak corre-
lations” and overlap with a QRS complex or T wave. Both
the “atrial peak correlations” and “masked atrial peak cor-
relations” occur at precisely the same time as signals mea-
sured from inside the atria of the heart (depicted by the
vertical lines and arrows labeled “atrial activity inside the
heart” in FIG. 6, e.g., using a catheter inside the heart). The
use of temporospatial correlation frequencies, as described
below, can further enhance this function in other cases. The
present example illustrates the strength of feature extraction
in this invention. This represents a significant improvement
over the prior art and is also of benefit in identifying atrial
activity for baseline correction as will be discussed later.
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[0094] Temporospatial correlation also offers significant
advantages over vectorcardiograms (VCG). In the prior art
VCG of atrial flutter in FIG. 7B, although the ventricular
loops are large their similarity to each other is blurred by
small voltage fluctuations from gain and noise effects.
Furthermore, the regularity of atrial loops is completely lost
in this way, since similar levels of noise overwhelm the
smaller atrial signals. This remains even when the VCG is
magnified over the atrial portion (FIG. 7B). The tem-
porospatial correlation plot is shown for comparison in FIG.
7A.

[0095] Process loop 520 to 570 in FIG. 5 repeats the above
correlation analysis for each ECG lead. This generates a
correlation time series, i.e., a mapping of correlation values
against time, for each ECG lead. Process loop 540 to 560
repeats temporal correlation analysis for successive time-
points, in an analogous fashion to process loop 440 to 460.
Process 550 uses separate templates for atrial activity, ven-
tricular depolarization and repolarization. The preferred
embodiment computes Pearson correlation, although Fis-
cher or other coefficients can be used.

[0096] Process 580 shows temporal correlations plotted
for 2 leads to generate a spatial correlation loop for several
defined planes (displayed on component 230 in FIG. 1B)
using leads V5, aVF and V1 as semi-orthogonal leads X, Y
and Z. By way of example, FIGS. 8A-F show the resulting
temporospatial correlation loops. A digitized cardiac signal
is shown in panel 1 of FIG. 8A-F. This digitized cardiac
signal is represented by ECG leads V5, aVF and V1. Panel
2 shows correlation time series, i.e., mappings of correlation
values against time, for each ECG lead. Panel 3 shows the
plots of these temporal time series for one lead against
another. Specifically, plots are shown for lead V5 versus aVF
(XY plane), lead aVF versus V1 (YZ) and lead V5 versus V1
(XZ). Frank orthogonal X, Y, Z leads, or other leads, could
be used just as easily.

[0097] The distinct atrial and ventricular correlations (in
panel 2 of FIG. 8A) give rise to separate loops (FIG. 6 and
panel 3, FIG. 8A). First, atrial correlation loops, labeled in
panel 3 FIG. 8A, reflect correlations of the atrial template to
the atrial portion of the ECG over time. “Atrial correlation
loops,” generated from successive cycles of atrial activity,
are labeled in panel 3' of FIG. 8A. Each atrial correlation
loop reaches the (1,1) coordinate (labeled ‘atrial peak cor-
relation’) signifying that the ECG closely correlates to the
atrial template at this time. Each atrial loop also lies roughly
parallel to the identity line joining (1,1) with (-1,-1),
signifying that activity remains in-phase along each axis of
this plane over time. Second, when atrial activity is masked
by ventricular activity, the temporospatial correlation
method is still able to extract atrial activity and generate
loops reflecting this ventricular influence. “Masked atrial
correlation loop” indicates these loops in panel 3', FIG. 8A.
Since these loops reflect correlations influenced by ventricu-
lar activity, they approach but do not reach the (1,1) corre-
lation, at which point they are labeled “masked atrial peak
correlations” in FIG. 6 and panel 3, FIG. 8A. The points
where atrial correlation loops and masked atrial correlation
loops join are labeled “vent. take off” in panel 3 of FIG. 8A.
By analogy, using a ventricular template would result in
“ventricular” and “masked ventricular correlation” loops
(not shown). In the illustrated embodiment used to generate
FIGS. 6 and 8, template duration was 80-200 ms, and the
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data sampling rate was every 4 ms. However, the number of
sampled data points and the data sampling frequency can be
varied by the user.

[0098] Other applications of this method will be described
later. For example, in Mode F: Arrhythmia Prediction
described later, temporospatial correlation can measure
alternans of the P-wave, QRS complex or the T-wave. In
these cases the invention will determine the slope and
intercept of the best-fit line joining all of the correlation
points. Parameters of these lines such as their variability, or
dispersion, patterns of alternans and abrupt changes or
discontinuities, may indicate patterns of alternation or alter-
nans between successive cycles.

2. Rationale for Temporospatial Correlation

[0099] The current invention exploits the concept that
regular activation within the heart will produce repeatable
electrical wavefronts on the surface ECG. These wavefronts
should retain a consistent relationship between each spatial
axis, or remain spatially in-phase, and should be reproduc-
ible between successive cycles. Variable activation wave-
fronts, including the “functional reentry” of atypical AFL or
AF, will have additional directions of activation and there-
fore deviate from this temporal and spatial reproducibility.
Temporospatial correlation has been designed to exploit this
concept.

[0100] By way of example, typical (isthmus-dependent)
atrial flutter is characterized by a re-entrant activation wave
that follows a very reproducible three-dimensional spatial
path in the atria. This involves continuous activation in a
counter-clockwise or clockwise direction around a region
known as the tricuspid annulus in the right atrium. All other
atrial regions are activated passively and secondarily. The
resulting atrial activation exhibits a “saw-tooth” appearance
in the inferior ECG leads (11, III, aVF), with discrete signals
in lead V1 (see FIG. 8A panel 1). However, atrial activity is
of low amplitude, easily obscured by the T-wave and noise
including baseline wander, line frequency noise, respiratory
and muscle artifacts, and other sources. It is readily seen, in
FIG. 8A, how the QRS and T waves can obscure it.
Therefore, the diagnosis of typical AFL from the ECG is
often difficult. Although AFL has been described by way of
example, this regularity also applies to regular monomor-
phic VT, while variable activation applies to polymorphic
VT or ventricular fibrillation.

[0101] Temporospatial correlation is supplemented by
additional analyses to improve the diagnostic ability of the
invention. First, Eigen vectors are computed in process 590
in FIG. 5, for the correlation timeplots, the original ECG
signals and derived Eigen leads. These analyses assess the
plane of maximum energy for the correlation plots and the
ECG, each of which identifies the plane in which the
arrhythmia circuit is most likely to lie. This information is
used in Mode D: Catheter Guidance System, described fully
later. In process 595, the additional computation of fre-
quency and power spectra for original electrograms and
correlation values provides another means for assessing
regularity. Notably, since correlations equally weight atrial
and ventricular activity, frequency analysis of these signals
will identify their relative rates of activation, and de-em-
phasize the frequencies that contribute to the different
shapes and amplitudes of each complex.
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3. Advantages of Temporospatial Correlation Analysis

[0102] The significant advantages of temporospatial mor-
phology correlation over methods of the prior art are that it
assesses several attributes concurrently, in a computationally
efficient manner. Referring to FIGS. 6, 7 and 8A-F, the
method assesses and provides:

[0103] 1. Similarity of the ECG event to the template,
signified by a cross-correlation approaching 1. The
electrogram events are typically complex signals, and
their detailed shape is reflected in the morphology
cross-correlation analysis. Thus, each atrial or ventricu-
lar wavefront will be assessed against its relevant
sampled wavefront.

[0104] 2. Amplification of low-magnitude signals of
interest. For example, this allows analysis of atrial
activity which is small and therefore very sensitive to
noise. Atrial activity is poorly represented during
arrhythmias in the traditional method of vectorcar-
diography, shown for comparison in FIG. 7B.

[0105] 3. Detection and extraction of superimposed atrial
and ventricular activity. Using cross-correlations to selected
atrial (or ventricular) activity, the method accurately feature
extracts each atrial cycle and its timing during AFL even if
superimposed on a QRS complex (see FIG. 6). This method
is also very effective in separating distinct activity when
superimposed on electrograms recorded from inside the
heart.

[0106] 4. Maintenance of the same spatial activation
sequence from cycle to cycle. This is measured by the
spatial phase and, when coherent (in-phase), indicates
that activation (correlations) are high or low between
leads simultaneously for multiple cycles. Such loops of
correlations between spatial planes are shown in FIG.
8A-F, panel 3. First, correlation loops for reproducible
activation will approach the correlation coordinate
(1,1) per cycle. Second, spatial coherence is seen when
the entire loop, or a significant portion of it, lies
predominantly parallel to the identity line from (1,1) to
(=1,-1). Third, if a template is selected from a different
set of ECG data or even another patient (from one of
the alternative embodiments described above), corre-
lation loops should still be reproducible yet may no
longer follow the line of identity.

[0107] 5. Spatial reproducibility of activity, such that
temporospatial correlation loops (FIG. 8A) are almost
superimposable for successive cycles.

[0108] 6. Variations in rate of the same rhythm—signi-
fied by correlations approaching 1 at different times
from cycle to cycle (FIG. 8A-F panel 2), or reproduc-
ible loops that have differing periods (durations) across
cycles (see FIG. 8A-C, panels 3).

[0109] 7. Alterations in the rhythm—signified by a
sudden change in the shape of the temporospatial
correlation loop at some point in the ECG.

[0110] 8. Accurate spectral assessment of electrical
activity for each chamber. Since temporal correlations
are of normalized amplitude, their frequency analysis
more accurately assesses the rate of activation than the
analysis of raw electrograms, which are influenced by
frequencies contributing to the shape of the (largest)
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QRS component. This is seen clearly by comparing
spectra from electrograms (panel 4) and correlations
(panel 5) of FIG. 8C of atypical atrial flutter.

[0111] 9. Accurate assessment of atrial-to-ventricular
relationships, represented by the number of atrial to
ventricular loops, and also the time within the atrial
loop at which the ventricular loop arises. This analysis
identifies whether ventricular and atrial activity are
related (as in FIG. 8A), variable (as in FIG. 8C) or
independent (FIG. 8F).

[0112] 10. Detection of isoelectric intervals in the ECG
as a clustering of low correlation values centered on
zero (0,0). This is seen in sinus rhythm and some atrial
tachycardias. Alternatively, a featureless template
sample may give rise to extreme correlation values that
are unchanging over a period of time. This “temporal
invariance” is illustrated in FIG. 8B for a case of atrial
tachycardia.

[0113] 11. Insensitivity of the analysis to factors includ-
ing baseline wander and electrographic signal gain.
This provides a significant advantage of this method
over the prior art vectorcardiography. Traditional vec-
tor loops (FIG. 7B) are degraded significantly by base-
line wander, variable gain and lack of isoelectric defi-
nition. The present invention overcomes these
shortcomings.

[0114] These attributes give extremely high sensitivity and
specificity for atrial and ventricular arrhythmias, including
their atrioventricular relationships. A major strength of the
current invention is that it significantly improves the diag-
nosis of subtly different arrhythmias, such as typical AFL
versus atypical AFL or typical AFL versus combined AFL/
AF, from the standard surface ECG. These distinctions can
be important since these distinct entities often require quite
different therapies.

[0115] It must be noted at this point that this analysis also
has potential applicability in the field of electrical engineer-
ing, such as to assess frequency variability (“jitter”) in
oscillating waveforms, such as those in analogue circuits. In
this application, frequency variations would be manifest as
amplitude modulations (below a perfect correlation magni-
tude of 1.0) from cycle to cycle. These differences may be
enhanced for discrimination purposes by the use of linear,
logarithmic or other scaling methods.

4. Examples of ECG Diagnosis

[0116] FIG. 4 shows a flowchart outlining the modes of
operation of the invention. Processes 612 to 618 summarizes
the diagnostic part of the invention and illustrates how the
algorithm components shown in FIG. 5 and described above
work together. In process 612, ECGs are selected for analy-
sis then analyzed for temporospatial correlation and fre-
quency analysis, as mentioned above (process 614), to result
in correlation loops for each plane (lead-pair).

[0117] The invention can diagnose atrial or ventricular
arrhythmias although it is particularly effective for atrial
arrhythmias, which are generally more difficult to diagnose
since atrial signals have lower signal to noise ratios.
Examples will shortly be provided but should not be seen as
limiting the applicability of the invention in any way. FIG.
8 shows analysis by the invention for A. Typical isthmus-
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dependent atrial flutter, B. Focal atrial tachycardia, C. Atypi-
cal atrial flutter, D. Atrial fibrillation, E. Monomorphic VT,
and F. Polymorphic VT. Each of FIG. 8A-F has the follow-
ing components. Panel 1: Orthogonal ECG leads (VS5, aVF,
V1), with templates illustrated. Panel 2: Correlation values
over time for each lead. Panel 3: Temporospatial correlation
plots for the planes given by lead pairs V5 and aVF (XY),
leads aVF and V1 (YZ), and leads V5 and V1 (XZ). Panels
1, 2 and 3 represent 4 seconds of data. Panel 4: Power
spectra for each ECG lead in panel 1. Panel 5: Power spectra
for each correlation plot in panel 2. Panels 4 and 5 are
computed over 8.2 seconds of data. In each case below, the
diagnostic steps are outlined one at a time from the perspec-
tive of a human user. However, these components could
easily be analyzed using neural networks, or a deterministic
or other expert system.

[0118] FIG. 6, which has already been discussed above,
shows the temporal correlation method for typical atrial
flutter. Briefly, processes 510 to 530 (FIG. 5) identify atrial
activity and select a template (upper panel; labeled), just
prior to a QRS complex to minimize T-wave inclusion.
Processes 540 to 560 (FIG. 5) cross-correlates the template
to the ECG at successive timepoints to produce plots of
correlation (labeled “r-value for each point™) against time. A
periodicity in r-values is clearly seen, with values approach-
ing 1 for each repetition of the template (clean F-wave), and
distinct values when the template slides across the QRS
complex. Peak correlations correspond precisely to intra-
atrial activity, as shown in the FIG. 6.

Isthmus Dependent (Typical) Atrial Flutter

[0119] Now turn to FIG. 8A. This provides, by way of
example, the preferred mode of operation analyzing typical
isthmus-dependent atrial flutter. This rhythm is character-
ized by a re-entrant wavefront of activation that follows a
very reproducible three-dimensional spatial path in the atrial
tissue. This involves continuous counter-clockwise or clock-
wise activation in the right atrium, parallel to the plane of the
tricuspid valve. Left atrial activation then follows second-
arily along stereotypical paths involving the coronary sinus
musculature and tissue known as “Bachmann’s bundle”. The
resulting atrial activation exhibits a “saw-tooth” appearance
in the inferior ECG leads (aVF, IL, III), with discrete signals
in lead V1. However, these F-waves are of low amplitude,
easily obscured by the T-wave and noise such as baseline
wander, line frequency noise, respiratory and muscle arti-
facts, and other sources. Therefore, atypical forms of atrial
flutter with different F-waves are often mistaken for typical
AFL.

[0120] The present specification exploits the temporal and
spatial regularity of this activation by determining whether
correlations remain in-phase in all spatial dimensions simul-
taneously. In FIG. 8A, panel 3 shows that the invention
compares temporal correlations for pairs of ECG leads
defining each spatial plane. Only 4 seconds of data are
presented for clarity. In practice, any duration may be
analyzed although 8-10 seconds are typical and sufficient.
The correlation loops formed by sliding this template across
the ECG results in the temporal correlations shown below
the ECG (process loop 540 to 560 in FIG. 5).

[0121] Repeating this for all ECG leads (FIG. 8 A panel 3
and FIG. 5 process loop 520 to 580), results in spatial
correlation loops for planes XY (V5 versus aVF; coronal),



US 2007/0021679 Al

YZ (aVF versus V1; sagittal) and XZ (V5 versus V1; axial)
for simultaneous timepoints. Atrial and ventricular correla-
tion loops are readily identified and are labeled. The point of
ventricular takeoff from each atrial loop is also labeled.

[0122] Tt can be seen that atrial (and ventricular) loops are
reproducible in each spatial plane. In addition, each atrial
loop approaches the (1,1) coordinate and is spatially in-
phase {lies roughly parallel to the identity line joining (1,1)
with (-1,-1)}. In particular:

[0123] 1. Panel 2 confirms continuously varying atrial
activity, with correlations that vary continuously over
time, without a clear isoelectric, which is reflected by
a period of unchanging correlations. This finding is
more supportive of the diagnosis of atrial flutter than of
atrial tachycardia (where isoelectric TP, PR and other
segments may be seen).

[0124] 2. In panel 3, a determination can be made as to
whether each atrial peak correlation passes beyond a
predetermined threshold coordinate (x, y). When this
occurs, it can be determined that the atrial template (in
this case the flutter wave) is occurring repeatedly, i.e. at
both atrial peak and masked atrial peak correlation
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[0132] (d) Correlation loop area variance between
successive cycles for each spatial plane; a lower
variance indicating greater reproducibility.

[0133] C is designed such that a higher value indicates

a greater likelihood of a regular, reproducible arrhyth-
mia over time.

[0134] 6. Panel 3 in this case therefore reveals spatial

coherence in all planes. Temporospatial coherence indi-
cates that spatial phase is maintained, i.e. that loops lie
parallel to the line of identity (X=Y, Y=7, X=Z7) and
have peak correlations that approach (1,1). From the
above analysis, coherence reproducibility indices are
calculated for each plane. The XY plane (leads
V5/aVF) is the most sensitive indicator for atrial flutter
(typical or atypical). In this case, if the XY loop is not
temporospatially coherent then, pending spectral analy-
sis (described below), another diagnosis is more likely.
It should be stated that data from each plane can be
condensed into and derived from a single three dimen-
sional plot. However, a series of two dimensional plots
is shown for clarity and ease of understanding.

points (in FIGS. 6 and 8A). Therein lies the basis for [0135] Points 1-6 exclude atrial fibrillation and support the
feature extraction in the invention. In a preferred diagnosis of atrial flutter over focal atrial tachycardia.

embodiment, x=0.8, y=0.8. This similarity to the origi- [0136] 7. Panel 3 depicts a major strength of the inven-

nal template (wavefront sample) in three dimensions
excludes atrial fibrillation and atypical forms of atrial
flutter.

[0125] 3. Panel 3 also shows that the principal axis of
atrial correlation loops lie almost parallel to the line of
identity. This indicates spatial phase coherence, or that
the correlations are simultaneously high or low in each
axis.

[0126] 4. Panel 3 shows reproducibility of successive
correlation plots, showing that successive atrial cycles
are reproducible over their entire duration.

[0127] 5. Panel 3 also shows very similar areas of atrial
correlation loops. These areas can be computed since
the loops are essentially “closed” per cycle. In cases
where the loops do not completely close, interpolation
methods are used to close the loop and compute areas
in three dimensions. Lower variability or dispersion in
correlation loop areas from cycle to cycle is a strong
indicator of reproducibility in time and space.

[0128] Process 590 reduces these indices into a single
parameter, a coherence reproducibility index, C, com-
prising the following assessments:

[0129] (a) The maximum correlation reached in each
plane over multiple cycles, represented as loops
reaching (x,y). A higher correlation indicating
greater reproducibility and, in one preferred embodi-
ment, x=0.8, y=0.8.

[0130] (b) Slope of the principal axis of the correla-
tion loop, relative to the line of identity joining
(-1,-1) to (1,1). This is a measurement of spatial
phase and, if coherent, tends towards this line of
identity.

[0131] (c) Correlation loop variance between succes-
sive cycles for each spatial plane; a lower variance
indicating greater reproducibility.

tion—automatic segregation of atrial and ventricular
activity. Note that a different correlation loop arises as
the atrial template correlates against each QRS com-
plex (labeled “Vent. take off™).

[0137] 8. Note also that ventricular loops are also con-

sistent and reproducible, confirming that ventricular
morphology does not change during the recording.

[0138] 9. Panel 3 therefore also depicts the ability of the

invention to feature extract a desired waveform, such as
the illustration of atrial and masked atrial activation in
FIGS. 6 and 8. Despite the fact that alternate P-waves
(or its variant, the F-wave, in atrial flutter) are clearly
masked by QRS complexes (see FIG. 8A, panel 1),
each atrial cycle is clearly seen (see FIG. 8A panel 3
and 3'"). In general, the invention will separate “pure”
atrial or ventricular activity from those influenced by
the other chamber. As shown in FIG. 6, this allows
atrial activity to be consistently detected, and timed
precisely with atrial signals from inside the heart, even
for P-waves that are buried within the QRS complex.

[0139] 10. Temporospatial ECG correlation can better

extract the timing of intra-cardiac activation, in certain
cases, when used in conjunction with correlation spec-
tra. When correlation plots deviate from sinusoidal
(that is, they contain a band of discrete frequencies
rather than simply one fundamental), frequency decom-
position of this band will identify times when the
activity under consideration (the F-wave in FIG. 6)
occurs. These times correlate well with intra-cardiac
signals in these cases.

[0140] 11. Further, panel 3 shows the relative rates of

atrial and ventricular activity. The number and duration
of atrial and ventricular loops remains constant
throughout the ECG segment, so that the ratio of atrial
to ventricular events is fixed.
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[0141] 12. Panel 3 also shows the exact temporal rela-
tionship between atrial and ventricular activity, in addi-
tion to their ratio. Specifically, each ventricular loop
arises from the same point of each atrial loop. This
supports a physiologic atrial to ventricular relationship,
and weighs against arrhythmias where atrial and ven-
tricular activity are independent but appear associated
by chance because of similar rates (known as “iso-
rhythmic dissociation™).

[0142] All of these features point to the most likely
diagnosis of atrial flutter with constant A:V conduction,
although a focal atrial tachycardia cannot yet be excluded.
The invention now uses additional analyses.

[0143] Process 590 of the invention computes Eigen vec-
tors and leads to define the spatial plane containing the
greatest power content of the ECG. The 2 Eigen vectors of
maximum amplitude define the plane and vector resultant
containing the maximum power in all 3 ECG leads. Eigen
computation first requires the definition of a point of zero
power or amplitude. This is the rationale behind the rigorous
baseline correction above (processes 420 to 500 in FIG. 5).
Eigen vectors are then computed using standard mathemati-
cal techniques for each cycle as well as for the entire
sequence. An Eigen vector whose orientation does not vary
between cycles is another index of a regular and reproduc-
ible rthythm; while the converse is true. Similarly, cases in
which one Eigen plane encompasses most of the ECG power
indicates a regular reproducible rhythm event. Eigen vector
analysis can also be focused on ECG regions, such as atrial
or ventricular depolarization or repolarization. This alterna-
tive embodiment can assess variations in the T-wave, such as
T-wave alternans [30], and is computed by excluding ven-
tricular or atrial activity, respectively, from the calculation.
Similarly, the ‘isoelectric’ interval can be defined to essen-
tially threshold ‘in’ or ‘out’ the activity of interest.

[0144] In the example in FIG. 8A, Eigen vector analysis
confirms a temporally and spatially reproducible atrial
rhythm. This supports a diagnosis of typical atrial flutter
with reentry around the tricuspid annulus or focal atrial
tachycardia with activation parallel to this plane. The Eigen
vector in this case had minimal variance, indicating little
variation in the three dimensional plane of maximum energy
between cycles.

[0145] Finally, panels 4 and 5 in FIG. 8 A show the results
of spectral decomposition across the entire (non-segmented)
ECG lead and its correlation plot. Several methods can be
applied to perform spectral decomposition, including fast
and discrete Fourier transformation, wavelet decomposition
and other methods. Results from this analysis are usually
plotted as power or spectral magnitude (vertically) for
several spectral frequencies (horizontally). Power is calcu-
lated in the preferred embodiment.

[0146] Finally, spectral analysis is performed on the ECG
as well as the temporal correlation time series (that is, on
panel 1 and panel 2 data). Panel 4 shows the fast Fourier
transform (FFT), with a prominent peak at or around 4 Hz
and regular harmonics for each lead (plotted in different line
styles). Panel 5 shows that the FFT on correlations shows a
more dominant 4 Hz peak with attenuated harmonic ampli-
tudes. This work is a significant improvement over the prior
art. First, it agrees with work by Stambler et al. [9] who,
from intracardiac signals, showed a 4 Hz peak in AFL.. Other
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prior art, such as U.S. Pat. No. 6,064,906 issued to Langberg
from the ECG, and No. 6,178,347 issued to Olsson using
intracardiac signals, showed similar frequency spectra in AF
(4 Hz dominant peaks).

[0147] Conclusion. The integration of all of the above
analyses suggest a diagnosis of typical atrial flutter for the
case in FIG. 8A. This was confirmed on further study. Atrial
activity is regular, reproducible and spatially in-phase in all
three dimensions, and each ventricular cycle arises at a
consistent point from preceding atrial activity.

Atrial Tachycardia

[0148] FIG. 8B shows another ECG (panel 1) for which
temporal correlations show regular periodicity (panel 2). In
panel 3, atrial temporospatial correlation loops show phase
coherence. That is, they retain spatial phase, since their
principal axes lie along the line of identity, indicating that
atrial activity is reproducible in each plane, and they are
similar to template since they approach the (1,1) coordinate
on each cycle. Ventricular correlation loops are also consis-
tent, at a lower rate. Of note, atrial correlation loops show
correlations which (for the region illustrated by horizontal
lines in FIG. 8B, panel 3) show periods of unchanging
correlation over time (“temporal invariance”) such as the
XY plot (panel 3). This is seen by its near-horizontal (Y=-1)
and near-vertical (X=0.6) loops sections, that suggest that
the template is being correlated to an isoelectric or unchang-
ing ECG region. Inspecting panel 1 (FIG. 8B) reveals this
horizontal ECG section (particularly in the Y lead).

[0149] This finding strongly supports a diagnosis of focal
atrial tachycardia with such an isoelectric or unchanging
ECG region, since atrial activation on the ECG in atrial
flutter is continuous, without diastole. Further, correlation
plots show a fixed atrio-ventricular ratio and timing rela-
tionships, weighing against atrial fibrillation.

[0150] Eigenvector analysis showed a reproducible vector
of maximum energy, also weighing against AF and support-
ing the diagnosis of focal atrial tachycardia. Finally, spectral
analysis in panels 4 and 5 show regular atrial activity,
without a prominent 4 Hz peak but with regular harmonics.
Correlation spectra (panel 5) emphasize a narrower range of
frequencies at 2.5 and 10 Hz.

[0151] Conclusion. These findings suggest the diagnosis
of focal atrial tachycardia, at a rate of 150 beats per minute.
This was confirmed on further study. The differential diag-
nosis includes sinus tachycardia, sinus node reentrant tachy-
cardia or focal atrial tachycardia. The mechanism of tachy-
cardia, whether from reentry or abnormal automaticity, and
the location of the tachycardia, can be confirmed from mode
C: Intracardiac Diagnosis and Arrhythmia Localization,
described later.

Non-Isthmus Dependent Atrial Flutter

[0152] FIG. 8C shows another ECG (panel 1), its temporal
correlations (panel 2) and temporospatial correlation loops
(panel 3). However, several differences are seen compared to
the example in FIG. 8A. First, temporal correlations are
irregular, despite the somewhat regular ECG appearance,
and rarely reach 1. This indicates a lack of similarity to the
template (which can be any atrial region) over time. Second,
atrial correlation loops (panel 3) are not reproducible in the
XY, YZ or X7 planes. This weighs against typical AFL.
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Furthermore, these loops do not pass the previously
described threshold correlation coordinate of (0.8, 0.8),
which is consistent with this dissimilarity. Third, ventricular
loops have variable take-offs from atrial loops. Fourth, the
absence of temporal invariance (described above in the
section in atrial tachycardia) weighs against the diagnosis of
focal atrial tachycardia.

[0153] The diagnosis at this point suggests either atypical
atrial flutter or atrial fibrillation. Eigenvector analysis
revealed significant variability in the maximum-energy
plane between cycles. This is consistent with either an
atypical atrial flutter, an organized form of atrial fibrillation
or atrial tachycardia from multiple distinct foci. Finally,
frequency analysis provides a clue to clinch the final diag-
nosis. In panel 4, FFT on the ECG showed a broad band-
width of frequencies. However, by eliminating magnitude
differences between atrial and ventricular complexes, and
frequencies contributing to their different waveforms, cor-
relation analysis more cleanly assessed true atrial rate.
Correlation spectra showed a predominant peak at 4 Hz
peak, similar to FIG. 8A. This differs from the broad
bandwidth of AF from U.S. Pat. No. 6,064,906 issued to
Langberg and U.S. Pat. No. 6,178,347 issued to Olsson.

[0154] Conclusions This example shows that this ECG,
although consistent with typical AFL, is clearly not typical
AFL using the present invention. This was confirmed on
further study. Despite the lack of a clear spatial phase
relationship, spectral analysis of temporal correlations con-
firmed one predominant activation rate, consistent with
atypical AFL. Atypical AFL sometimes shows spatially
coherent loops in the XY plane, while the YZ and XZ planes
may be clearly non-coherent. Correlation plots, and spectral
analysis on correlation series, are critical to the diagnosis of
these arrhythmias.

Atrial Fibrillation

[0155] 1In FIG. 8D, panel 1 shows irregular atrial activity
and panel 2 shows that temporal correlations are not repro-
ducible over time in any lead. Panel 3 shows temporospatial
correlation loops that are disorganized and space-filling in
all planes. Rather than being reproducible, correlation loops
intersect in highly variable directions, reflecting variable
spatial activation patterns between cycles in all axes. Fur-
thermore, atrial and ventricular loops have no consistent
relationships, and ventricular loops have variable take-offs
from atrial loops. These findings suggest an irregular atrial
rhythm, such as AF, atypical AFL or focal atrial tachycardia
from multiple foci (compare against FIG. 8A-C).

[0156] Eigen vectors in this case showed approximately
equal magnitude between axes, without evidence that one
plane contained most of the power. This suggests spatial
variability in atrial activity and supports the diagnosis of AF.
In panel 4, spectral decomposition showed absence of a peak
at 4 Hz or consistent harmonics, but rather a broad band-
width spectrum in all 3 leads. This remains true in panel 5
in correlation spectra, although the bandwidth is narrowed
somewhat. From U.S. Pat. No. 6,064,906 issued to Langberg
and U.S. Pat. No. 6,178,347 issued to Olsson, although
based on intra-cardiac data, this supports the diagnosis of
AF.

[0157] Conclusions. The combination of irregular and
spatially non-uniform atrial activation, with variable atrio-
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ventricular relationships, confirms the diagnosis of AF. This
was confirmed on later study. This pattern is clearly distinct
from atypical AFL (FIG. 8C) although traditional prior art
methods sometimes cannot distinguish these rhythms.

Monomorphic Ventricular Tachycardia with Atrioventricular
Dissociation

[0158] FIG. 8E, panel 1 shows an ECG of regular wide
complex tachycardia. Ventricular activity was used as a
template in this case. In panel 2, correlations to this template
are regular and periodic, and approach 1.0 for each cycle. In
panel 3, activation is reproducible for all cycles. Notably,
there is spatial coherence over significant portions of the
cycle, shown by those parts of the correlation loop that lie
predominantly parallel to the line of identity (1,1) to (-1,

-1).

[0159] Notably, slight variations in the ventricular corre-
lation loops were seen. These corresponded to the presence
of dissociated atrial activity seen from intracardiac record-
ings. Therefore, this analysis was able to discern atrial
activity that was not evident on visual inspection of the
ECG.

[0160] These findings strongly support monomorphic VT.
The presence of dissociated atrial activity discounts the
possibility of a regular supraventricular tachycardia with
wide QRS complexes due to bundle branch block (“SVT
with aberrant ventricular conduction™). Eigen vector analy-
sis showed minimal variation in the plane of maximum
power, while spectral decomposition, shown in panels 4 and
5, showed regular spectra, each with a clean dominant peak
at 2.5 Hz and the absence of non-harmonic frequencies.

[0161] Conclusion. These features suggest the diagnosis
of monomorphic ventricular tachycardia, which was con-
firmed. The ability of the method to detect slight correlation
irregularities corresponding to atrial activity that is not
clearly evident with the naked eye greatly simplifies the
diagnosis of VT, which is clinically difficult in many cases

[6].

Ventricular Tachycardia with Variable Intracardiac Activa-
tion

[0162] In FIG. 8F, panel 1 shows an ECG of a very
irregular and rapid wide complex tachycardia. In panel 2,
analysis of correlations shows that, although they show
some reproducibility, they appear to have different phase
relative to each lead. This is confirmed by the temporospatial
loops in panel 3, which are spatial filling and reach all four
vertices of the plot. Correlation lines cross each other in
clearly variable directions, as also observed in AF (FIG. 8D).
As also seen in AF, Figen vectors showed that the plane of
maximum energy did not contain most of the power. Inter-
estingly, despite tachycardia irregularity on visual inspec-
tion, spectra (panels 4 and 5) show a dominant peak at
around 5 Hz, with some frequency smearing. There was very
little difference between ECG and correlation spectra, sup-
porting that most of the ECG activity arises from either the
atria or ventricles.

[0163] Conclusion. These results suggest a diagnosis of
ventricular fibrillation or polymorphic VT. This was con-
firmed later, with a rate consistent with the spectral peak.
This example also demonstrates that temporospatial corre-
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lation (showing lack of temporospatial coherence) clearly
adds to the information from spectral analysis (showing one
predominant frequency).

5. ECG Comparison Mode

[0164] This mode is provided to enable the physician to
use the routine 12-lead ECG to determine whether a current
rhythm is a recurrence of a previous event, such as atrial
flutter after ablation, or a new arrhythmia, such as atypical
atrial flutter. This determination is otherwise very difficult
using prior art methods. Alternatively, the current arrhyth-
mia can be compared to a previously-stored typical or
classic rhythm, such as atrial flutter or right ventricular
outflow tract ventricular tachycardia that have stereotypical
ECG patterns.

[0165] A particular strength of this temporospatial corre-
lation method, that makes this mode possible, is that the
template need not be sampled from the ECG being analyzed.
The template can actually be any signal shape, or a generic
beat, or a template previously sampled from any one of a
plurality of potential cardiac events. This is possible since
the invention tolerates differences in amplitude scaling,
noise and other factors. Previously stored electrograms are
uploaded from the database 197 or external interface 198 to
the process controller 190, and used as templates for which
to compare the current ECG of interest. Electrograms
imported in this way have their sample rates matched to that
of the ECG of interest using interpolation methods.

[0166] Temporospatial correlations will differ somewhat
from the above detailed description in this mode when
non-ECG sampled templates are used. First, maximal cor-
relations may no longer approach 1.0 if the new template
does not match the ECG at any point along its duration.
Second, therefore, principal loop axes may no longer lie
parallel to the line of identity even in regular rhythms
(typical AFL, monomorphic VT). However, such analysis
will still produce reproducible loops, and atrial and ven-
tricular components will be readily segregated. Many of the
above analyses can still therefore be made.

6. Methods for Computation of Baseline

[0167] Baseline correction can be used in the invention,
particularly for the calculation of Eigen Vectors. Baseline
correction is traditionally performed in the PR or TP seg-
ments (where cardiac activity is minimal). However, several
rhythms do not show this clear isoelectric segment, such as
the continuous atrial activity of atrial flutter. The invention
includes a novel method for calculating baseline in these
circumstances, using temporospatial correlation as
described above.

[0168] FIG. 5 process 405 offers the user a choice of
considering real-time, previously stored or archived data, or
a combination thereof. Process 410 can identify from the
ECG components representing ventricular depolarization
(QRS complex), ventricular repolarization (T wave) and
atrial activity. This may be based on actual ECGs (real-time
or stored) or on a derived ECG such as a vector resultant
lead. QRS complexes can be identified using methods dis-
cussed by Watanabe et al. [25], U.S. Pat. No. 4,552,154
issued to Hartlaub, and U.S. Pat. No. 6,035,231 issued to
Sommo. QRS complexes can then aligned using one of
several columnar techniques, including alignment about the
point of largest positive or negative slope, peak values,
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minimum mean square differences, or metrics based on
derived signals. T-waves are then similarly identified and
aligned, and atrial activity lies in the intervening intervals.

[0169] First, atrial and ventricular activity are defined in
processes 480, 490 and 500, from the points where corre-
lation to an atrial template approaches 1. Process 480
identifies points of maximum or minimum atrial correlation,
zero crossings or other fiducial points. Process 490 com-
putes a linear or non-linear baseline signal through these
fiducials using the methods of cubic spline, linear interpo-
lation or other methods. This baseline is then subtracted
from each ECG lead to produce a wander-corrected ECG.
Process 500 then computes an average signal offset, by
aligning atrial cycles. This alignment can be accomplished
by time and frequency domain methods or the fiducial points
of reproducible correlation values (maxima, minima, zero or
other values). The signal offset is the average between the
maximum and minimum amplitude points of the atrial
signal. This offset is subtracted from each wander-corrected
ECG lead to yield the final baseline-corrected ECG. This
process may be repeated iteratively to remove baseline
artifact.

[0170] This method is a significant improvement over
prior art methods of baseline correction, such as U.S. Pat.
No. 6,035,231 issued to Sornmo. These methods assume that
a segment, generally the TP or PR interval, is isoelectric, and
subtract it from the ECG. This also helps in reducing T-wave
artifacts. Unfortunately, this introduces significant errors in
arrhythmias such as AFL, where the isoelectric interval is
absent, and when atrial and QRS activity have variable
timing. The current invention enables baseline correction
even during AFL and other atrial arrhythmias. However,
various other methods for baseline correction known to
those skilled in the art of ECG signal processing, such as
isoelectric subtraction with or without P wave alignment and
averaging, can also be incorporated, in addition to or as an
alternative to the above-described temporospatial correla-
tion based methods.

C. Intracardiac Diagnosis and Arrhythmia Localization

[0171] An overview of this mode of operation of the
invention is provided in FIG. 4 commencing at process 620.
As can be seen, this mode of operation follows and comple-
ments mode B: Surface ECG Diagnosis and Localization in
the preferred embodiment. It is then followed, in turn, by
mode C: Intracardiac Diagnosis and Arrhythmia [ocaliza-
tion.

1. Background for Arrhythmia Localization

[0172] By way of overall explanation for a re-entrant
arrhythmia, such as VT or AFL, the site most appropriate for
ablation typically constitutes a slow conduction zone,
labeled SCZ in FIG. 9. Depolarization wave fronts A (des-
ignated DWF in FIG. 9) entering the slow conduction zone
SCZ (site A in FIG. 9) break into errant, circular propagation
patterns (designated B and C in FIG. 9), called “circus
motion.” Circus motion disrupts the normal pattern of depo-
larization, and therefore disrupts the normal contraction of
heart tissue to cause the cardiac event.

[0173] The event-specific ECG and intracardiac electrode
samples labeled S; (i=1 to 3, although of course greater or
fewer can be recorded) in FIG. 1B record these depolariza-
tion patterns. If a pacing signal is applied at the site of SCZ,



US 2007/0021679 Al

the pacing signal gets caught in the same circus motion (i.e.,
paths B and C in FIG. 9) that triggers the targeted cardiac
event. Therefore, many of the pacing morphologies P; at the
sensing electrodes (where i=1 to 3 in FIG. 1B, although of
course greater or fewer can be recorded) will be similar to
event-specific samples S1. This will result in a high tem-
porospatial correlation (that is, coherence) when using a
paced template against the event-specific ECG, or vice
versa, using the methods outlined above.

[0174] However, if a pacing signal is applied outside an
SCZ, the pacing signal is not caught in the same circus
motion. It propagates free of circus motion and creates a
significantly different propagation pattern than that recorded
during the event-specific samples S;. The pacing morpholo-
gies P; at the sensing electrodes will therefore have quite
different temporospatial correlations than the event-specific
samples S;. This leads to smaller overall correlation, the
absence of coherence and different (but potentially repro-
ducible) patterns in each lead-pair plane.

[0175] Therefore, the coherence reproducibility metrics
have been designed to increase in value when the pacing
electrode ROVE is closer to the SCZ, which is a potential
site for ablation. Differences in surface propagation when
pacing inside as opposed to outside a SCZ are most pro-
nounced during concealed entrainment pacing. For this
reason, the invention has been designed to employ con-
cealed entrainment pacing. Of note, any electrode can be
used for pacing and recording S; and P;, but in the preferred
embodiment the ROVE catheter is used for this purpose (as
shown in FIG. 1B).

2. Acquisition Module

[0176] This module is activated first, as shown in FIG. 4
process 630. The process controller 190 records intracardiac
and ECG signals during a cardiac event. This is analogous
to mode A. Signal Samplingfor ECG signals, above. In this
module, electrodes on the body surface 130 must not be
repositioned, while those elsewhere 134', 136, 138 must
remain in a fixed location relative to the heart 110 and its
vasculature 114. In the illustrated and preferred embodi-
ment, the cardiac event comprises an arrhythmia that the
physician seeks to treat, for example, ventricular tachycardia
(VT), atrial tachycardia (AT), atrial flutter (AFL) or atrial
fibrillation (AF).

[0177] The process controller 190 in this module pro-
cesses a selected number of electrogram samples obtained
from each electrode during the known cardiac event. These
event-specific electrogram samples (designated for the pur-
pose of illustration in FIG. 1B as S, to S;) may be recorded
unipolar (between electrode 134', 136 or 138 on the heart
110 or its vasculature 114, and a reference electrode, not
shown) or bipolar (between electrodes on each multielec-
trode catheter 134', 136 or 138 on the heart 110 or its
vasculature 114). Bipolar signals may be recorded from
specialized catheters such as those recording monophasic
action potentials (EP Technologies, Sunnyvale, Calif.),
which resemble extracellular action potentials. The samples
S, to S; can also comprise one heart beat or a specified
number of beats. Multiple beats may be averaged to reduce
noise, if desired.

[0178] The host processor 195 stores the set of event-
specific electrogram samples S; to S; in memory. The
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process controller 190 can, for an individual patient, retain
sets of event-specific samples for different cardiac events.
For example, a patient may undergo different episodes of
VT, each with a different morphology. The host processor
195 can automatically detect different V'T morphologies and
store samples of each episode for analysis. The process
controller 190 can also download the samples to the data-
base 197 for off-line analysis at a subsequent time.

3. Pacing Module

[0179] In the preferred embodiment, the Pacing Module
(FIG. 4, box 635) follows the acquisition module, and must
be performed without moving electrodes 130, 134', 136,
138, which must occupy the same positions as they did
during the Acquisition Module. The process controller 190
conditions the pacing module 160 to pace the heart 110 in a
user-programmable fashion while conditioning the signal
processing modules 150 and 158 to record a number of the
resulting electrograms. Pacing (or stimulating) the heart
results in a paced cardiac signal, which may represented by
several ECG leads.

[0180] The pacing signal induces depolarization, emanat-
ing at the pacing ROVE electrode.

[0181] Of course, pacing can be applied to any electrode,
but in the preferred embodiment this is the ROVE catheter.
The process controller 190 processes the resulting paced
electrogram samples sensed at each electrode (any combi-
nation of 130, 134, 136, 138 deployed in FIG. 1B) during
pacing. The paced electrogram samples are designated P, to
P, in FIG. 1B.

[0182] Different conventional pacing techniques, includ-
ing burst pacing and multiple extrastimuli, can be used to
obtain the paced samples P, to P,. Regardless of the par-
ticular pacing technique used, the pacing stimulus may be
monophasic, biphasic, or triphasic. The paced morphology
P to P; at each electrode can be from one heart beat or a
specified number of heart beats. The length of the morpholo-
gies P, to P, can have any relationship to the length of the
event-specific samples S, to S; for the same electrodes
obtained during the acquisition module. Typically, they are
of equal duration.

[0183] The pacing module can be performed in two pre-
ferred modes of operation:

[0184] (a)to pace the heart without inducing the cardiac
event of interest (the Pace-Map module); or,

[0185] (b) to pace the heart during the cardiac event of
interest without altering this event (the Concealed
Entrainment module).

4. Pace-Map Module

[0186] The pace-map module is used at a time when the
patient is not experiencing the cardiac event of interest. The
goal is to compare ECG (and/or electrogram signals) result-
ing from pacing to those from the cardiac event of interest
(recorded previously in the Acquisition Module, uploaded
from the database 197 or imported from the interface 198).
These signals will become more similar as the ROVE
catheter moves closer to the arrhythmia circuit (see Back-
ground above and FIG. 9).

[0187] Pacing stimuli are applied from the ROVE catheter
placed within the heart 110 or its vasculature 114. In a
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preferred embodiment, this is the ablation catheter 138, but
pacing can also be applied at electrodes 130, 134', 136.
Pacing is applied at a rate close to that of the cardiac event
of interest, but it can be important that the arrhythmia not be
induced. The electrodes 130, 134", 136 and 138 must not
change their position relative to the heart 110 throughout this
module.

[0188] In FIG. 4 process 640, temporospatial correlation
analysis is repeated using a current template during pacing
on a previously stored example of the cardiac event of
interest. This is analogous to ECG comparisons in mode B:
Surface ECG Diagnosis and Localization mode. First, the
process controller 190 selects a template from the ECO and
electrogram samples P, to P; during pacing. In an alternative
embodiment, P, to P, and simultaneous paced ECGs can be
stored in memory for later retrieval, or uploaded from a
database 197 or interface 198. Alternatively, the input mod-
ule 200 controls an off-line function whereby event-specific
samples and paced morphologies can be analyzed without
the presence of the patient. In all cases, electrograms must
be aligned in time, using one of several approaches, to
enable temporal correlations and spatial coherence to be
assessed.

[0189] Second, the paced template is used to probe the
sensed sequence, by using temporospatial correlation analy-
sis to compare paced to sensed signals for corresponding
ECG leads or electrogram channels. For example, paced
ECG lead X (points P,) is compared to lead X during the
cardiac event (points S;). This is then repeated for leads Y
and Z. All of the analyses in mode B, including temporospa-
tial correlation, spectral and eigenvector analyses are per-
formed. If the ROVE catheter is placed close to the location
of the arrhythmia circuit, the loops of P; versus S;, as well as
each being reproducible and narrow, will be similar to each
other with principal axes that lie parallel to the line of
identity. The invention provides precise time alignment, to
allow loop axes to lie along this line of identity. Also, the
invention will ensure that an equal number of cycles is
examined even if one rhythm is faster than the other. This is
done by choosing template durations that reflect the ratio of
the longer cycle length (slower rhythm) to the shorter cycle
length (faster rthythm). For example, if the cardiac event
(say, monomorphic ventricular tachycardia) is 1.25 times
faster than the paced rhythm (from the ROVE catheter), the
duration of the cardiac event template will be made equal to
0.8 times (=1/1.25) the duration of the paced rhythm tem-
plate (for example, 160 ms versus 200 ms, respectively). The
number of correlation points will be identical between paced
and cardiac event sequences by the uniform omission of
points from the slower rate ECG or by linear interpolation of
points into the faster rate ECG. Correlations of paced versus
cardiac event ECGs will therefore examine comparable
spatial phase despite cycles of different lengths.

[0190] Third, the above process is repeated by correlating
sensed samples to the paced electrograms, and by correlating
paced ECG templates against sensed ECGs of different
orientations (such as paced lead X versus sensed lead Y),
and by determining whether the XY, YZ and XZ loops are
essentially superimposible for native versus paced
sequences. Regions of slow conduction, indicated by devia-
tions of temporospatial coherence from a uniform timing,
are also used to help position the catheter. In process 645, the
process controller 190 uses these analyses to determine the
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numerical difference between paced and event-specific
samples. The difference is displayed in module 230 (FIG.
1B) and termed a good, indifferent or bad pace map. If good,
then the text-label SITE is displayed.

4. Concealed Entrainment Module

[0191] The concealed entrainment module (FIG. 4, pro-
cess 650) is only activated while the patient is experiencing
the cardiac event of interest. It uses the principle of entrain-
ment with concealed fusion to determine if the current
pacing catheter, typically ROVE, is located close to the
arrhythmia circuit.

[0192] Paced samples P, to P, are obtained in a slightly
different manner than in the Pace Map module. Here, pacing
occurs during the cardiac event, but at a slightly higher rate
and shorter period (typically by 20-40 milliseconds). The
process controller 190 operates the pacing module 160 to
emit pacing signals from the ROVE catheter which, in the
preferred embodiment, is an ablation electrode 138 (see FIG.
1B). The process controller 190 records and stores, in host
processor 195, database 197 or via interface 198, surface
ECG signals acquired from electrodes 130 and intracardiac
signals from the ROVE catheter and intracardiac electrodes
134, 136 and 138. These electrodes must remain in the same
position throughout analysis.

[0193] The invention now uses temporospatial correla-
tions to determine the difference and similarity in ECG and
intracardiac signals between pacing and the cardiac event.
The invention compares paced electrogram samples P, to P,
and the surface ECG to the analogous event-specific samples
S, to S; and the ECG using the same electrodes. If corre-
lation maps are dissimilar, the activation exit points between
pacing and the cardiac event cannot be the same. The ROVE
catheter is then moved closer to the arrhythmia circuit per
the Catheter Guidance mode (mode D), described fully
below.

[0194] As in the Pace-Map module, the invention will
ensure precise time alignment and that template durations
are proportional to rate differences between entrained and
native rhythms. Since entrained (paced) rhythms are slightly
faster than native rhythms (by design), entrained templates
will be proportionally shorter. For example, if the entrained
rhythm (from the ROVE catheter) is 1.1 times faster than the
native rhythm (say, typical atrial flutter), then the duration of
the entrained template will be made equal to 0.91 times
(=1/1.1) the duration of the native rhythm template (for
example, 227 ms versus 250 ms, respectively). The number
of correlation points will be identical between paced and
cardiac event sequences by the uniform omission of points
from the slower rate ECG or by linear interpolation of points
into the faster rate ECG. ECG correlations will therefore
potentially span the same number of cycles to examine
spatial phase for cycles of different cycle lengths.

[0195] Temporospatial correlation is used to perform the
following component analyses of entrainment with con-
cealed fusion (as per work by Waldo et al. [27] and Almen-
dral et al. [31]):

[0196] 1. Similarity of ECG morphologies between
pacing and event-specific recordings;

[0197] 2. Similarity of intracardiac electrogram mor-
phologies between pacing and event-specific record-
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ings. Monophasic action potential or unipolar intracar-
diac recordings facilitates this analysis.

[0198] 3. Examination of the similarity between the
post-pacing interval and the event-specific cycle
length;

[0199] 4. Similarity between stimulus to QRS and elec-
trogram to QRS intervals;

[0200] 5. Demonstration that the QRS and intracardiac
electrogram complexes show progressive fusion with
incrementally faster pacing.

Specifically, the following analyses are performed (FIG.
4, processes 650 to 660):

[0201] 1. During the cardiac event, the duration of time
between the electrogram on the ROVE catheter and the
ECG complex corresponding to activation of that
chamber. The time of activation is provided by the
correlation loop take off, reducing errors commonly
introduced when determining exact QRS onset from a
noisy time-domain signal, for example.

[0202] 2. During concealed entrainment pacing, the
duration of time between the ROVE catheter electro-
gram and the start of surface ECG activation will also
be determined as above in #1.

[0203] 3. Demonstration that #1 and #2 are equivalent.
This uses temporospatial correlation to establish an
equivalent timing (‘phase’) between the electrogram to
QRS (#1) and stimulus to QRS (#2) intervals during
entrainment [27].

[0204] 4. Compare the timing of the return of the ROVE
catheter electrogram after the termination of pacing,
with the timing of each cycle during the cardiac event
of interest. This will be done using temporospatial
correlation analysis. Demonstration that the post-pac-
ing interval equals the tachycardia cycle length is a
major criterion for entrainment [27].

[0205] 5. With faster pacing, the invention will demon-
strate that ECG temporospatial correlation loops lie on
a progressive spectrum from event-specific to pacing-
specific. This uses temporospatial correlation to dem-
onstrate progressive fusion, as per Waldo et al. [27].

[0206] 6. With faster pacing, demonstrate that tem-
porospatial correlation loops from intracardiac electro-
grams at the ROVE catheter lie on a progressive
spectrum between event-specific and paced. This dem-
onstrates progressive electrogram fusion, as per Waldo
et al. [27].

[0207] For a given ROVE catheter position, the invention
uses these analyses to generate the indices described in
Mode B that determine whether ROVE is close to the
arrhythmia circuit. As summarized in FIG. 4, processes 650
and 660, the invention displays this information on the
display component 230 in FIG. 1B.

D. Catheter Guidance System

[0208] Mode D (FIG. 4, process 665), Catheter Guidance
System, operates as an adjunct to the Intracardiac Diagnosis
and Arrhythmia Localization mode (mode C). In general,
this mode determines the spatial plane of poorest correlation
between paced and event-specific samples from the ROVE
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catheter. Analyses are then used to indicate to the user the
direction in which to move ROVE catheter to improve this
correlation and, therefore, improve contact with the arrhyth-
mia circuit (see FIG. 9). This is used in two preferred
operating modes (I) placement of an ablation catheter (elec-
trode 138 in FIG. 1B) to deliver ablation energy; and (2)
placement of an implanted catheter such as a pacemaker or
implantable defibrillator lead, to deliver defibrillation energy
or pacing impulses.

1. Placement of an Ablation Catheter

[0209] First, the invention determines the plane in which
ECG correlations are poor when pacing from the ROVE
catheter (at the rate of the cardiac event) and comparing the
resulting electrograms to those during sensed signals from
the cardiac event (FIG. 4, process 665), stored in the
memory of the host processor 195 or uploaded 197, 198. The
correlation and reproducibility indices described above are
determined in the XY, YZ and XZ planes. Eigen vectors are
used to determine whether the planes of maximal energy
coincide between pacing and the cardiac event of interest.

[0210] By way of example, consider a ROVE catheter
position from whence pacing produces ECGs whose corre-
lation to the cardiac event match poorly in the YZ plane, but
lies along the line of identity in the XY plane. The ROVE
catheter is then moved parallel to the Z-axis (ECG lead V1).
The direction in which to move the ROVE catheter is
determined by signal polarity (FIG. 4, process 670). Since a
wavefront moving towards an electrode generates a positive
potential, if the paced ECG is more positive than the event
for the V1 lead, ROVE must be moved away from V1 (i.e.
away from the front of the chest) to get closer to the
arrhythmia circuit. The opposite is also true. The invention
calculates these comparisons for all leads simultaneously
and displays them on module 230 as graphics and text
MOVE V, where V is this vector of movement (FIG. 4,
process 675). This lifts the burden of making multiple
comparisons from the physician, and is also more accurate.

[0211] Second, once paced and sensed ECGs match, the
catheter is moved even more precisely to the arrhythmia
circuit by matching intracardiac signals. This is done using
temporospatial correlation, and cross-correlation of electro-
gram shapes (morphologies), between paced samples, P,,
and event-specific samples, S;, at all intracardiac electrodes
134", 136, ROVE. When the ROVE catheter lies at the exit
point of the cardiac event of interest (SCZ in FIG. 9), pacing
will cause exactly timed and very similarly shaped electro-
grams to those during the cardiac event at all intracardiac
locations. In an alternative embodiment, pacing is performed
from electrodes 134", 136 or 138. That electrode producing
the closest electrogram correlations to the cardiac event is
closest to a potential ablation site. The ROVE catheter is
moved next to this electrode and then pacing is repeated
from ROVE. This process continues until all intracardiac
signals are correlation-matched between pacing from the
ROVE catheter and the event. A minimum number of
intracardiac electrodes must therefore be placed to optimize
spatial resolution. In the preferred embodiment this includes
electrodes in the coronary sinus, right atrium and His bundle
position for atrial diagnosis and also at the right ventricular
apex, and possibly cardiac veins, for ventricular diagnosis.

[0212] In the preferred embodiment, intracardiac signals
are recorded in unipolar or monophasic action potential
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configurations. This enables electrogram shapes to be used
to further confirm electrogram matches. An ideal shape
match is characterized by maximal morphology cross-cor-
relations between paced and sensed signals. Many cross-
correlation coefficients can be used, such as the Pearson and
Fischer methods. For this stage, the ROVE catheter is
moved as before, electrogram shapes are compared by
cross-correlation after each pacing intervention, as well as
temporospatial correlation analysis.

[0213] When temporospatial correlation and morphology
correlation indicates a precise match between ROVE and the
arrhythmia circuit, within acceptable biologic tolerances, the
text label SITE is displayed 230 (FIG. 4, process 690). The
physician will typically perform ablation at this site. How-
ever, this process may also be used to locate the arrhythmia
tissue to deliver electrical defibrillation (an electrical shock)
or other modulation (such as delivering pharmaceuticals,
cells or genes).

[0214] The described here improves upon the cross-cor-
relation method in U.S. Pat. No. 5,792,064 issued to
Panescu. Panescu et al. analyze one single beat, especially
the beat that initiates AF, while this invention analyzes a
continuous arrhythmia tracing using temporospatial mor-
phology correlation (on electrograms as well as ECGs) to
extract atrial versus ventricular features. In addition,
Panescu et al. analyzed only the signal shape, while this
invention fully and rigorously analyzes the activation
sequence and timing of all signals. Their method is therefore
less well-suited to analyze sustained tachycardia, for con-
firming a diagnosis, or for confirming the success of ablation
(which will be discussed later).

2. Placement of Pacemaker or Implantable Defibrillator
Lead

[0215] This module is very similar to the above module.
Since the cardiac event of interest will typically have arisen
before device implantation, its ECG and intracardiac signals
are typically uploaded from memory, the database 197 or an
external interface 198.

[0216] Since the maneuverability of an implantable lead is
lower than of an ablation electrode, even using guiding
stylets, the operator may elect to rely upon ECG localization
in this mode. However, the full benefits of intracardiac
analysis are also available, if desired. As above, temporospa-
tial correlations are performed to detect differences in acti-
vation pattern and shape between the current ROVE (typi-
cally the implanted lead) and cardiac event electrograms.
When correlations match, the display module 230 indicates
the text label SITE (FIG. 4, process 690), and the pacing or
defibrillation lead is fixed in this position, preferably by an
active fixation method such as screwing the lead into the
myocardium in standard fashion. In an alternative imple-
mentation, a more maneuverable ablation catheter (ROVE)
is first directed to locate the arrhythmia site, and the implant-
able lead is then moved adjacent to that catheter.

[0217] In an alternative embodiment, the invention can be
used in conjunction with an intracardiac anatomic mapping
system, such as that made by Biosense-Webster, Inc. (Dia-
mond Bar, Calif.), described in the prior art by U.S. Pat. No.
5,568,809 issued to Ben-Haim, or Endocardial Solutions,
Inc. (St. Paul, Minn.). In this embodiment, the ROVE
catheter position is known at all times to the mapping
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system. ECG analyses are then performed to improve upon
spatial localization using entrainment and pace-mapping
functional data.

E. Determination of Ablation Success

[0218] This mode is shown in FIG. 4, processes 695-705.
The process controller 190 determines that successful abla-
tion has been achieved if pacing from the ROVE catheter at
the ablation site can no longer reproduce prior correlation
maps or electrogram morphologies. The rationale for this
approach is that tissue ablated in or close to the slow
conduction zone, SCZ in FIG. 9, prevents subsequent depo-
larization. The destroyed tissue is thereby “closed” as a
possible path of propagation. Since depolarization events
bypass the ablated region and no longer become caught in
circus motion, ablation restores normal heart function. Simi-
larly, electrograms following pacing at this site will now
cause different temporospatial correlation.

[0219] Following ablation, the process controller 190 con-
ditions the pacing module 160 to pace the heart using the
ROVE electrode at the cycle length of the cardiac event.
Intracardiac electrograms 134', 136, 138 and ECG signals
130 are recorded using the recording components 150 and
158. The process controller 190 and host processor 195
perform temporospatial correlation and the other analyses
above, and compare the results between pre- and post-
ablation at this position.

[0220] In one implementation, the host processor 195 sets
a numeric threshold B for these analyses. A higher index,
indicating similarity of activation before versus after abla-
tion, indicates a high probability that the arrhythmia circuit
is still present. Since the Catheter Guidance Mode (mode D)
is automatically engaged during pacing, if correlations
remain high then proximity criteria are again met, and the
host processor 195 will display 230 the text-label SITE. A
repeat attempt at ablation may be performed at this site.

[0221] Successful ablation is indicated if the correlation
between pre- and post-ablation pacing is low for the same
electrode position. If this occurs, the system recommends
that the physician move the ROVE catheter slightly and
repeat the analysis. This is repeated for slight ROVE move-
ments along each vector. If correlations remain poor, then
the procedure is completed by attempting to re-induce the
cardiac event. This is routinely performed in the prior art. If
the event can also no longer be re-induced, the invention
determines that there is a very high likelihood that the event
arrhythmia has been successfully ablated.

F. Arrhythmia Prediction

[0222] This mode (FIG. 4, processes 710 to 750) detects
the substrates for atrial or ventricular arrhythmias by detect-
ing variability in temporospatial correlations during progres-
sively faster pacing. The rationale for this approach is as
follows. During heart rate acceleration in the presence of
substrates, atrial or ventricular recovery will eventually be
unable to keep up with activation, and subsequent activation
will split into two or more distinct populations. From the
prior art, incremental pacing at the right ventricle encroaches
upon its recovery, causing T-wave alternans. This was pre-
viously detected using spectral decomposition in U.S. Pat.
No. 4,802,491 issued to Cohen and U.S. Pat. No. 5,148,812
issued to Verrier. The present invention provides a new
means of showing T-wave alternans, as a bifurcation into
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two distinct T-wave temporospatial correlation loops. How-
ever, this invention can also similarly demonstrate alternans
of atrial intracardiac signals, which have recently been
shown to predict AF from work by Narayan et al. [20].

[0223] The process controller 190 conditions the pacing
module 160 to emit pacing signals to the trans-esophageal
electrode 136 or an intracardiac electrode 134' or 138. The
recording components 150 and 158 record the surface ECG
from electrodes 130, as well as intracardiac signals from the
above electrodes, at user-specified and stored paper (sweep)
speed and electrogram gain. Pacing is performed for 10 or
more seconds at each rate. The process controller 190
performs correlation analysis at each pacing rate at this site.
Since there is no prior cardiac arrhythmia event, the process
controller 190 stores pacing correlation maps for each
progressive rate at the same pacing site in the heart 110 on
the host processor 195, or database 197, then compares them
against each other as above.

[0224] 1In one implementation, a high likelihood for the
presence of an arrhythmia circuit, is indicated by poor
reproducibility of temporospatial correlations, an (alternat-
ing) fluctuation in the Figen vector of the specific waveform
of interest (such as atrial activity, or ventricular T-wave
repolarization), or variability in the principal axis slopes of
successive correlation loops. This is shown in processes 730
to 750. It must be stressed that this analysis cannot be
performed at excessive heart rates, since bifurcation may
occur in normal individuals at rates above 110 beats per
minute (cycle length 545 milliseconds) for ventricular pac-
ing, and 250 beats per minute (cycle length 240 millisec-
onds) for the atrium. By contrast, highly reproducible cor-
relations indicate a low risk (processes 740 to 750).
Intermediate risk is assigned to the presence of some of the
above metrics.

[0225] The implementation of the system described herein
is based largely upon digital signal processing techniques.
However, it should be appreciated that a person of ordinary
skill in this technology area can easily adapt the digital
techniques for analog signal processing.

[0226] While the invention has been described in connec-
tion with preferred embodiments, they are not intended to
limit the scope of the invention to the particular form set
forth, but on the contrary, they are intended to cover such
alternatives, modifications, and equivalents as may be
included within the spirit and scope of the invention as
defined by the appended claims.

REFERENCES

[0227] 1.Horvath, G., J. J. Goldberger, and A. H. Kadish,
Simultaneous occurrence of atrial fibrillation and atrial
Autter. J. Cardiovascular Electrophysiol., 2000. 11(8): p.
849-858.

[0228] 2. Tang, C. W., M. M. Scheinman, G. F. Van Hare,
L. M. Epstein, A. P. Fitzpatrick, R. J. Lee, et al., Use of
P Wave Configuration During Atrial Tachycardia to Pre-
dict Site of Origin. Journal of the American College of
Cardiology, 1995. 26(5): p. 1315-1324.

[0229] 3. Xue, Q. and S. Reddy, Algorithms for comput-
erized QT analysis. J. Electrocardiol., 1998.30: p. 181-
186.

Jan. 25, 2007

[0230] 4. Yamane, T., D. C. Shah, J.-T. Peng, P. Jais, M.
Hocini, 1. Deisenhofer, et al., Morphological character-
istics of P waves during selective pulmonary vein pacing.
Journal of the American College of Cardiology, 2001.
38(5): p. 1505-1510.

[0231] 5. SippensGroenewegen, A., M. D. Mlynash, F. X.
Roithinger, Y. Goseki, and M. D. Lesh, Electrocardio-
graphic Analysis of Ectopic Atrial Activity Obscured by
Ventricular Repolarization: P Wave Isolation Using an
Automatic 62-Lead QRST Subtraction Algorithm. J. Car-
diovascular Electrophysiol., 2001. 12: p. 780-790.

[0232] 6.Brugada, P, J. Brugada, L. Mont, J. Smeets, and
E. W. Andries, 4 New Approach to the Differential Diag-
nosis of a regular tachycardia with a wide QRS complex.
Circulation, 1991.83: p. 1649-1659.

[0233] 7. Callans, D. J., V. Menz, D. Schwartzman, C. D.
Gottlieb, and F. E. Marchlinski, Repetitive monomorphic
tachycardia from the left ventricular outflow tract: elec-
trocardiographic patterns consistent with a left ventricu-
lar site of origin. J. Am. Coll. Cardiol., 1997.29(1023-
1027).

[0234] 8. Peeters, H. A. P, A. SippensGroenewegen, B. A.
Schoonderwoerd, E. F. D. Wever, C. A. Grimbergen, R. N.
W. Hauer, et al., Body-Surface QRST Integral Mapping:
Arrhythmogenic Right Ventricular Dysplasia Versus Idio-
pathic Right Ventricular lachycardia, in Circulation.
1997. p. 2668-2676.

[0235] 9. Stambler, B. S. and K. A. Ellenbogen, Elucidat-
ing the Mechanisms of A trial Flutter Cycle Length
Variability Using Power Spectral Analysis Techniques, in
Circulation. 1996b. p. 2515-2525.

[0236] 10. Zhang, X.-S., Y.-S. Zhu, N. V. Thakor, and
Z.-7. Wang, Detecting Ventricular Tachycardia and
Fibrillation by Complexity Measure. IEEE Transactions
in Biomedical Engineering, 1999. 46(5): p. 548-555.

[0237] 11. Lau, C.-P., Radiofrequency Ablation offascicu-
lar Tachycardia: efficacy of pace-mapping and implica-
tions on tachycardia origin. International Journal of Car-
diology, 1994. 46: p. 255-265.

[0238] 12. Morton, J. B., P. Sanders, V. Deen, J. K. Vohra,
and J. M. Kalman, Sensitivity and specificity of concealed
entrainment for the identification of a critical isthmus in
the atrium: relationship to rate, anatomic location and
antidromic penetration. Journal of the American College
of Cardiology, 2002. 39(5): p. 896-906.

[0239] 13. Stevenson, W. G., H. Khan, P. Sager, et al.,
Identification of veentry circuit sites during catheter map-
ping and radiofrequency ablation of ventricular tachy-
cardia late after myocardial infarction. Circulation, 1993.
88: p. 1647-1670.

[0240] 14. Hamdan, M. H., J. M. Kalman, H. V. Barron,
and M. D. Lesh, P-Wave Morphology During Right Atrial
Pacing Before and After Atrial Flutter Ablation—A New
Marker for Success. The American Journal of Cardiology,
1997. 79(10): p. 1417-1420.

[0241] 15. Villacastin, J., J. Almendral, A. Arenal, N. P.
Castellano, S. Gonzalez, M. Ortiz, et al., Usefulness of
Unipolar Electrograms to Detect Isthmus Block After



US 2007/0021679 Al

Radiofrequency Ablation of Typical Atrial Flutter, in
Circulation. 2000. p. 3080-3085.

[0242] 16. Tada, H., H. Oral, C. Sticherling, S. P. Chough,
R. L. Baker, K. Wasmer, et al., Double potentials along
the ablation line as a guide to radiofrequency ablation of
typical atrial flutter. Journal of the American College of
Cardiology, 2001. 38(3): p. 750-755.

[0243] 17.LeClercq, C., F. Victor, C. Alonso, D. Pavin, G.
Revault d’Allones, J. Y. Bansard, et al., Comparative
effects of permanent biventricular pacing for refractory
heart failure in patients with stable sinus rhythm or
chronic atrial fibrillation. The American Journal of Car-
diology, 2000. 85(9): p. 1154-1156.

[0244] 18. Zagrodzky, J. D., K. Ramaswamy, R. L. Page,
J. A. Joglar, C. J. Sheehan, M. L. Smith, et al., Biven-
tricular pacing decreases the inducibility of ventricular
tachycardia in patients with ischemic cardiomyopathy.
The American Journal of Cardiology, 2001. 87(10): p.
1208-1210.

[0245] 19. Steinberg, J. S., Z. Zelenkofske, S. C. Wong, et
al., The value of the P-wave signal-averaged electrocar-
diogram for predicting atrial fibrillation after cardiac
surgery. Circulation, 1993a. 88: p. 2618.

[0246] 20. Narayan, S. M., F. Bode, P. L. Karasik, and M.
R. Franz, Alternans Of Atrial Action Potentials As A
Precursor Of Atrial Fibrillation. Circulation, 2002b. 106:
p. 1968-1973.

[0247] 21. Kleiger, R. E., P. Millar, J. T. Bigger, et al.,
Decreased heart rate variability and its association with
increased mortality after acute myocardial infarction.
Am. J. Cardiol., 1987.59: p. 256-262.

[0248] 22. Simson, M. B., Identification of patients with
ventricular tachycardia after myocardial infarction from
signals in the terminal QRS complex. Circulation, 1981a.
64: p. 235-42.

[0249] 23.Feld, G. K., R. P. Fleck, P. S. Chen, K. Boyce,
T. D. Bahnson, J. B. Stein, C. M. Calisi, M. Ibarra,
Radiofrequency catheter ablation for the treatment of
human type latrial flutter. Identification of a critical zone

in the re-entrant circuit by endocardial mapping tech-
niques. Circulation, 1992. 86: p. 1233-1240.

[0250] 24. Jackman, W. M., K. J. Beckman, J. H. McClel-
land, et al., Treatment of supraventricular tachycardia
due to atrioventricular nodal reentry by radiofrequency

catheter ablation of slow-pathway conduction. N Engl J
Med, 1992. 327: p. 313-318.

[0251] 25. Watanabe, K., V. Bhargava, and V. Froelicher,
Computer Analysis of the Exercise ECG: A Review. Prog.
Cardiovasc. Dis., 1980. 22(6): p. 423-446.

[0252] 26. Saba, S., G. Feld, S. Yang, D. MacAdam, W.
Su, M. S. Link, M. K. Homoud, C. Foote, N. A. M. Estes,
P. J. Wang, Testing of a new real-time computer algorithm
as an aid to pace mapping and entrainment with con-
cealed fusion. The American Journal of Cardiology, 2001.
87(11): p. 1301-1305.

[0253] 27. Waldo, A., W. MacClean, R. Karp, N. Kou-
choukos, and T. James, Entrainment and interruption of

Jan. 25, 2007

atrial flutter with atrial pacing; studies in man following
open heart surgery. Circulation, 1977. 56: p. 737-45.

[0254] 28. Henthom, R., K. Okumura, B. Okumura, B.
Olshansky, V. Plumb, P. Hess, et al., 4 fourth criterion for
transient entrainment: the electrogram equivalent of pro-
gressive fusion. Circulation, 1988. 77: p. 1003-1012.

[0255] 29. Bloomfield, D. M., S. H. Hohnloser, and R. J.
Cohen, Interpretation and Classification of Microvolt
T-Wave Alternans Tests. ]. Cardiovascular Electro-
physiol., 2002. 13(5): p. 502-512.

[0256] 30. Rosenbaum, D. S., L. E. Jackson, J. M. Smith,
H. Garan, J. N. Ruskin, and R. J. Cohen, Electrical
alternans and vulnerability to ventricular arrhythmias.
New England Journal of Medicine, 1994. 330(4): p.
235-91.

[0257] 31. Almendral J M, Gottlieb C D, Rosenthal M E,
Stamato N J, Buxton A E, Marchlinski F E, Miller ] M,
Josephson M E, Entrainment of Ventricular Tachycardia:
Explanation for Surface Electrocardiographic Phenomena
by Analysis of Electrograms Recorded Within the Tachy-
cardia Circuit. Circulation, 1988. 77(3): p. 569-580.

What is claimed is:
1. A method of analyzing a signal, comprising:

providing a digital template and a digitized signal suffi-
cient to facilitate identification of atrial fibrillatory
components of activity as originating from a left side or
a right side of the heart, the digitized signal comprising
a plurality of amplitudes corresponding to consecutive
time samples;

generating a plurality of correlation values correlating the
digital template to successive time samples of the
digitized signal, wherein a plurality of correlation val-
ues are generated sufficient to facilitate discernment of
whether distinct components of activity have origins in
the left or right sides of the heart;

mapping the correlation values; and

identifying a treatable condition, based upon the mapping

of the correlation values.

2. The method as set forth in claim 1, wherein the
correlation values are mapped against time.

3. The method as set forth in claim 1, wherein the
providing comprises providing a digital template and a
digitized cardiac signal sufficient to facilitate identification
of atrial fibrillatory components of activity from distinct
regions of the heart, the identification being sufficient to
facilitate a separation of atrial tachycardia, atrial fibrillation,
atrial flutter and ventricular tachycardia.

4. The method as set forth in claim 1, wherein the time
samples span a plurality of cardiac cycles

5. The method as set forth in claim 1, wherein successive
time samples are consecutive time samples.

6. The method as set forth in claim 1, wherein the
digitized signal is an ECG.

7. The method as set forth in claim 1, wherein the
digitized signal is an intracardiac electrogram.

8. The method as set forth in claim 1, wherein the
digitized signal is a digitized cardiac signal and the method
further comprises:
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comparing correlation values with a threshold value; and

identifying features as correlation values that exceed the

threshold value.

9. The method as set forth in claim 8, wherein the
correlation values are derived from a template having a
duration up to that of the digitized cardiac signal.

10. The method as set forth in claim 9, wherein correlation
values that exceed the threshold value indicate rates of
activity in the digitized cardiac signal.

11. The method as set forth in claim 10, and further
comprising generating a frequency domain representation of
the digitized cardiac signal and of the correlation values.

12. The method as set forth in claim 11, wherein the
frequency domain representation of the digitized cardiac
signal comprises a plot of frequency versus power.

13. The method as set forth in claim 1, and wherein:

the digitized signal is a digitized cardiac signal generated
from a plurality of leads; and

the correlation values are plotted, with each plot com-
prising a representation of correlation values of two
leads from the plurality of leads, wherein for each plot
the correlation values of one of the two leads is plotted
against the correlation values of the other of the two
leads.

14. The method as set forth in claim 13, wherein the
plurality of leads is used to calculate a rate of activity in the
digitized cardiac signal in one or more of the plurality of
leads.

15. The method as set forth in claim 13, wherein the
plurality of leads is used to calculate one or more features of
a rate of the digitized cardiac signal.

16. The method as set forth in claim 15, wherein the one
or more features comprise a highest rate of activity of the
digitized cardiac signal.

17. The method as set forth in claim 15, wherein the one
or more features comprise a lowest rate of activity of the
digitized cardiac signal.

18. The method as set forth in claim 15, wherein the one
or more features comprise a range of rates of the digitized
cardiac signal.

19. The method as set forth in claim 15, wherein the one
or more features comprise peak frequencies of the digitized
cardiac signal.

20. The method as set forth in claim 15, wherein the one
or more features comprise a width of the frequency peaks of
the digitized cardiac signal.

21. The method as set forth in claim 1, and whereinat least
a part of the amplitudes represent tracings corresponding to
electrical activity from organs other than the heart.
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22. The method as set forth in claim 1, wherein the
digitized signal is a digitized cardiac signal and the provid-
ing is preceded by:

a. placing a medical instrument into proximity of a heart;

b. moving the medical instrument in one or more of a
direction toward a lead indicating a highest rate of the
digitized cardiac signal, a direction toward a lead
indicating a lowest rate of the digitized cardiac signal,
a direction toward a lead indicating the highest fre-
quency of the digitized cardiac signal, a direction
toward a lead indicating the lowest frequency of the
digitized cardiac signal, a direction toward a lead
indicating the widest frequency peak of the digitized
cardiac signal, and a direction toward a lead indicating
the narrowest frequency peak of the digitized cardiac
signal; and

c. using the medical instrument to cause at least one

modification to tissue of the heart.

23. The method as set forth in claim 22, wherein the
modification comprises a reduction of heart function.

24. The method as set forth in claim 22, wherein the
modification comprises a destruction of heart function.

25. The method as set forth in claim 22, wherein the
modification comprises a stimulation of heart function.

26. The method as set forth in claim 22, wherein the
modification comprises a pacing of the heart.

27. The method as set forth in claim 22, wherein the
modification is caused by electromagnetic energy.

28. The method as set forth in claim 22, wherein the
modification is caused by cooling.

29. The method as set forth in claim 22, wherein the
modification is caused by ultrasound energy.

30. The method as set forth in claim 22, wherein the
modification is caused by biochemical alterations.

31. The method as set forth in claim 22, wherein the
modification is caused by gene therapy.

32. The method as set forth in claim 1, wherein the
digitized signal is a biopotential of a cardiac arrhythmia.

33. The method as set forth in claim 32, wherein the
distinct components of activity include atrial and ventricular
activity.

34. The method as set forth in claim 32, wherein the
distinct components of activity include activation and repo-
larization.

35. The method as set forth in claim 1, wherein the
amplitudes represent tracings corresponding to non-electri-
cal activity.



