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Description

FIELD OF THE INVENTION

[0001] This invention relates generally to the field of
medicine and more specifically to a system for diagnos-
ing, finding the source for and treating irregularities and
other disorders of biological rhythms. In particular, the
present invention can be applied to minimally invasive
techniques or surgical techniques to detect, diagnose
and treat the disorder. One embodiment directs this in-
vention to disorders of heart rhythm, another to electrical
disorders of the brain and nervous system and others to
electrical or contractile disorders of the smooth muscle
of the gastrointestinal and genitourinary systems.

BACKGROUND OF RELATED TECHNOLOGY

[0002] Heartrhythm disorders are very common in the
United States, and are significant causes of morbidity,
lost days from work, and death. Heart rhythm disorders
exist in many forms, of which the most complex and dif-
ficult to treat are atrial fibrillation (AF), ventricular tachy-
cardia (VT)and ventricularfibrillation (VF). Other rhythms
are more simple to treat, but may also be clinically sig-
nificantincluding atrial tachycardia (AT), supraventricular
tachycardia (SVT), atrial flutter (AFL), premature atrial
complexes/beats (SVE) and premature ventricular com-
plexes/beats (PVC). Under certain conditions, rapid ac-
tivation of the normal sinus node can cause the heart
rhythm disorder of inappropriate sinus tachycardia or si-
nus node reentry.

[0003] Treatmentof heartrhythm disorders, particular-
ly the complex ones of AF, VF and VT, can be very dif-
ficult. Pharmacologic therapy is particularly suboptimal
for AF (Singh, Singh et al. 2005) and VT or VF (Bardy,
Lee et al. 2005) and, as a result, there is considerable
interest in non-pharmacologic therapy. Ablation is a
promising and increasingly

used therapy to eliminate heart rhythm disorders by
maneuvering a sensor/probe to the heart through the
blood vessels, or directly at surgery, then delivering en-
ergy to the cause(s) for the heart rhythm disorder to ter-
minate it. Ablation was initially used for 'simple’ disorders
such as SVT, AFL, PVC, PAC, but is increasingly used
for AF (Cappato, Calkins et al. 2005), VT (Reddy, Rey-
nolds et al. 2007) and, to a lesser extent, VF (Knecht,
Sacher et al. 2009).

[0004] However, ablation is often difficult because
tools to identify and locate the cause of the heart rhythm
disorder are poor, hindering attempts to deliver energy
to the correct region to terminate and eliminate the dis-
order. In persistent AF, a highly prevalent form of AF,
ablation has a one procedure success rate of only
50-60% (Cheema, Vasamreddy et al. 2006; Calkins, Bru-
gada et al. 2007) despite lengthy 4-5 hour procedures
and a 5-10 % rate of serious complications (Ellis, Culler
et al. 2009) including death (Cappato, Calkins et al.
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2009). Even for 'simple’ disorders such as atrial tachy-
cardia, tools do not exist to make the diagnosis and sug-
gest a likely successful ablation location.

[0005] Even the most sophisticated known systems
display data that the practitioner has to interpret, without
directly identifying and locating the cause of the disorder
to enable the practitioner to detect, diagnose and treat
it. This includes currently used methods, described in US
patent 5,662,108, patent 5,662,108, patent 6,978,168,
patent 7,289,843 and others by Beatty and coworkers,
US patent 7,263,397 by Hauck and Schultz, US patent
7,043,292 by Tarjan and coworkers, US patent 6,892,091
and other patents by Ben-Haim and coworkers and US
patent 6,920,350 by Xue and coworkers. These methods
and instruments detect, analyze and display electrical
potentials, often in sophisticated 3-dimensional anatomic
representations, but stil fail to identify and locate the
cause of heart rhythm disorders, particularly for complex
disorders such as AF. This is also true for patents by
Rudy and coworkers (US patents 6,975,900 and
7,016,719, among others) that use signals from the body
surface to ’project’ potentials on the heart.

[0006] Certain known methods for identifying and lo-
cating causes for heart rhythm disorders may work in
simple rhythm disorders, but there are no known methods
that have been successful with respect to identifying
causes for complex disorders such as AF, VF or poly-
morphic VT. Activation mapping (tracing activation back
to the earliest site) is useful only for simple tachycardias,
works poorly for AFL (a continuous rhythm without a clear
'start’), and not at all for AF with variable activation paths.
Entrainment mapping uses pacing to identify sites where
the stimulating electrode is at the cause of a rhythm, yet
pacing cannot be applied in AF and even some ’simple’
rhythms such as atrial tachycardias due to

automatic mechanisms. Stereotypical locations are
known for the cause(s) of atrioventricular node reentry,
typical AFL and patients with early (paroxysmal) AF, but
not for the vast majority of patients with persistent AF
(Calkins, Brugada et al. 2007), VF and other complex
disorders. Thus, no methods yet exist to identify and lo-
cate the cause of complex heart rhythm disorders such
as AF (Calkins, Brugada et al. 2007).

[0007] As an example of systems for 'simple’ rhythms
with consistent activation from beat to beat is given by
U.S. patent 5,172,699 by Svenson and King. This system
is based upon finding diastolic intervals, that can be de-
fined in 'simple rhythms’ but no complex rhythms such
as atrial fibrillation (AF) or ventricular fibrillation (VF)
(Calkins, Brugada et al. 2007; Waldo and Feld 2008).
Moreover, this system does notidentify or locate a cause,
since it examines diastolic intervals (between activa-
tions) rather than activation itself. In addition, itis focused
on ventricular tachycardia rather than AF or VF, since it
analyzes periods of time between QRS complexes on
the ECG.

[0008] Another example is US patent 6,236,883 by Ci-
accio and Wit. This invention uses a concentric array of
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electrodes to identify and localize reentrant circuits. Ac-
cordingly, this will not find non-reentrant causes such as
focal beats. Moreover, this method of using feature and
detection localization algorithms will not work for complex
rhythms such as AF and VF, where activation within the
heart changes from beat to beat. It identifies 'slow con-
duction within an isthmus of the reentry circuit’, that are
features of 'simple’ arrhythmias such as ventricular tach-
ycardia, but are not defined for AF and VF.

[0009] In a subsequent US patent 6,847,839, Ciaccio
and coworkers describe an invention to identify and lo-
calize a reentry circuit in normal (sinus) rhythm. Again,
this will not find causes for an arrhythmia that are not
reentrant but focal, from where activation emanates ra-
dially. Second, this patent is based on the presence in
sinus rhythm of an "isthmus" for reentry, that is accepted
for 'simple’ rhythms with consistent activation between
beats such as VT (see (Reddy, Reynolds et al. 2007)).
However, this is not accepted for complex rhythms with
varying activation paths such as AF or VF.

[0010] US patent 6,522,905 by Desai is an invention
that uses the principle of finding the earliest site of acti-
vation, and determining this to be the cause of an ar-
rhythmia. This approach will not work for simple arrhyth-
mias due to reentry, in which there is no "earliest" site in
reentry because activation is a continuous ’circle’. This
approach will also not work for complex arrhythmias in
which activation varies from beat to beat, such as AF or
VF.

[0011] However, even in simple heart rhythm disor-
ders, itis often difficult to apply known methods to identify
causes. For instance, ablation success for atrial tachy-
cardias (a'simple’ disorder) may be aslow as 70%. When
surgeons perform heart rhythm disorder procedures
(Cox 2004; Abreu Filho, 2005) it is ideal for them to be
assisted by an expert in heart rhythm disorders (cardiac
electrophysiologist). Thus, ablating the cause of a heart
rhythm disorder can be challenging, and even experi-
enced practitioners may require hours to ablate certain
‘simple’ rhythm disorders (with consistent beat-to-beat
activation patterns) such as atrial tachycardia or atypical
(left atrial) AFL. The situation is more difficult still for com-
plex heart rhythm disorders such as AF and VF where
activation sequences alter from beat-to-beat.

[0012] Inthe absence of methods to identify and locate
causes for human AF, physicians have often turned to
the animal literature. In animal models, localized causes
for complex and irregular AF (induced by artificial means)
have been identified and located in the form of localized
‘electrical rotors’ or repetitive focal beats (Skanes, Man-
dapati et al. 1998; Warren, Guha et al. 2003). In animals,
rotors are indicated by signals that show a high spectral
dominant frequency (DF) (a fast rate) and a narrow DF
(indicating regularity) (Kalifa, Tanaka et al. 2006). Such
uses of spectral dominant frequencies is described in
U.S. patent 7,117,030 issued to Berenfeld and cowork-
ers.

[0013] Unfortunately, these animal data have not
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translated into effective human therapy. Animal models
of AF and VF likely differ from human disease. For in-
stance, animal AF is rarely spontaneous, it rarely initiates
from pulmonary vein triggers (that are commonin human
paroxysmal AF). Both AF and VF are typically studied in
young animals without the multiple co-existing pathology
(Wijffels, Kirchhof et al. 1995; Gaspo, Bosch et al. 1997;
Allessie, Ausma et al. 2002) seen in older humans who
typically experience these conditions.

[0014] In AF patients, sites where rate is high (or, sites
of high spectral dominant frequency, DF) have not been
useful targets for ablation. A recent study by Sanders
and coworkers showed that AF rarely terminated with
ablation at sites of high DF (Sanders, Berenfeld et al.
2005a). Other studies show that sites of high DF are com-
mon in the atrium, and ablation at these sites does not
acutely terminate AF (as would be expected if high DF
sites were causes) (Calkins, Brugada etal. 2007). In part,
this may be because the DF method that is effective in
animals may be inaccurate in human AF for many rea-
sons, as shown by many workers (Ng, Kadish et al. 2006;
Narayan, Krummen et al. 2006d; Ng, Kadish et al. 2007).
Nademanee and coworkers have suggested that signals
of low amplitude with high-frequency components (com-
plex fractionated atrial electrograms, CFAE) may indi-
cate AF causes (Nademanee, McKenzie et al. 2004a).
This diagnostic method has been incorporated into com-
mercial systems by Johnson and Johnson/Biosense.
However, this method has also been questioned. Oral
and coworkers showed that ablation of CFAE does not
terminate AF or prevent AF recurrence alone (Oral,
Chugh et al. 2007) or when added to existing ablation
(Oral, Chugh et al. 2009).

[0015] Several inventions in the prior art acknowledge
what was felt true until now - that AF is a "cardiac arrhyth-
mia with no detectable anatomical targets, i.e., no fixed
aberrant pathways, " such as US patent 5,718,241 by
Ben-Haim and Zachman. This patent, as a result, does
not identify and locate the cause for a heart rhythm dis-
order. Instead, it focuses treatment on heart geometry
by delivering lines of ablation to "interrupt each possible
geometric shape." This patent creates maps of various
parameters of the heart.

[0016] Many inventions use surrogates for the actual
cause for a cardiac arrhythmia, without identifying and
locating said cause. For instance, US patent 5,868,680
by Steiner and Lesh uses measures of organization with-
in the heart, that are constructed by comparing the acti-
vation sequence for one activation event (beat) to the
activation sequence for subsequent beats, to determine
if "any spatiotemporal order change has occurred". How-
ever, thatinvention assumes that organization is greatest
near a critical site for AF and is lower at other sites. How-
ever, this assumption may not be correct. In animal stud-
ies, indexes of organization fall with distance from an AF
source, then actually increase again as activation re-or-
ganizes at more distant sites (Kalifa, Tanaka et al. 2006).
Moreover, US patent 5,868 requires more than one beat.
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As aresult, methods such as invention 5,868,680 identify
many sites, most of which most are not causes of AF.
This lack of identifying and locating a cause for AF may
explain why methods based on organization have not yet
translated into improved treatment to acutely terminate
AF.

[0017] Similarly, US patent 6,301,496 by Reisfeld is
based on the surrogate of mapping physiologic proper-
ties created from a local activation time and vector func-
tion. This is used to map conduction velocity, or another
gradient function of a physiologic property, on a physical
image of the heart. However, this patent does not identify
orlocate acause of a heartrhythm disorder. For instance,
multiple activation paths in AF mean that the conduction
path and thus conduction velocity is not known between
the points used for triangulation. In addition, in the case
of a rotor, activation sequences revolving around, or em-
anating symmetrically from, a core region may actually
produce a net velocity of zero.

[0018] Forthese reasons, experts have stated that"no
direct evidence of electrical rotors has been obtained in
the human atria" in AF (Vaquero, Calvo etal. 2008). Thus,
while it would be desirable to identify (and then locate)
localized causes for human AF, this is not currently pos-
sible.

[0019] For human AF, particularly persistent AF, the
absence of identified and located causes means that ab-
lation is empiric and often involves damage to approxi-
mately 30-40 % of the atrium that could theoretically be
avoided if the cause(s) were identified and located for
minimally invasive ablation and/or surgical therapy (Cox
2005).

[0020] Human VT or VF are significant causes of death
that are poorly treated by medications (Myerburg and
Castellanos 2006). Treatment currently involves placing
an implantable cardioverter defibrillator (ICD) in patients
at risk, yet there is increasing interest in using ablation
to prevent repeated ICD shocks from VT/VF (Reddy,
Reynolds et al. 2007). Identifying and locating causes for
VT may be difficult and ablation is performed at special-
ized centers. In VF, animal data suggest that causes of
VF lie at fixed regions near His-Purkinje tissue (Tab-
ereaux, Walcott et al. 2007), but again this is very poorly
understood in humans. The only prior descriptions of
identifying and locating causes for VF required surgical
exposure (Nash, Mourad et al. 2006) or were performed
in hearts removed from the body after heart transplant
(Masse, Downar et al. 2007)). Thus, minimally invasive
ablation for VF focuses on identifying its triggers in rare
cases (Knecht, Sacher et al. 2009) but cannot yet be
performed in a wider population.

[0021] Existing sensing tools are also suboptimal for
identifying and locating cause(s) for complex disorders
such as AF, including single or multi-sensor designs exist
(suchas U.S. patent 5,848,972 by Triedman et al.). How-
ever, such tools typically have a limited field of view that
is inadequate to identify causes for AF, that may lie an-
ywhere in either atria and vary (Waldo and Feld 2008).
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Alternatively, they may require so many amplifiers for
wide-area sampling that they are impractical for human
use. Wide area sampling is advantageous and, in ani-
mals, is achieved by exposing the heart surgically (Ryu,
Shroff et al. 2005) or removing it from the body (Skanes,
Mandapati et al. 1998; Warren, Guha et al. 2003). In hu-
mans, even surgical studies only examine partial regions
at any one time (for instance (Sahadevan, Ryu et al.
2004)), and introduce problems by exposing the heart to
air, anesthesia and other agents that may alter the rhythm
disorder from the form that occurs clinically.

[0022] Thus, prior methods have largely focused on
mapping of the anatomy to identify whether a patient has
a heart disorder, rather than determining the cause or
source of the disorder. Thus, there is an urgent need for
methods and tools to directly identify and locate causes
for heart rhythm disorders in individual patients to enable
curative therapy. This is particularly critical for AF and
other complex rhythm disorders for which, ideally, a sys-
tem would detect localized causes for ablation by mini-
mally invasive, surgical or other methods.

[0023] A system according to the first part of claim 1
is known from US2002/0010392 A1.

BRIEF SUMMARY OF INVENTION

[0024] The presentinvention is defined in claim 1. Pre-
ferred embodiments are defined by the claims dependent
thereon. Described are methods, systems and devices
for identifying, locating and treating heart rhythm disor-
ders. Locating and identifying the causes of the disorders
enhances the ability to guide, select and apply curative
therapy. In particular, a method is described to identify
and locate electrical rotors, focal beats and other causes
for human AF and other heart rhythm disorders. Once
identified, proper treatment may be applied to ameliorate
and potentially eliminate the disorder, desirably using
minimally invasive techniques as further described here-
in.

[0025] This invention is a significant advance over the
prior art. For example, unlike US patent 5,718,241, our
invention identifies and locates causes (targets) for AF
and other rhythm disorders, that may stay at approxi-
mately the same location within the heart for hours (see
our example in a 47 year old man). Unlike US patent
6,847,839, the present invention is capable of finding
sources that transiently appear or may move (they are
"functional"), that may explain the variations in AF. Unlike
US patent 5,868,680, our invention directly identifies and
locates cause(s) for a heart rhythm disorder, using as
little as one activation event (beat) as shown in our ex-
amples. Unlike US patent 6,301,496, our invention di-
rectly identifies and locates electrical rotors, in which ac-
tivation revolves around a core region, or focal beats with
activation radiating radially therefrom.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0026] The drawings constitute a part of this specifica-
tion and include exemplary embodiments to the inven-
tion, which may be embodied in various forms. It is to be
understood that in some instances various aspects of the
invention may be shown exaggerated or enlarged to fa-
cilitate an understanding of the invention.

Figure 1 is a depiction of the heart showing the use
of sensors, ablation catheter and the electronic
processing components of the present invention
which processes signals from the heart and orders
them in accordance with the invention.

Figure 2 shows a sensor apparatus design of the
present invention that detects biosignals for a wide
area of the heart chamber at low resolution, then for
a narrower area at higher resolution.

Figure 3 shows another sensor apparatus design of
the present invention that detects biosignals for a
wide area of the heart chamber at low resolution,
then for a narrower area at higher resolution.
Figure 4 shows another sensor apparatus design of
the present invention that detects biosignals for a
wide area of the heart chamber at low resolution,
then for a narrower area at higher resolution.
Figure 5 illustrates some signal types from the heart
to be analyzed by the invention, and defines some
selected terms including activation onset, activation
offset and diastolic interval.

Figure 6 is a flowchart showing analysis of signals
at multiple locations to identify and locate causes for
biological rhythm disorders in accordance with the
present invention.

Figures 7A-7G illustrate examples of computation of
rate-behavior (restitution) curves for human signals,
with insertion of physiological patterns in some cas-
es.

Figures 8A-8E illustrate that rate-response (restitu-
tion) of human monophasic action potential duration
may differ when measured between paced rhythms
and AF.

Figures 9A-9C show examples of direct assignment
of phase.

Figure 10 is a flowchart of an embodiment, showing
how sensed signals and stored data in a database
can be used to create and use a probability map to
improve clarity for identifying and localizing causes
for a biological rhythm disorder.

Figure 11 is an example of use of the invention in a
47 year old man. Shown is a selection of signals
(electrograms) from within the left and right atria and
coronary sinus of a patient with atrial fibrillation pre-
senting for therapy.

Figures 12A-12C show the results of using the meth-
od and system of the invention, which identified an
electrical rotor and located it to the right atrium. The
activation trail is seen to revolve around a core re-

10

15

20

25

30

35

40

45

50

55

gion. In Figure 12D, the core region is also shown in
the atrial geometry from this patient as a red dot in
the lateral wall of the right atrium

Figure 13 shows that, during direct ablation at the
core region identified in Figure 12 for less than 6
minutes, the AF slowed and terminated to normal
rhythm (sinus rhythm), thus demonstrating that the
cause of the AF had in fact been located and suc-
cessfully treated.

Figure 14 shows that, after the AF had been termi-
nated, it was not possible to re-start the AF even by
pacing the atria very rapidly (cycle length 230 ms,
equivalentto over 260 beats/min). Faster rate pacing
was now blocked (did not stimulate the atrium).
Figures 15A and 15B show other patient examples
of localized causes of human AF detected with this
invention. Electrical rotors are shown in two patients
in the left atrium.

Figures 16A and 16B show an example of alocalized
focal beat cause of AF in a 56 year old patient. The
figures show a focal beat cause in the left atrium
where the activation trail shows activation emanating
radially therefrom. Ablation at this location also
acutely terminated AF.

DETAILED DESCRIPTION OF THE INVENTION

DEFINITIONS

[0027] For purposes ofthis invention, the following def-
initions shall apply:

Detecting/Diagnosing: The terms detecting and di-
agnosing a rhythm disorder are used interchangea-
bly in this application.

Activation time; For a given heart signal, this is the
time of activation onset.

Activation time duration; For the signal of a given
heartbeat, the time period and the signal waveform
between the times of activation onset and offset. Di-
astolic interval is the time period from activation off-
set of the prior beat to activation onset of the present
beat (Figure 5).

Activation trail; This is the ordering of the activation
time onset at the sensor locations to create a dis-
cernible signature pattern, for example, including
without limitation a rotational pattern around a core
region indicative of a rotor, a radially emanating pat-
tern from a core region, indicative of a focal beat
cause, or a dispersed pattern, requiring further signal
sampling and repeating of above analysis steps.
Identify and locate; The process of discerning the
presence of a localized or dispersed cause of the
heart rhythm disorder, then locating said cause rel-
ative to sensor locations or relative to known ana-
tomic positions in the heart.

Heart rhythm disorder; An abnormal rhythm, often
requiring treatment. These include without limitation,
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rapid rhythms of the top chambers of the heart (atria)
such as rapid and abnormal activation of the normal
sinus node (inappropriate sinus tachycardia or sinus
node reentry), atrial tachycardia (AT), supraventricu-
lar tachycardia (SVT), atrial flutter (AFL), premature
atrial complexes/beats (PAC) and the complex
rhythms of atrial fibrillation (AF) and certain forms of
atypical atrial flutter. Rapid rhythms can also occur
in the bottom chambers of the heart (ventricles), in-
cluding such as ventricular tachycardia (VT), ven-
tricular fibrillation (VF), torsades de pointes and pre-
mature ventricular complexes/beats (PVC). Heart
rhythm disorders can also be slow, including sinus
bradycardia, ectopic atrial bradycardia junctional
bradycardia, atrioventricular block and idioventricu-
lar rhythm.

Cause of biological or heart rhythm disorder;
This term is used interchangeably with 'source’ of
the biological or heart rhythm disorder in this appli-
cation. It refers to, without limitation, a rotational pat-
tern of activation sequence around a core region in-
dicative of a rotor, a radially emanating pattern from
a core region indicative of a focal beat cause, or a
dispersed pattern. In this invention, when a dis-
persed cause is found, signal sampling is extended
to additional multiple locations and the detection and
analysis steps of the invention are repeated. These
causes are directly responsible for the perpetuation
of the heart rhythm disorder.

Sensor; This term is used interchangeably with elec-
trode in this application. It refers to an apparatus for
detecting and transmitting signals from the heart or
to the heart.

[0028] Prior to the discovery of the present invention,
the causes of human biological rhythm disorders, and
particularly heart rhythm disorders, had not been identi-
fied. The present invention represents the first known
instance where a method of detecting, diagnosing and
subsequently effectively treating, in an accurate and min-
imally invasive manner, the cause(s) that sustain, per-
petuate, or ’drive’ human biological disorders has been
described. This method enables the physician to target
these sources for modification or elimination to abolish
the disorder. Although one preferred embodiment is for
minimally invasive procedures for heart rhythm disor-
ders, the invention can also be applied to surgical ther-
apy, and for disorders of electrical impulse generation or
propagation in organs such as the brain, central nervous
system (where it may locate causes of epilepsy or sei-
zure), peripheral nervous system (where it may detect
tumors), skeletal muscle and smooth muscle such as the
gastrointestinal tract, bladder and uterus.

[0029] In accordance with an embodiment of the in-
vention, there is disclosed an apparatus to sample sig-
nals, for example a sensor device such as a electrode
catheter from multiple locations within a human organ,
such as the human heart, at varying spatial resolutions
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and fields of view and with apparatus to alter the number
of sensing channels accordingly.

[0030] There is described a method to identify and lo-
calize electrical rotors, focal beats and other localized
causes for heart rhythms, including complex rhythms
such as AF, VF and polymorphic VT.

[0031] Embodiments of the invention may use proc-
esses and software methods such as ordering the acti-
vation sequence to create an activation trail, processes
such as the Hilbert transform, other phase delay meth-
ods, spatial coherence analysis and other methods.
[0032] In one embodiment of the invention, data col-
lected from sensors and analyzed is stored as data in a
database that is automatically updated. This database is
used to assist the physician in the diagnosis/detection of
localized causes, or to classify a pattern of causes of
rhythm disorders. This may take the form of a probability
distribution map of causes in patients with specific char-
acteristics.

[0033] In accordance with another embodiment of the
invention, there is provided an apparatus to display caus-
es for the biological rhythm in a format that can assist
the physician in treatment. For example, a visual display
screen may be connected to a processor to allow for view-
ing of the activation trail and to allow for visual location
of the core of a rotor, focal source or other cause of the
disorder. Audio formats may also be used alone or in
combination with the visual format. For example, in ad-
dition to or instead of the visual depiction of the source
such that the core can be visually identified, the coordi-
nates of the source and its core can be provided to the
user by audio indications as to the location and cause of
the disorder. Visual depiction is particularly desirable be-
cause it provides the practitioner with a clear represen-
tation of the cause and provides a reference for identify-
ing the core of the cause, which greatly facilitates the
selection of treatments. For example, a visual represen-
tation of the actual rotor or focal beat allows the practi-
tionerto accurately determine where to direct the ablation
catheter or other treatment.

[0034] Once the cause of the disorder is identified, use
of a treatment device or method, to modify or destroy the
site of an identified and localized source may be em-
ployed to treat or eliminate the rhythm disorder. Non-
limiting examples of treatment devices and methods in-
clude the use of destructive energy (ablation) such as by
ablation catheters, surgical ablation methods, surgical
removal or using devices inside the heart such as im-
planted leads or other physical device, stimulating energy
(pacing), directdelivery of pharmacologic agents, cellular
therapy or other intervention techniques. In one embod-
iment, a catheter capable of sensing signals from the
body, and particularly from the heart, may also include a
means of treatment, such as the ability to delivery abla-
tion energy, stimulation energy, drug therapy, cellular
therapy such as stem cells or gene therapy, or other treat-
ment means. Thus, such a catheter may be employed
both in the detection and in the treatment of the disorder.
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[0035] The present invention is particularly suited for
the detection, diagnosis and treatment of complex heart
rhythm disorders such as, for example, VF, polymorphic
VT, torsade de pointes and AF, where once the localized
cause is accurately identified and pinpointed, accurate
and targeted ablation of the localized cause may be im-
plemented. As discussed above, identification and phys-
ical location of the cause was previously not possible,
and hence extraordinarily difficult even for experienced
practitioners to treat successfully, much less substantial-
ly ameliorate or eliminate.

[0036] In addition to finding the cause of and subse-
quently treating complex heart rhythm disorders, the
present invention may also be applied to help diagnose
and treat 'simple’ rhythms that emanate from a single site
by accelerating and simplifying analysis for the practi-
tioner. For heart rhythm disorders, such simple disorders
include focal atrial tachycardias, multifocal atrial tachy-
cardias (MAT), sinus nodal reentry orinappropriate sinus
tachycardia, ventricular tachycardia (VT), premature atri-
al complexes (PACs) and premature ventricular com-
plexes (PVCs).

[0037] Includedinthe invention are a process and sys-
temto collect data, including sensing devices and record-
ing systems. The collected data includes at least the lo-
cation of each sensor which transmitted one or more sig-
nals and the onset time at which each activation signal
or activation time duration occurred. The processor re-
ceives this information and sequentially orders the acti-
vation onset times. The result of this computation is the
creation of an activation trail which creates a signature
pattern for the disorder and indicates both the location
and the type of the cause to the disorder, i.e. whether it
is a rotor, focal source or a dispersed pattern, i.e. no
localized source, hence requiring further data to be col-
lected from a different area of the heart or other body
region. The data once ordered in this manner creates an
activation trail which can visually be depicted on a visual
display to show, in the case of a rotor source, the actual
rotational pattern of the rotor such that the core of the
rotor is visually apparent and can easily be identified and
hence treated. The same hold true for the depiction of a
radially emanating source, such as a focal beat. The se-
quential ordering of the activation onset times at each
sensor permits the location of focal rhythm disorders,
such that the focal core can be easily located on the visual
display for targeted and accurate treatment. Desirably,
the rhythm sources or causes are displayed over a period
of time to allow the practitioner to fully observe the causal
point or area and to make a comfortable assessment as
to the appropriate treatment at the causal location. In one
embodiment, the data and/or the visual displays of the
processed data (i.e. a "movie" of the activation trail) elu-
cidates the signature pattern of the cause of the rhythm
disorder. Such stored information allows for the practi-
tioner to consult previous patterns to aid in improving the
identification, localization and treatment of similar caus-
es. In some instances, such stored information allows for

10

15

20

25

30

35

40

45

50

55

extrapolation of measured real-time data to provide pre-
dictive models or to clarify certain measured patterns us-
ing similar known patterns.

[0038] Further a process and system for the treatment
of such causes, often by modification or destruction of
tissue where causes reside. Sixth, a preferred embodi-
ment enables the invention to be used in an 'offline’, non-
real-time review mode, rather than directly during a pro-
cedure to treat a patient.

[0039] The process and system may be employed to
localize sources (i.e. find the physical location of the
cause) for abnormal electrical impulse generation or
propagation in the brain or central nervous system using
the electroencephalogram or other index to guide inva-
sive therapy (surgery) or external beam irradiation to
identify and treat seizure or epileptic foci, or focal tumors
(malignant or otherwise). The invention may also be used
to identify sources for abnormal impulse propagation in
striated muscle (such as injury in skeletal muscle), the
gastrointestinal system (such as esophageal spasm), the
urogenital and respiratory systems. The invention may
also be used to detect tumors (malignant or otherwise)
in any body system. The invention also has applications
outside of medicine, such as for locating the source of a
seismic event or for locating energy sources in tandem
with methods such as radar or sonar.

[0040] According to the invention, signals are detected
from multiple locations in an organ in the rhythm disorder,
altering the spacing between sensors to optimize clarity
of said sensing. A particularly desirable embodimentalso
records these signals from a heart, or other body part,
during a rhythm disorder and stores them in a data base.
The location of each sensor associated with a particular
signal, as well as the activation onset times at each sen-
sor are transmitted to a processor for analysis including
sequential ordering to form the activation trail identifying
the cause of the disorder and its specific location in the
body. Creating a database of causes, which may be man-
ually or automatically updated allows for accessing the
data base to assist in the identification and localization
of disorder causes. This is used when data collection in
the current patient is of limited quality, to compare the
pattern in a patient to prior recorded rhythms in the patient
to determine if the rhythm is the same or different, or to
compare the pattern in a patient to that from another pa-
tient, such as one with similar clinical characteristics. Pre-
viously stored data from a previous case may be used
to help identify, localize and display causes for the rhythm
disorder in a present case.

[0041] Visually displaying the sources of the disorder
is extremely useful to the practitioner because it serves
as a visual guide to the existence and location of the
cause, and permits subsequent targeted and accurate
treatment to ameliorate or eliminate the rhythm disorder.
[0042] In other aspects of the invention, previously
stored data from another case may be used to identify,
localize and display causes for the rhythm disorder in a
present case. This can then be used to plan the use of
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this invention in a future procedure.

DESCRIPTION OF USEFUL COMPONENTS (MOD-
ULES) AND DEVICES

[0043] Figure 1 shows a schematic of various useful
components (modules) which may be used inthe process
and system of the invention. The modules may be sep-
arate form each otherand cooperatively interfaced to pro-
vide their function, or one or more of them may be inte-
grated with each other of contained in the processor, such
that the system has less separate hardware units. Figure
1 depicts an embodiment which allows a cause of the
disorder to be localized during a minimally invasive per-
cutaneous procedure, or other procedures such as using
surface ECG, a magnetocardiogram, an echocardio-
graphic and/or Doppler measurements from ultrasound,
electromagnetic radiation, sound waves, microwaves, or
electrical impedance changes.

[0044] In Figure 1, electrical events in the heart 10 are
recorded with sensing electrodes. These electrodes may
be catheters 20 placed within the chambers or vascula-
ture of the heart, including custom-designed recording
catheters exemplified in Figures 2-4, The electrodes may
also be extensions of leads from an implanted pacemak-
er or cardioverter-defibrillator, catheters used to record
monophasic action potentials or other signals, that typi-
cally arrive via the vena cavae or coronary sinus. Thus,
although particularly useful in the invention, the process
and system of the invention need not, however, employ
the specialized catheters of Figures 2-4, as any catheters
or sensing devices used inside or outside of the body
which capable of accurately transmitting the activation
times and location of their occurrence may be employed.
[0045] Electrodes 23 may record from the epicardial
or pericardial surface of the heart, accessed via elec-
trodes 21 in the coronary sinus, via the electrodes 23 in
the pericardial space or other routes. Electrodes may be
located in proximity to the nerves supplying the heart 15,
which may be located in the left atrium and ventricles.
Electrodes may be virtual (computed) electrodes from a
computerized mapping system, routine or high-resolu-
tion ECG mapping electrodes 30, electrodes implanted
under or on the skin, or derived from methods to non-
invasively detect signals without directly contacting the
heart or body. Electrode information may also be derived
from stored electrograms in a database 160.

[0046] An electrode 25 placed near the heart may be
used to modify or destroy regions that are near or at the
cause(s) for a rhythm disorder. If the electrode is an ab-
lation catheter, it interfaces to an energy generator 60.
Other electrodes may interface with a controller 40, and
a pacing module 50, and all desirably communicate with
a process controller 70. Ablation or pacing can be direct-
ed to nerves supplying the heart 15, which are located
at many locations of the heart. Internal ablation elec-
trodes may be replaced with an external ablation system,
such as external probes during surgery, or as in external
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focused irradiation or photon beam as for cancer therapy.
In addition, modification of sources, i.e. treatment of the
causes of the disorder, may be achieved by delivering
appropriate pharmaceutical compositions, gene therapy,
cell therapy, or by excluding tissue (at surgery or by using
specialized devices).

[0047] The process controller 70 may include various
components or modules. On such component or module
includes a sampling module 80 which is capable of re-
cording signals during the rhythm disorder, recording at
various rates not in the rhythm disorder (by pacing),
and/or recording during rates that simulate the heart
rhythm disorder (by pacing or other methods). Signal am-
plifiers (not shown) may be used to enhance the signal
clarity and strength, and the process controller may also
intelligently assign the fewest number of recording am-
plifiers to sense from a sufficient number of locations to
identify and localize the cause. For instance, the system
may use only 50-60 physical amplifier channels to record
from 128 sensors (for example, from two commercially
available multipolar catheters), by recording those 128
sensors on a 'time-share’ basis by time-slicing, or by ac-
tivating individual/multiple sensors close to a rhythm
cause while deactivating others. This 'switching’ func-
tionality may be performed by a switching component
that connects the sensor device with the electronic con-
trol system, and that may be embodied in one or more
other components. Switching may be manual or auto-
matic, determined for instance on where causes of the
heart rhythm disorder lie. Module 90 interfaces with the
pacing module to provide additional heart rates for sens-
ing the biosignal. This is particularly useful for the non-
real time mode (mode 6), described herein, because it
can study the heart at different heart rates even when
not in the particular heart rhythm disorder being diag-
nosed and treated.

[0048] The system processes the collected data using
analytical methods, which may be performed by analytic
modules. For example, in Figure 1, Module 100 is part |
of an "Analytic Engine." This portion of the Analytic en-
gine determines the onset and offset for the biologic sig-
nal over time, at each sensed location. Thisis implement-
ed by creating a series of activation times (onset timing)
and recovery times (offset timing) during the rhythm over
time (illustrated in Figure 6,). The signal is typically rep-
resented as voltage over time (that is, as a voltage-time
series). Activation time can be processed in many ways.
The simplest includes manual assignment at each loca-
tion. Automated or calculated assignment can be
achieved by using zero of the first derivative to define
maxima or minima, zero of the second derivative to indi-
cate maximum upstroke or downstroke, or similar meth-
ods. Activation onset and offset times can also be as-
signed when the voltage time-series crosses a threshold.
Another possible method to assign activation times is
using pattern-matching. For instance, a pattern selected
to represent the activation

duration can be correlated to the signal at multiple time-
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points over time. The time when said correlation values
are high indicate recurrences of said template, and thus
are considered activation times. The template used for
this analysis can also be obtained from stored data in a
database, or computed from a rate estimate for the
rhythm at that location. Simultaneous recordings from
multiple sensors can help in analyzing activation, partic-
ularly for complex rhythms such as AF or VF when signal
quality may be noisy, of poor quality or show multiple
components at different times. From simultaneous re-
cordings, a reference signal is selected, preferably at a
nearby location to the channel being analysed. Signals
on the reference channel are used to select signal or
signal components on the channel being analyzed. This
can be done by using components that retain a similar
timing over time, using pattern matching or correlation
functions, vectorial analysis or other methods. If many
methods are required, heuristics, pattern recognition
methods and so-called fuzzy logic’ approaches can be
applied, constrained by known pathophysiology of the
atrium.

[0049] Module 110 is part Il of the Analytic Engine that
actually computes and localizes, i.e. determines the ex-
istence and location of sources (causes) for the heart
rhythm disorder.

[0050] Some embodiments of the invention include a
"Therapy Engine," which may contain one of more mod-
ules designed to cooperatively perform different func-
tions in the system and process. For example, module
120 in Figure 1 may be responsible for determining the
location and migration pattern of sources for the rhythm
disorder within the heart. This may be a first module of
the Therapy Engine, and is used to compute the location
and spatial region which is required to be modified in
order to treat or eliminate the rhythm disorder. Treatment
may be by delivery of ablation energy or other means as
discussed herein, and is not simply one point or region
if the source migrates during ablation. Module 130 is rep-
resentative of another module of the Therapy Engine,
and desirably directly interfaces with the energy gener-
ator to ablate (destroy), modify (ablate or pace) or stim-
ulate (pace) tissue at sites likely to represent sources.
Alternatively, the Module 130 may be used to modify tis-
sue without destructive energy, for example by delivering
pharmaceutical agents, or gene or cellular therapies.
[0051] Module 170 of the system shown in Fig. 1 is
representative of a tool to display the identification or
location of causes visually orin auditory fashion, to assist
the physician in treating or eliminating the rhythm disor-
der. For example, this module may include a display
screen which permits the textual, graphic and/or auditory
visualization on the screen of the rotor, focal or other
cause of the disorder to be clearly seen by the practition-
er. In some

embodiments, a "movie" clip of the disorder found will be
presented on the screen. This clip is a real-time presen-
tation of the actual cause and location of the disorder.
For example, once the analysis of the data has been
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performed in accordance with the process of the inven-
tion, i.e. the location of the signals and their activation
onset times have been sequentially ordered, the result
of this analysis and computation will be shown on the
screen in the form of an activation trail. If the pattern of
the activation trail signifies a series of activations revolv-
ing around a central core, then a rotor has been found
and is in fact a cause of the disorder. Similarly, if the
pattern of the activation trail signifies a series of activa-
tions which emanate radially from a central core region,
then a focal beat has been found and is in fact a cause
of the disorder. Thus, the process permits the direct find-
ing of the cause of the disorder and the convenient vis-
ualization of the existence, type and location of the dis-
order for the practitioner. In the event that no discernable
pattern is found, i.e. the activation trail is not localized,
then additional signal sampling by moving the sensor lo-
cations and/ or turning-on already placed sensors may
be appropriate. The additional signal samples may then
be processed in accordance with the invention and
shown on the screen. If a cause is found via the additional
sampling and processing of the data, then a decision as
to the appropriate treatment may be made. In the event
that a dispersed activation trail and pattern is found, fur-
ther additional sampling may be advisable until such time
as the practitioner feels is sufficient. In some instances,
the result of the process will render a finding of the ex-
istence and location of a rotor or a radially emanating
focus. In other instances, where a dispersed pattern re-
mains even after repeated sampling and processing, a
diagnosis may be made ruling out a rotor or focal beats
as the cause. Thus, the finding of a rotor or a focal point
(beat) will be essentially a detection and diagnosis con-
currently, whereas the lack of such a finding will be a
diagnosis which may rule out the presence of either of
these causes of the disorder.

MODE 1 SIGNAL SAMPLING (FIGURE 1, REFERENC-
ES 80)

[0052] Signal sampling canbe doneinreal time, during
a procedure to ablate or treat the rhythm disorder, be-
forehand to plan for a procedure, or afterwards to review
the disorder. As stated above, signals are collected at
one or more locations from the organ using a variety of
sensor types. Contact sensors should maintain as good
a contact with the tissue as possible. In the preferred
mode, electrodes should record at multiple sites simul-
taneously or nearly simultaneously. The fastest heart
rhythm disorders such as AF have cycle lengths > 100
ms,

so that signal acquisition for substantially less than this
time is considered 'nearly simultaneous’. An alternative
mode of operation allows moving a sensor to sequential
sites. The invention may be used with any existing sensor
apparatus.

[0053] Although a variety of commercially available
electrode devices may be used to obtain signal sampling,
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particularly useful device embodiments for signal sam-
pling are shown in Figures 2-4. These apparatuses use
multiple sensors that may be individually activated or de-
activated, or moved relative to one another. This enables
adaptive spatial resolution, in that sensor spacing can be
increased or decreased as desired. Widely-spaced sen-
sors provide a wide field of view to 'survey’ the rhythm
for a large portion of the organ (e.g. left atrium of the
heart). Once the source location is approximated, the
configuration is desirably altered to reduce sensor spac-
ing for higher spatial resolution over a narrow field of
view. A tightly spaced sensor configuration is preferred
for applying energy to a focused region to treat a source.
[0054] Adaptive spatial resolution is an important ad-
vantage of various embodiments of the presentinvention.
This can be achieved by physically moving sensors. Fig-
ure 2 shows concentric helices 200, with multiple sensing
elements 205 (electrodes or probes) for sensing signals
and in some instances delivering energy or other treat-
ment therapy. The helices are widely spaced when parts
210 of the catheter remains non-deployed inside the shaft
215. Rotating and advancing the assembly introduces
more probes in the chamber, and reduces their spacing.
Figure 3 another embodiment of an inventive sensor
catheter in the form of an adjustable fan catheter, with
multiple meridians 230 each containing multiple sensing
elements 240 (electrodes or probes), also for sensing
and in some instances for delivering energy or other treat-
ment therapy. By a combination of twisting or torsional
motion along the shaft axis 245, the meridians 230 may
be more widely spaced or more closely spaced, as indi-
cated by arrows 235, i.e. spatially adjusted. Figure 4
shows another embodiment of an inventive sensor cath-
eter in the form of an adjustable corkscrew design, with
a small number of spiral meridians 260 ending on a blunt
non-traumatic end 270. As with the design structures of
Figs. 2 and 3, the meridians of Fig. 4 may include multiple
elements 265 (electrodes or probes). The corkscrew can
be advanced orretracted into the sheath by manipulating
the shaft 280, to increase or decrease the corkscrew size
and/or probe spacing. These designs can be made larger
or smaller to fit a larger or smaller organ (e.g. atria of
varying sizes), or substructures including pulmonary
veins or the superior vena cava that may be sources for
rhythms such as AF. Physical movement can be
achieved manually by the physician or automatically by
using machines. Given the observed properties of sourc-
es for heart rhythm disorders, it is desirable that the sen-
sors sense from at least about 25 % of the surface area
of each one or more chambers of the heart. These de-
signs are illustrative only, and are not intended to limit
the actual physical design or application of this invention.
[0055] Optimal contact for each sensor can be moni-
tored by the process controller 70 for adequacy in various
ways. For example, the process controller 70 can verify
contact via stability in the amplitude of sensed signals.
Alternatively, the process controller 70 can condition the
pacing module 50 to emit signals through electrodes
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20-30, and use the amplitude of evoked responses to
verify contact. As a third alternative, the process control-
ler 70 can determine contact by confirming stable tissue
impedance (in AF, for instance, where pacing is not pos-
sible). As other alternatives, catheters designed to ex-
amine mild injury patterns, or designed to directly meas-
ure contact force, can be used. In addition, catheter ma-
nipulation can be controlled robotically in semi-automat-
ed or automated fashion, as well as manually.

[0056] Adaptive spatial resolution can also be
achieved electronically. Sensors in this adjustable sen-
sor device are connected to an electronic control system
that may activate or deactivate individual sensors. This
may be performed manually, such as if the physician
wishes only to focus on one region of the organ, or au-
tomatically by the process controller in Figure 1 to focus
on a region determined to be where the heart rhythm
source lies. An electronic switching apparatus controls
independent switching of connections between the sen-
sors and electronic control system, in order to maximize
use of a practical number of amplifier channels. These
electronic components may be embodied by various
combinations of traditional (wired) electrodes, fiber op-
tics, etched-wafer circuit designs, biologic sensors,
chemical sensors, pharmaceutical sensors, piezoelectric
sensors, infrared sensors, patient-compliant optical im-
aging, optrodes, remote sensors and other designs.
[0057] Electronic switching may also be achieved by
time-slicing. A large number of locations may need to be
sensed, but the number of sensing channels may be lim-
ited. Signal time-slicing can record a larger number of
sensing channels from a smaller number of channels.
For instance, signals are often sampled every 1 ms (at
1kHz) although data acquired every 10 milliseconds (ms)
or so is often sufficient for AF or VF source analysis.
Thus, the system can sense at location 1 for 3 ms, loca-
tions 2 and 3 for 3 ms each, then return

to sensor 1 to repeat the cycle at the 10 ms timepoint. In
this way, 90 locations can be sensed using 30 channels.
Any appropriate configuration can be used, depending
on the switching time in hardware or software, and allow-
ing for noise factors when switching between channels.
Many other methods can be used toincrease the effective
number of channels, including sending multiplexed sig-
nals along a fiber optic or other device, or storing signals
in random access memory, then using off-line analysis
to amplify and analyze each in turn.

[0058] Numbers of sensed locations can also be in-
creased using a combination of sensors lying in contact
with different heart planes. For instance, electrodes on
the endocardial (inner) surface of the heart may be com-
plemented by electrodes on the epicardial (outer) surface
and possibly those in the heart muscle itself (via implant-
ed electrodes) to increase overall spatial resolution. This
is of particular value in the atrium, whose wall is thin and
where epicardial and endocardial electrodes may target
similar regions. In the ventricle, or in thick walled regions
of the atrium, different planes may provide different in-
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formation.

[0059] In certain preferred embodiments, sensing can
be performed using one or more sensors (probes) moved
sequentially within the organ during the heart rhythm dis-
order. When a single probe is used, signals from each
location are aligned relative to a timing signal fiducial.
This method is easy to apply when a rhythm is relatively
regular within the heart, such as the 'simple’ disorders of
focal atrial tachycardia or atrial flutter. However, this
method can also be used as an approximate guide if the
rhythm is irregular within the heart, such as the complex
rhythms of AF or VF. This has the advantage of requiring
fewer sensors, and will work if sources show some sta-
bility in space. For instance, while AF is irregular, activa-
tion may be regular at localized sources, for example at
certain locations such as near the pulmonary veins.
[0060] One particularly useful embodiment for using
sequential sensing at multiple locations is now illustrated
for a moving probe with two sensors (such as the two
bipoles of a clinical quadripolar catheter), although more
sensors may be applied if available. At each location,
one sensor is considered the reference and the onset
times for successive cycles (beats) are fiducials. The dif-
ference in activation time at the second sensor is used
to indicate relative timing. The probe is now moved so
that one sensor overlies the previously sensed location.
The second sensor now senses a fresh location and can
record relative timing onsets for multiple beats here. The
process is repeated for the entire region of interest. Be-
cause this process introduces stability in relative timing
between locations, variability can be reintroduced sto-
chastically using observed beat-to-beat timing variations
at each location.

[0061] An alternative approach is to use gradients in
rate and/or organization within the chamber, compared
to stored data from a database for that rhythm (including
AF or VF). After sensing sequential locations, the activa-
tion rate in both chambers is compared to stored patterns
that describe this relationship at various sources (rotors
or focal beats) and surrounding sites. An error-minimiza-
tion approach (such as least-square-errors) may be used
to estimate the source location. Estimates may be refined
adaptively, based on similarity to subsets of stored pat-
terns and using algorithmic, heuristic, fuzzy logic or other
pattern recognition scheme. This process is repeated it-
eratively. For a spatially consistent source, second and
subsequent iterations will add precision to the original
estimate, and may be focused at locations closest to the
estimated source.

[0062] Delivery of treatment may be another feature of
the sensor device, that will be described in detail later
herein.

MODE 2 COMPUTING CAUSES OF HEART RHYTHM
DISORDERS

[0063] The firststep in analysis is to determine the sig-
nal type, using a lookup table as illustrated in Figure 5,
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reference numerals 400-460. This step determines if the
signal arises from the heart (cardiac), brain, respiratory
system, gastrointestinal tract, urogenital system, and so
on. If cardiac, the signal may be a surface ECG, intrac-
ardiac, echocardiographic or other signal. If intracardiac,
the signal is further classified as an action potential
(monophasic action potential), bipolar electrogram, uni-
polar electrogram or other. Some of these signals provide
high quality information (e.g. monophasic action potential
recordings in the heart), while others do not. Lower quality
signals are more likely to require pre-processing, filtering,
averaging, comparison against stored signals in a data-
base, in that patient at different times and other compu-
tational steps to allow source localization.

[0064] In Figure 6, the signal is parsed between steps
800-840toidentifyits type in the lookup table (from Figure
5). This includes assigning activation onset and offset,
and the interval between beats (diastolic interval) that
depends upon the signal type illustrated in the lookup
table in Figure 5. The lookup table can be a comprehen-
sive biosignal inventory, with data on the distinct physi-
ological role of each component for computational pur-
poses. Components may vary with rate and may fluctuate
from beat to beat. Each signal component may reflect a
distinctaspect of normal orabnormal physiology and thus
indicate likelihood that the rhythm disorder may arise.
Examples are not intended to limit the scope of the
lookup table, which may include signals from other mus-
cles (e.g. skeletal muscle, bladder and gastrointestinal
tract), the brain and the nervous system.

[0065] The next step in analysis is to define, for each
sensed location, the physiological signal to be analyzed.
The goalisthattheresulting signal bestrepresents actual
physiological activation and recovery occurring in the
heart rhythm disorder at each location. When the record-
ed signal is ‘clean’ (has a high signal-to-noise ratio), this
will be the physiological signal. If signals are noisy, then
filtering, noise reduction and other schemes may be
needed to reveal the physiological signal. Said noise
schemes may require recording while the patient holds
his/her breath for several seconds. For analysis of atrial
rhythm disorders, the physiological signal is best record-
ed between ventricular activations (in the RR interval),
that may be facilitated if the heart beat is reduced (R-R
interval is prolonged) using agents to slow ventricular
rate or by reducing pacemaker rate in patients with such
devices.

[0066] Figures 7A-7G illustrate a particularly useful
embodiment for constructing physiological signals using
computational methods to compensate for limitations
due to noisy or low quality data. First, the response to
rate of each signal type (monophasic action potentials,
MAP (illustrated in Figures 7A (patient without AF), 7C
(AF patient) and 7E (AF patient)) is determined. This is
performed by sensing signals at varying rates when in
the rhythm disorder, or when not in the rhythm disorder
(such as by pacing, see mode 6, discussed below). The
response of the signal duration (illustrated for MAP) to
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varying rate is shown in Figures 7B, 7D and 7F. FIG. 7B
(no AF), which show no shortening with rate, while, with
AF, FIGs. 7D and 7F show that MAP shortens atincreas-
ing rate (that is, when diastolic interval shortens). It is to
be noted that the response to the same set of rates may
vary when the patient is and is not in the heart rhythm
disorder. Figures 8A-8E show this. Pacing with delivery
of a single extrabeat in Figure 8A results in the restitution
plot shown in Figure 8B as soon as AF begins. However,
after several minutes, the restitution curve changes as
shown in Figures 8C-8E.

[0067] One approach embodied in the present inven-
tion is to create a 'hybrid’ signal by inserting a physiolog-
ical pattern at the time of each activation time onset (Fig-
ure 7G, waveforms 660-670). The physiological pattern
may be obtained by averaging recorded signals over time
(algebraically, from the median beat average or other
method), averaging signals at neighboring locations
(spatial averaging), from monophasic action potentials
at various locations (waveforms 660-670), by filtering ex-
isting unipolar or bipolar signals in the frequency or time-
frequency domain, or by using stored patterns from a
database (Figure 1, database 160). When stored signals
are used, properties including duration of these physio-
logical patterns may be adjusted for rate using rate-re-
sponse (restitution) behavior. Stored signals may be ob-
tained from this patient, another patient with similar char-
acteristics oranother storedrelationship. These process-
es may be applied to individual activations, or to the entire
signal.

[0068] This methodresultsina physiological represen-
tation of activity at each location over time that may oth-
erwise be difficult to obtain in the beating heart of patients
during minimally invasive procedures. It has applications
outside of heart rhythm disorders. For instance, said
physiological pattern may be a model of cellular ion func-
tion. This enables the function of these ion currents at
each sensor to be modeled cells timed to each observed
activation, for the study of dynamics of calcium fluxes,
potassium currents or other processes within the beating
heart of this patient. By way of a further example, this
physiological pattern may be a model of a pharmacolog-
ical ligand, allowing study on the behavior of the beating
heart to specific pharmacologic agents. In the gastroin-
testinal tract, cellular hormone release models could be
studied for each peristaltic 'beat’. In the brain, known ki-
netics of neurotransmitter or endorphin release for dis-
crete brain waves (non-invasive, via the scalp electroen-
cephalogram or invasive, as surgery) may help to under-
stand and treat various conditions. Treatment of condi-
tions of epilepsy have thus been described. A method
for determining the effect of a pharmalogical or bioeffect-
ing agent on the body by correlating the behavior of the
beating heart or rhythm of another body part with the
release, binding capacity or rate, or other action of the
agent in the body has this been described.

[0069] An activation trail is then determined from se-
quences of activation in the physiological signal at mul-
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tiple locations. The simplest form of this analysis is to
order activation at each location sequentially in time. In
other embodiments, analysis may identify and locate
causes for a rhythm disorder using frequency domain
methods, time-domain methods or spatial-phase meth-
ods. Frequency domain methods include the Hilbert
transform or wavelet transform or phase delay methods.
Spatial phase methods involve analyzing the spatial in-
ter-relationships between sites showing activation at a
certain location, in order to define the activation trail.
[0070] Pertaining to phase-space methods, a well-
known technique assigns a phase (1) to the signal atevery
electrode and at every time point. The phase at the exact
location of the tip of the rotor is undefined and summing
up the phase of neighboring electrodes results in a
"phase jump" of 27c. Thus, a rotor location corresponds
to a phase singularity. Mathematically, these phase sin-
gularities can be found by evaluating a line integral over
a closed curve as €¢FI = =27 where the line integral is
taken over a path / surrounding the phase singularity.
Since the signal from the electrode is a single observable,
the determination of the phase requires special attention.
We will employ several different methods depending on
the quality of the electrode signal.

[0071] The first phase-space method will be utilized if
the signal from the electrodes is noisy and/or has a small
amplitude. In this case, activation times for each elec-
trode will be determined, followed by a novel analysis of
wave frontdynamics. As afirst step, the spatial resolution
of the probes and their activation times may be increased
using a bi-linear interpolation scheme that interpolates
activation using a fine regular grid created across the
surface. In high quality physiological signals that contain
activation, recovery and diastolic interval information,
this results in a time trace V() for each point of the refined
grid.

[0072] Since the shape of the action potential may be
stable between beats, the method next defines a map-
ping from the membrane potential V to the phase 4. This
map assigns a unique value of 4 to each value of V such
that the maximum and minimum of the phase variable
differs by 27c. The detailed form of this map is arbitrary
and the phase is computed using 0 = 227-(V - 0.5). The
corresponding time trace of the phase variable results in
construction of the signal and its phase instantaneously
as in Figure 9A-9C.

[0073] Once the phase map is constructed the method
will calculate, for each time, the sum of the phase for all
four points of the fine regular grid separated by a grid
spacing that form a square (topological charge method).
A result not equal to zero indicates the existence of a
phase singularity and a rotor. The analysis will be further
aided by the tracking of wave fronts. The location of these
fronts will be computed using the regular fine grid by de-
termining where and when V crosses a threshold value
with a positive derivative dV/dt. Performing this calcula-
tion along the x and y direction of the fine regular grid
and using linear interpolation between the grid points,



23 EP 2 339 961 B1 24

will result in a set of points that lie on the wave front.
[0074] The wave frontis then constructed by connect-
ing these points. A similar analysis will be performed for
phase, where isophase lines are tracked. A two-dimen-
sional visual representation is then constructed that plots
for each time point the value of the membrane potential
using a grayscale or color scale, lines representing the
wave fronts, lines representing similar phase (isophase
lines), and symbols locating the phase singularities. This
visual aid will greatly benefit the practitioner in interpret-
ing the results of the inventive process and system. Note
that the crossings of the lines representing the wave
fronts and the

iso phase lines represent the phase singularity. Phase
singularities indicate core regions, and thus can be used
to localize the rotors.

[0075] The phase transform is able to demonstrate fo-
cal beats in AF - typically as centrifugal sources emanat-
ing from a localized area. A focal beat is characterized
by a location that fulfills three criteria: 1) its activation
time is earlier that at surrounding locations; 2) this region
was previously inactive (in diastole) for a specified period
oftime; 3) the subsequent spread of activation emanates
radially from the core region. Recognizing these 3 crite-
ria, the invention finds these sources automatically. This
algorithm will first determine locations that exhibit activa-
tion times ahead of their four nearest and four next-near-
est neighbors and mark these as potential focal sources.
Next, it determines the activation times at locations sur-
rounding a potential focal source. If the activation times
of these locations are earlier than their surrounding elec-
trodes, the potential focal source is confirmed and is
marked accordingly. These sites are plotted using our
plotting technique as described above, greatly aiding the
practitioner in localizing and interpreting these sources.
[0076] Alternatively, frequency domain methods may
be used. On the physiological signal during the heart
rhythm disorder, that may be the recorded signal or a
signal derived after filtering, noise reduction and other
strategies described above, one may employ several
methods.

[0077] One such method is the Hilbert transform. The
Hilbert transform shifts the phase of the negative frequen-
cies of a signal by 7c/2 and the phase of the positive
frequencies by -7c/2. In this approach, determination of
the phase 4 of the signal is achieved by plotting voltage
against the Hilbert transform of the voltage. The partic-
ularly useful embodiment applies a detrending algorithm
to set the voltages at the activation times (maximum
dV/dt) to zero. The Hilbert transform is used to construct
the phase plane of detrended signals. The Hilbert trans-
form at all locations is interpolated across the fine regular
grid created across the biological surface. Phase is then
calculated from the state-space plot of voltage versus its
Hilbert transform. Again, the spatial distributions of phase
will be analyzed with the topological charge technique
described above to locate phase singularities associated
with phase singularities (the ends of wavefronts) such as
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at the tip of a reentrant wave. Activation wavefronts are
constructed using the same technique as described
above while isolines of zero phase will also be tracked.
An example of our methods in the human atria is shown
in Figure 12A and 12C which show rotors in the left atrium
computed using frequency-domain methods.

[0078] Another useful method employs a time delay
embedding technique to determine the phase of the sig-
nal. This technique consists of plotting V(t+r)-V* vs.
V(f)-V* for a fixed time delay T and offset V*, resulting in
a value of the phase 4 for each time point and each lo-
cation. In practice, the time delay and offset will be de-
termined by the practitioner after examining these plots
for several locations using different values for T and V*.
Optimal values lead to trajectories that do not cross (that
would lead to a non-unique value for the phase) and that
encircle the origin (ensuring that the minimum and max-
imum phase differs by 27¢). Both the signal and the phase
are interpolated across a fine regular grid created across
the biological surface. The resulting phase map will then
be examined for phase singularities and wave fronts will
be tracked as described above.

[0079] Yet another useful method used to determine
the phase of the signal is a wavelet transform. The exact
form of this wavelet is variable, and an example includes
the Haar wavelet. The wavelet transform will be comput-
ed for each location. The wavelet allows us to view the
signal in multiple frequency resolutions. This will enable
us to filter unwanted noise at specific frequencies (or fre-
quency bands). In this approach, the phase transforma-
tion is achieved by plotting voltage against the phase
shifted wavelet transform of the voltage. Once the phase
(I) has been calculated, we will precede as before, in-
cluding refining the grid through bi-linear interpolation,
finding phase singularity and tracking wave fronts.
[0080] Other information, such as locations within the
organ of sites of rapid rate during the rhythm disorder,
the presence of very regular sites surrounded by less
regular sites, the presence of stable beat-to-beat config-
uration (shape) for successive signals as opposed to var-
ying signal configurations, proximity to anatomic features
known to be associated with particular rhythm disorders
(such as pulmonary veins in AF, His-Purkinje system in
VF), or a combination thereof may also assist in identi-
fying and locating sources.

[0081] Severaltypes of activation trails may result, pro-
ducing corresponding discernible signature patterns for
various types of causes for a rhythm disorder. An activa-
tion trail in which sequences of activation revolve around
a central ‘core’ region is termed a rotor. An activation trail
that emanates radially from a core region is termed a
focal beat (or a site of repetitive focal activations or
beats). Another activation trail type is adispersed pattern,
in which a localized source is not clearly identified. In
particularly useful embodiment, in such cases, signal
sensing is repeated at additional locations or for addi-
tional periods of time. Localization of a cause for a heart
rhythmdisorderis based on the location of the core region
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and additional activation from this region. Some embod-
iments identify the core region directly. For instance, the
Hilbert Transform and direct phase assignment methods
identify the core region as the site where real and imag-
inary parts of the analysis intersect. In contrast, the direct
sequential ordering method of the present invention in-
dicates a core region either visually or analytically.
[0082] Figure 10, referenced by operations 1400-1495
describe the process of optimally identifying, locating and
selecting cause(s) that are most likely to indicate primary
causes of the rhythm disorder. In one particularly desir-
able embodiment, a probability map 1480 for sources of
the disorder is constructed. This indicates a likelihood
that each sensed location harbors a cause of the rhythm
disorder, relative to other sensed locations. A higher rel-
ative likelihood is assigned for sites where core regions
sustain for longer periods of time (or, for more rotations
or beats), where the rate of activation is faster, where the
rate of activation is more organized, that activate sur-
rounding tissue in a 1:1 fashion (thus, there is electro-
gram linking) and activate larger regions of tissue in
phase (and thus have alarge space constant), when few-
er concurrent sources are identified, for sources that lie
near known regions of high likelihood for rhythm disor-
ders such as the pulmonary veins in human AF, for sourc-
es with less migration over time, and for rotor versus focal
beat types of source. In one particularly useful embodi-
ment, probabilities are assigned after comparison with
stored examples in a database; the comparison may take
the form of a stepwise multivariate comparison. In the
limited case, a spatially fixed source, that is a solitary
electrical rotor that directly activates the entire organ is
by definition a primary cause of that heart rhythm disor-
der.

[0083] Surrogates for the activation trail also exist.
These are data that approximate the identification and
localization provided by the invention using data from
fewer locations, less lengthy or detailed recordings, or
using information from other resources such as the ECG
rather than from within the heart. Thus, surrogates enable
approximation of the activation trail using a reduced
number of sensor locations compared to an analysis that
directly measures the activation trail. These surrogates,
used independently or in combinations, include sites of
rapid rate during the rhythm disorder, the presence of
very regular sites surrounded by less regular sites, the
presence of stable beat-to-beat configuration (shape) for
successive signals as opposed to varying signal config-
urations, signals where amplitude is particularly low, sig-
nals that are very prolonged for each activation is very
prolonged, proximity to anatomic features known to be
associated with particular rhythm disorders (such as pul-
monary veins in AF, His-Purkinje systemin VF), oracom-
bination thereof may also assist in identifying and locating
sources.

[0084] Surrogates may be detected fromthe ECG, and
thus be used to plan a procedure or guide therapy in a
patient. Vectorial analyses of the ECG for regions of reg-
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ularity and high rate, particularly if surrounded by regions
of lower regularity and rate, indicate locations within the
heart where sources lie.

[0085] Figure 10, operations 1400-1495, summarize
the approach to identify and locate sources. Operations
1400-1450 determine if sufficient sensor resolution is
present to identify a cause. Criteria for sufficiency include
the absence of discontinuities in the wave front calcula-
tion, and absence of jumpsin the location of core regions,
and an absolute sensor spacing that should not exceed
approximately 1 cm. This is based upon computations
that the minimum circumference of a reentry wave is >
2 cm in the human atrium and larger in the human ven-
tricle. Operations 1460-1490 then use a combination of
optimized sensed data and stored data to compute sourc-
es, which are then treated, at operation 1495. The
present disclosure includes the wide use of filtered or
unfiltered clinical data, data from a database including
this and other patients, or computational estimates torep-
resent the signal to be analyzed as well as the results of
analysis. In addition, the hybrid use of existing patient-
acquired data, signal processing methods, numerical
methods and stored signals from a database are major
advantages of the inventive process and system, partic-
ularly because high-resolution physiological data from
human atria or ventricles may be extremely difficult, if not
impossible, to obtain at clinical electrophysiologic study
without open heart surgery.

[0086] All of the above approaches may be applied to
any complex rhythm, including VF. Of course, these ap-
proaches may also be applied to "simple rhythms" such
as reentry around an anatomical obstacle or rotors an-
chored at scar tissue (such as atrial flutter).

[0087] These processes may be implemented in soft-
ware, operated very quickly and are suitable for real-time,
as well as off-line analysis, using small scale components
such as those found in implantable devices, portable am-
bulatory machines, wristwatch-sized devices, as well as
larger scale computers found in electrophysiology labo-
ratories.

MODE 3. STORING DATA ON HEART RHYTHM
SOURCES IN DATABASE

[0088] Data on sources for rhythm disorders desirably
may be stored in a database 160. This may be useful to
classify sources in different patients, to help identify
sources in a single patient, or to determine if a patient
has returned with the same or a different source. Data in
the database will thus include the characteristics de-
scribed above, including the number of concurrent sourc-
es, rate, variability in rate over time, duration, size of bi-
ological organ whose activation is directly caused by the
source (the space constant), location, whether this loca-
tion migrates over time, rate within multiple regions of
the heart at the time that the source was detected (such
as left and right atrial rate during AF), and the response
of each source to ablation.
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[0089] Additional information to be stored in the data-
base include one or more clinical factors from a group
comprising gender (male/female), age, weight, height,
presence of diabetes mellitus, blood pressure, atrial size,
ventricular size, regions of atrial or ventricular scar, the
left ventricular ejection fraction.

[0090] In a particularly useful embodiment, the data-
base of AF Sources 160 will be continuously updated,
based upon new source localization from additional cas-
es. This will be used to help source localization for prac-
titioners studying new patients, by way of a software ex-
pert system that will match the new patient to already
stored patterns.

[0091] Source data to be stored will be analyzed for
consistency with existing data, matched by the above
variables. Only raw data that meets rigorous standards
for data integrity will be incorporated, others will be re-
jected. After ensuring data integrity, data will be added
to the database to improve localization for future patients.
[0092] The database interface may include an expert
system that compares current data with stored data.
Based on the closest match or matches, logic within the
invention determines if additional heart rhythm sources
or additional characteristic should be studied, and wheth-
er they may lie based on stored information. This uses a
‘goodness of fit’ against various stored parameters. This
functionality is included because in practice, the number
of sensed locations is limited by time constraints, in prac-
tice, many sensor locations may provide suboptimal data,
thus limiting the actual sensed resolution, and because
the inventor has observed that many patients show sim-
ilar source locations and characteristics.

[0093] Database updates will be available to the prac-
titioner regularly from a centrally located, secured data-
base that contains the above information. No information
on patient name, geographical location, study date or
other items prohibited by the Health Information Porta-
bility Act (HIPAA) will be included. This database will be
maintained at a remote location but available electroni-
cally by means including wired and wireless communi-
cation, electronic media such as CDs, DVDs, and solid
state storage devices.

MODE 4. DISPLAY OF SOURCES OF BIOLOGICAL
RHYTHM DISORDER

[0094] The invention may include apparatus to com-
municate the identification, location and above charac-
teristics of sources for biological rhythm disorders to the
practitioner. This includes a visual display means, typi-
cally in the form of a graphical display on a computer
monitor, or a printout showing the source in relation to
cardiac anatomy, or a basic textual line summary of the
location and/or sensor site where the source lies.

[0095] An auditory display may also be used, that vo-
calizes the identification, location and above character-
istics of sources for biological rhythm disorders to the
practitioner. In one embodiment, this would include the
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conclusions or a summary of analysis rather than the
analysis results themselves.

MODE 5. THERAPY AT CAUSES OF BIOLOGICAL
RHYTHM DISORDER

[0096] In addition to the processes and systems of the
present disclosure used to detect and diagnose the
cause of the rhythm disorder, the system may also in-
clude devices to treat the source for the biological rhythm
disorder, in order to modify, ameliorate or eliminate said
rhythm disorder.

[0097] Treatmentof the source may employ any useful
technique, including ablation with radiofrequency, freez-
ing energy, microwaves or other sources. Modification
may also include cell therapy (such as with stem cells),
gene therapy, pharmaceutical delivery, ionizing or non-
ionizing radiation delivered by devices inside or outside
the heart, or other interventions.

[0098] Treatment is delivered to modify the cause. In
a simple heartrhythm disorder such as atrial tachycardia
or atrial flutter, energy is applied directly to eliminate the
cause. In a complex rhythm disorder, such as AF, energy
can be applied to ablate (destroy) the source, to isolate
the source by destroying tissue between the source and
the remainder of the viable heart chamber, or to modulate
the interaction between different sources. This latter form
of treatment is very novel and has been shown in exper-
iments by the inventor to be extremely effective. Modu-
lation may be performed in a stochastic fashion.

[0099] Ina particularly desirable embodiment, therapy
is targeted at the core region of an identified or localized
cause for the rhythm disorder, with the intention of elim-
inating this cause to treat the heart rhythm disorder. This
may be applied sequentially to identify, locate and treat
more than one cause for said disorder.

[0100] Alternatively, therapy may be targeted at loca-
tions neighboring the core region for a source, with the
intention of disconnecting the source from surrounding
tissue.

[0101] Alternatively, therapy may be targeted at loca-
tions neighboring the core region for a source, with the
intention of causing the source to migrate towards tissue
where definitive treatment is more easily accomplished.
Forinstance, ifthe source lies at alocation where ablation
is difficult due to anatomy, tissue thickness or other fac-
tors, ablation on one side of the source may cause it to
migrate towards a location that is easier to ablate due to
thinner tissue or anatomic factors.

[0102] Alternatively, therapy may be targeted at loca-
tions neighboring the core region for a source, with the
intention of preventing movement of the source and thus
compartmentalizing it.

[0103] Alternatively, therapy may be targeted at loca-
tions neighboring the core region for a source, with the
intention of reducing the mass of tissue available for the
source to sustain and thus causing it to terminate.
[0104] Treatment may take the form of ablation, deliv-
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ered via a catheter in the heart (element 25 in figure 1),
on the epicardial surface, or an electrode present on one
of the multi-electrode catheter designs included herein,
for example see Figures 2-4.

[0105] When a dispersed activation trail is observed,
locations where sources may lie that are difficult to iden-
tify are targeted first. In patients with AF, such sites in-
clude the pulmonary veins and other thoracic veins, and
the atrial appendages. Thus, pulmonary vein isolation is
performed first, followed by therapy at additional sites if
clinically suspected. Signal sensing is then repeated to
identify and locate a cause.

[0106] In preferred particularly desirable embodiment,
the multi sensor catheter (Figures 2-4) includes an as-
sembly that can deliver therapy in the form of ablation.
In this embodiment, sensors at locations where the
source lies are activated to deliver ablation energy to
modify or eliminate the source.

[0107] The system may deliver therapy in a spatial lo-
cus, as well as at fixed locations. In this system, the lo-
cation of the source core region is analyzed constantly
throughout therapy. Therapy, such as ablation energy,
is directed at varying locations and potentially multiple
locations to constrain movement of the source. An anal-
ogy is to construct a 'fence’ of ablated tissue around a
moving source in order to keep it in one location. This
may require therapy delivery (such as ablation) at multi-
ple sensors of said poles of said assembly concurrently.
This process is continued until the rhythm terminates or
a remote source becomes dominant.

[0108] The system is well suited to target therapy per-
formed surgically in the operating room with direct expo-
sure of the heart. This may be via a minimally invasive
approach or traditional open chest heart exposure. The
choice of recording electrode, sock, plaque or other
equipmentis up to the discretion of the surgeon and does
not alter the principles of therapy.

[0109] Alternatively, said modulation can be applied
by stimulating (pacing) the tissue. For pacing, the proc-
ess controller 70 conditions the pacing module 50, to
stimulate the heart using electrodes in the heart 20-25,
electrodes on the body surface 30, or electrodes else-
where such as from the esophagus 150. The electrode
controller 40 receives signals from the electrodes before,
during and after pacing. Pacing is used to increase heart
rate and introduce extrabeats.

[0110] In alternative embodiment, the system can ab-
late or stimulate cardiac nerves to modify or eliminate
the source. Thus, if sources lie at locations of heart gan-
glionic plexuses, ablation or pacing of such locations can
be used to modify the source.

[0111] If the abnormal rhythm terminates after modify
or eliminating sources, attempts can be made to restart
the rhythm. In the case of heart rhythm disorders, this
may include very rapid pacing, the administration of iso-
proterenol or other interventions. The entire application
of this invention is then repeated.

[0112] In the event that the abnormal rhythm can no
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longer be initiated, the physician may exercise the dis-
cretion to modify additional regions that may be potential
sources. This information may be available directly from
stored data in the database, matching patients with a
similar classification to the current patient.

MODE 6 NON-REAL-TIME REVIEW MODE

[0113] In an important mode of operation, the system
can be used in a non-real time, offline analysis fashion.
This review mode can be applied to data from this indi-
vidual at another time, such as a prior electrophysiologic
study, data from a different device (such as an implanted
pacemaker or defibrillator) or even a prior failed ablation.
This can be used to review results from a prior procedure,
to review data from a patient prior to planning the appli-
cation of this system, or to assess if the same patient
now presents with the same or a different source for their
rhythm disorder.

[0114] Signals are first uploaded from stored electro-
grams in a database 160 to the processor controller 70.
This database can be the master database that stores
data on multiple patients, or a patient-specific database.
Data storage and retrieval can be implemented for any
signal type. Stored signals can be derived from another
source, a catalogued source, or computed or virtual sig-
nals such as from Ensite 3000 or NavX by St Jude Med-
ical, or Carto by Biosense-Webster. Signals may also be
derived from a different individual, querying the database
for a patient with similar demographics and heart rhythm
disorder.

[0115] In a separate non-real-time mode, data ob-
tained when the patient is notin the heart rhythm disorder
can be used by the invention to identify and locate sourc-
es forarhythm disorder. This may be useful, for example,
if the heart rhythm disorder is not observed at the time
of a procedure, and cannot be started using conventional
methods. This mode uses biological properties of the
chamber to predict locations where sources/causes may
lie when in the heart rhythm disorder. Such locations in-
clude sites where the maximum slope of action potential
duration restitution is >1, sites where beat-to-beat oscil-
lations in the repolarization signal shape or duration are
observed, or where conduction velocity restitution is
broad to indicate slowed conduction at critical rates.
[0116] In the preferred embodiment, to measure resti-
tution it is necessary to sense signals for a wide range
of rates at each location (see figure 1, module 90. This
may be achieved using pacing. In this case, the process
controller 70 conditions the Pacing module 50, to stimu-
late the heart using electrodes in the heart 20-25, on the
body surface 30, in the esophagus 150 or elsewhere.
The wider the range of rates, particularly fast rates, the
more comprehensive the data range for that signal for
analysis of restitution. When pacing is not an option, the
invention will prompt the user to increase heart rate using
other options or to use stored information from a data-
base.
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[0117] In this embodiment, the rate-response ("resti-
tution") curve is created at each rate for each component
of signals shown in Figure 5. For example, this step may
compute how monophasic action potential duration (time
from phase 0 to phase 3) varies with rate (APD rate res-
titution). Examples of atrial APD restitution are shown in
Figures 7A-7G and 8A-8E. Using pacing to increase the
range of sampled heart rates provides a comprehensive
assessment of rate response of each biosignal.

[0118] Figures 7A, 7C and 7E illustrate a useful em-
bodiment, whereby recordings of human action poten-
tials in the left atrium 420, providing high quality informa-
tion including depolarization (phase 0), repolarization
(phases 1-3),

phase 2 amplitude and action potential duration (time
interval from phase 0 to phase 3). Phase 4 indicates the
interval between one beat and the next. The invention
may determine rate response (restitution) of multiple
components, focusing on rate-response of AP duration
(time from phase 0-3), and AP phase Il amplitude.
[0119] Signal 400 (Figure 5) is an ECG. This includes
intra-atrial components (the P wave and PR interval), and
ventricular components including depolarization (the
QRS complex) and repolarization (the T wave). For atri-
um, the invention records how P-wave duration varies
with rate, using analyses shown later in Figures 7A-7F.
For the ventricle, the invention records how QT interval
varies with rate as a measure of ventricular APD rate-
behavior (restitution). Individual QRS complexes are
aligned using one of several columnar techniques, in-
cluding methods that align electrograms about the point
of largest positive or negative slope, their peak values or
minimize their mean square differences, or metrics based
on derived signals. T-waves are identified and aligned
similarly. Atrial activity is considered to lie in the interven-
ing intervals.

[0120] If the signal is a unipolar electrogram, it is also
analyzed in analogous fashion. Each is analyzed for
waveform shape as well as duration. Figure 5, signals
430-440 indicate unipolar electrograms from the human
left atrium 430 and left ventricle 440 respectively, with
depolarization and repolarization measured collectively
as the activation-recovery interval, a surrogate for the
monophasic action potential duration. The invention de-
termines adjustment of various components for rate.
[0121] Signals can also be bipolar electrograms (sig-
nals 450, 460), and the invention determines rate re-
sponse of each component.

[0122] In an alternative embodiment, ECG and elec-
trogram data are uploaded from a database 160 for anal-
ysis in an analogous fashion to the described real-time
mode of operation. Data from the database can be from
the same or different patients, recorded at any time and
using any acquisition system.

[0123] In AF, MAP restitution may differ from MAP
when notin AF. Figure 8 element 700 shows the initiation
of AF after pacing. Element 710 shows MAP restitution
during pacing in black. Immediately after AF onset (red
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points), APDs track previously derived MAP restitution.
However, this may not be not true for longer-lasting AF.
Elements 720, 730 and 740 show patients with long-last-
ing AF, in whom APD restitution differs from that obtained
in pacing prior to AF.

[0124] Thus, it may be advantageous to use APD res-
titution obtained from the patient in AF, at this time or a
previous time, or from stored APDs in this or other pa-
tients, or filtered or computed data, for signal processing
and analysis.

[0125] Locations where sources may arise during a
subsequent heart rhythm disorder may now be predicted
from these analyses. For monophasic action potentials,
site where the maximum slope of MAPD rate-behavior
(restitution) >1 may be immediately adjacent to causes
for VF or AF. Other indexes of high likelihood for the
initiation of heart rhythm disorders include broad rate-
response (restitution) of conduction, since such sites of
dynamic conduction slowing may indicate sites where
heart rhythm causes lie.

[0126] The energy generator 70 may be activated to
apply destructive energy (either radiofrequency, cryoab-
lation or microwave radiation) via the ablation electrode
25. This electrode can be moved within the heart manu-
ally by an operator, that is the traditional approach, or
remotely using robotic or computer assisted guidance.
[0127] The implementation of the system described
herein may be based largely upon digital signal process-
ing techniques. However, it should be appreciated that
a person of ordinary skill in this technology area can eas-
ily adapt the digital techniques for analog signal process-

ing.
EXAMPLES

IDENTIFICATION AND LOCALIZATION OF CAUSE
FOR AF IN 47 YEAR OLD MAN.

[0128] Figure 11 illustrates pre-ablation signals for a
representative patient, a 47 year old man with persistent
atrial fibrillation (AF) for over five years. The patient con-
tinued to have symptomatic racing of the heart, which
required him to visit hospital emergency rooms for treat-
ment, despite various therapy with amiodarone and other
appropriate therapy, and despite prior ablation proce-
dures for AF. Given the severity of his symptoms, the
patient therefore elected to return to the electrophysiol-
ogy laboratory for further evaluation and ablation.

[0129] Figure 11 shows pre-ablation signals from the
right and left atria during AF at the commencement of
electrophysiologic study. It can be seen that the AF cycle
length (time between successive activation onset times)
is quite short, shown as 172 ms and 165 ms for the first
two cycles in the right atrium (arrows 910), and varies,
as is typical for AF. Notably, signals were more fraction-
ated and disorganized in shape in the left atrium (post
LA’) and coronary sinus (CSP’ proximal coronary sinus;
'CSD’ distal coronary sinus) than in the right atrium (I-
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IRA’ high right atrium; Tat RA’ lateral right atrium; ’post
RA’ posterior right atrium), as is common.

[0130] These findings would normally guide ablation
towards the left atrium. A typical procedure in this case
would commence by ablating near the pulmonary veins
and confirming isolation, followed by additional ablation
selecting at sites including: (a) left atrial sites of fraction-
ated electrograms, linear ablation at the roof, linear ab-
lation at the mitral annulus, other linear ablation, then (b)
right atrial ablation including sites of fractionation and the
cavotricuspid isthmus. This proposed procedure would
take approximately 2-3 hours with a < 50 % chance of
terminating AF, meaning that electrical cardioversion
would be required to restore normal rhythm at the con-
clusion of the procedure (Calkins, Brugada et al. 2007).
[0131] Rather than use this known approach, an em-
bodimentofthe presentinventionwas applied. A catheter
assembly containing 64 sensors (electrodes) was insert-
ed via the femoral veins into the right atrium, and across
a trans-septal puncture into the left atrium of the patient.
These were connected via wire cables to a recording
system for collecting signals at each sensor during AF.
These signals were converted to digital form, and input
into a computer program. Activation onset times were
recorded for 2 seconds of AF at each sensor. While two
seconds was used with this patient, greater or lesser pe-
riods of time may be useful. Desirably, one second or
less may be used. Alternatively, milliseconds may be
used. Activation onsettimes at each sensor location were
sequentially ordered in time. Stored action potential trac-
ings were used to create an electrograph (voltage-time
series), by inserting said tracings at the activation time
onsets for each sensor. Finally, a direct phase assign-
ment technique was used to identify a core region. An
activation trail is directly indicated by the relationship of
these activation sequences to a core region - if they re-
volve around a core, then an electrical rotor is detected
and considered to be a cause, but ifthey emanate radially
from a core region, then a focal beat is detected and
considered a cause. Results were displayed as an ani-
mation on a computer monitor for physician review.
[0132] The activation trail (arrow 1030 in Figure 12A)
reveals an electrical rotor as the cause for this man’s AF.
In Figure 12A, activation onset times can be seen to re-
volve around a core region in the right atrium at times
color-coded (alternatively, as shown in grey scale and
alphabetically coded) from 10 ms (blue, ("B")) to 200 ms
(red, ("R")). No localized cause was found in the left atri-
um, shown in Figure 12B. Figure 12C displays this same
rotor in a different form, as three snapshots in time of
tissue that is depolarized (activated; red, ("R")) and re-
polarized (not activated, blue ("B")). Viewed chronologi-
cally (from left to right), these snapshots also trace acti-
vation sequences revolving around a core region (a ro-
tor). This core region had a high likelihood of being a
cause, since it was a solitary source that controlled elec-
trical activation for almost all of the surrounding atrium
(large space constant).
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[0133] Clinically, it was surprising that this electrical
rotor lay in the right atrium. The right atrial rotor site nei-
ther showed high spectral dominant frequency, nor low
amplitude fractionated signals, and would not normally
be identified or targeted for ablation.

[0134] Ablation commenced directly at the rotor core
in the right atrium, at a site indicated by the darker (red)
dot 1060 in Figure 12D. Notably, AF slowed within 30
seconds of energy delivery to a cycle length of 227 ms.
Subsequent ablation at immediately adjacent sites, indi-
cated by white dots 1070 shown in Figure 12D, further
slowed AF until it terminated to sinus rhythm within 6
minutes of ablation as shown in Figure 13. In Figure 13,
AF can be seen to stop (arrow 1110), followed by the
restoration of normal sinus rhythm (arrow 1120). At this
point, AF could not be restarted using the typical tech-
nique of rapid pacing as shown in Figure 14, where time
segment 1210 shows rapid pacing with capture of the
atrium, time segment 1220 shows no induction of AF and
time segment 1230 shows sinus rhythm after the end of
pacing.

[0135] This resultis paradigm-shifting compared to the
current state-of-the-art, where slowing of AF typically oc-
curs after lengthy ablation that is widely and empirically
applied (to 30-40% of the atrium), yet termination of per-
sistent AF is still uncommon. Conversely, we acutely
slowed and acutely terminated AF with ablation of less
than approximately 2-3 % of the atrium. Ablating only at
one site identified a priori in persistent AF, and seeing
immediate slowing and termination of AF is not known
to have been performed previously.

OTHER EXAMPLES OF IDENTIFICATION AND LO-
CALIZATION OF CAUSES FOR AF

[0136] A77yearoldman presented forablation of atrial
fibrillation (AF). His history was notable for paroxysmal
AF despite multiple antiarrhythmic medications, a slightly
enlarged left atrium (diameter 45 mm) and normal left
ventricular ejection fraction (58%). At invasive electro-
physiology study, catheters were inserted into the atria
as described. The invention was applied to multiple sen-
sors. In Figure 15A panel 900 shows a localized source
in the form of an electrical rotor near the left inferior pul-
monary vein. Inspection of panels 901-904 from left to
right (forwards in time) shows that the depolarized (acti-
vated) tissue in warmer colors (red("R")) revolves clock-
wise around a core region on the medial lip of the left
inferior pulmonary vein (see outline as black hourglass).
Ablation at this site terminated AF acutely.

[0137] A40yearold patientwith persistent AF present-
ed for ablation. The AF was resistant to flecainide and
other anti-arrhythmic medications, his left atrial diameter
was 52 mm and left ventricular ejection fraction was 69
%. At invasive electrophysiology study, catheters were
inserted into the atria as described above. The invention
was applied to multiple sensors. Figure 15B, panels
911-914 show a localized source in the form of an elec-
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trical rotor in the posterior wall of the left atrium. Again,
viewing panels 911-914 from left to right shows that ac-
tivated (depolarized) tissue revolves counter-clockwise
around a core region on the posterior wall of the left atrium
between the pulmonary veins. After ablation at this site,
the patient remains free of AF.

[0138] A 56 year old patient with paroxysmal AF and
significant symptoms presented for ablation. The AF con-
tinued despite several anti-arrhythmic medications. His
left atrium was moderately enlarged. At invasive electro-
physiology study, catheters were inserted into the atria
as described above. The invention was applied to multi-
ple sensors. Panel 1610 in Figure 16B shows the output
of a localized source in the left atrium, between the pul-
monary veins although not lying at these veins. The
source was repetitive, as indicated by arrow 1620 in Fig-
ure 16A. The activation trail indicated by arrows 1630
shows activation emanating radially from this site. In pan-
els 1640 of Figure 16B, left atrial activation is seen to be
fibrillatory (disorganized). Ablation was applied to this fo-
cal beat cause, and AF terminated acutely. This is a par-
adigm shifting because normal ablation lesions in this
patient that circle the pulmonary veins would have
missed this source. Thus, this patient would likely have
been one who would have recurred after ablation if the
prior art known techniques of treating AF had been used.
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Claims

A system to detect one or more causes of a heart
rhythm disorder, the system comprising a plurality
of sensors at multiple locations to sense heart acti-
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vation signals; a processor interfacing with the plu-
rality of sensors, wherein the processor is configured
to collect from the plurality of sensors data compris-
ing a sensor location of each sensor and an activa-
tion onset time of each heart activation signal at each
sensor location such that a plurality of activation on-
settimes at a plurality of sensorlocations is collected,
characterized in that the processor is further con-
figured to:

sequentially order the plurality of activation on-
set times at the plurality of sensor locations to
create an activation trail, the activation trail cre-
ating a discernible signature pattern for the dis-
order and indicating both the location and the
type of the cause of the disorder; and
determine at least one approximate core region
in relationship to the activation trail, and to indi-
cate the type of the cause of the disorder, where-
in a discernible signature pattern that rotates
around the atleast one approximate core region
is indicative of a rotor, wherein a discernible sig-
nature pattern that radially emanates from the
at least one approximate core region is indica-
tive of a focal source, and wherein a discernible
signature pattern that is a dispersed pattern in-
dicates no localized source and a need for fur-
ther data collection and analysis.

The system of claim 1, wherein the processor is fur-
ther configured to select one or more of said causes
as indicating a primary cause of said heart rhythm
disorder.

The system of claim 1, wherein the sequence of the
plurality of activation onset times is arranged based
on their relative activation onset time.

The system of any one of claims 1 through 3, wherein
the processor is further configured to visually depict
the sequences of activation onset times at each sen-
sor location to display the activation trail indicative
of a cause of said heart rhythm disorder on a display
device.

The system of claim 4, wherein said rotational pat-
tern or said radially emanating pattern is visually dis-
played on the display device.

The system of claim 1, wherein said approximate
core region is a rotor.

The system of any one of claims 2 through 6, wherein
said rotational pattern or said radially emanating pat-
tern is repeating.

The system of any one of claims 4 through 7, wherein
said approximate core region is a focal activation.
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The system of any one of claims 1 through 8, wherein
the processor is configured to filter signal noise.

The system of any one of claims 1 through 9, wherein
at least one activation onset time and its correspond-
ing offsettime comprises an activation time duration.

The system of claim 10 wherein said activation time
duration further includes a diastolic interval.

The system of claim 2, wherein said selection of said
one or more of said causes is based on criteria se-
lected from the group consisting of the number of
activation trail repetitions, the rate of activation trail
repetitions, the number of localized causes, the vol-
ume of tissue contained within the activation trail,
whether the cause is localized or dispersed, the lo-
cation of the cause within the heart and combinations
thereof.

The system of any one of claims 1 through 12, where-
in said heartrhythm disorder is selected from a group
consisting of supraventricular tachycardia, su-
praventricular bradycardia, ventricular bradycardia,
atrial fibrillation, atrial flutter, atrial tachycardia, ven-
tricular tachycardia, ventricular fibrillation or a com-
bination thereof.

The system of any one of claims 2 through 13, further
comprising a database where data associated with
said activation trail is stored.

The system of any one of claims 2 through 13, where-
in the processor is further configured to augment or
modify the activation trail based upon comparisons
with similar patterns stored in a database.

The system of any one of claims 1 to 15, wherein
the system comprises:

a sensor apparatus to sense biological activa-
tion signals at multiple locations;

and

a processor interfacing with said sensor appa-
ratus, wherein the processor is configured to
perform any one of claims 1 to 15 for the biolog-
ical activation signals.

The system of any one of claims 1 to 15, wherein
the processor is further configured to diagnose said
one or more causes of a heart rhythm disorder.

Patentanspriiche

1.

System zum Feststellen einer oder mehrerer Ursa-
chen einer Herzrhythmusstérung, wobei das System
mehrere Sensoren an mehreren Orten zum Wahr-
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nehmen von Herzaktivierungssignalen; einen Pro-
zessor, der an die mehreren Sensoren angeschlos-
sen ist, umfasst, wobei der Prozessor konfiguriert
ist, um von den mehreren Sensoren Daten zu erfas-
sen, die einen Sensorortjedes Sensors und eine Ak-
tivierungsbeginnungszeit jedes Herzaktivierungssi-
gnals an jedem Sensorort umfassen, derart, dass
mehrere Aktivierungsbeginnungszeiten an mehre-
ren Sensororten aufgefangen werden, dadurch ge-
kennzeichnet, dass der Prozessor ferner konfigu-
riert ist um:

sequenziell die mehreren Aktivierungsbegin-
nungszeiten an den mehreren Sensororten zu
ordnen, um einen Aktivierungsweg zu schaffen,
wobei der Aktivierungsweg ein erkennbares Si-
gnaturmuster fir die Stérung schafft und sowohl
den Ort als auch den Typ der Ursache der St6-
rung anzeigt; und

mindestens eine ungefahre Kernregion mit Be-
zug auf den Aktivierungsweg zu bestimmen und
den Typ der Ursache der Stérung anzuzeigen,
wobei ein erkennbares Signaturmuster, das um
die mindestens eine ungefdhre Kernregion ro-
tiert, auf einen Rotor hinweist, wobei ein erkenn-
bares Signaturmuster, das radial aus der min-
destens einen ungeféhren Kernregion ausgeht,
auf eine Fokalquelle hinweist und wobei ein er-
kennbares Signaturmuster, das ein verstreutes
Muster ist, auf keine lokalisierte Quelle und eine
Notwendigkeit fir weitere Datenerfassung und
Analyse hinweist.

System nach Anspruch 1, wobei der Prozessor fer-
ner konfiguriert ist, um eine oder mehrere der Ursa-
chen als auf eine primare Ursache der Herzrhyth-
musstérungen hinweisend auszuwahlen.

System nach Anspruch 1, wobei die Abfolge der
mehreren Aktivierungsbeginnungszeiten auf der Ba-
sis ihrer relativen Aktivierungsbeginnungszeiten ein-
gerichtet ist.

System nach einem der Anspriiche 1 bis 3, wobei
der Prozessor ferner konfiguriert ist, um die Abfolge
der Aktivierungsbeginnungszeiten an jedem Sen-
sorort visuell zu verbildlichen, um den Aktivierungs-
weg, der auf eine Ursache der Herzrhythmusstérun-
gen hinweist, auf einer Anzeigevorrichtung anzuzei-
gen.

System nach Anspruch 4, wobei das Rotationsmus-
ter oder das radial ausgehende Muster visuell auf
der Anzeigevorrichtung angezeigt wird.

System nach Anspruch 1, wobeidie ungefahre Kern-
region ein Rotor ist.
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System nach einem der Anspriiche 2 bis 6, wobei
das Rotationsmuster oder das radial ausgehende
Muster wiederholt wird.

System nach einem der Anspriiche 4 bis 7, wobei
die ungefahre Kernregion eine fokale Aktivierung ist.

System nach einem der Anspriiche 1 bis 8, wobei
der Prozessor konfiguriert ist um Signalgerausch zu
filtrieren.

System nach einem der Anspriiche 1 bis 9, wobei
mindestens eine Aktivierungsbeginnungszeit und ih-
re entsprechende Verschiebungszeit eine Aktivie-
rungszeitdauer umfasst.

System nach Anspruch 10, wobei die Aktivierungs-
zeitdauer ferner ein diastolisches Intervall enthalt.

System nach Anspruch 2, wobei die Wahl der einen
oder mehreren Ursachen auf Kriterien basiert, aus-
gewahltaus der Gruppe bestehend aus einer Anzahl
von Aktivierungswegwiederholungen, der Rate der
Aktivierungswegwiederholungen, der Anzahl lokali-
sierter Ursachen, dem Volumen an Gewebe, das in-
nerhalb des Aktivierungswegs enthalten ist, ob die
Ursache lokalisiert oder zerstreut ist, dem Ort der
Ursache innerhalb des Herzens und Kombinationen
davon.

System nach einem der Anspriiche 1 bis 12, wobei
die Herzrhythmusstérung aus einer Gruppe ausge-
wahlt wird bestehend aus supraventrikularer Tachy-
kardie, supraventrikularer Bradykardie, ventrikularer
Bradykardie, arterieller Fibrillation, arteriellem Flat-
tern, arterieller Tachykardie, ventrikularer Tachykar-
die, ventrikularer Fibrillation oder einer Kombination
davon.

System nach einem der Anspriiche 2 bis 13, ferner
eine Datenbank umfassend, wo Daten, die mit dem
Aktivierungsweg verbunden sind, gespeichert wer-
den.

System nach einem der Anspriiche 2 bis 13, wobei
der Prozessor ferner konfiguriert ist, um den Aktivie-
rungsweg auf der Basis von Vergleichen mit ahnli-
chen in einer Datenbank gespeicherten Mustern zu
erweitern oder zu modifizieren.

System nach einem der Anspriiche 1 bis 15, wobei
das System Folgendes umfasst:

eine Sensorvorrichtung zum Wahrnehmen bio-
logischer Aktivierungssignale an mehreren Or-
ten; und

einen Prozessor, der an die Sensorvorrichtung
angeschlossen ist, wobei der Prozessor konfi-
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guriert ist, um irgendeinen der Anspriiche 1 bis
15 fir die biologischen Aktivierungssignale aus-
zuflhren.

17. System nach einem der Anspriche 1 bis 15, wobei

der Prozessorferner konfiguriertist, umdie eine oder
mehreren Ursachen der Herzrhythmusstérung zu di-
agnostizieren.

Revendications

Systéme permettant de détecter une ou plusieurs
causes d’un trouble du rythme cardiaque, le systéeme
comprenant une pluralité de capteurs au niveau
d’emplacements multiples afin de détecter des si-
gnaux d’activation cardiaque ; un processeur éta-
blissant une interface avec la pluralité de capteurs,
le processeur étant congu pour collecter a partir de
la pluralité de capteurs des données comprenant un
emplacement de capteur de chaque capteur et un
temps de début d’activation de chaque signal d’ac-
tivation cardiaque au niveau de chaque emplace-
ment de capteur de sorte qu’une pluralité de temps
de début d’activation au niveau d’une pluralité d’em-
placements de capteur soit collectée, caractérisé
en ce que le processeur est en outre congu pour :

classer successivement la pluralité de temps de
débutd’activation au niveau de la pluralité d’em-
placements de capteur afin de créer un tracé
d’activation, le tracé d’activation créant un motif
de signature discernable pour le trouble et indi-
quant a la fois I'emplacement et le type de la
cause du trouble ; et

déterminer au moins une région centrale ap-
proximative en relation avec le tracé d’'activa-
tion, et indiquer le type de la cause du trouble,
un motif de signature discernable qui tourne
autour de 'au moins une région centrale ap-
proximative indiquant un rotor, un motif de si-
gnature discernable qui émane dans le sens ra-
dial de I'au moins une région centrale approxi-
mative indiquant une source focale, et un motif
de signature discernable qui est un motif disper-
sé indiquant 'absence de source localisée et le
besoin d’une collecte et d’'une analyse supplé-
mentaires de données.

Systéme selon la revendication 1, dans lequel le pro-
cesseur est en outre congu pour sélectionner une
ou plusieurs desdites causes comme indiquant une
cause principale dudit trouble du rythme cardiaque.

Systéme selon la revendication 1, dans lequel la sé-
quence de la pluralité de temps de début d’activation
estagencée surlabase de leur temps de débutd’ac-
tivation relatif.
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Systeme selon I'une quelconque des revendications
1 a 3, dans lequel le processeur est en outre congu
pour illustrer visuellement les séquences des temps
de début d’activation au niveau de chaque empla-
cement de capteur afin d’afficher le tracé d’activation
indiquant une cause dudit trouble du rythme cardia-
que sur un dispositif d’affichage.

Systeme selon la revendication 4, dans lequel ledit
motif rotatif ou ledit motif émanant dans le sens radial
est affiché visuellement sur le dispositif d’affichage.

Systeme selon la revendication 1, dans lequel ladite
région centrale approximative est un rotor.

Systeme selon I'une quelconque des revendications
2 a 6, dans lequel ledit motif rotatif ou ledit motif
émanant dans le sens radial se répéte.

Systeme selon I'une quelconque des revendications
4 a7, dans lequel ladite région centrale approxima-
tive est une activation focale.

Systeme selon I'une quelconque des revendications
1 a 8, dans lequel ledit processeur est congu pour
filtrer le bruit de signal.

Systeme selon I'une quelconque des revendications
129, dans lequel au moins un temps de début d’ac-
tivation et son temps de fin correspondant compren-
nent une durée de temps d’activation.

Systeme selon la revendication 10, dans lequel la-
dite durée de temps d’activation comprend un inter-
valle diastolique.

Systeme selon la revendication 2, dans lequel ladite
sélection desdites une ou plusieurs desdites causes
se base sur des criteres choisis dans le groupe cons-
titué par le nombre de répétitions de tracés d’activa-
tion, la fréquence des répétitions des tracés d’acti-
vation, le nombre de causes localisées, le volume
de tissu contenu dans le tracé d’activation, la loca-
lisation ou la dispersion de la cause, 'emplacement
de la cause dans le coeur et des combinaisons de
Ceux-Ci.

Systeme selon I'une quelconque des revendications
1a12, dans lequel ledit trouble du rythme cardiaque
est choisi dans le groupe consistant en tachycardie
supraventriculaire, bradycardie supraventriculaire,
bradycardie ventriculaire, fibrillation auriculaire, flut-
ter auriculaire, tachycardie auriculaire, tachycardie
ventriculaire, fibrillation ventriculaire ou une combi-
naison de ceux-ci.

Systeme selon I'une quelconque des revendications
2 a 13, comprenant en outre une base de données
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ou sont mémorisées des données associées audit
tracé d’activation.

Systéme selon I'une quelconque des revendications
2 a 13, dans lequel le processeur est en outre congu
pour augmenter ou modifier le tracé d’activation lors
de comparaisons avec des motifs semblables mé-
morisés dans une base de données.

Systéme selon I'une quelconque des revendications
1 a 15, dans lequel le systéme comprend :

un appareil de détection permettant de détecter
des signaux d’activation biologique au niveau
de multiples emplacements ; et

un processeur établissant une interface avec le-
dit appareil de détection, le processeur étant
congu pour exécuter 'une quelconque des re-
vendications 1 a 15 pour les signaux d’activation
biologique.

Systéme selon I'une quelconque des revendications
1a 15, dans lequel le processeur est en outre congu
pour diagnostiquer lesdites une ou plusieurs causes
d’un trouble du rythme cardiaque.
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