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(57) Abstract: A monitoring system for ablation of cardiac tissue in the close proximity of the AV node of the heart, characterized in
that it comprises : - At least one ablation catheter (12) powered by a power source (16); - At least one electrode (13) acquiring an in -
tracardiac electrograms (IEGM), called IEGM electrode; - At least one set of electrodes (14) acquiring a surface electrocardiogram
(ECQ), called ECG electrodes; - At least one calculator (15, 17, 25) and a memory for measuring in real time signals acquired from
the IEGM electrode and the ECG electrodes, treating both signals (IEGM, ECG) for automatically generating at least one stop com-
mand (Sc) when detecting at least one given arrhythmia event, the at least generated stop command (Sc) controlling the power
source (16) of the ablation catheter (12) in order to automatically cut-out ablation catheter energy.
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SYSTEM FOR AUTOMATED RHYTHM-BASED CONTROL OF CARDIAC
ABLATION CLOSE TO THE ATRIOVENTRICULAR NODE

Technical field

The present invention relates to the field of catheter ablation of cardiac
arrhythmia, and specifically enables safer ablation close to the atrioventricular node
via automated cut-out of ablation in response to markers of risk for heart block.

Background technology

Cardiac arrhythmia occurs when the normal co-ordinated electrical
rhythm of the heart is lost. A patient with cardiac arrhythmia may experience
palpitations, fatigue, light-headedness, or, in extreme cases, loss of consciousness
and death. Many cardiac arrhythmia are amenable to treatment with catheter based
ablation. These procedures are typically performed with catheters inserted inside the
heart via the femoral veins as represented in figure 1. Ablation energy, typically in
the form of radiofrequency RF alternating current, or freezing (cryoablation), is
delivered through an ‘ablation catheter’ 12 via a power source 16, and is used to
permanently disrupt/extinguish (ablate) areas of cardiac tissue that are critical to the
maintenance of the specific arrhythmia. Ablation catheters are designed to direct
ablation energy to the tissue in a focal manner, via conducting tips usually between
4 and 8mm in length and ~2.5mm diameter. The ablation catheter is able to be
flexed and rotated to reach all regions of the heart. The power source or generator
unit 16 is capable of generating the ablation energy. In the case of RF ablation,
current flows from the catheter tip to a return patch electrode on the body surface,
causing localised tissue heating and cellular necrosis (death) around the catheter
tip. In the case of cryoablation, the catheter tip is cooled initially to ~-30°C to assess
effect, and then cooled further to ~-50°C to -70°C to cause permanent cellular
necrosis and tissue disruption. Catheter ablation is an increasingly common
procedure, with an estimated 472 procedures performed per million population in
France in 2012, and frequently provides a cure to patients with arrhythmia.

In the normal heart, cardiac cells (myocytes) hold negative charge when
at rest. During normal function, each heart beat is preceded by a change in cellular
charge, so that cells become positively charged (‘depolarised’). This process of
depolarisation (or ‘activation’) travels through cardiac tissue as a self-sustaining
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electrical impulse, travelling as a wavefront, at speeds of 30-100 cm/s, and triggers
the heart muscle to contract.

Figure 2A shows a schematic of the heart cut-open to reveal the inside
of the right atrium 37 and right ventricle 38 (cut surfaces shown in grey). The right
atrium and right ventricle are separated by the tricuspid valve 34.

AV node

Figure 2A demonstrates the essential components of the electrical
function of the heart. The electrical impulse originates in the sinoatrial node 35 (the
pacemaker) located in the right atrium and propagates, as shown in figure 2B,
through the atria to reach the atrioventricular node. The atrioventricular node is
called the “AV node”. In the normal case, the AV node is the sole electrical
connection between the atria (upper chambers of the heart) and ventricles (lower
chambers of the heart), and conducts the impulse to the ventricles. The AV node
acts as a temporal filter, limiting the rate at which the ventricles can be electrically
stimulated, which protects the ventricles against excessively fast atrial rhythms. As
the sole connection between atria and ventricles in the normal heart, the AV node
allows co-ordination of atrial and ventricular contraction.

Atrial side : Slow pathway, fast pathway

On the atrial side, the AV node has a diffuse structure into which the
electrical impulse enters. This structure consists of limbs that display varying
conduction speeds. These limbs are commonly known as the fast pathway 32 and
slow pathway (33), as shown in figure 2A. However there may be more or less than
two physiologically distinct limbs, and the limbs represent functional rather than
anatomically defined inputs.

Ventricular side : His bundle, Purkinje fibre branches

On the ventricular side, the conducting limbs of the AV node coalesce to
form a more discrete structure, known as the compact AV node 31, which funnels
the propagating impulse to a cable-like structure known as the “His bundle” 30 which
directs depolarisation to the ventricles, via the Purkinje fibre branches 41. Both the
His bundle 30 and Purkinje fibres 41 support a high conduction velocity, enabling
rapid propagation of the electrical impulse towards and throughout the ventricular
tissue.
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IEGM electrodes

The process of cardiac tissue depolarisation gives rise to electrical
potential that can be recorded on electrodes placed inside the heart as so-called
‘intracardiac electrograms (IEGMs)’. Such electrodes may be embedded into
catheters placed into either the atria, coronary sinus, or ventricles. Electrograms
recorded inside the heart are typically of 1-10 milliVolts (mV) in amplitude.

ECG electrodes

Cardiac tissue depolarisation also gives rise to electrical potential on the
body surface, which is recorded on the surface electrocardiogram called ECG and
shown in figure 2C. Atrial tissue depolarisation causes a small voltage signal known
as the p wave 44, whereas ventricular tissue depolarisation leads to generation of a
larger electrical potential on the body surface, known as the QRS complex 45, which
is usually 1-5 mV in amplitude.

Measurement of the A-V interval

When ventricular depolarisation occurs via impulse propagation through
the rapidly conducting fibres of the His bundle 30 and Purkinje branches 41, the
QRS complex is of narrow morphology, meaning typically < 120ms in width.

Conversely, when ventricular depolarisation arises from an abnormal
focus within the ventricular tissue itself, the QRS complex becomes widened,
specifically > 120ms. The interval between onset of the p wave and onset of the
QRS complex is known as the PR interval 46, and indicates the time taken for the
electrical impulse to traverse between atria and ventricle.

Alternatively, the PR interval can be assessed in surrogate fashion by
the interval between atrial and ventricular intracardiac electrogram recordings
(described as the A-V interval).

Accessory pathway

In < 1% of humans, an abnormal connection termed ‘accessory pathway’
50, shown in figure 3A, is present between the atria and ventricles. In that case, the
electrical impulse is able to travel from atria to ventricles not only via the AV node,
but also via the accessory pathway. The presence of an accessory pathway may
alter the morphology of the normal QRS complex 45, making it wider and with a
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slurred upstroke. Figure 3B depicts such a QRS complex, referred to as a ‘pre-
excited’ QRS. In addition, the normal PR interval 46 may be shorted to become <
120ms as represented in figure 3B. Individuals with a pre-excited QRS are said to
have the Wolff-Parkinson-White syndrome, and in rare cases are prone to sudden
cardiac death, due to loss of the temporal filtering properties of AV node conduction.

Arrhythmia / AVNRT & AVRT

In normal (‘sinus’) heart rhythm, activation of the heart proceeds in
ordered fashion from the atria to the ventricles as shown in figure 2B and 3A.
Arrhythmia occurs when there is disturbance of the normal sequence of spread of
electrical impulse. Often, arrhythmia is caused by ‘re-entry’, where impulse
propagation re-enters previously depolarised (activated) tissue in a circular fashion,
causing repeditive and rapid activation of tissue, which leads to sudden elevation of
heart rate. For re-entry to occur, a circuit of cardiac tissue is required, typically
around an anatomical or functional obstacle, through which the impulse wave is
unable to propagate. This circuit can be formed by the two limbs of the AV node, in
which case the arrhythmia is termed atrioventricular nodal re-entrant tachycardia
called AVNRT and shown in figure 4A. Because these limbs have different
functional (electrical) properties, they are apt to sustain re-entry in susceptible
persons. Alternatively, in persons with the Wolff-Parkinson-White syndrome, the re-
entrant circuit may be formed by the AV node and an accessory pathway, in which
case the arrhythmia is termed atrioventricular reciprocating tachycardia called AVRT
and shown in figure 4B.

Ablation for AVNRT / Slow pathway

Ablation for AVNRT is typically performed over the slow pathway of the
AV node 33 to disrupt or modify the slow pathway to an extent that re-entrant
impulse propagation is no longer possible.

Figure 5 depicts ablation over the slow pathway 33 using an ablation
catheter 12, with an additional diagnostic catheter 13 placed in the position of the
high right atrium.

Ablation for AVRT / Accessory pathway
Ablation for AVRT is typically performed over the accessory pathway 50,
which may lie anywhere along the valve planes that separate the atria and
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ventricles. In some cases, the accessory pathway 50 may be close, or adjacent, to
the AV node, lying on the inter-atrial septum, as demonstrated in FIG. 3A. In these
cases it is described as being located in mid- or antero- septal location. Ablation of a
mid- or antero- septal accessory pathway may be undertaken for the purposes of
cure of AVRT, or for the prevention of sudden cardiac death in individuals with the
Wolff-Parkinson-White (WPW) syndrome.

Long-term cure rates of AVNRT with a single ablation procedure are
~95%. Ablation of mid- or antero- septal APs is successful in approximately 80% of
cases with a single procedure.

Ablation procedure : Two catheters needed

Catheter ablation is generally performed following a diagnostic
electrophysiology study, in which the mechanism of arrhythmia is determined. Such
diagnostic study requires a minimum of two catheters, one of which may be the
ablation catheter 12.

One catheter is placed in the right atrium or coronary sinus to record an
atrial intra-cardiac electrogram A IEGM. Another catheter is placed alternately
between the region of the His bundle to record a His electrogram, and the right
ventricular apex to record a ventricular intra-cardiac electrogram V IEGM. Additional
catheters may also be placed according to operator preference to allow the
simultaneous recording of IEGMs in more locations.

During the diagnostic study, the heart rhythm is manipulated (stimulated)
by pacing protocols in ways that define the arrhythmia mechanism. In general,
programmed stimulation is required from both the atria and the ventricles in order to
define the mechanism of arrhythmia. During ablation of AVNRT, AVRT, or a septal
accessory pathway, a minimum of two catheters is generally required, one being the
ablation catheter, and the other being the catheter recording an atrial intra-cardiac
electrogram. The atrial intra-cardiac electrogram is required primarily because atrial
electrical activity is not always well seen on the body surface ECG, due to atrial
activity being of smaller amplitude compared to ventricular activity. At times, it is
also necessary to perform atrial pacing during ablation.

Risks of the ablation procedure
Catheter ablation of arrhythmia is generally a well-tolerated procedure.,
however, carries a degree of risk. Specifically, ablation of either AVNRT, or a mid- or
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antero- septal accessory pathway, risks damage to the compact AV node or His
bundle due to the proximity of the ablation catheter to these structures as shown in
figure 5.

AV block

Damage to the compact AV node or His bundle can cause heart block to
occur, hereafter referred to as ‘AV block’. AV block describes a condition where
conduction of electrical impulses between the atria and ventricles is limited or
completely extinguished. Heart block leads to a loss of co-ordination between the
atria and the ventricles, and can lead to a lowering of ventricular heart rate, loss of
blood pressure, loss of consciousness, or even death.

Pacemaker

Where damage to the compact AV node or His bundle causes
permanent AV block, implantation of a permanent pacemaker is usually required to
restore atrial and ventricular synchrony. Permanent pacemakers carry significant
morbidity due to the necessity of further surgery for generator changes every 5to 12
years, and the possibilities of generator or lead failure, infection requiring removal,
and detrimental long-term effects of pacing on ventricular function. It is therefore
highly desirable to minimise the risk of AV block when performing ablation close to
the AV node. Currently, as many as 26% of cardiac ablation procedures are for
AVNRT. With current ablation equipment and techniques, the complication of AV
block and pacemaker insertion occurs in between 1:130-1:450 cases.

Ablation for mid- or antero- septal AP comprises < 5% of all ablation
procedures, however, the risk of AV block is higher than for AVNRT, and is
estimated at about 2-5%.

Ablation of AVNRT or AVRT is generally performed during normal
(sinus) heart rhythm, however may be performed during tachy-arrhythmia.

Cardiac rhythm

During ablation, heart rhythm may be expected to fluctuate between
sinus rhythm as shown in figure 6A, junctional rhythm as shown in figure 6B, or
ventricular ectopic rhythm as shown in figure 6C.

In sinus rhythm, if AV node function is normal, each atrial depolarisation,
as seen on the atrial intracardiac electrogram A IEGM, should be followed within



10

15

20

25

30

35

WO 2016/177804 PCT/EP2016/060046

~250ms by a ventricular depolarisation, as seen either on a ventricular intracardiac
electrogram V IEGM, or, on the surface ECG as a QRS complex, as shown in figure
BA.

Junctional rhythm is caused by heating to the slow pathway 33 and
compact AV node 31 and/or His bundle 30, and describes a concentrically
propagating wavefront emanating from the AV node or His bundle and causing near
simultaneous atrial and ventricular activation, such that atrial depolarisation and
ventricular depolarisation occur within ~130ms of each other.

In both sinus and junctional rhythms, activation of the ventricles is via
the His bundle 30 and Purkinje fibres 41, and accordingly the QRS complex on the
ECG is of narrow type as shown in figures 6A and 6B, excluding conditions of
disease to the Purkinje fibres.

Ventricular ectopic rhythm describes activation commencing in the
ventricular tissue, with retrograde AV nodal conduction to the atria, as illustrated in
figure 6C, such that each atrial depolarisation should lag ventricular depolarisation
by no more than ~ 250ms. Ventricular ectopic rhythm can occur spontaneously, or
be induced by the presence of a catheter in the ventricle, in which case it is caused
by the mechanical action of the catheter against the ventricular wall. In the case of
ventricular ectopic rhythm, activation of the ventricles is not via the His and Purkinje
fibres, and accordingly the QRS complex of the ECG is widened and of different
morphology to normal as shown in figure 6C. The timing limits of 130ms and 250ms
described here are a guide, and may differ based on exact location of intracardiac
catheters or placement of ECG leads, and the heart rate and physiology of the
individual patient. Nonetheless, absolute timings prove a reliable method of
determining abnormal electrical impulse conduction in the AV node.

Indicators of AV block

AV block caused by ablation is often heralded by changes in the
expected cardiac rhythms described above. There may be transient loss of atrio-
ventricular association, such that each atrial depolarisation is not followed by a
ventricular depolarisation, or vice versa, or the time limits for atrial or ventricular
depolarisation outlined above are exceeded. In other cases, excessively rapid
junctional rhythm (>130 beats per minute) may indicate impending AV block. In yet
other cases, a prolongation of the normal PR interval 46 may indicate imminent AV
block.
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AV block may also be heralded by sudden displacement of the ablation
catheter tip away from the desired location of ablation, towards the compact AV
node 31 and/or His bundle 30. Such displacement can be detected radiographically
by continuous low-intensity x-ray (fluoroscopy) of the catheter, or, via the monitoring
of catheter tip location with 3-dimensional mapping systems 19 which typically use
impedence and/or magnetic tracking methods to localise the catheter tip.

Manual termination of ablation

Currently, the risk of AV block is minimised by close attention of the
operator (and ancillary staff) to cardiac rhythm and ablation catheter location during
ablation, with manual termination of ablation energy, commonly by use of a foot
pedal 20, where risk markers of heart block are identified. There is, therefore, a
human visual feedback loop 22, as illustrated in figure 1, between cardiac rhythm
and catheter location assessment, and manual control of the ablation generator.

However, visual monitoring of both cardiac rhythm and catheter location
during ablation are complex tasks, each task competing with the needs of the other.
In addition, human reaction times to changes of cardiac rhythm are variable, often
exceed one second, and are frequently longer in trainees learning the art of cardiac
ablation. A system to facilitate more rapid and consistent termination of ablation
energy in response to indicators of AV block is therefore desirable.

Prior Art

The US patent No. 7,578,816 B2 (Boveja et al.) is directed toward
control of ablation in similar cardiac rhythms. The Boveja application mainly
discloses using automated monitoring of cardiac rhythm based exclusively on
intracardiac signals, acquired from within both an atrial chamber and a ventricular
chamber. This approach suffers several important limitations, which the present
invention seeks to address.

Firstly, this solution (Boveja application) requires placement of a third
catheter during ablation, namely a ventricular catheter. The use of an additional
catheter adds considerable cost to the procedure.

Secondly, presence of a ventricular catheter during ablation significantly
increases the burden of ventricular ectopic beats, termed here ventricular ectopic
rhythm, as shown in figure 6C. This is related to the mechanical action of the



10

15

20

25

30

35

WO 2016/177804 PCT/EP2016/060046

catheter on the ventricular tissue. Although ventricular ectopic rhythm can be
reduced by careful catheter placement, it cannot usually be completely eliminated.

Evidence of such increase in ventricular ectopic rhythm is shown in FIG.
8, which documents the percentage of ventricular ectopic rhythm observed during
215 routine ablations performed in 20 patients, with a ventricular catheter placed by
a clinician expert in the field of cardiac ablation, and during 196 ablations performed
in 20 patients without a ventricular catheter placed. In the former group, only 36% of
ablations were not complicated by ventricular ectopic rhythm, and the remaining
64% of ablations suffered from ventricular ectopic rhythm ranging from 0.1% to 20%
of all heart beats. In the latter group, 95% of ablations were not complicated by
ventricular ectopic rhythm, and only 5% of ablations suffered from ventricular ectopic
rhythm, of <2% of all heart beats.

Ventricular ectopic rhythm during ablation is undesirable because it may
limit the ability to discern the integrity of AV nodal conduction, and therefore
continue ablation in a safe manner. This is because if a ventricular ectopic beat
occurs in the period immediately following initiation of a sinus beat in the sinoatrial
node 35, the state of AV nodal conduction is indeterminate, meaning that it cannot
be determined if the electrical impulse was safely conducted by the AV node, or
indeed, if AV block had occurred. The phenomenon of ventricular ectopic rhythm
masking the integrity of AV nodal conduction is illustrated in FIG. 9A, and an
example of signals acquired from a patient during ablation demonstrating this
phenomenon is given in FIG. 9B.

Thirdly, reliance on ventricular intracardiac recordings for discerning
cardiac rhythm limits a device’s ability to distinguish various cardiac rhythms. For
example, such a device is unable to:

(i) differentiate :

» junctional rhythm with impaired (slowed) AV nodal conduction, ie.
atrial depolarisation lagging ventricular depolarisation by >
130ms, indicating impending heart block; as shown in figure 10A,
from :

» ventricular ectopic rhythm with normal AV nodal conduction, ie.
atrial depolarisation lagging ectopic ventricular depolarisation by
< 250ms, as shown in figure 10B.

It can be seen from figures 10A and 10B that the intracardiac signals do
not substantially differ in timing with each of these two rhythms.
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(ii) differentiate :

» sinus rhythm with normal AV nodal conduction, ie. atrial
depolarisation followed by a normal ventricular depolarisation
within 250ms, as illustrated in figure 11A, from :

= sinus rhythm with indeterminate AV nodal conduction due to
occurrence of a ventricular ectopic, ie. atrial depolarisation
followed by a ventricular ectopic depolarisation within 250ms, as
illustrated in figure 11B.

It can be seen from figures 11A and 11B that the intracardiac signals do
not substantially differ in timing with each of these two rhythms.

(iii) distinguish pre-excited ventricular activation, as shown in figures 3A
and 3B, from normal ventricular activation, as shown in figures 2B and 2C,
independent of the speed/integrity of AV nodal conduction. Such distinction is
important during the ablation of an accessory pathway.

Another important distinction is that the Boveja application is limited to
cut-out of ablation via placement of a control switch within the power supply line of
the ablation generator, or between the ground patch and the ablation generator unit,
or between the generator unit and the ablation catheter. These arrangements all
suffer from the requirement to manually reset the generator unit after a cut-out
condition has occurred. For example, in the Boveja application, figure 12 discloses
“reset ablation and interface apparatus”. Such manual reset is highly undesirable in
a clinical system designed for ablation, because cut-out conditions occur frequently,
on average twelve times per patient, and most operators prefer a seemless way of
recommencing ablation after checking the safety of catheter position, without the
requirement to reset equipment.

Yet another distinction is that the Boveja application does not address
the automated assessment of catheter tip location.

SUMMARY OF THE INVENTION
The invention concerns a monitoring system for ablation of cardiac
tissue in close proximity to the AV node of the heart. In another aspect the invention
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concerns a monitoring system for improving the safety of ablation in close proximity
to the AV.
The monitoring system of the invention comprises :
»= At least one ablation catheter powered by a power source (16);
= At least one electrode acquiring an intracardiac electrogram, called
IEGM electrode ;
= At least one set of electrodes acquiring a surface electrocardiogram,
called ECG electrodes ;
= At least one calculator and a memory for measuring in real time signals
acquired from the IEGM electrode and the ECG electrodes automatically
in order to generate at least one stop command (Sc) when a cardiac risk
indicator is generated by combining signals measured from the IEGM
electrode and the ECG electrodes, the generated stop command (Sc)
controlling the power source of the ablation catheter in order to
automatically cut-out ablation catheter energy.

In one embodiment of the invention, the monitoring system comprises at
least one calculator and a memory for measuring in real time a displacement of the
ablation catheter in order to automatically generate a stop command when detecting
a displacement of the ablation catheter exceeding a predefined limit.

In this application we describe such a system, which utilises
computational real-time analysis of cardiac rhythm and ablation catheter tip location
in order to automatically cut-out ablation, in a near-instantaneous fashion, when
markers of risk for AV block are detected.

The system of the invention is directed to improvement of the safety of
ablation when applied close to the AV node. A system is described in figure 7 that
allows real-time or near real-time monitoring of cardiac rhythm and assessment of
rhythm conditions that may herald development of AV block. The system also allows
real-time or near real-time analysis of ablation catheter tip displacements that may
risk AV block. The system allows automatic termination of ablation energy where
cardiac rhythm or displacement conditions are identified that indicate risk of AV
block, with faster reaction times and increased consistency compared to human
manual response.
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An advantage of the invention compared to Prior Art is to utilise analysis
of the body surface electrocardiogram ECG for determining ventricular
depolarisation, in place of a ventricular intra-cardiac electrogram. The system
employed incorporates both ECG QRS complex timing and morphology analysis.

In doing so, the system of the invention has the advantages of :

» one less catheter required during ablation because the ventricular

catheter is not required,

» less ventricular ectopic rhythm due to absence of mechanical action

of a ventricular catheter on the heart, and ;

» enhanced ability to discriminate cardiac rhythm. An outline of the

enhanced cardiac rhythm discrimination can be made by reference
to figures 10 and 11.

The surface ECG can be used to reliably distinguish the rhythms of
figures 10A and 10B based on analysis of QRS complex morphology. In the case of
junctional rhythm with impaired (slowed) AV nodal conduction, as shown in figure
10A, the QRS complex morphology is narrow, and ablation should be discontinued.
However, in the case of ventricular ectopic rhythm with normal AV nodal conduction
as shown in figure 10B, the QRS complex has a widened morphology, and it is safe
to continue ablation. Similarly, the surface ECG can be used to reliably distinguish
the rhythms of figures 11A and 11B based on analysis of QRS complex morphology.
In the case of sinus rhythm with normal AV nodal conduction, as represented in
figure 11A, the QRS complex morphology is narrow, and it is safe to continue
ablation. However, in the case of sinus rhythm with indeterminate AV nodal
conduction due to occurrence of a ventricular ectopic, see figure 11B, the QRS
complex morphology is widened, and it may not be safe to continue.

Another advantage of the invention compared to Prior Art is to offer an
ablation cut-out that mimics the manual release of a foot pedal connected to the
ablation generator. The foot pedal is used to manually initiate and terminate delivery
of ablation energy, and in addition, computer controlled cut-out of ablation delivery
simulates release of the foot pedal. In this way, resumption of ablation following an
automated cut-out condition can be made in seamless fashion, by merely releasing
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and depressing the foot pedal again, without the need to perform a manual reset of
the ablation generator or any other equipment.

Advantageously, the monitoring system may be achieved by the
integration of a calculator or a set of calculators into one or more of an
electrophysiology (EP) recording system (17), an electrophysiology (EP) mapping
system (19), a Pacing/Stimulation Unit (18), a junction box (15), an ablation
generator (16) or into a stand-alone Rhythm Monitoring Device (25).

Advantageously, the monitoring system may be achieved by the
integration of a memory or a set of memories into one or more of an
electrophysiology (EP) recording system (17), an electrophysiology (EP) mapping
system (19), a Pacing/Stimulation Unit (18), a junction box (15), an ablation
generator (16) or into a stand-alone Rhythm Monitoring Device (25).

In one aspect of the invention, the calculator comprises a signal timing
function in order to derive timing of atrial and ventricular depolarisation, the atrial
depolarisation being measured by the IEGM electrode, and the ventricular
depolarisation being measured by the ECG electrodes.

In one embodiment, the signal timing function incorporates a voting
function allowing the determination of signal timing when more than one IEGM or
more than one ECG signal is available to characterise depolarisation timing. One
advantage is to avoid false detections of signal timing.

In one embodiment, the monitoring system comprises only one catheter
which comprises at least one electrode allowing the acquisition of an intracardiac
electrogram, as the IEGM electrode.

In one embodiment, the signal timing function compares the delay
between atrial and ventricular depolarisations to a minimum predefined threshold of
time and/or a maximum predefined threshold of time. The signal timing function is
configured for generating a cardiac risk indicator when said measured delay
exceeds at least one of the predefined thresholds.
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In one embodiment, the calculator comprises a QRS complex signal
morphology function in order to determine the nature of the ventricular
depolarisation as being via the His bundle and Purkinje fibre branches , or, via a
ventricular ectopic, or, via an accessory pathway.

In one embodiment, the signal morphology function compares an
acquired QRS complex signal with one or more template QRS complexes stored in
a memory, the comparison being processed using an auto-correlation function or a
cross-correlation function.

In one embodiment, the signal morphology function is configured to
compute the QRS complex width and/or to determinate deflection sequence of the
complex QRS signal.

In one embodiment, the signal morphology function incorporates a
voting function allowing the determination of signal morphology when more than one
ECG signal is available to characterise depolarisation morphology. One advantage
is to avoid false detections of signal morphology.

In one embodiment, the calculator is configured to characterise the real
time or near real time cardiac rhythm given return values of the signal timing
function and/or a return value of the signal morphology function. One advantage is
to accurately define cardiac rhythm and detect rhythms which indicate a risk of AV
block, allowing the automatic cut-out of ablation power.

In one embodiment, the cardiac risk indicator is a probability of AV block

occurrence, said probability being characterised by at least one occurrence of :

= an atrio-ventricular interval prolongation ;

= a ventriculo-atrial interval prolongation ;

= an atrio-ventricular dissociation ;

= a ventriculo-atrial dissociation ;

» a fast junctional rhythm ;

= a PR interval prolongation ;

» a consecutive atrial depolarisations ;

» a consecutive ventricular depolarisations, or ;

» an indeterminate atrio-ventricular nodal conduction.
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In one embodiment, the memory allows storage of data acquired by the
electrodes, storage of QRS complex templates for the purpose of morphology
analysis, and storage of predefined parameters such as the cardiac rhythms and
ablation catheter tip displacements deemed to indicate risk of AV block.

In one embodiment, the calculator comprises a mapping function
allowing the real-time or near real-time automatic tracking of the location of the tip of
the ablation catheter, said location of the tip being determined in three-dimensions
by an EP mapping system (19), and/or being determined by low dose x-ray
(fluoroscopy). One advantage is to allow automatic cut-out of the ablation catheter
power supply (16) in response to a sudden displacement of the catheter tip away
from the desired or initial location of ablation.

In one embodiment, the calculator is configured to account for the type
of ablation procedure, being one of AVNRT, AVRT, or accessory pathway (50)
ablation. One advantage is to allow tolerance of different cardiac rhythms or the
setting of different AV node conduction time limits depending on the type of ablation
being performed.

In one embodiment, the calculator comprises a signal amplification
function, a filtering function, an analog to digital conversion function, and
computational analysis functions of signal timing and signal morphology. One
advantage is elimination of noise from the IEGM and ECG signals, and conversion
of signals to digital format thereby allowing digital processing by the signal timing
and morphology functions.

In one embodiment, the monitoring system comprises a foot pedal (20)
for manually switching off the power source (16) of the ablation catheter (12) via foot
pedal release, and a switch unit (26) for automatically switching off the power source
(16) in a fashion that mimics manual release of the foot pedal.

In one embodiment, the switch unit comprises :
» a first interface with the calculator allowing the transmission of the
stop command to the power source and ;
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= a second interface with the foot pedal allowing the transmission of the
state of the foot pedal to the power source.

= A third interface with the foot pedal allowing the transmission of the
state of the foot pedal to the calculator

In one embodiment, the monitoring system comprises a user interface
allowing the selection of :

= 2 first set of parameters as inputs to the signal timing function,
and/or ;

= a second set of parameters as inputs to the signal morphology
function, and/or ;

» a third set of parameters for processing the location of the
ablation catheter tip, and/or ;

» a fourth set of parameters for defining the cardiac rhythms of risk
which will trigger cut-out of ablation, and/or ;

= a fifth set of parameters for defining the ablation catheter
displacement limit which will trigger cut-out of ablation.

One advantage is to account for a specific patient's physiology, such
that tolerance to various cardiac rhythms and/or atrio-ventricular conduction delays
can be incorporated to avoid false positive cut-outs of ablation energy. Yet a further
advantage is to allow for operators of various experience level, ranging from novice
operators for whom cut-out parameters will be stringently set, to experienced
operators for whom some cut-out parameters may be relaxed.

In one embodiment, the monitoring system comprises a screen
displaying pulse markers in real time, the pulse markers corresponding to a onset or
a peak of each electrophysiology recording acquired by the IEGM electrode and the
ECM electrodes. One advantage is to allow an operator a visual check of monitoring
system integrity.

In one embodiment, the monitoring system comprises a pacing unit that
provides current pulses at programmed rates and patterns for stimulating the heart ;



10

15

20

25

30

35

WO 2016/177804 PCT/EP2016/060046

-17 -

In one embodiment, the monitoring system comprises a junction box that
provides a common interface gathering the connections of ECG electrodes and
IEGM electrode and delivers the acquired signals to the calculator.

Another object of the invention concerns a monitoring method achieving
automatically the functions supported by the calculator of the system of the
invention.

In one embodiment, the monitoring method increases safety of cardiac
ablation when applied in close proximity to the AV node, by automated cut-out of
ablation energy in response to cardiac rhythm related markers of risk for heart block,
comprises the steps of:

= Monitoring in real time or near real time, one or more atrial intracardiac
signals and the body surface electrocardiogram signals of a patient,
wherein said monitoring comprises the steps of signal amplification,
filtering, analog to digital conversion, and computational analysis of
signal timing and morphology.

= Detecting in real time or near real time, an event that may herald
imminent heart block, wherein said event is a condition tailored to the
location of ablation and arrhythmia type being ablated, and said event
may be one of atrio-ventricular dissociation, ventriculo-atrial dissociation,
fast junctional rhythm, any junctional rhythm, atrio-ventricular interval
prolongation, PR interval prolongation, consecutive atrial depolarisations,
consecutive ventricular depolarisations, or indeterminate atrio-ventricular
nodal conduction;

= Automatically stopping energy delivery of said ablation based upon said
markers of risk.

In one embodiment, computational analysis of signal timing comprises
methods of determining onset or peak of electrogram depolarisation deflection, and
electrocardiogram QRS complex.

In one embodiment, computational analysis of signal morphology
comprises methods of determining the extent of electrocardiogram QRS complex
match to a template QRS complex signal, and methods of determining
electrocardiogram QRS complex width and sequence of deflections.
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In one embodiment, computational analysis can be written using
development tools and graphical programming applications or languages such as
LAB WINDOWS®/CVI, LABVIEW®, MICROSOFT VISUAL BASIC®, MICROSOFT
VISUAL C++®, or functionally equivalent software

In one embodiment, stopping energy delivery of said ablation is via a
method that mimics the manual release of an ablation generator foot pedal and
therefore does not require manual resetting of equipment, wherein such a method
may be placement of a switch mechanism between a foot pedal and the ablation
generator unit, or, integration of a switch mechanism into the circuitry of an ablation
generator.

In one embodiment, the results of computational analysis of signal timing
are displayed in real-time or near real-time, in the form of pulse markers, on an
electrophysiology recording system monitor, to allow a visual check of said
computational analysis integrity.

In one embodiment, the method may be incorporated into or combined
with or embedded with an ablation generator.

In one embodiment, the method may be incorporated into or combined
with or embedded with an electrophysiology recording system.

In one embodiment, the method may be incorporated into or combined
with or embedded with an electrophysiology mapping system.

In one embodiment, ablation is performed for atrio-ventricular nodal re-
entrant tachycardia (AVNRT), or for mid-septal or antero-septal accessory pathway
ablation.

In one embodiment, ablation is one of: radiofrequency (RF) ablation,
cryoablation, high intensity focused ultrasound (HIFU) ablation, or microwave
ablation.

In one embodiment, atrio-ventricular dissociation refers to an atrial
depolarisation without a corresponding ventricular depolarisation within a given time
limit.

In one embodiment, ventriculo-atrial dissociation refers to a ventricular
depolarisation without a corresponding atrial depolarisation within a given time limit.
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In one embodiment, a user interface is provided to the operator or

ancillary staff in order to alter settings and parameters which trigger said automatic

stopping of energy delivery, based on the type and location of ablation being

performed, the nature of the patient’s physiology, and operator personal preference.

BRIEF DESCRIPTION OF THE DRAWINGS
For the purpose of illustrating the invention, there are shown in

accompanying drawings, forms which are presently preferred, it being understood

that the invention is not intended to be limited to the precise arrangement and

intrumentalities shown.

FIG. 1 depicts the general set-up and equipment of the state of the art
currently used in a standard cardiac ablation procedure. The “EP”
acronym refers to “electrophysiology”.

FIG. 2A shows the cardiac anatomy with cut-away surface (shaded in
grey) to show the right atrium and right ventricle, being separated by the
tricuspid valve. The AV node consists of fast and slow pathway inputs,
the compact AV node, and bundle of His. The “IVC” acronym refers to
the “Inferior Vena Cava, and the “SVC” acronym refers to the “Superior
Vena Cava’.

FIG. 2B depicts activation of the heart during normal sinus rhythm, with
spread of electrical activation commencing in the sinoatrial node and
spreading through the right atrium, and to the right ventricle via the AV
node.

FIG. 2C shows a typical body surface electrocardiogram recording,
known as “ECG”. Atrial depolarisation gives rise to a small deflection
known as the ‘p’ wave 44, whereas ventricular depolarisation gives rise
to a much larger amplitude deflection known as the QRS complex 45.
The interval between onset of the p wave and QRS complex is known as
the PR interval 46, and in the normal heart is at least 120ms in duration.
FIG. 3A depicts activation sequence in the heart when a septal
accessory pathway is present that allows antegrade conduction from the
atria to the ventricles (so-called Wolff-Parkinson-White syndrome). The
electrical impulse is propagated from the atria to the ventricles over both
the AV node, and the accessory pathway.
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FIG. 3B shows a typical body surface electrocardiogram (ECG) recording
from a patient with Wolff-Parkinson-White syndrome, in which the PR
interval is shorter (< 120 ms) than normal, and the onset of the QRS
complex has a slurred morphology.

FIG. 4A depicts electrical impulse propagation within the heart during
atrio-ventricular nodal re-entrant tachycardia (AVNRT), with re-entrant
(circular) activation of the AV node leading to near simultaneous atrial
and ventricular activation.

FIG. 4B depicts electrical impulse propagation within the heart during
atrio-ventricular reciprocating tachycardia (AVRT) utilising a septal
accessory pathway, with re-entrant (circular) activation of the AV node
and accessory pathway sequentially.

FIG. 5 shows placement of an ablation catheter over the slow input to the
AV node for purposes of slow pathway ablation or modification in the
treatment of AVNRT. A diagnostic (recording) catheter is placed in the
high right atrium for purposes of recording an atrial intracardiac
electrogram.

FIG. 6A depicts sinus rhythm during ablation, with electrical impulse
propagation proceeding from the sinoatrial node, through the
atrioventricular (AV) node, to the ventricles. In the case of normal AV
node function, atrial intracardiac electrogram (A IEGM) should proceed
the QRS complex of the surface electrocardiogram (ECG) by no more
than approximately 250ms (nominal value).

FIG. 6B depicts junctional rhythm during ablation. Electrical activation of
the heart originates from the compact AV node or His bundle and
spreads outward to both atrial and ventricles simultaneously. In the case
of normal AV node function, atrial intracardiac electrogram (A IEGM)
should lag the QRS complex of the surface electrocardiogram (ECG) by
no more than 130ms (nominal value).

FIG. 6C depicts ventricular ectopic beat (rhythm) during ablation.
Electrical activation of the heart originates from the ventricular tissue and
spreads retrogradely through the AV node to the atria. In the case of
normal AV node function, atrial intracardiac electrogram (A IEGM) should
lag the QRS complex of the surface electrocardiogram (ECG) by no more
than 250ms (nominal value).
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FIG. 7 shows the current invention and its relationship to existing
equipment for the purposes of cardiac ablation. The current invention
includes a Rhythm Monitoring device 25, a user interface 27, and a
switch unit 26.

FIG. 8 shows data on the percentage of ventricular ectopic beats
(rhythm), as a function of whether an intracardiac catheter is placed
within the right ventricle or not. In 215 ablation episodes from 20 patients
in which a ventricular catheter was placed, 36% of ablations had no
ventricular ectopic rhythm, whereas 64% had ventricular ectopic rhythm
varying between 0.1 to 20% of all beats. In 196 ablation episodes from
20 patients in which a ventricular catheter was not used, ventricular
ectopic rhythm was much less, with 95% of ablations having no
ventricular ectopic rhythm.

FIG. 9A depicts the phenomenon of indeterminate AV nodal function,
due to a sinus beat being closely followed by a ventricular ectopic beat,
such that the integrity of AV nodal function cannot be determinated.

FIG. 9B gives an example of a sinus beat being closely followed by a
ventricular ectopic beat, which leads to inability to assess AV nodal
function (conduction) until the following beat.

FIG. 10A shows a junctional beat with slowed/damaged AV nodal
conduction of the electrical impulse to the atria, giving rise to the same
intracardiac electrograms as would a ventricular ectopic beat with normal
AV nodal conduction (FIG. 10B). The QRS complex on the surface ECG
is of narrow morphology and this allows differentiation of the two
rhythms.

FIG. 10B shows a ventricular ectopic beat with normal AV nodal
conduction of the electrical impulse to the atria, giving rise to the same
intracardiac  electrograms as would a junctional beat with
slowed/damaged AV nodal conduction (FIG. 10A). The QRS complex on
the surface ECG is of wide morphology and this allows differentiation of
the two rhythms.

FIG. 11A shows a sinus beat with normal AV nodal conduction of the
electrical impulse to the ventricles, giving rise to the same intracardiac
electrograms as would a sinus beat followed by a ventricular ectopic beat
(FIG. 11B) in which AV nodal conduction is indeterminate. The QRS
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complex on the surface ECG is of narrow morphology and this allows
differentiation of the two rhythms.

FIG. 11B shows a sinus beat followed by a ventricular ectopic beat (in
which AV nodal conduction is indeterminate), giving rise to the same
intracardiac electrograms as would a sinus beat with normal AV nodal
conduction. The QRS complex on the surface ECG is of wide
morphology and this allows differentiation of the two rhythms.

FIG. 12A shows an example of atrio-ventricular dissociation, in this case
an atrial (A) depolarisation which is not followed by a ventricular (V)
depolarisation within 250ms (A no V), causing cut-out of ablation energy.
A IEGM = atrial intra-cardiac electrogram; ECG = electrocardiogram

FIG. 12B shows an example of atrio-ventricular dissociation, in this case
a ventricular (V) depolarisation which is not followed by an atrial (A)
depolarisation within 250ms (V no A), causing cut-out of ablation energy.
A IEGM = atrial intra-cardiac electrogram; ECG = electrocardiogram.

FIG. 12C shows an example of Fast Junctional Rhythm (junctional
rhythm exceeding 130bpm), causing cut-out of ablation energy. Cut-out
occurs after the 2nd consecutively detected fast junctional beat. A IEGM
= atrial intra-cardiac electrogram; ECG = electrocardiogram.

FIG. 12D shows an example of atrio-ventricular dissociation, as
evidenced by consecutive atrial (A) depolarisations, without an
intervening ventricular depolarisation (consecutive As), causing cut-out of
ablation energy. A IEGM = atrial intra-cardiac electrogram; ECG =
electrocardiogram.

FIG. 12E shows an example of PR interval prolongation exceeding 1.15
x baseline PR interval for 3 consecutive beats, causing cut-out of
ablation energy. A IEGM = atrial intra-cardiac electrogram; ECG =
electrocardiogram.

FIG. 13 shows a schematic of the Rhythm Monitoring Device’s treatment
of atrial intracardiac  electrogram (IEGM) and ventricular
electrocardiogram (ECG) signals, in order to discern cardiac rhythm.

FIG. 14 shows real-time or near real-time display of pulsed signals output
from the Rhythm Monitoring Device to the EP recording system, for the
purposes of a visual check that the Rhythm Monitoring Device is
accurately detecting atrial and ventricular depolarisations.
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FIG. 15 depicts an example of circuitry associated with the Switch Unit,
and connections to the Foot Pedal, Ablation Generator, and Rhythm
Monitoring Device.

FIG. 16 shows an example of an appropriate user interface on which
parameters triggering cut-out of ablation can be set.

FIG. 17 shows an example of the Rhythm Monitoring Device'’s
computational algorithm employed during ablation of AVNRT.

FIG. 18 shows an example of the Rhythm Monitoring Device's
computational algorithm employed during ablation of AVRT

FIG. 19 shows an example of the Rhythm Monitoring Device's
computational algorithm employed to allow continued ablation despite a
single beat of dissociated atrio-ventricular activity.

FIG. 20A depicts incorporation of the Rhythm Monitoring Device into an
existing Ablation Generator

FIG. 20B depicts incorporation of the Rhythm Monitoring Device into an
existing electrophysiology (EP) Recording System

FIG. 21A shows the method for determining human operator reaction
time to a condition requiring cessation of ablation energy. In this case,
ablation was stopped because of an “A no V” condition. The time of
manually applied cut-out of ablation (thin vertical dashed line) is derived
from the end of ablation-induced artifact (noise) recorded on the distal
ablation electrode (ABLd). The time of automated cut-out as determined
by the Rhythm Monitoring Device (thick vertical solid line) is subtracted
from the manual cut-out time to give 892ms of reaction time. A IEGM =
atrial intra-cardiac electrogram; ECG V1 = lead V1 of the
electrocardiogram; RhyA = the automated rhythm analysis (refer to the
key shown in figure).

FIG. 21B shows the method for determining human operator reaction
time to a condition requiring cessation of ablation energy. In this case,
ablation was stopped because of “Fast Junctional” rhythm. The time of
manually applied cut-out of ablation (thin vertical dashed line) is derived
from the end of ablation-induced artifact (noise) recorded on the distal
ablation electrode (ABLd). The time of automated cut-out as determined
by the Rhythm Monitoring Device (thick vertical solid line) is subtracted
from the manual cut-out time to give 2210ms of reaction time. A IEGM =
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atrial intra-cardiac electrogram; ECG V1 = lead V1 of the
electrocardiogram; RhyA = the automated rhythm analysis (refer to the
key shown in figure).

FIG. 22 summarises the results of testing of a prototype of the invention.
FIG. 23A shows an example of under-detection of atrial depolarisation
(dashed oval) due to sudden diminution of signal amplitude. A IEGM =
atrial intra-cardiac electrogram; ECG V2 = lead V2 of the
electrocardiogram.

FIG. 23B shows an example where accurate detection of atrial
depolarisations (dashed ovals) is preserved despite sudden diminution of
signal amplitude to a slightly lesser degree than FIG. 22A. A IEGM =
atrial intra-cardiac electrogram; ECG V2 = lead V2 of the
electrocardiogram.

FIG. 23C shows an example where accurate detection of atrial
depolarisations is preserved despite the presence of ventricular far-field
signal (dashed ovals) on the atrial recording. The far field signal is
appropriately not detected as atrial depolarisations. A IEGM = atrial intra-
cardiac electrogram; ECG V2 = lead V2 of the electrocardiogram.

FIG. 24 shows the distribution of reaction time improvements given by
the invention during prototype testing. Reaction time improvement is the
time difference between human (manual) cut-out of ablation, and
automatic cut-out by the Rhythm Monitoring Device. Cut-outs were for
both atrio-ventricular and ventriculo-atrial dissociation (grouped together
as A-V dissociation; solid bars), and for Fast Junctional rhythm (grey
bars).

DETAILED DESCRIPTION
The following description is of the best mode presently contemplated for

carrying out the invention. This description is not to be taken in a limiting sense, but
is made merely for the purpose of describing the general principles of the invention.
The scope of the invention should be made with reference to the claims.

EQUIPMENT FOR ELECTROPHYSIOLOGY STUDY AND ABLATION
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For the purposes of explaining the current applicant’s system, a common
setup of equipment for the purposes of electrophysiologic (EP) study and ablation is
first reviewed in more detail (FIG. 1).

Catheters are placed inside of the heart 11 usually via the femoral veins.
A minimum of two catheters is generally required to diagnose arrhythmia
mechanism.

Diagnostic Cathether

One or more diagnostic catheters 13 are placed to allow both recording
of intracardiac electrograms, and programmed stimulation of the heart. Diagnostic
catheters are typically connected to junction box 15 which feeds signals to an
electrophysiology (EP) recording system 17.

ECG (body surface)

Voltage signals are also recorded from the body surface in the form of
an electrocardiogram (ECG) 14, typically of 12 leads in standard locations (only 3
leads shown in FIG. 1).

Ablation Catheter
An ablation catheter 12 is used to direct ablation energy to specific areas
of the heart found to be critical to either arrhythmia triggering or maintenance.

Ablation generator
The ablation generator unit 16, which connects to the ablation catheter,
provides the energy for ablation. It is one example of the power source of the
ablation catheter 12. This may be in the form of radiofrequency (RF) current, cryo
(freezing), high intensity focused ultrasound (HIFU), microwave energy, or other
forms; RF being the most commonly employed presently.
Examples of current commercially available RF generators include :
»= EP-Shuttle and SmartAblateTM (Stockert),
*  AmpereTM (St. Jude Medical),
» Maestro 3000TM (Boston Scientific).
The ablation generator can usually be controlled (that is to say, ablation
energy commenced and terminated) by a switch on the unit, or, by a foot pedal 20.
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EP recording system
The EP recording system 17 is used to condition (amplify and filter) the
intracardiac and ECG signals, convert these to digital form, and display these to the
operator and technical staff on a PC monitor(s) 21, for the purposes of performing
the procedure.
Examples of current commercially available EP recording systems
include :
» BARD® LABSYSTEM™ PRO EP (Boston Scientific),
= Sensis™ (Siemens),
= EP-WorkMate™ (St. Jude Medical),
= CardioLab™ (GE Healthcare).

EP mapping system
The EP mapping system 19 may also be used to condition and display
intracardiac and ECG signals, but also performs the function of displaying three-
dimensional catheter position relative to a reconstructed cardiac geometry, which
augments standard x-ray based fluoroscopic methods of catheter navigation.
Examples of current commercially available EP mapping systems
include :
= Carto™ (Biosense Webster),
= Rhythmia™ (Boston Scientific),
= EnSite™ and Velocity™ Cardiac Mapping Systems (St. Jude
Medical).

Pacing/ stimulation Unit
The Pacing/Stimulation Unit 18 provides current pulses to stimulate the
heart at programmed rates and patterns, to assist in the diagnosis of arrhythmia
mechanism.
Examples of current commercially available Pacing/Stimulation Units
include:
e StimCor™ (Boston Scientific).
e Micropace (Micropace EP Inc).

Variations of the above connection configurations can be implemented
according to various embodiments of the invention. The figure 1 represents one
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configuration of connectivity of items that may be implemented according to the
invention.

For example, it is possible on some commercially available systems to
plug all catheters directly into the EP mapping system bypassing the junction box,
with the EP recording system, Pacing/Stimulation Unit, and ablation generator being
slaved off the EP mapping system. Many other configurations are feasible, while still
maintaining overall connectivity of the equipment items shown in FIG. 1. Moreover, it
is possible to integrate items in FIG. 1 into combined systems, for example, the
Pacing/Stimulation Unit may be integrated into an EP recording system.

PROCEEDING TO AN ABLATION CLOSE TO THE AV NODE

Using the above described set-up, ablation of cardiac tissue lying close
to, or adjacent to, the AV node, is possible, but carries a risk of damage to the
compact AV node 31 or His bundle 30, leading to permanent AV block, wherein
there is failure of propagation of the electrical impulse from the atria to the
ventricles, and co-ordination between atrial and ventricular contraction is lost.

Because permanent heart block generally requires implantation of a
permanent pacemaker, this is considered a major complication, and may reduce the
quality and quantity of the patient’s life.

The invention allows prediction of occurrences of AV block by analysing
recorded signals and ablation catheter tip location.

Atrio-ventricular and ventriculo-atrial dissociation

AV block may be heralded by changes seen in the cardiac signals
displayed on the EP recording system monitor 21. Specifically, the occurrence of
transient dissociation of atrial and ventricular depolarisation may indicate impending
heart block, and can be detected by analysis of the intracardiac atrial electrogram
IEGM together with the body surface ECG, wherein each atrial or ventricular signal
is not associated with a counterpart ventricular or atrial signal within a defined time
period as illustrated in figures 12A and 12B.

Fast junctional rhythm, consecutive atrial or ventricular
depolarisations, PR interval prolongation

In addition, fast junctional rhythm, as illustrated in figure 12C,
consecutive atrial or ventricular depolarisations, as illustrated in figure 12D, or PR
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interval prolongation, as illustrated in figure 12D, may indicate impending heart
block.

Visual checking

When ablating close to the AV node, the operator and technical
assistant(s) closely watch the signals on the monitor 21, and if any of the
aforementioned conditions arise, ablation is terminated manually be pressing on a
switch on the ablation unit, or, alternatively by releasing the foot pedal 20. If a foot
pedal is used, this may be controlled directly by the operator, or, by a technician.
Because the time of human reaction to said conditions indicating risk of heart block
is typically 1-4 seconds, and because there is a competing need for the operator to
visually monitor the x-ray projection of the catheter, watching for movement away
from the desired location of ablation, this process of human visual feedback 22
suffers from significant limitations. Any delay in reaction to the markers of risk of
heart block may cause irreversible damage to tissue and render heart block more
likely to occur.

AUTOMATED CUT-OFF OF ABLATION

The invention comprises a system for supplementing human visual
feedback 22 with automated assessment of cardiac rhythm, and automatic cut-out of
ablation energy when the conditions indicating risk of heart block occur. The system
disclosed is able to react to risk conditions faster than the human reaction, and in a
more consistent manner.

In the method and system of this invention, cardiac rhythm analysis is
performed with use of one or more atrial intracardiac electrogram signal IEGM, and
the use of one or more body surface ECG signal.

Junction box

In preferred embodiments of the invention, these signals are split from
the Junction Box 15 shown in figure 7 into the Rhythm Monitoring Device 25, or
alternatively are derived from connection between the Rhythm Monitoring Device 25
and the EP recording system 17 or EP mapping system 19. Other specific
connectivities are possible, for example direct catheter connection to the Rhythm
Monitoring Device 25 bypassing the Junction Box 15, and remain within the scope of
the invention. The Rhythm Monitoring Device conditions the signals by amplification,
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filtering, and analog-to-digital conversion. Alternatively, partially or fully pre-
conditioned signals may be obtained from the EP recording system 17 or EP
mapping system 19 and input to the Rhythm Monitoring Device 25.

Timing and Morphology analysis

The Rhythm Monitoring Device performs real-time or near real-time
computational analysis of signals in order to derive timing of atrial and ventricular
depolarisation, in the former based on peak or onset of atrial electrogram deflection,
and in the latter based on peak or onset of ECG QRS complex deflection as shown
in figure 13.

Analysis of ECG QRS complex morphology is also performed to
determine the nature of ventricular depolarisation, specifically, whether ventricular
depolarisation arises from a junctional or ectopic beat, and whether ventricular
depolarisation is exclusively via the AV node, or pre-excited from an accessory
pathway.

Where there is conflict in the assessment of timing and morphology
across leads of the ECG, a voting algorithm may be employed to determine a
majority decision as shown in figure 13.

Timing analysis

In a first embodiment, timing analysis may be performed with a threshold
of signal magnitude and/or derivative, with the threshold fixed to a percentage of the
preceding n™ number of signal peaks.

In a second embodiment, an alternate method may employ signal phase
analysis (for example utilising a Hilbert’'s transform) with signal timing defined by a
zero crossing of phase.

Morphology analysis

In one embodiment, morphology analysis may be performed using auto-
correlation based matching of the real-time QRS complex with a template QRS, the
template QRS having been automatically stored from the same patient at procedure
onset, prior to ablation.

In a second embodiment, additional morphology analysis methods may
employ cross-correlation of QRS signal with generic (derived from other individuals)
template signals from normal and ectopic beats, as well as from other conditions
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causing change to QRS morphology such as impaired conduction in the Purkinje
fibre branches 41 (so-called “bundle branch block”).

Yet further methods may employ determination of QRS complex width,
and QRS signal positive/negative deflection sequence.

In a preferred embodiment of the invention, the Rhythm Monitoring
Device 25 outputs pulsed (square wave) signals to the EP recording system 17, via
connection to the Junction Box 15 (FIG. 7), to mark the timings of atrial and
ventricular depolarisations, as determined by the Rhythm Monitoring Device. As
shown in FIG. 14, these pulses are thus able to be displayed on the PC 21 in real or
near-real time, in order to provide a visual check that the Rhythm Monitoring Device
is functioning correctly.

Examples

An example of a suitable data acquisition (DAQ) card capable of fulfilling
the requirements of the Rhythm Monitoring Device 25 is the sbRIO-9639 (National
Instruments, NI). Similar DAQ cards from the same or other manufacturers could be
employed. Processing of atrial IEGM and ECG signals can performed in real-time on
the microprocessor or the FPGA of the NI sbRIO-9639. Testing of the applicant’s
prototype has been performed using the aforementioned NI sbRIO-9639, with
software written in LABVIEW®. Use of other programming languages or methods of
data acquisition are considered within the scope of the invention.

SWITCH MECHANISM

In the present invention, automated cut-out of ablation mimics the
manual release of an ablation generator foot pedal, when conditions indicating risk
of AV block are detected.

A preferred embodiment of the invention is a switch mechanism 26 that
is under control of the Rhythm Monitoring Device 25, and placed between the
ablation generator 16 and foot pedal 20 as shown in figure 15. The switch
mechanism may comprise a relay switch 80 that is opened by the Rhythm
Monitoring Device to automatically cut-out ablation. In addition, the Rhythm
Monitoring Device is able to monitor the state of the foot pedal, being either
depressed or raised.
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At onset of the procedure, the switch 80 is in a closed state due to
application of a DC voltage from the Rhythm Monitoring Device.

Ablation is commenced in the usual fashion by the operator or technician
depressing the foot pedal. If risk conditions are detected, the Rhythm Monitoring
Device is able to cut-out ablation by opening the switch 80, which has the effect of
mimicking release of the foot pedal.

When the system of the invention does not comprise a foot pedal, risk
conditions automatically detected by the Rhythm Monitoring Device will trigger cut-
out of ablation by direct control of the ablation generator.

Audible feedback may be given to the operator explaining the cut-out,
and the operator acknowledges said cut-out by releasing the foot pedal, which
informs the Rhythm Monitoring Device to release the cut-out condition by setting the
switch 80 back to the closed position. In this way, ablation is able to be
recommenced simply by the operator re-depressing the pedal 20, without any need
to manually reset equipment. The operator holds responsibility for the decision to re-
apply ablation, having taken into consideration the safety of continued ablation, and
if necessary, repositioned the catheter to a safer location. The Rhythm Monitoring
Device is able to give feed-back on the reaction time of the operator (releasing the
foot pedal) to the cut-out condition.

USER INTERFACE

The Rhythm Monitoring Device is connected to a user interface 27, as
represented in figure 7, which allows operator-led adjustment of the parameters
causing automated cut-out.

An example of a suitable user interface is shown in figure 16.

For example, whether cut-out occurs for atrio-ventricular dissociation, as
shown in figures 12A, 12B, and 12D, can be selected by the “Blocked Beats Cut-off”
knob as shown in figure 16.

Whether cut-out occurs for PR interval prolongation as shown in figure
12E and at what degree of prolongation, 115% or 125%, can be selected using the
“PR Prolongation” knob as shown in figure 16.

The heart rate causing cut-out, if any, for Fast Junctional Rhythm as
shown in figure 12C can be selected using the “Junctional Rate Cut-off” knob as
shown in figure 16.
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Other more ‘advanced settings’ can also be adjusted, for example the
maximum delay allowed between atrial and ventricular depolarisations, called the A-
Vinterval, nominally set to 250ms.

The specific cut-out conditions set will depend on the type of ablation
being performed, the particular patient's physiology, and individual operator
preference. For example, a patient with pre-existing slow / diseased conduction of
electrical impulse from atria to the ventricles, so-called first degree heart block, may
need allowance of longer A-V intervals compared to a patient with normal baseline
atrio-ventricular conduction. Similarly, an operator with many years of experience in
ablation may chose less conservative settings on the device compared to an
operator with less experience.

DEVICE ALGORITHMS

There may be differences in the computational algorithms employed by
the Rhythm Monitoring Device 25 for different arrhythmia, to allow for safe ablation
in each condition.

In the case of AVNRT, a marker of successful ablation is the
development of slow junctional rhythm, as this indicates some degree of heating to
the AV node, without risk of damage to the compact node or His bundle
components. However, fast junctional rhythm (exceeding ~130bpm) is to be
avoided.

In contrast, in the case of AVRT or ablation of an accessory pathway
close to the AV node, no junctional rhythm is desirable whilst the ventricle is pre-
excited via the accessory pathway. This is because integrity of AV nodal conduction
is uncertain during junctional rhythm with pre-excitation. Algorithms that reflect these
differences in strategy are employed on the Rhythm Monitoring Device.

The algorithm currently preferred for use in slow pathway ablation for
AVNRT is shown in figure 17.

The algorithm currently used for accessory pathway ablation during pre-
excitation of the ventricle is shown in figure 18.

The main differences between algorithms relates to the response to
junctional rhythm and PR interval change.

In the case of accessory pathway ablation as shown in figure 18 :
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= cut-out may occur for the presence of any junctional beats while the
heart remains in pre-excited rhythm (because integrity of AV nodal
conduction is unable to be assessed while in junctional rhythm), and;

= cut-out for PR prolongation is not enabled until pre-excitation is lost
by successful ablation of the accessory pathway, to avoid
unnecessary cut-out at the instant when conduction over the
accessory pathway is extinguished.

An additional algorithm may also be employed that allows continued
ablation despite the occurrence of a single dissociated beat, as for instance a single
A without V, or a single V without A, corresponding to the cases illustrated in figures
12A and 12B, yet cuts-out ablation in response to multiple dissociated beats.

This algorithm is shown in figure 19, and is intended as an “advanced”
mode of ablation, to be used for ablation in patients with a high number of non-
conducted ectopic beats, or for operators of sufficient skill that cut-out for a single
non-conducted beat is deemed unnecessary. The algorithm shown in figure 19 is
based around requirements of two “strikes” for cut-out to occur :

= the first strike being for a non-conducted (dissociated) beat, and ;

» the second strike being for a second non-conducted beat, or, PR

interval prolongation.

The first strike is able to be redeemed by the subsequent occurrence of
two consecutive sinus beats of normal PR interval.

The algorithms displayed in figures 17, 18, and 19 are included for
indicative purposes only and are not to be taken in a limiting sense with respect to
the scope of the invention; many variations on these algorithms are possible. The
algorithms given are particular to ablation in sinus rhythm. Further algorithms may
also be employed for ablation during tachy-arrhythmia.

INTEGRATION TO EXISTING EQUIPMENT

In one embodiment of the invention, the Rhythm Monitoring Device 25
may be a stand-alone piece of equipment. In other embodiments, it could be
variously incorporated into an ablation generator 16, as shown in figure 20A, an EP
recording system 17, as shown in figure 20B, or an EP mapping system 19, (not
shown).
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In the case of incorporation into an ablation generator 16, the switch
mechanism 26 would not need to be stand-alone, but rather could be incorporated
into the circuitry of the ablation generator 16.

Equally, in the case of incorporation into other systems or devices, there
may not be a requirement for a stand-alone user interface monitor 27. Rather, the
functionality of the user interface 27 could be added to existing user interfaces
associated with the EP recording system, the EP mapping system, or the ablation
generator.

ABLATION ENERGY TYPES

The present invention can be equally used with any form of ablation
energy, including but not limited to radiofrequency (RF) ablation, cryo-ablation, high
intensity focused ultrasound (HIFU) ablation, and microwave ablation.

PROTOTYPE TESTING

A prototype has been developed using the preferred strategy outlined
above, and tested on signals acquired from 19 patients (208 ablation episodes)
during the course of AVNRT ablation via slow pathway ablation or modification.
Intracardiac atrial electrograms recorded from either the high right atrium (HRA), or
the coronary sinus (CS), were input to the Rhythm Monitoring Device 25, along with
three leads from the standard ECG (leads |, V1, V4).

Activity in the atrium and ventricles was assessed using EGM and ECG
peak detection, by way of voltage magnitude and 1st derivative adaptive
thresholding as described above, incorporating a threshold decay function to allow
resumption of detection after lead or catheter disconnection. Subsequent rhythm
determination was by rule-based analysis, incorporating QRS complex morphology
matching to distinguish junctional from ventricular ectopic beats. Post detection
blanking intervals of 180ms and 200ms were applied to the atrial and ventricular
signals respectively, to prevent double counting of activations. No blanking period
was applied to the atrial signal following ventricular activation, to ensure that
junctional rhythm could be adequately tracked. Cardiac rhythm was arbitrarily
classified as ‘sinus’ where there was sequential atrial and ventricular depolarisation
separated by = 90 ms, ‘ventricular’ where there was sequential ventricular and atrial
depolarisation separated by = 90 ms, and ‘junctional’ where atrial and ventricular
depolarisations were within 90ms of each other.



10

15

20

25

30

35

WO 2016/177804 PCT/EP2016/060046

-35-

The algorithm shown in figure 17 was programmed in the graphical
language LabViewTM 12.0 (National Instruments; ni.com), and implemented on a
National Instruments Single-board RIO microprocessor. The nominal settings that
would trigger cut-out were :
= A-V conduction time exceeding 250 ms, and V-A conduction time
exceeding 250ms for a ventricular ectopic beat, or 130ms for a
junctional beat,
» junctional rhythm > 130 bpm, sustained for 3 consecutive beats,
*» PR interval prolongation > 1.15x pre-ablation baseline, sustained for
3 beats, and
= two consecutive atrial or ventricular depolarisations.

The timing of individual atrial and ventricular depolarisations (total of
30,754 EGM and ECG complexes), and the cardiac rhythm at each beat, was
assessed manually by an experienced clinician, to act as a gold-standard
comparison to the algorithm. Database signals were fed to the device with real-time
sampling to simulate a ‘live’ electrophysiologic study. The device signal
interpretations and cut-out conditions were stored and later analysed.

Cut-out conditions of the device were compared to the clinical cut-outs,
which were with use of a foot pedal controlled RF generator (StockertTM, Biosense
Webster). The foot pedal was controlled by a Physiologist instructed to terminate
ablation in response to :

» a single event of failed or delayed atrio-ventricular conduction, or a

single event of failed or delayed ventriculo-atrial conduction, or ;

» junctional rhythm judged to be visually faster than ~130 bpm.

In rare cases, the Physiologist was instructed to continue ablation
despite fast junctional rhythm, or the onset of AVNRT. The time of pedal release
was able to be determined from the signal recorded at the distal bipole of the
ablation catheter, which displayed an electrical artifact at the time of cut-out. This
allowed comparison of response speeds of human and device in all cases, with
examples of A no V cut-out and Fast Junctional cut-out given in Figures 21A and
21B respectively.

The invention prototype performance is summarised in figure 22. The
device assigned accurate times to atrial depolarisations in all but 10 / 15,317 cases,
and to ventricular depolarisations in all but 2 / 15,437 cases. The inaccurate timings
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occurred in 3 patients. Of the 10 inaccurate EGM timings, 8 were due to under-
detection of small amplitude EGM signals during periods of sudden diminution of
signal amplitude (example given in figure 23A, with an example of successful
detection in similar circumstances given in figure 23B). In two recordings, inaccurate
assignment was due to sudden large amplitude fluctuation in EGM baseline, caused
by patient movement. There were no cases of over-detection of ventricular far-field
signal on the atrial EGM (example in figure 23C). The two cases of inaccurate timing
assignment in ECG peak were due to the well described phenomenon of T wave
over-sensing.

Of the 208 ablation episodes, 114 were terminated prematurely by the
device, 53 for detection of fast junctional rhythm, 32 in response to failed atrio-
ventricular conduction, and 29 in response to failed ventriculo-atrial conduction as
represented in figure 22. There were three false positive terminations which
occurred immediately following inaccurate assignment of atrial or ventricular
depolarisation time during ablation (specificity of device termination = 96%, PPV
97%). There were no instances where the device missed a termination condition
(sensitivity = 100%, NPV 100%).

For the 111 appropriate device cut-outs, response speed of the device
was compared to the speed of manual RF foot-pedal release. The device performed
a median of 1,238 ms faster (range 14 to 132,919) than the human response. In no
cases did the device lag human response. The distribution of response time
differences (manual cut-out time minus device cut-out time) is shown in figure 24, for
episodes where this time difference was < 4s (n= 79; median = 971 ms). Cut-out
time differences longer than 4s were assumed to be due to intentional continuation
of ablation.

SUMMARY

We have described an invention and system for the automated detection
of cardiac rhythms that indicate risk of AV block during ablation near to the AV node,
with automatic cut-out of ablation in response to said rhythms. The present invention
may be embodied in other specific forms without departing from the spirit or
essential attributes thereof. It is therefore desired that the present embodiment be
considered in all aspects as illustrative and not restrictive, reference being made to
the appended claims rather than to the foregoing description to indicate the scope of
the invention.
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CLAIMS

A monitoring system for ablation of cardiac tissue in close proximity to the
AV node of the heart, characterized in that it comprises :
At least one ablation catheter (12) powered by a power source (16);
At least one electrode (13) acquiring an intracardiac electrogram
(IEGM), called IEGM electrode ;
At least one set of electrodes (14) acquiring a surface electrocardiogram
(ECG), called ECG electrodes ;
At least one calculator (15, 16, 17, 18, 19, 25, 27) and a memory for
measuring in real time signals acquired from the IEGM electrode and the
ECG electrodes in order to automatically generate at least one stop
command (Sc) when a cardiac risk indicator is triggered by combining
signals measured from the |IEGM electrode and the ECG electrodes, the
generated stop command (Sc) controlling the power source (16) of the
ablation catheter (12) in order to automatically cut-out ablation catheter
energy.

A monitoring system according to claim 1, characterized in that at least
one calculator (15, 16, 17, 18, 19, 25, 27) and a memory is used for
measuring in real time a displacement of the ablation catheter (12) in order
to automatically generate a stop command (Sc) when detecting a
displacement of the ablation catheter (12) exceeding a predefined limit.

A monitoring system according to claim 1, characterized in that the
calculator comprises a signal timing function in order to derive timing of
atrial and ventricular depolarisation, the atrial depolarisation being
measured by the IEGM electrode (13), and the ventricular depolarisation
being measured by the ECG electrodes (14).

A monitoring system according to claim 3, characterized in that the signal
timing function compares the delay between atrial and ventricular
depolarisations to a minimum predefined threshold of time and/or a
maximum predefined threshold of time, the signal timing function being
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configured for generating a cardiac risk indicator when said measured
delay exceeds at least one of the predefined thresholds.

A monitoring system according to claim 3, characterized in that the signal
timing function comprises a first voting function allowing the determination
of timing when more than one IEGM electrode or more than one ECG
electrode is used.

A monitoring system according to claim 1, characterized in that the
calculator comprises a signal morphology function in order to determine
the nature of the ventricular depolarisation by analysing the QRS complex
acquired by the ECG electrodes (14).

A monitoring system according to claim 6, characterized in that the signal
morphology function compares an acquired QRS complex signal with a
template QRS stored in a memory.

A monitoring system according to claim 6, characterized in that the signal
morphology function is configured to compute the QRS complex width
and/or to determinate deflection sequence of the QRS complex signal.

A monitoring system according to claim 6, characterized in that the signal
morphology function comprises a second voting function allowing the
determination of morphology when more than one ECG electrode is used.

10. A monitoring system according to claims 3 and 6, characterized in that the

11.

calculator is configured to determine in real-time or near real-time the
cardiac rhythm using at least a return value of the signal timing function
and/or a return value of the signal morphology function.

A monitoring system according to claim 2, characterized in that the
calculator comprises a mapping function allowing automatic tracking of the
location of the tip of the ablation catheter (12) in three-dimensional space,
said location of the tip being determined by a electrophysiology (EP)
mapping system (19) in real time or near real time.
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A monitoring system according to claim 2, characterized in that the
calculator comprises a mapping function allowing automatic tracking of the
location of the tip of the ablation catheter (12), said tracking being
determined by low-intensity x-ray (fluoroscopy) of the ablation catheter in
real time or near real time.

A monitoring system according to claims 1 and 12, characterized in that
the cardiac risk indicator is a probability of AV block occurrence, said
probability being characterised by cardiac rhythm comprising at least one
occurrence of :

e an atrio-ventricular interval prolongation ;

e a ventriculo-atrial interval prolongation ;

e an atrio-ventricular dissociation ;

e a ventriculo-atrial dissociation ;

e a fast junctional rhythm ;

¢ a PR interval prolongation ;

e consecutive atrial depolarisations ;

¢ consecutive ventricular depolarisations ;

e indeterminate atrio-ventricular nodal conduction.

A monitoring system according to claims 2, 11 or 12, characterized in that
the cardiac risk indicator is a probability of AV block occurrence, said
probability being characterised by displacement of the ablation catheter
(12) in excess of a predefined limit away from the initial ablation position.

A monitoring system according to claim 1, characterized in that it
comprises a foot pedal (20) for manually switching off the power source
(16) of the ablation catheter (12), and a switch unit (26) for automatically
switching off the power source (16), the switch unit (26) comprising :
= afirstinterface with the calculator (15, 16, 17, 18, 19, 25, 27) allowing
the transmission of the stop command (Sc) to the power source (16)
and ;
= a second interface with the foot pedal (20) allowing the transmission
of the state of the foot pedal to the power source.
» A third interface with the foot pedal (20) allowing the transmission of
the state of the foot pedal to the calculator
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A monitoring system according to claims 1 to 3, 6, 13, 14, characterized in
that it comprises a user interface allowing the selection of:
» afirst set of parameters for processing the signal timing function
and/or ;
= a second set of parameters for processing the signal
morphology function and/or ;
= 2 third set of parameters for processing the mapping function
and/or ;
» afourth set of parameters for defining the cardiac rhythms of risk
which will trigger the stop command (Sc) and/or ;
= a fifth set of parameters for defining the ablation catheter (12)
displacement limit which will trigger the stop command (Sc).

A monitoring system according to claim 1, characterized in that it
comprises a screen displaying pulse markers in real time, the pulse
markers corresponding to a onset or a peak of each atrial and/or
ventricular depolarisation as determined by recordings acquired by the
IEGM electrode (13) and the ECG electrodes (14).

A monitoring system according to claim 1 to 17, characterized in that it
utilizes at least one calculator and memory incorporated into at least one
existing system used for the performance of cardiac ablation, said existing
systems including inclusive of but not limited to :

e a pacing unit (18) that provides current pulses at programmed rates
and patterns for stimulating the heart ;

e a junction box (15) that provides a common interface gathering the
connections of ECG electrodes and IEGM electrodes in order to
deliver acquired signals to the calculator and existing systems ;

e an electrophysiology (EP) recording system (17) that records and
displays electrical signals from the heart for the purposes of
diagnosis and treatment of arrhythmia ;

e an electrophysiology (EP) mapping system (19) that records and
displays the three-dimensional location of catheters ;



WO 2016/177804 PCT/EP2016/060046
-41 -

e an ablation generator (16) that provides power to the ablation
catheter.



PCT/EP2016/060046

WO 2016/177804

1/24

{zil
Jglamgen | (el

o booded "
Hojege w &mw_mwm.rwmw J

{LLhpes

o)
jused

(a1)

soyeraual uonEIgY

(51}
X0 vonaung

{21
washs Bupiosal 43

—

il
B
uonenuwls/bupe

{51

wsds Buddew 45

{ozieped jo04




WO 2016/177804 PCT/EP2016/060046

2/24

SVC(39) Right

Ventricle

S ~His bundie (30
=
2> compact AV node(31)
I//Nast pathway(32)
il
c slow pathway(33)

Purkinje fibre branches
(41)

Fig. 2A

IVC (40) tricuspid valve
(34)

atrial ventricular
depolarisation depolarisation
pwave (44) QRS complex (45)
-

M I N

Fig. 2C

PRinterval (46) <120ms
<120ms

SUBSTITUTE SHEET (RULE 26)



WO 2016/177804

e

]

i

L

L

o

PCT/EP2016/060046

3/24

L
. - e

0 m— e L
o W

N

. '

.
i
L
i

| N accessory pathway
' (50)

Y

g

i
.

i
g

.
. .
e

e
U

pre-excited

QRS complex
(short PR interval;
slurred upstroke)

L

L
i




WO 2016/177804

4/24

~,;Ev;:,:~:4 i

o
’M’»v::i‘»u;'.»=::;:4;l<=»:£\‘:’:ﬁ~?

«,»,,.,., ,,,\';:J{, :}E;E:‘th\a:'
- 0 ‘«

»:z:‘!»?:!

v e
]’rri\f?w;;n, i
- ,h .

:r,r:,;;:;;;;\{t;n i
L

i

.
.
~;_“W, |

o

L

.
ﬂ;,m,
‘

e T i
o T .

- L 'h’v:»:aws.fw‘ 0
L ‘,4;\‘1}5‘.,..,,4.‘;‘., i
it m’z«mz"

e

o
"‘Ir‘y’r‘,’,m,‘r:'.’,’,“#’ 0

4/‘ i
o ‘:ffy:‘i»:iw‘,,,,:',j;, ,\»

.

re-entrant circuit

i T
o .

. w..«,.Zliu,;{»',."‘:"li’ . .
I ‘~‘;?'*'r‘/mhwnq!iiurx.’l;;u;.%:., o
i e
L L Ly

L

\eﬁff““f"‘ :»r% |
*:':4:1 i
. | u
i 0 %
L& | ’;iin\'x:::" .
i é'f,_;,,,m,::v“y
i um» -

v
w»*m‘”;‘
i
- 4 -. .

L

W
o
«:».,4,

il i
" I‘,',‘x e .
“,,}‘u'

.

g s e

. ‘ gl

.

L
L

L L e

e
il ,»:;,!»':;,rn:v:;:«

o o

.
a ;?i:‘«lt>::»:r;;=:h;?l:éﬂ5?:

' . .
e A{sz,n L I . i

e o e r\,,, e
W Y/ . .

L

re-entrant ci rcuit

L

.;;;y;m,m

L
,:,,,‘,,,.4\,,‘,” ]

s
g

) N

i

L

\'

. ,,,~:~,»
.

.

.
.
.

o

:::,.w,u
J

PCT/EP2016/060046

o



WO 2016/177804 PCT/EP2016/060046

5/24

‘;;:;»mu»r' o ,m.,,..,,
. s
»\,,A,W,,:\ . i il
il w’»"mw e
. ,»%sm::;:uﬁ:r .":wv:vr:r:hws o
.
g \
.

L i 'wv::! o v i
o ”:“M,m,,,,":u L ,..,::,‘\»‘J;J,M,.,.,_., o
L ?:«j(r,,:m‘ s i

r';:’:aaus:»:s:l““

L

] »s::ssf;e,jy

0

i
L
e

N
o

L o
. i . ,lfa’r. [
. .

;';,:9"':;‘\" 4 Y M

L
».m‘”:w, i
.
.
,:;:ij~;> 3

‘»=,»:;!z.,,.» ’

L
.

o

[ e

L
-

.
L

‘"'""“""l"“‘:‘ﬂ"“':""?ﬁ‘}“'~,~ . ‘,,;sni,}',‘ ‘:, . "“#f»;iilr"'iw;‘r;;fw,!’;{iﬁ““ﬁv’?’ . .

\m«»

diagnostic

@at?gter | catheter
(13) (12)




WO 2016/177804

PCT/EP2016/060046
6/24

e
L

e .,
v

o

P
L
-

i

i

L
W

Al

i
W

o
i m—
o di
L
S

’j{:{r’;;r

L

o
o
i

L

0

Ak




PCT/EP2016/060046

WO 2016/177804

7/24

tatl

~WBted

(a1l

—H imieiaush uoney |

Banyeous LLEALx

Tl
Adaap

wimshs Bupional 43

(21

—|

(0Z) 1epad ooy

(e
L
uojemuBSBUnES

{61
saisfs buddeis 43

P
HoEGpaa] B,




WO 2016/177804 PCT/EP2016/060046

8/24

1IG. 8

with ventricular catheter without ventricular catheter
{215 ablations in 20 patients) T {196 ablations in 20 patients)

80--
o 0]
. B =
5 5
® T .
ol o]
® &
B B 40-
a2 2
50~

(j”"??"?

d

% of Wentricular Ectopic Rhythm % of Ventricular Ectopic Rhythm



WO 2016/177804 PCT/EP2016/060046

9/24

ventricular ectopic baat

A IEGM

V IEGM

sinus beat

integrity of 8Y node conduction is-unable 1o be assessed,
dus to 1he oncurrence of a ventricular ectopic beat following
initlation of 2 sinus beat from the sinoatrial node

ventricular ectopic beat (as evidenced by change in QRS morphology

the state of AW nodal conduction 1s indelerminate

o s e o e o, T o . e S o e

s in ECG leads) follows intiation of sinus beat. During this heart beat,



PCT/EP2016/060046

WO 2016/177804
10/24

siowed conduction in AV node

,4‘/,"",',4’1?!\‘5‘;':1:1
. o

L |
L Ll
,4,:;,»\'..4\:?»"* i ‘:,;;:;,a»,

Ly

\:'w,.‘;?;;,, i
.
A IEG
. " =l

m’ﬁ:’n’j’z

. :;z;:zg
.
’

.

i
‘,\\ ‘l":‘,’ﬁy‘?{

complex

. ; ‘M u-p-
' = 130ms

o

L
L r.‘,,:r,::» o ',‘,2 o
e
- .,,,:rr’u\wm‘.h,:., ‘

\ i
‘mJ,:;:r.é:’f‘v‘r’i;x{»?}if:‘f\xz,";",ai:
.
“f‘f'\‘i:??mMf:’;:::"!.’,‘;’F&"ﬁ .
'a«ﬁ‘]{ii:«!ﬁ;ﬂ:iﬁ&;{;&‘ﬂ' L

il
w,x;!’,‘:i’ .
.

.“ .
e

i
;;;:r,;g,,.,,\y |
. @ L
.

‘wy,l;l:,z

,!,;'a'v":‘,:a'
L

< 250ms

T o
:1!?";'« ':',’:7,".‘43';;;,4!», e R
| ..
o H"N"
»4«;; i o



WO 2016/177804

11/24

e

L
e

G

i

A

e

4 i -

L
G
i

L L .
.

.

e - T

L o el

T o e i C
e i i

W L

L

it
i

i
W
e

L e

il Ty
e
. |

PCT/EP2016/060046

narrow
QRS
complex

<250ms

wide
ars
complex

<250ms



WO 2016/177804 PCT/EP2016/060046

12/24
|
A I[EGM '
|
|
ECG | :
Fig. 12A e
250m1\
A no V cut-out
| . | | T v
A EGM—}—y f— Ijﬁi* T_*L_‘
|
|
ECG :
Fig. 12B Vo
250ms1\
V no A cut-out

b

] ' 600ms | | \
Flg' 12C ‘(100bpn) I ,T\FastJunctiona|
S

350m

(100bpn) 355ms
1h00bpn)

cut-out

130ms |(baselme PRinterval) 195ms 4197ms APRinterval prolongation cut-out

SUBSTITUTE SHEET (RULE 26)



WO 2016/177804

FIG. 13

Adrial IEGM
~_RMS noise
" thresholding

Peak Onset Detection +———

[T][E][T] voting

Y

P‘Eﬂk Cinset

—w Dierivative

PCT/EP2016/060046

13/24

|

Peak magnitude
and derivative

Peak Onset Deltection .

-
é

- Magnitude ani f

* Thresholding - Peak Onset

4

Venirticular ECG
: L

= a?ﬁ‘wm‘xj% ~ieeooom Template Matching

sinusfunctional
ectopic
Y pre-excited

l

Rhythm Determination . ———————

3
&
.
4 §

g
-




PCT/EP2016/060046

WO 2016/177804

14 /24

AR

uonesuejodap [elje bumoys weibonoss selpiesesnul [eue

(saxajdwod SHD) uonesue|odap Jenoujuaa BuIMoys Spes| 903

v— T

1SIp SO

yead A

yead v

W 9A
X -l G ) LA
o f— CNW i
1
ﬁ_

"2019(] Bumoyuo wyliyy ey Aq
paulwIaep se ‘Buiun uonesue|jodap JeiNOLIUSA PUB [BLIE JO 08D [BNSIA B MO||E O}
‘waishs Buipiosal 43 ay) 0 so1Asq buuojuopy Wulkuy 8y woij sindino ssind

sjeubis
19184385 UoNE|qY

[eubis

Wo3alv

sjeubis
903

SUBSTITUTE SHEET (RULE 26)



WO 2016/177804

15/24

FIG. 15

Rhythm
Monitoring
Device
(25)

monhitors statéﬂ
of foot pedal

PCT/EP2016/060046

 ablation

generator
(16)

e switch unit (26)

mﬂnimﬁs state
of foot pedal



WO 2016/177804 PCT/EP2016/060046

16 /24

Durling Ablation |Monitoring | Advanced Settings | Diagnostics | Reaction Time Summary]

APB Supp 125% 150
ON OFF 115% OFF 140 160
130 170
120 OFF
Blocked Beats Cut-off PR Prolongation Junctional Rate Cut-off
Pedal Delay (s
Q Cout-out Condition ay (s)
‘:/] ))) 0.58
VnoA
Fig.16

SUBSTITUTE SHEET (RULE 26)



WO 2016/177804 PCT/EP2016/060046

17/24

skt padal presssd
for slant nblation

— ‘%

; o ek CRE sl
* . - #
| el W o e | ‘

foc g ey =
dleiasion wr able

e

st poal o poa
Shiwes Tl B T Diwsdl B

SR e for T

Filvston

- ’ ok vl
} o Cormniine G .
wyrial s B i Pl e L kit eansaty

Felodimainuiie
S Boudial
Chastslest o

8 Vel “ values in [parenthesiz]
Bovibsnintoon : ey iy
are nominal values able
to be adjusted in the user interface




WO 2016/177804 PCT/EP2016/060046

18/24

ey e
copbin mlpe Y

g e

i R
A '~ Sweirn £ o RHRR o
sl el e Vi gl s

Riupiions
Bt

Priaicibaivin

ST
ERLI R

e
S Pl

sl T
sempslonl Sl

-

* yailies in fpamnibesis]
gite noomirl values abde
Pl fo b adiisted I the User nterace

ol P bt

j0 o g




WO 2016/177804

19/24

FIG. 19

<7 BASELINE = =

e
""Ha-..w__«.ww

l

A=Y or V-A interval = time limit

e

ﬂ R

— STRIKE1 —— —

%% i

-K__V_W%' ‘ e i
%ﬁ—w—\-ﬂ"“

l

2nd A=Y or V-A interval = time limit

PR interval > [1.15]"X baseline

|

cut-out

§

PCT/EP2016/060046

PR interval of next 2 sinus
beats [< 1.15]"x baseline



WO 2016/177804

FIG. 20A

20/24

ER mapping system
{18}

Pacing Stimulabion
it
{18

EF recording syeierm
(n

i

Juniction biox
{151

Foot pedal {20)

Fehwithim momitoring
device
125

]

|

Anlation generator

{18

FIG. 20B

=l
21

EFmiapping systen
{19

Pacing/Stimulalion
Limit
(18]

T

L
o R

s
Visual feedbac]
(22} ‘

User interfare ]|

EF recording system
{17y

Rhythm moniforing
devige
(25§

Foot pedal (20}

Ablation penerator

(18]

PCT/EP2016/060046

Patient
110}

Palient
{10;




PCT/EP2016/060046

WO 2016/177804

21/24

diz b4

viz - bid

lIx

NOND
jenuew

(leuonounr Jse)

spouad bupjue)q

INC-JnD 80IABP JEINOLLUSA PUE [eUjE

swolée

1eaq Jeuonoun  x
oidojoa JejnoijusA O
Y syead [eubis pajosjep-ojne =

B

spouad Bupjue|q
Jn0-nd ) (nouy) JE[NOLUSA PUE [euje —
lenuew IN0-n3 89ASP 1eaq jeuopoun] X
sw oidojoa Jejnouan o
c68 e syead [eubis pajosiap-ojne m
= X . o

] WSRO

AN

a @« 8 §8 | =8 2}y '8 = a | ]
‘<,.>‘_,..,J_&.‘,<J,._< ,_‘,.

SUBSTITUTE SHEET (RULE 26)



WO 2016/177804

22/24

PCT/EP2016/060046

Device

Performance

No. of patients
No. of ablations
No. of activation events
No. of inamuratef timings
Atrial IEGM
ECG QRS complex
Total # of cut-outs
AnoV
VnoA
Fast Junctional
PR prolongation
Consecutive As or Vs
Specificity
Sensitivity
PRy
NPV

Median pedal reaction time (s}

19
208
30,754

10 /15,317
2 /15,437

114
32
29
53

0.96

0.97

1.24




WO 2016/177804 PCT/EP2016/060046

23/24

FIG 23A

ECG V2~ j’“’”w"“whw;“é S

i

FIG 23B

e
i
. [
AAEGM F

FIG 23C

‘ ¢ 3 : t ¥
i
i




WO 2016/177804 PCT/EP2016/060046

24/24

A=V dissociation
Fast Junctional %

number of ablation episcdes

J00 40N EDD ROD TA0G P00 400 1600 1RO 2000 905 2400 TE00 IR0 3000 3200 3400 S50 3800 4000
time difference {ms) between manual and automated cut-out



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2016/060046

A. CLASSIFICATION OF SUBJECT MATTER

INV. A61B5/0452 A61B5/0472 A61B5/042 A61B18/14 A61B6/00
ADD. A61B18/00

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

A61B

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 7 578 816 B2 (BOVEJA BIRINDER R [US] ET 1-18
AL) 25 August 2009 (2009-08-25)

cited in the application

abstract; figures 1-3

column 4, line 16 - column 5, line 53
A US 7 588 567 B2 (BOVEJA BIRINDER R [US] ET 1-18
AL) 15 September 2009 (2009-09-15)
abstract; figures 1, 2, 4B

column 3, line 48 - column 4, line 2
column 4, line 30 - column 5, line 34
column 6, lines 26-32

A US 2004/059237 Al (NARAYAN SANJIV MATHUR 1-18
[US] ET AL) 25 March 2004 (2004-03-25)
abstract; figures 1A-B, 4-5

paragraphs [0075] - [0087]

_/__

Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents : . . . . L
"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance
"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be

filing date considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone

°ited.t°| establish the pul_r;_licdation date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art
"P" document published prior to the international filing date but later than
the priority date claimed "&" document member of the same patent family
Date of the actual completion of the international search Date of mailing of the international search report
19 August 2016 30/08/2016
Name and mailing address of the ISA/ Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040, s
éx%ﬂ1#&34&ﬁh6 Lahorte, Philippe

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2016/060046
C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 2015/099992 Al (DENO DON CURTIS [US]) 1-18

9 April 2015 (2015-04-09)
the whole document

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2016/060046
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 7578816 B2 25-08-2009  NONE
US 7588567 B2 15-09-2009  NONE
US 2004059237 Al 25-03-2004 AU 2003299035 Al 08-04-2004
US 2004059237 Al 25-03-2004
US 2007021679 Al 25-01-2007
WO 2004026123 A2 01-04-2004
US 2015099992 Al 09-04-2015 CN 105555187 A 04-05-2016
EP 3021744 Al 25-05-2016
US 2015099992 Al 09-04-2015
WO 2015054048 Al 16-04-2015

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - claims
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - claims
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - wo-search-report
	Page 68 - wo-search-report
	Page 69 - wo-search-report

