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(57) ABSTRACT

Methods for estimating of the effectiveness of catheter
ablation procedures to form lesions. Lesion effectiveness
parameters are received, and effectiveness of a correspond-
ing ablation (optionally planned, current, and/or already
performed) is estimated. The estimating is based on use by
computer circuitry of an estimator constructed based on
observed associations between previously analyzed lesion
effectiveness parameters, and observed lesion effectiveness.
The estimator is used by application to the received lesion
effectiveness parameters.
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ESTIMATORS FOR ABLATION
EFFECTIVENESS

RELATED APPLICATIONS

[0001] This application claims the benefit of priority under
35 USC § 119(e) of U.S. Provisional Patent Application No.
62/422,748 filed 16 Nov. 2016, U.S. Provisional Patent
Application No. 62/445,377 filed 12 Jan. 2017, U.S. Provi-
sional Patent Application No. 62/445,380 filed 12 Jan. 2017,
the contents of which are incorporated herein by reference in
their entirety.

FIELD AND BACKGROUND OF THE
INVENTION

[0002] The present invention, in some embodiments
thereof, relates to systems and methods for treatment with
intrabody catheters and, more particularly, but not exclu-
sively, to systems and methods for estimating prognosis of
ablation treatment effectiveness.

[0003] Catheterized intra-body ablation probes (for
example, RF ablation probes) are in use for minimally
invasive ablation procedures. Such procedures are per-
formed, for example, in the treatment of cardiac arrhythmia.
In the control of cardiac arrhythmia, a goal of ablation is to
create lesions in a pattern which will break pathways of
abnormal electrophysiological conduction which contribute
to heart dysfunction (such as atrial fibrillation).

[0004] Single procedure success rates of catheter ablation
at one year appear variable. For example, they have been
reported at 15%-60% (Sohns et al., Catheter Contact Force:
A Review of Emerging Techniques and Technologies in AF
Ablation. Journal Innov Cardiac Rhythm Management,
2014 5:1773-1780).

[0005] Earlier time post-procedure success percentages
are generally higher. Gaps in the ablation line have been
reported to contribute to restoration of impulse conduction
(Ouyang et al., Recovered pulmonary vein conduction as a
dominant factor for recurrent atrial tachyarrhythmias after
complete circular isolation of the pulmonary veins: lessons
from double Lasso technique. Circulation. 2005; 111: 127-
135).

[0006] One form of catheter ablation known as RF abla-
tion relies on heating caused by the interaction between a
high-frequency alternating current (e.g., 350-500 kHz) intro-
duced to a treatment region, and a dielectric material (e.g.,
tissue) in the treatment region. One variable affecting the
heating is the frequency-dependent relative permittivity k of
the tissue being treated. The (unitless) relative permittivity
of a material (herein, k or dielectric constant) is a measure
of how the material acts to reduce an electrical field imposed
across it (storing and/or dissipating its energy). Relative
permittivity is commonly expressed as

&lw)
K= glw)= —,
€0

where o=2xtf, and f is the frequency (of an imposed voltage
signal). In general, ¢ (a) is complex valued; that is: € (w)
=¢' (0)+ie" ().

[0007] The real part &' (w) is a measure of how energy of
an applied electrical field is stored in the material (at a given
electrical field frequency), while the imaginary part e",(®) is
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a measure of energy dissipated. It is this dissipated energy
that is converted, for example, into heat for ablation. Loss in
turn is optionally expressed as a sum of dielectric loss &"
and conductivity o as

a
IR
8rkw)—8rdw.—£0-

[0008] Any one of the above parameters: namely K, &, €',,
g",, 0, and/or €", , may be referred to herein as a dielectric
parameter. The term dielectric parameter encompasses also
parameters that are directly derivable from the above-men-
tioned parameters, for example, loss tangent, expressed as

,
"

tan o= —,
J
,

complex refractive index, expressed as n=y/e,, and imped-
ance, expressed as

Zw)= | 2 (with i=v-1).

=V o+ iwes,

[0009] Herein, a value of a dielectric parameter of a
material may be referred to as a dielectric property of the
material. For example, having a relative permittivity of
about 100000 is a dielectric property of a 0.01M KCI
solution in water at a frequency of 1 kHz, at about room
temperature (20°, for example; it should be noted that some
dielectric properties exhibit temperature dependence).
Optionally, a dielectric property more specifically comprises
ameasured value of a dielectric parameter. Measured values
of dielectric parameters are optionally provided relative to
the characteristics (bias and/or jitter, for example) of a
particular measurement circuit or system. Values provided
by measurements should be understood to comprise dielec-
tric properties, even if influenced by one or more sources of
experimental error. The formulation “value of a dielectric
parameter” is optionally used, for example, when a dielectric
parameter is not necessarily associated with a definite mate-
rial (e.g., it is a parameter that takes on a value within a data
structure).

[0010] Dielectric properties as a function of frequency
have been compiled for many tissues, for example, C.
Gabriel and S. Gabriel: Compilation of the Dielectric Prop-
erties of Body Tissues at RF and Microwave Frequencies
(web pages presently maintained at www(dot)niremf{dot)
ifac(dot)enr(dot)it’/docs/DIELECTRIC/home(dot)html).

SUMMARY OF THE INVENTION

[0011] There is provided, in accordance with some
embodiments of the present disclosure, a method of esti-
mating effectiveness of ablation to form a lesion, the method
comprising: receiving lesion effectiveness parameters; and
estimating an effectiveness of the lesion in a tissue; wherein
the estimating is based on use by computer circuitry of an
estimator constructed based on observed associations
between previously analyzed lesion effectiveness param-
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eters, and observed lesion effectiveness, the estimator being
applied to the received lesion effectiveness parameters.
[0012] In some embodiments, the lesion effectiveness
parameters include patient parameter data.

[0013] In some embodiments, the lesion effectiveness
parameters include one or more of the group consisting of:
tissue conditions, parameterized lesion, tissue thickness,
fiber orientation, tissue types, contact of an intra-body
catheter, measurement of electrical impulse isolation near
the lesion, measured intra-lesioning temperature, and dielec-
tric measurements.

[0014] In some embodiments, the lesion effectiveness
parameters include indications of conditions of formation
and/or structure of an ablation lesion in a tissue.

[0015] In some embodiments, the conditions of formation
of the ablation lesion comprise one or more of the group
consisting of ablation power, dielectric quality of contact,
angle of contact, force of contact, and timing of ablation.
[0016] In some embodiments, the structure of the ablation
lesion is indicated by a measure of the depth, size, and/or
volume of the ablation lesion.

[0017] Insome embodiments, the receiving and estimating
are performed during an ablation treatment procedure that
created the ablation lesion.

[0018] In some embodiments, the method comprises
adjusting a plan of ablation treatment, based on the estimat-
ing.

[0019] In some embodiments, the ablation lesion com-
prises a lesion formed by a single event of applying ablation
energy to a focal region of the tissue.

[0020] In some embodiments, estimating an effectiveness
of the ablation lesion is with respect to one or more criteria
of effectiveness.

[0021] In some embodiments, the one or more criteria of
effectiveness comprise success of electrical isolation of
electrical impulses.

[0022] There is provided, in accordance with some
embodiments of the present disclosure, a method of plan-
ning an ablation plan or portion thereof, comprising;: receiv-
ing patient parameter data; and estimating a prognosis for an
ablation plan including ablation plan parameters including
planned conditions of formation and/or structure of one or
more lesions in a heart wall; wherein the estimating is based
on application to the patient parameter data and the ablation
plan parameters to an estimator; wherein the estimator is
constructed based on observed associations between patient
parameter data, parameters of previously performed ablation
procedures parameter data, and ablation treatment effective-
ness of the previously performed ablation procedures with
respect to the one or more criteria of effectiveness.

[0023] In some embodiments, the method comprises gen-
erated a plurality of ablation plans, and selecting one of the
plurality of ablation plans for use, based on the estimating a
prognosis.

[0024] There is provided, in accordance with some
embodiments of the present disclosure, a method of esti-
mating effectiveness of ablation to form an ablation line, the
method comprising: receiving ablation line effectiveness
parameters; and estimating an effectiveness of the ablation
line in a tissue; wherein the estimating is based on use by
computer circuitry of an estimator constructed based on
observed associations between previously analyzed ablation
line effectiveness parameters, and observed ablation line
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effectiveness, the estimator being applied to the received
ablation line effectiveness parameters.

[0025] In some embodiments, the ablation line effective-
ness parameters include patient parameter data.

[0026] In some embodiments, the ablation line effective-
ness parameters include one or more of the group consisting
of: tissue conditions, parameterized lesion, tissue thickness,
fiber orientation, tissue types, contact of an intra-body
catheter, measurement of electrical impulse isolation near a
lesion of the ablation line, measured intra-lesioning tem-
perature, and dielectric measurements.

[0027] In some embodiments, the ablation line effective-
ness parameters include indications of conditions of forma-
tion and/or structure of a lesion of the ablation line in a
tissue.

[0028] Insome embodiments, the conditions of formation
of the ablation line comprise one or more of the group
consisting of ablation power, dielectric quality of contact,
angle of contact, force of contact, and timing of ablation.
[0029] In some embodiments, the structure of the ablation
line is indicated by a measure of the depth, size, and/or
volume of a lesion of the ablation line.

[0030] Insomeembodiments, the receiving and estimating
are performed during an ablation treatment procedure that
created the ablation line.

[0031] In some embodiments, the method comprises
adjusting a plan of ablation treatment, based on the estimat-
ing.

[0032] Insome embodiments, a lesion of the ablation line
comprises a lesion formed by a single event of applying
ablation energy to a focal region of the tissue.

[0033] In some embodiments, estimating an effectiveness
of the ablation line is with respect to one or more criteria of
effectiveness.

[0034] In some embodiments, the one or more criteria of
effectiveness comprise success of electrical isolation of
electrical impulses across the ablation line.

[0035] There is provided, in accordance with some
embodiments of the present disclosure, a method of esti-
mating effectiveness of ablation to form an ablation seg-
ment, the method comprising: receiving ablation segment
effectiveness parameters; and estimating an effectiveness of
the ablation segment in a tissue; wherein the estimating is
based on use by computer circuitry of an estimator con-
structed based on observed associations between previously
analyzed ablation segment effectiveness parameters, and
observed ablation segment effectiveness, the estimator being
applied to the received ablation segment effectiveness
parameters.

[0036] In some embodiments, the ablation segment effec-
tiveness parameters include patient parameter data.

[0037] In some embodiments, the ablation segment effec-
tiveness parameters include one or more of the group
consisting of: tissue conditions, parameterized lesion, tissue
thickness, fiber orientation, tissue types, contact of an intra-
body catheter, measurement of electrical impulse isolation
near a lesion of the ablation segment, measured intra-
lesioning temperature, and dielectric measurements.

[0038] In some embodiments, the ablation segment effec-
tiveness parameters include indications of conditions of
formation and/or structure of a lesion of the ablation seg-
ment in a tissve.

[0039] In some embodiments, the conditions of formation
of the ablation segment comprise one or more of the group
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consisting of ablation power, dielectric quality of contact,
angle of contact, force of contact, and timing of ablation.
[0040] In some embodiments, the structure of the ablation
segment is indicated by a measure of the depth, size, and/or
volume of a lesion of the ablation segment.

[0041] Insome embodiments, the receiving and estimating
are performed during an ablation treatment procedure that
created the ablation segment.

[0042] In some embodiments, the method comprises
adjusting a plan of ablation treatment, based on the estimat-
ing.

[0043] In some embodiments, a lesion of the ablation
segment comprises a lesion formed by a single event of
applying ablation energy to a focal region of the tissue.
[0044] In some embodiments, estimating an effectiveness
of the ablation segment is with respect to one or more
criteria of effectiveness.

[0045] In some embodiments, the one or more criteria of
effectiveness comprise success of electrical isolation of
electrical impulses across the ablation segment.

[0046] According to some exemplary embodiments of the
present disclosure, a method of estimating ablation segment
effectiveness comprises: receiving dielectric measurements;
and estimating an effectiveness of the ablation segment in a
tissue; wherein the estimating is based on an estimator
constructed based on observed associations between previ-
ously analyzed dielectric measurements and observed abla-
tion segment effectiveness, the estimator being applied to the
received dielectric measurements.

[0047] According to some exemplary embodiments of the
present disclosure, a method of estimating ablation line
effectiveness comprises: receiving dielectric measurements;
and estimating an effectiveness of the ablation line in a
tissue; wherein the estimating is based on an estimator
constructed based on observed associations between previ-
ously analyzed dielectric measurements and observed abla-
tion line effectiveness, the estimator being applied to the
received dielectric measurements.

[0048] According to some exemplary embodiments of the
present disclosure, a method of estimating lesion effective-
ness comprises: receiving dielectric measurements; and esti-
mating an effectiveness of the lesion in a tissue; wherein the
estimating is based on an estimator constructed based on
observed associations between previously analyzed dielec-
tric measurements and observed lesion effectiveness, the
estimator being applied to the received dielectric measure-
ments.

[0049] According to some exemplary embodiments of the
present disclosure, a method of estimating edema elicited in
a tissue by contact with an intrabody probe: receiving
dielectric measurements; and estimating edema elicited in
the tissue; wherein the estimating is based on an estimator
constructed based on observed associations between previ-
ously analyzed dielectric measurements and observed a
edema elicited in the tissue, the estimator being applied to
the received dielectric measurements.

[0050] According to some embodiments, dielectric mea-
surements include signals sensed at one or more electrodes
positioned intra-body.

[0051] According to some embodiments, wherein the one
or more electrodes are provided on an intra-body catheter.
[0052] According to some embodiments, the one or more
electrodes act in performing the lesion.
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[0053] According to some embodiments, lesion comprises
formation of a lesion in cardiac tissue for the treatment of
atrial fibrillation According to some exemplary embodi-
ments of the present disclosure, a method of estimating
edema elicited in tissue by contact with an intrabody probe,
comprising: receiving input data indicating at least a force
applied between the intrabody probe and the tissue; and
applying the input data to an elicited edema estimator
constructed based on observed associations between previ-
ously analyzed input data, and elicited edema, the previously
analyzed input data comprising input data indicating at least
a force applied between an intra-body probe and a tissue.
[0054] There is provided, in accordance with some exem-
plary embodiments of the present disclosure, a method of
estimating prognosis of ablation treatment effectiveness, the
method comprising: receiving parameter data, including
both patient parameter data and indications of conditions of
formation and/or structure of an ablation lesion in a heart
wall; and estimating a prognosis for effectiveness of the
ablation lesion with respect to one or more criteria of
effectiveness; wherein the estimating is based on an estima-
tor constructed based on observed associations between
previously analyzed parameter data, and lesion effectiveness
with respect to the one or more criteria of effectiveness, the
estimator being applied to the received parameter data.
[0055] According to some embodiments of the present
disclosure, the receiving and estimating are performed dur-
ing an ablation treatment procedure that created the ablation
lesion, and the method comprising adjusting a plan of
ablation treatment, based on the estimating.

[0056] According to some embodiments of the present
disclosure, the ablation lesion comprises a lesion formed by
a single event of applying ablation energy to a focal region
of the heart wall.

[0057] According to some embodiments of the present
disclosure, the one or more criteria of effectiveness comprise
success of electrical isolation of electrical impulses in one
segment of the heart wall from propagation to another
segment of the heart wall.

[0058] There is provided, in accordance with some exem-
plary embodiments of the present disclosure, a method of
estimating prognosis of ablation treatment effectiveness, the
method comprising: receiving parameter data, including
both patient parameter data and indications of conditions of
formation and/or structure of an ablation line, the ablation
line comprising a plurality of adjacent focal ablations in a
heart wall; and estimating a prognosis for effectiveness of
the ablation line with respect to one or more criteria of
effectiveness; wherein the estimating is based on an estima-
tor constructed based on observed associations between
previously analyzed parameter data, and ablation line effec-
tiveness with respect to the one or more criteria of effec-
tiveness, the estimator being applied to the received param-
eter data.

[0059] According to some embodiments of the present
disclosure, the receiving and estimating are performed dur-
ing an ablation treatment procedure that created the ablation
line, and the method comprising adjusting a plan of ablation
treatment, based on the estimating.

[0060] There is provided, in accordance with some exem-
plary embodiments of the present disclosure, a method of
planning an ablation procedure or portion thereof, compris-
ing: receiving patient parameter data; and estimating a
prognosis for an ablation plan including ablation plan
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parameters including planned conditions of formation and/
or structure of one or more lesions in a heart wall; wherein
the estimating is based on application to the patient param-
eter data and the ablation plan parameters of an estimator;
wherein the estimator is constructed based on observed
associations between patient parameter data, parameters of
previously performed ablation procedures parameter data,
and ablation treatment effectiveness of the previously pet-
formed ablation procedures with respect to the one or more
criteria of effectiveness.

[0061] According to some embodiments of the present
disclosure, the method comprises generated a plurality of
ablation plans, and selecting one of the plurality of ablation
plans for use, based on the estimating a prognosis.

[0062] There is provided, in accordance with some exem-
plary embodiments of the present disclosure, a method of
mapping a tissue region, comprising: obtaining a plurality of
dielectric property measurements of tissue near an electrode
probe as the electrode probe is moved through the tissue
region, each dielectric property measurement being associ-
ated to a position within the tissue region; and creating a
map, based on the dielectric property measurements and the
positions to which they are associated.

[0063] According to some embodiments of the present
disclosure, the method comprises associating each dielectric
property measurement to a tissue type, based on matching of
the dielectric property measurement to known dielectric
properties of the tissue type.

[0064] According to some embodiments of the present
disclosure, the method comprises displaying the map on a
computer display.

[0065] There is provided, in accordance with some
embodiments of the present disclosure, a method of esti-
mating outcome of ablation treatment effectiveness, the
method comprising: receiving input data indicating at least
one of conditions of formation of and the structure of an
ablation segment, wherein the ablation segment comprises a
plurality of sub-lesions ablated in a heart wall; and estimat-
ing an effectiveness of the ablation segment with respect to
one or more criteria of effectiveness; wherein the estimating
is based on an estimator constructed based on observed
associations between previously analyzed input data, and
ablation segment effectiveness with respect to the one or
more criteria of effectiveness, the estimator being applied to
the received input data.

[0066] According to some embodiments of the present
disclosure, the criteria of effectiveness comprise blockage of
electrical impulse transmission across an extent of the
ablation segment.

[0067] According to some embodiments of the present
disclosure, the indicated conditions of formation include at
least one position of an anatomical region in which the
ablation segment is formed.

[0068] According to some embodiments of the present
disclosure, the indicated conditions of formation include at
least one of the group consisting of a frequency, power,
duration of use, duty cycle, and/or phase of delivery of
power through different electrodes.

[0069] According to some embodiments of the present
disclosure, the indicated conditions of formation include at
least one of a thickness, fiber orientation, a frequency,
power, duration of use, duty cycle, and/or phase of delivery
of power through different electrodes.
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[0070] According to some embodiments of the present
disclosure, the indications of structure include dynamics of
change of an electrical measurement obtained from an
ablated region of the ablation segment.

[0071] According to some embodiments of the present
disclosure, the dynamics of change include classification of
the change of at least one of linear, exponential, and loga-
rithmic.

[0072] According to some embodiments of the present
disclosure, the receiving and estimating are performed dur-
ing an ablation procedure.

[0073] According to some embodiments of the present
disclosure, the method comprises selecting parameters for a
further ablation of the ablation procedure, based on the
estimating.

[0074] According to some embodiments of the present
disclosure, the method comprises displaying to a physician
estimated outcome for a plurality of parameter sets for
further ablation, so as to allow the physician to select
parameters for further ablation based on the estimating.
[0075] According to some embodiments of the present
disclosure, the conditions of formation include time elapsed
between two ablations.

[0076] According to some embodiments of the present
disclosure, the method further comprises: receiving patient
parameter data; and wherein the estimating uses an estimator
constructed based on observed associations between previ-
ously analyzed patient data, dielectric measurements and
ablation segment effectiveness with respect to the one or
more criteria of effectiveness, the estimator being applied to
the received patient parameter data and dielectric measure-
ments.

[0077] There is provided, in accordance with some
embodiments of the present disclosure, a method of plan-
ning an ablation procedure or portion thereof, the method
comprising: receiving patient parameter data; estimating
effectiveness of an ablation procedure including ablation
procedure parameters comprising indications of at least one
of planned conditions of formation of and the planned
structure of an ablation segment, wherein the ablation seg-
ment comprises a plurality of sub-lesions ablated in a heart
wall; and wherein the estimating is based on application of
an estimator to the patient parameter data and the ablation
procedure parameters; wherein the estimator is constructed
based on observed associations between patient parameter
data, parameters of previously performed ablation proce-
dures, and ablation effectiveness of the previously per-
formed ablation procedures with respect to the one or more
criteria of effectiveness.

[0078] There is provided, in accordance with some
embodiments of the present disclosure, an estimator esti-
mating outcome of ablation treatment effectiveness wherein
the estimator is constructed based on observed associations
between: parameter data including indications for a plurality
of ablation segments of at least one of conditions of forma-
tion of and the structure of an ablation segment, and ablation
segment effectiveness with respect to the one or more
criteria of effectiveness.

[0079] There is provided, in accordance with some
embodiments of the present disclosure, a system for esti-
mating an ablation treatment effectiveness, the system com-
prising computer hardware configured to: receive input data,
indicating at least one of conditions of formation of and the
structure of an ablation segment, wherein the ablation seg-
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ment comprises a plurality of sub-lesions ablated in a heart
wall; and estimate an effectiveness of the ablation segment
with respect to one or more criteria of effectiveness; wherein
the computer hardware is configured to estimate using an
estimator constructed based on observed associations
between previously analyzed input data, and ablation seg-
ment effectiveness with respect to the one or more criteria of
effectiveness, the estimator being applied to the received
input data.

[0080] There is provided, in accordance with some exem-
plary embodiments of the present disclosure, a method of
estimating edema elicited in tissue by contact with an
intrabody probe, comprising: receiving input data indicating
at least a force applied between the intrabody probe and the
tissue; and applying the input data to an elicited edema
estimator constructed based on observed associations
between previously analyzed input data, and elicited edema.
[0081] According to some embodiments of the present
disclosure, the input data also indicate a duration of force
applied between the intrabody probe and the tissue.

[0082] According to some embodiments of the present
disclosure, the input data also indicate a lesion assessment of
the tissue ablation.

[0083] According to some embodiments of the present
disclosure, the input data also indicate tissue characteristics.
[0084] According to some embodiments of the present
disclosure, the input data includes dielectric measurements.
[0085] According to some embodiments of the present
disclosure, the input data includes patient parameter data.
[0086] According to some embodiments of the present
disclosure, the method further comprises estimating the
edema elicited in the tissue based on the applying.

[0087] According to some embodiments of the present
disclosure, the method further comprises displaying the
estimated edema elicited in tissue.

[0088] According to some embodiments of the present
disclosure, the method further comprises displaying in a
map the estimated edema elicited in tissue.

[0089] According to some embodiments of the present
disclosure, the elicited edema estimator is constructed using
machine learning based on the observed associations.
[0090] There is provided, in accordance with some exem-
plary embodiments of the present disclosure, a method of
estimating edema elicited in tissue by ablation from an
intrabody probe, comprising: receiving input data indicating
ablation energy applied by the intrabody probe to the tissue;
and applying the input data to an elicited edema estimator
constructed based on observed associations between previ-
ously analyzed input data, and elicited edema.

[0091] According to some embodiments of the present
disclosure, the elicited edema estimator produces an esti-
mate based on a model of thermal energy delivery to the
tissue.

[0092] According to some embodiments of the present
disclosure, the elicited edema estimator produces an esti-
mate based on prior observations of a time course of elicited
edema in response to temperature.

[0093] According to some embodiments of the present
disclosure, the elicited edema estimator is calibrated to a
particular patient based on observations of a time course of
elicited edema in the particular patient.

[0094] According to some embodiments of the present
disclosure, the elicited edema estimator is constructed using
machine learning based on the observed associations.
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[0095] According to some embodiments of the present
disclosure, the elicited edema estimator estimates at least
two different time courses of edema for regions affected by
the ablation energy.

[0096] According to some embodiments of the present
disclosure, the input data also indicate a lesion assessment of
the tissue ablation.

[0097] According to some embodiments of the present
disclosure, the input data also indicate tissue characteristics.
[0098] According to some embodiments of the present
disclosure, the input data includes dielectric measurements.
[0099] According to some embodiments of the present
disclosure, the input data includes patient parameter data.
[0100] According to some embodiments of the present
disclosure, the method further comprises estimating the
edema elicited in the tissue based on the applying.

[0101] According to some embodiments of the present
disclosure, the method further comprises displaying the
estimated edema elicited in tissue.

[0102] According to some embodiments of the present
disclosure, the method further comprises displaying in a
map the estimated edema elicited in tissue.

[0103] There is provided, in accordance with some exem-
plary embodiments of the present disclosure, a method of
estimating edema elicited in tissue by contact with an
intrabody probe, comprising: receiving input data indicating
at least one tissue characteristics; and applying the input data
to an elicited edema estimator constructed based on
observed associations between previously analyzed input
data, and elicited edema.

[0104] According to some embodiments of the present
disclosure, the input data also indicate a lesion assessment of
the tissue ablation.

[0105] According to some embodiments of the present
disclosure, the input data also indicate tissue characteristics.
[0106] According to some embodiments of the present
disclosure, the input data includes dielectric measurements.
[0107] According to some embodiments of the present
disclosure, the input data includes patient parameter data.
[0108] According to some embodiments of the present
disclosure, the method further comprises estimating the
edema elicited in the tissue based on the applying.

[0109] According to some embodiments of the present
disclosure, the method further comprises displaying the
estimated edema elicited in tissue.

[0110] According to some embodiments of the present
disclosure, the method further comprises displaying in a
map the estimated edema elicited in tissue.

[0111] According to some embodiments of the present
disclosure, the elicited edema estimator is constructed using
machine learning based on the observed associations.
[0112] According to some embodiments of the present
disclosure, the method further comprises planning an abla-
tion path based on the estimation.

[0113] According to some embodiments of the present
disclosure, the method further comprises adjusting pre-
planned ablation path based on the estimation.

[0114] According to some embodiments of the present
disclosure, the method further comprises creating an edema
map for the specific patient based on the estimation.
[0115] According to some embodiments of the present
disclosure, the method further comprises displaying the
edema map.
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[0116] There is provided, in accordance with some
embodiments of the present disclosure, a method of esti-
mating edema elicited in tissue by ablation from an intra-
body probe, comprising: receiving input data indicating
ablation energy applied by the intrabody probe to the tissue;
and applying the input data to an elicited edema estimator
constructed based on a model of edema incorporating mod-
eling of temperature as a function of ablation energy applied,
matched to a time course of modeled edema elicited.
[0117] According to some embodiments of the present
disclosure, the time course of modeled edema includes an
initial lag of at least 1 minute, followed by a rising phase.
[0118] According to some embodiments of the present
disclosure, the modeled edema rises to at least 98% of a
maximum value within about 30 minutes.

[0119] Unless otherwise defined, all technical and/or sci-
entific terms used herein have the same meaning as com-
monly understood by one of ordinary skill in the art to which
the invention pertains. Although methods and materials
similar or equivalent to those described herein can be used
in the practice or testing of embodiments of the invention,
exemplary methods and/or materials are described below. In
case of conflict, the patent specification, including defini-
tions, will control. In addition, the materials, methods, and
examples are illustrative only and are not intended to be
necessarily limiting.

[0120] As will be appreciated by one skilled in the art,
aspects of the present invention may be embodied as a
system, method or computer program product. Accordingly,
aspects of the present invention may take the form of an
entirely hardware embodiment, an entirely software embodi-
ment (including firmware, resident software, micro-code,
etc.) or an embodiment combining software and hardware
aspects that may all generally be referred to herein as a
“circuit,” “module” or “system.” Furthermore, some
embodiments of the present invention may take the form of
a computer program product embodied in one or more
computer readable medium(s) having computer readable
program code embodied thereon. Implementation of the
method and/or system of some embodiments of the inven-
tion can involve performing and/or completing selected
tasks manually, automatically, or a combination thereof.
Moreover, according to actual instrumentation and equip-
ment of some embodiments of the method and/or system of
the invention, several selected tasks could be implemented
by hardware, by software or by firmware and/or by a
combination thereof, e.g., using an operating system.
[0121] For example, hardware for performing selected
tasks according to some embodiments of the invention could
be implemented as a chip or a circuit. As software, selected
tasks according to some embodiments of the invention could
be implemented as a plurality of software instructions being
executed by a computer using any suitable operating system.
In an exemplary embodiment of the invention, one or more
tasks according to some exemplary embodiments of method
and/or system as described herein are performed by a data
processor, such as a computing platform for executing a
plurality of instructions. Optionally, the data processor
includes a volatile memory for storing instructions and/or
data and/or a non-volatile storage, for example, a magnetic
hard-disk and/or removable media, for storing instructions
and/or data. Optionally, a network connection is provided as
well. A display and/or a user input device such as a keyboard
or mouse are optionally provided as well.
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[0122] Any combination of one or more computer read-
able medium(s) may be utilized for some embodiments of
the invention. The computer readable medium may be a
computer readable signal medium or a computer readable
storage medium. A computer readable storage medium may
be, for example, but not limited to, an electronic, magnetic,
optical, electromagnetic, infrared, or semiconductor system,
apparatus, or device, or any suitable combination of the
foregoing. More specific examples (a non-exhaustive list) of
the computer readable storage medium would include the
following: an electrical connection having one or more
wires, a portable computer diskette, a hard disk, a random
access memory (RAM), a read-only memory (ROM), an
erasable programmable read-only memory (EPROM or
Flash memory), an optical fiber, a portable compact disc
read-only memory (CD-ROM), an optical storage device, a
magnetic storage device, or any suitable combination of the
foregoing. In the context of this document, a computer
readable storage medium may be any tangible medium that
can contain, or store a program for use by or in connection
with an instruction execution system, apparatus, or device.
[0123] A computer readable signal medium may include a
propagated data signal with computer readable program
code embodied therein, for example, in baseband or as part
of a carrier wave. Such a propagated signal may take any of
a variety of forms, including, but not limited to, electro-
magnetic, optical, or any suitable combination thereof. A
computer readable signal medium may be any computer
readable medium that is not a computer readable storage
medium and that can communicate, propagate, or transport
a program for use by or in connection with an instruction
execution system, apparatus, or device.

[0124] Program code embodied on a computer readable
medium and/or data used thereby may be transmitted using
any appropriate medium, including but not limited to wire-
less, wireline, optical fiber cable, RF, etc., or any suitable
combination of the foregoing,

[0125] Computer program code for carrying out opera-
tions for some embodiments of the present invention may be
written in any combination of one or more programming
languages, including an object oriented programming lan-
guage such as Java, Smalltalk, C++ or the like and conven-
tional procedural programming languages, such as the “C”
programming language or similar programming languages.
The program code may execute entirely on the user’s
computer, partly on the user’s computer, as a stand-alone
software package, partly on the user’s computer and partly
on a remote computer or entirely on the remote computer or
server. In the latter scenario, the remote computer may be
connected to the user’s computer through any type of
network, including a local area network (LAN) or a wide
area network (WAN), or the connection may be made to an
external computer (for example, through the Internet using
an Internet Service Provider).

[0126] Some embodiments of the present invention may
be described below with reference to flowchart illustrations
and/or block diagrams of methods, apparatus (systems) and
computer program products according to embodiments of
the invention. It will be understood that each block of the
flowchart illustrations and/or block diagrams, and combina-
tions of blocks in the flowchart illustrations and/or block
diagrams, can be implemented by computer program
instructions. These computer program instructions may be
provided to a processor of a general purpose computer,
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special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
instructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the flowchart and/or block diagram block or blocks.
[0127] These computer program instructions may also be
stored in a computer readable medium that can direct a
computer, other programmable data processing apparatus, or
other devices to function in a particular manner, such that the
instructions stored in the computer readable medium pro-
duce an article of manufacture including instructions which
implement the function/act specified in the flowchart and/or
block diagram block or blocks.

[0128] The computer program instructions may also be
loaded onto a computer, other programmable data process-
ing apparatus, or other devices to cause a series of opera-
tional steps to be performed on the computer, other pro-
grammable apparatus or other devices to produce a
computer implemented process such that the instructions
which execute on the computer or other programmable
apparatus provide processes for implementing the functions/
acts specified in the flowchart and/or block diagram block or
blocks.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0129] Some embodiments of the invention are herein
described, by way of example only, with reference to the
accompanying drawings. With specific reference now to the
drawings in detail, it is stressed that the particulars shown
are by way of example, and for purposes of illustrative
discussion of embodiments of the invention. In this regard,
the description taken with the drawings makes apparent to
those skilled in the art how embodiments of the invention
may be practiced.

[0130] In the drawings:

[0131] FIG. 1A is a block diagram of components of a
system for ablation and/or tracking the position of an
intra-body catheter, which may be used with an estimator, in
accordance with some embodiments of the present disclo-
sure;

[0132] FIG. 1B is a schematic flowchart of a method of
deriving and applying an estimator for predicting lesion
effectiveness, according to some embodiments of the present
disclosure;

[0133] FIGS. 2A-2C schematically illustrate aspects of
lesioning to block of tissue conduction, for example for the
treatment of atrial fibrillation, in accordance with some
exemplary embodiments of the disclosure;

[0134] FIG. 3A is a schematic illustration of a tissue wall
of a left atrium, including roots of left and right pulmonary
veins, and a preliminary line of planned ablation, in accor-
dance with some exemplary embodiments of the present
disclosure;

[0135] FIG. 3B is a schematic illustration of tissue wall,
together with a section of a phrenic nerve, an esophagus, and
roots of pulmonary veins, each of which is potentially
vulnerable to lesion damage due to proximity with tissue
wall, in accordance with some exemplary embodiments of
the present disclosure;

[0136] FIG. 3C is a schematic illustration of an alternative
line of planned ablation, in accordance with some exemplary
embodiments of the present disclosure;
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[0137] FIG. 3D is a schematic illustration highlighting
details of a planned set of sub-lesions of a lesion line, and
their traversal along a line of planned ablation, in accordance
with some exemplary embodiments of the present disclo-
sure;

[0138] FIG. 3E is a schematic illustration of a planned set
of ablation sub-lesions for ablating along line of planned
ablation, in accordance with some exemplary embodiments
of the present disclosure;

[0139] FIG. 4A schematically represents a range of
options for prior inputs to a lesion effectiveness estimator
and/or for machine learning of the estimator, comprising
parameters potentially relating to lesion effectiveness,
according to some embodiments of the present disclosure;

[0140] FIG. 4B schematically represents a range of
options for prior inputs to a lesion effectiveness estimator
and for machine learning of the estimator, comprising
parameters potentially relating to lesion effectiveness,
including prior inputs defining conditions for lesion effec-
tiveness, according to some embodiments of the present
disclosure;

[0141] FIGS.5A-5B schematically illustrate aspects of the
planned placement of sub-lesions of a lesion line related to
myocardial fiber direction, in accordance with some exem-
plary embodiments of the present disclosure;

[0142] FIG. 6 is a schematic flowchart of a method of
deriving and applying an estimator for predicting ablation
line effectiveness, according to some embodiments of the
present disclosure;

[0143] FIGS. 7A-7B schematically illustrate adjacency
effects of tissue lesions made in two different sequences, in
accordance with some exemplary embodiments of the pres-
ent disclosure;

[0144] FIGS. 8A-8C illustrate the 3-D display of a lesion
plan for a left atrium, in accordance with some exemplary
embodiments of the present disclosure;

[0145] FIG. 9 is a schematic flowchart of a method of
chaining estimators predicting lesion effectiveness and abla-
tion line effectiveness into a sequence, according to some
embodiments of the present disclosure;

[0146] FIG. 10A schematically represents options for prior
inputs to an ablation line effectiveness estimator and for
machine learning of the estimator, comprising parameters
potentially relating to ablation line effectiveness, including
inputs comprising output of a lesion effectiveness estimator,
according to some embodiments of the present disclosure;

[0147] FIG. 10B schematically represents options for prior
inputs to an ablation line effectiveness estimator and for
machine learning of the estimator, comprising parameters
potentially relating to ablation line effectiveness for use with
a stand-alone ablation line effectiveness estimator according
to some embodiments of the present disclosure;

[0148] FIG. 11 schematically represents different periods
for acquiring prior inputs to estimators, and their relation-
ship to different periods for acquiring feedback inputs to
estimators, according to some embodiments of the present
disclosure;

[0149] FIG. 12 schematically illustrates a method of real-
time use of an ablation plan with optional adjustment, in
accordance with some exemplary embodiments of the pres-
ent disclosure;
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[0150] FIG. 13A illustrates the 3-D display of a planned
lesion ablation line for a left atrium, along with an ablation
probe, in accordance with some exemplary embodiments of
the present disclosure;

[0151] FIG. 13B illustrates an interior-D view of left
atrium, probe, and planned ablation line, in accordance with
some exemplary embodiments of the present disclosure;
[0152] FIG. 14A is a schematic flowchart of a method of
deriving and applying an estimator for predicting ablation
segment effectiveness, according to some embodiments of
the present disclosure;

[0153] FIG. 14B schematically represents a range of
options for prior inputs to an ablation segment effectiveness
estimator and/or for machine learning of the estimator,
comprising parameters potentially relating to ablation seg-
ment effectiveness, according to some embodiments of the
present disclosure;

[0154] FIG. 15A schematically represents a visualization
of results of an ablation segment effectiveness estimator
applied to a plurality of ablation segment used in forming
ablation lines within a left atrium, according to some
embodiments of the present disclosure;

[0155] FIG. 15B schematically represents a visualization
of results of an ablation segment effectiveness estimator
applied to a plurality of ablation segment used in forming
ablation lines within a left atrium, according to some
embodiments of the present disclosure;

[0156] FIG. 16 schematically represents pairwise real-
time lesion assessment based on use of an ablation segment
effectiveness estimator, according to some embodiments of
the present disclosure;

[0157] FIGS. 17A-17D schematically represent indicating
changes to the display of a rendered tissue region due to
predicted and/or measured edema, according to some
embodiments of the present disclosure; and

[0158] FIG. 18 is a schematic flowchart of a method of
deriving and applying an elicited edema estimator for pre-
dicting edema, according to some embodiments of the
present disclosure.

DESCRIPTION OF SPECIFIC EMBODIMENTS
OF THE INVENTION

[0159] The present invention, in some embodiments
thereof, relates to systems and methods for treatment with
intrabody catheters and, more particularly, but not exclu-
sively, to systems and methods for estimating prognosis of
ablation treatment effectiveness, and/or planning and/or
dynamically adjusting planning of treatments such as abla-
tion treatments performed using intrabody catheters based
on the estimation.

Overview

[0160] An aspect of some embodiments of the current
invention relates to the use of estimators to predict short,
medium, and/or long-term outcomes of an ablation proce-
dure, or portion thereof (ablation treatment effectiveness). In
some embodiments, the ablation procedure is a procedure to
ablation atrial wall tissue, e.g. to treat cardiac arrhythmias,
such as: atrial fibrillation. Optionally, the ablation procedure
is carried out using an RF ablation probe. The term “ablation
treatment effectiveness” may include lesion effectiveness
(also referred to as effectiveness of an ablation lesion),
ablation line effectiveness (also referred to as effectiveness
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of an ablation line), and/or ablation segment effectiveness as
next described. As used herein, an estimator or effectiveness
estimator may refer to a lesion effectiveness estimator,
ablation line effectiveness estimator and/or ablation segment
effectiveness estimator (also referred as segment estimator
or ablation segment estimator).

[0161] In some embodiments of the invention, an estima-
tor may be used to predict acute (e.g., immediate) and/or
persistent (e.g., over a period of at least 1 month, 3 months,
6 months, 1 year, 2 years, 5 years, or another longer. shorter,
or intermediate period) effectiveness of an ablation treat-
ment.

[0162] In some embodiments of the invention, a lesion
effectiveness estimator may be used to predict acute (e.g.,
immediate) and/or persistent (e.g., over a period of at least
1 month, 3 months, 6 months, 1 year, 2 years, 5 years, or
another longer, shorter, or intermediate period) effectiveness
of an ablation lesion. Effectiveness of an ablation lesion, in
some embodiments, comprises completeness of electrical
isolation across, under, or over the lesion (transmurality of
the lesion).

[0163] Insome embodiments of the invention, an ablation
line effectiveness estimator may be used to predict acute
(e.g., immediate) and/or persistent (e.g., over a period of at
least 1 month, 3 months, 6 months, 1 year, 2 years, 5 years,
or another longer, shorter, or intermediate period) effective-
ness of an ablation line lesion. Effectiveness of an ablation
line, in some embodiments, comprises completeness of
electrical isolation across, under, or over the ablation line
(transmurality of the ablation line).

[0164] “Effectiveness” is a general term used herein to
refer to achievement of any targeted outcome, for example,
electrical isolation, absence of disease (optionally, absence
of disease for some particular period post-treatment), and/or
safety conditions, according, for example, to the feedback
data used in the construction of the estimator. Any such
targeted outcome is also referred to herein as a “criterion of
effectiveness”.

[0165] An aspect of some embodiments of the current
invention relates to the use of estimators to plan and/or
predict outcomes of an ablation procedure; and more pat-
ticularly, in some embodiments, to plan and/or predict
outcomes related to ablation treatment effectiveness of an
ablation segment ablated as part of an ablation procedure.

[0166] Insomeembodiments, an estimator comprises a set
of learned weights applied, for example, to a neural network,
to terms of a model equation, and/or inputs to a function. In
some embodiments, an estimator is nonlinear, e.g., the
weights include nonlinear combinations.

[0167] Application of an estimator may comprise plug-
ging into the estimator appropriate input values, and calcu-
lating the result. The result may be produced as an estimated
lesion “effectiveness™ or an estimated ablation line “effec-
tiveness” or an estimated ablation segment “effectiveness”,
wherein effectiveness can be defined and/or expressed dif-
ferently in different embodiments, as described herein. The
estimator may be created based on a dataset associating
input parameters, for example: parameters of the lesion,
lesion of the ablation line, and/or lesion of the ablation
segment; lesioning procedure, and/or patient data param-
eters with observed outcomes. Patient data parameters are
also referred to herein as patient parameter data.

[0168] Optionally, the estimator is created using machine
learning to discover correlations between input parameters
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and observed outcomes; additionally or alternatively, the
estimator is created, for example, based on general statistical
methods. The estimator may be applied to one or more input
parameters of subsequent lesions/lesioning procedures, and
the result may be used as a basis for further decision making.
For example, within a procedure, updated estimator results
are optionally used to indicate whether or not the procedure
so far is likely to lead to a successful result, or whether
mitigating actions should be taken. Optionally, simulated
results of intended mitigating actions are also subjected to
the estimator before being undertaken, for example, to help
select from among a plurality of mitigating action choices
which is most likely to be effective.

[0169] In some embodiments, the estimator may also
accept patient data parameters. Patient data parameters may
include, for example: age, sex, weight, blood pressure,
patient medical history, laboratory tests or self-tests, and/or
patient genetics.

[0170] Insomeembodiments, an effectiveness estimator is
used to predict long-term persistence of lesions. Optionally,
planning of follow-up treatment is based at least partially on
predictions of the effectiveness estimator.

[0171] In some embodiments, an effectiveness estimator
may take into account the occurrence (or predicted occur-
rence) of edema in the vicinity of a lesion location. Edema
is typically acutely elicited in heart tissue by lesioning or
mechanical insult, and once developed (after several min-
utes) can interfere with the effect of subsequent ablations. In
some embodiments, an estimator takes into account the
positions and relative times of recent ablations in order to
help predict the effectiveness of subsequent ablations (actual
ablations and/or planned ablations). Optionally, the system
suggests alternative plans to help adjust for the effects of
edema—for example, suggesting a different order of abla-
tions, different timing, and/or different operating settings
(power, time, frequency, phase) for the ablation modality.
[0172] In some embodiments of the invention, an ablation
line effectiveness estimator is used to predict acute and/or
persistent effectiveness of an ablation line for overall com-
pleteness of electrical isolation (e.g., to estimate a likelihood
of there being or developing an inter-lesion gap allowing
electrical reconnection). An ablation line, in some embodi-
ments, comprises a group of lesions introduced together by
ablation to achieve a clinical result. Typically, the lesions are
introduced as a chain of lesions extending along a pathway
(herein, this may be referred as an ablation line, ablation
path, lesion line, lesion path, or path), with the target of
creating an uninterrupted barrier to electrical transmission
from one side to the other. Even if each individual lesion of
an ablation line is apparently transmural and permanent (for
example, as actually measured, and/or as judged and/or
predicted by the lesion effectiveness estimator), there
remains a possibility that the individual lesions are placed so
that the ablation line overall still allows electrical impulse
transmission across it. The ablation line effectiveness esti-
mator, in some embodiments, is applied to data describing
the overall shape of the ablation line, from which an estimate
of the ablation line’s overall electrical isolation effectiveness
in the immediate, short-term, and/or long-term future is
produced.

[0173] The ablation line effectiveness estimator is option-
ally created based on a dataset associating input parameters
of the ablation line and/or ablation line procedure with
observed outcomes. The estimator may be applied to the
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input parameters of subsequent ablation procedures, and the
result optionally used as a basis for further decision making.
For example, within a procedure, updated estimator results
are optionally used to indicate whether or not the procedure
so far is likely to lead to a successful result, or whether
mitigating actions should be taken. Optionally, simulated
results of intended mitigating actions are also subjected to
the estimator before being undertaken, for example, to help
select from among a plurality of mitigating action choices
which is most likely to be effective.

[0174] An aspect of some embodiments of the current
invention relates to systems and methods for planning
catheter ablation (using a probe of the catheter) of a tissue
in a patient (producing what is referred to herein as an
ablation plan, lesion plan, line of planned ablation, lesioning
plan, plan of ablation treatment, or planned lesion).

[0175] In some embodiments, an ablation plan includes
specification of where ablation is to occur; optionally
defined as a line or path, an area, and/or a volume (herein,
ablation plans for a path are provided as examples, without
limitation away from embodiments using areal or volumetric
specifications). An ablation plan optionally comprises the
definition of ablation parameters along the ablation line (for
example, frequency, total energy delivered, power and/or
timing). An ablation plan optionally specifies movements of
an ablation probe more particularly—for example, from
what start point, in what order, to what end point, at what
angle, and/or with what timing between movements. Option-
ally, the ablation plan includes specification of the ablation
catheter (e.g., its probe) itself.

[0176] In some embodiments, the method for planning an
ablation line comprises receiving (for example, receiving by
a lesion planning system, by a processor configured to
implement lesion planning, and/or from a user) an indication
of a preliminary target form of a lesion to be formed on
and/or within a target anatomical structure of the patient by
the planned catheter ablation. Optionally, the preliminary
target form is indicated as a path (for example a continuous
path, and/or a path described as a series of locations to be
lesioned) specified with respect to a representation (e.g., a
3-D display) of patient-specific anatomy.

[0177] In some embodiments, patient-specific anatomy
comprise 3-D imaging data (for example, MRI, CT, NMR,
and/or data from another imaging modality) describing
and/or displaying patient-specific anatomy. In some embodi-
ments, the data are marked (and/or characterized after
receipt) with respect to thermal and/or dielectric properties.
Optionally, thermal properties include, for example, thermal
conductivity, heat capacity, rate of active heat transfer (for
example, by blood perfusion), and/or rate of metabolic heat
generation. Optionally, dielectric properties include, for
example, the frequency-dependent relative permittivity of
tissue, and/or another property related to relative permittiv-
ity; for example, as described in the Background of the
Invention, herein.

[0178] Insome embodiments, planning an ablation plan is
described herein in terms of the placement of the ablation
path, the plan of ablation probe movement along that path
and/or the parameters of ablation which optionally are
selected to vary as the probe moves along the path. In some
embodiments, these plan features are optionally determined
together and/or in parallel. For example, which sub-lesion
positions are optimal along a portion of the lesion path is
potentially influenced by how much and/or with what timing
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lesioning energy is delivered. In some embodiments, deter-
mining a final ablation plan comprises iteratively adjusting
these plan features to approach more optimal results, and/or
generating a selection of alternative plans from which the
most optimal result is chosen. In some embodiments, one or
more steps of such planning may be carried out by appli-
cation of a thermal and/or dielectric property simulation of
the tissue to be treated.

[0179] In some embodiments, planning an ablation plan
includes planning an optimal path. In some embodiments,
the optimal path may be understood as the path which best
simultaneously satisfies several, potentially contradictory,
constraints and/or criteria. In general, the overall ablation
plan preferably seeks effectiveness of the block while pro-
tecting against collateral damage, and achieving the greatest
speed of lesioning compatible with these two goals. More
specifically, the constraints and/or criteria include, for
example:

[0180] minimization of path length;
[0181] minimization of sub-lesion number;
[0182] minimization of complexity, required precision,

and/or time of catheter maneuvering;

[0183] avoidance of collateral damage to non-target
tissue;
[0184] access to the target, dependent, for example, on

anatomy shape and/or catheter mechanics; and/or

[0185] features of the target anatomy, for example,
tissue wall thickness, existing lesions, and/or fiber
direction.

[0186] In some embodiments, the method for planning an
ablation line comprises calculating (e.g., by a lesion plan-
ning system) simulated results of lesioning, based on the
characterization of data describing patient-specific anatomy.
In some embodiments, estimated results of lesioning may be
obtained by an effectiveness estimator. Estimated results of
lesioning may include short-term effects such as heating,
collateral effects on nearby tissue, reversible block, and/or
edema; as well as predictions of long-term effects such as the
irreversibility of block. Estimated results of lesioning
obtained by an effectiveness estimator may include ablation
treatment effectiveness.

[0187] In some embodiments, the simulation is based on
thermal and/or dielectric tissue properties specified in the
received data. In some embodiments, the simulation com-
prises simulation of the effects of power loss density (PLD)
in tissue under excitation by a RF field modeled after a field
produced by an ablation probe of an RF ablation catheter.
Optionally, when non-RF ablation is performed (such as by
substance injection, cryoablation and/or irreversible elec-
troporation), another equation is used to simulate the initial
distribution of ablating energy to (or its ablating removal
from) tissue. Additionally or alternatively, simulation of
thermal conduction is also performed (for example, based on
the thermal continuity equation). Optionally, simulation
comprises accounting for interaction between thermal and
dielectric properties, for example, changes in dielectric
properties during heating as a result of temperature change
potentially subsequently influence heating itself in turn.
Optionally, simulation comprises accounting for interaction
between ablation and physiological responses, for example,
edema arising post-ablation potentially affects how later
attempts to ablate the same and/or a nearby region proceeds.
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Optionally, this is accounted for between sequential sub-
lesions, and/or as an ablation probe moves along a line of
planned ablation.

[0188] In some embodiments, the estimated results of
lesioning may be used in planning a target form of a lesion
(e.g., in planning an ablation). Optionally, the planning
comprises planning an ablation line (e.g., a line of locations
at which ablation is performed to create sub-lesions), along
which a lesion is to be formed. Optionally, the ablation plan
comprises specification of ablation parameters to be used
along the line—for example, particular positions, angles,
and/or pressures for contact between an ablation probe and
target tissue; energies used to activate the probe (optionally
including frequency and/or voltage); selection of electrodes
(optionally including specification of phased activation of
electrodes); and/or durations of ablation. Optionally param-
eters of ablation (for example, parameters defining energies,
details of positioning, and/or durations) are varied at differ-
ent positions along the line (other spatial arrangement) of
planned ablation. Optionally, an ablation plan may include
the order of ablations, for example, where ends of a looping
line of ablation should meet, and/or placement and/or timing
of sub-lesions to take advantage of previously existing
lesions and/or recent administration of ablation energy.
Herein, the term “sub-lesion” is used to indicate portions of
a larger ablation result created by an ablation probe upon or
along a portion of larger area to be lesioned (e.g., defined as
a line or path, but not excluding definitions as areas or
volumes). Ablation is optionally performed by a probe
moved stepwise between lesion foci (with ablation at each
step defining a sub-lesion), and/or by dragging an ablation
probe over a continuous extent of target tissue (where a
sub-lesion is defined by the extent of dragged-out ablation,
and/or optionally by a change in parameter, for example, a
change in ablation power, rate of drag, or another param-
eter). Herein, the term lesion, used as a noun, is generally
equivalent to the term “sub-lesion”.

[0189] Optionally, the ablation plan takes into account
(and 1s formulated to avoid damaging) the patient-specific
positions of anatomical structures subject to collateral dam-
age (for example, the esophagus, phrenic nerve, and/or
venous roots, as in the case of ablations to treat atrial
fibrillation). Optionally, the ablation plan takes into account
aspects related to maneuvering within the confines of an
anatomical space. For example, there may be mechanical
limitations on the maneuvering of an ablation catheter. In
another example, a requirement for precision of placement
may be relaxed in some positions along a line of planned
ablation (e.g., a tolerance to gaps in a lesion line may be
greater where fibers are oriented so that they are cut by,
rather than running between, adjacent sub-lesions); while
certain maneuvers (such as joining lesion line ends) are
potentially more prone to error and/or complication. In some
embodiments, an ablation plan is designed to match more
difficult maneuvers to lesion positions where delay and/or
error is potentially less damaging to the end result. In some
embodiments, the ablation plan is calculated for a shortest
line of planned ablation, a minimal number of sub-lesions
placed, and/or a minimal use of ablation energy, compatible
with the relative importance (e.g., priority and/or weighting)
of other criteria and/or constraints.

[0190] In some embodiments, the method comprises pro-
viding (for example, to a lesion planning system) an indi-
cation of the planned target form. Optionally, the indication
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comprises showing a line of planned ablation together with
a 3-D representation of the target anatomical structure.
Optionally, the indication also comprises display of targeted
ablation positions along the line, and/or the order and/or
timing in which the ablation positions are to be targeted. The
indication may also include detailed aspects of the plan such
as planned lesion size and/or lesioning parameters such as
power and duration. Optionally, expected results of an
ablation plan are presented to a user a priori, for example, as
an ablation line indication presented together with a 3-D
model of the target tissue, as one or more estimates of time
of ablation (partial or overall), as a likelihood of successful
treatment, etc. In some embodiments, likelihood of success-
ful treatment is calculated based on success in other patients
having similar ablation procedure characteristics.

[0191] In some embodiments, the planning comprises
automatic adjustment of the preliminary target form of the
lesion to satisfy one or more criteria and/or constraints; for
example, criteria and/or constraints affecting safety, proce-
dure outcome, efficiency of power application, and/or treat-
ment duration; and/or practicability of the lesion plan. In
some embodiments, adjusting a preliminary target form of a
lesion may be based on results obtained by an effectiveness
estimator during an ablation treatment.

[0192] In some embodiments, an ablation plan includes
the definition of intermediate target results which can be
monitored while the plan is carried out. For example, lesion
effectiveness or ablation line effectiveness may be moni-
tored (e.g., by an estimator) during an ablation in progress
(for example, based on dielectric property and/or thermal
measurements). In some embodiments, intermediate target
results may be used to adjust one or more parameters of the
ablation in progress, and/or another parameter of the abla-
tion plan.

[0193] Insome embodiments, a preliminary target form is
provided automatically and/or by a user as an indication of
a selection of a more generally specified lesion form, for
example, a selection specified in terms of one or more
anatomical landmarks, and/or a topographic relationship of
the lesion with respect to the landmarks. For example, the
indication may be “surrounding a root of a pulmonary vein”
(additionally or alternatively, the root of a plurality of veins,
of another blood vessel, or any other relationship between
anatomical landmark and lesion form suitable to the appli-
cation).

[0194] An aspect of some embodiments of the current
invention relates to systems and/or methods of dynamic
adjustment of an ablation plan of a tissue in a patient. In
some embodiments, adjustment may be based on results
obtained from an effectiveness estimator. In some embodi-
ments, differences between an ablation plan and the actual
ablation as it occurs are automatically adjusted for by
changing the plan in media res, optionally while still taking
into account criteria and/or constraints affecting safety,
procedure outcome, and/or speed and/or practicability of the
lesion plan. Ablation plan adjustments may occur entirely
automatically, and/or be provided as suggestions and/or
alternatives for a user to follow and/or select among. Option-
ally, alternatives (particularly when they are presented in
response in the contingency of a complication or error in the
procedure) are presented with an indication of likely relative
risks/benefits. In some embodiments, an effectiveness esti-
mator may be used to estimate the relative risks/benefits.
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[0195] Insome embodiments, the ablation plan includes a
sequence of position targets describing lesioning positions
of a target anatomical structure at which sub-lesions and/or
other portions of a completed larger lesion are planned to be
created. Optionally, the sequence comprises a discrete
sequence—for example, a sequence of spot-like sub-lesions
along a line of planned ablation. Optionally, the sequence
comprises continuous sequence—for example, a sequence
of positions passed through as an ablation catheter ablation
probe is dragged along a portion of a line of planned
ablation.

[0196] Insome embodiments, an ablation plan is received;
for example, received by a system configured to track a
probe of an ablation catheter during ablation. In some
embodiments, the sequence of position targets is compared
to the actual (e.g., tracked by a catheter tracking system)
positions of an ablation catheter where it performs ablation.
Preferably, the comparison occurs during an ablation pro-
cedure. Optionally, this is followed by automatic correction
(optionally aungmented by user input such as confirmation
and/or selection of options) before certain difficulties caused
by delay arise—for example, loss of lock between the
relative position of the ablation catheter and the lesion,
and/or evolution of the lesion to a form which may be more
difficult to lesion (tissue typically becomes edematous
within a few minutes of lesioning, which can in turn make
it difficult to reliably make further lesioning adjustments
afterward).

[0197] In some embodiments, the ablation plan is
adjusted, based on differences between the sequence of
position targets and the sequence of tracked positions.
Generally, the adjustment seeks to preserve key features of
the final lesion which are potentially at risk due to a partial
deviation from the plan. One significant form of error which
can arise in the treatment of atrial fibrillation by lesioning is
the placement of sub-lesions which are not sufficiently close
to prevent impulse transmission from crossing between
them. In some embodiments, the plan is adjusts by inserting
one or more additional lesions, and/or by adding further
lesioning energy at one of the sub-lesion positions. At the
same time, in some embodiments, safety constraints are also
imposed on the plan: for example, to prevent collateral
damage to sensitive structures such as the esophagus,
venous roots, autonomic ganglia, and/or phrenic nerve.
[0198] Before explaining at least one embodiment of the
invention in detail, it is to be understood that the invention
is not necessarily limited in its application to the details of
construction and the arrangement of the components and/or
methods set forth in the following description and/or illus-
trated in the drawings. The invention is capable of other
embodiments or of being practiced or carried out in various
ways.

Systems for Ablation and/or Tracking the Position of an
Intra-Body Catheter

[0199] Reference is now made to FIG. 1A, which is a
block diagram of components of a system for ablation and/or
tracking the position of an intra-body catheter, which may be
used with an estimator, in accordance with some embodi-
ments of the present invention.

[0200] Insome embodiments, the system of FIG. 1A may
allow an operator to monitor progress of an intra-body
procedure according to a treatment plan, for example,
lesioning along an ablation, optionally with sufficient accu-
racy and precision to allow monitoring actual vs. planned
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ablations. In some embodiments, an estimator may be used
to predict acute (e.g., immediate) and/or persistent (e.g.,
over a period) effectiveness of an ablation treatment.
[0201] Optionally, the system is configured to dynamically
adjust the ablation plan according to the progress of the
procedure and/or based on results obtained by an effective-
ness estimator during an ablation treatment. The system of
FIG. 1A may execute, for example, the method of FIGS. 1B
and/or 6 (either by an estimator embedded in processor 1104
or by a dedicated estimator 1150. Estimator 1150 may be
learned lesion estimator 1604 (as described in FIG. 1) and/or
ablation line estimator 1804 (as described in FIG. 6) and/or
ablation segment estimator 2104 (as described in FIG. 14A)
and/or edema estimator 2604 (as described in FIG. 18).
[0202] Itis noted that the system of FIG. 1A may track the
location of the distal end of the catheter (the probe end) by
separately and substantially simultaneously tracking the
position of sensors, electrodes and/or other conducting ports
on the distal end of the catheter.

[0203] As used herein, the terms sensor and electrode are
sometimes interchangeable, for example, where referring to
an element that performs measurements of one or more
electrical properties (e.g., dielectric properties, conductance,
impedance, voltage, current, and/or electrical field strength).
For example, the electrodes may function as the sensors,
such as by transmitting from one electrode to a second
electrode, where the second electrode functions as a sensor.
Impedance may be measured between respective electrode
pairs, and/or between a designated electrode and a reference
electrode (which may be located outside the body and/or
within the body, such as on the catheter).

[0204] The system of FIG. 1A may provide additional
features, for example, estimation of contact force applied by
the distal end of the catheter (the probe at the probe end of
the catheter) to the tissue wall, estimation of the lesion
formation (e.g., estimation of lesion structure, for example,
size, volume and/or depth), estimation of tissue temperature,
and/or mapping of fibrotic regions.

[0205] System 1100 may include a program store 1106
storing code, and a processor 1104 coupled to program store
1106 for implementing the stored code. Optionally, more
than one processor may be used. It is noted that program
store 1106 may be located locally and/or remotely (e.g., at
a remote server and/or computing cloud), with code option-
ally downloaded from the remote location to the local
location for local execution (or code may be entirely or
partially executed remotely).

[0206] System 1100 may include an imaging interface
1110 for communicating with one or more anatomical imag-
ing modalities 1111 that acquire a dataset of imaging data of
a patient, for example, anatomical imaging data, e.g., a
computer tomography (CT) machine, an ultrasound machine
(US), a nuclear magnetic resonance (NM) machine, a single
photon emission computed tomography (SPECT) machine,
a magnetic resonance imaging (MRI) machine, and/or other
structural and/or functional anatomical imaging modality
machines. Optionally, imaging modality 1111 acquires three
dimensional (3-D) data and/or 2-D data. It is noted that the
anatomical images may be derived and/or acquired from
functional images, for example, from functional images
from an NM machine.

[0207] System 1100 may include an output interface 1130
for communicating with a display 1132, for example, a
screen or a touch screen. Optionally, physically tracked
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location coordinates are displayed within a presentation of
the dataset; for example, the 3-D acquired anatomical
images are displayed on display 1132, with a simulation of
the location of the distal end of the catheter within the
displayed image.

[0208] System 1100 may include an electrode interface
1112 for communicating with a plurality of physical elec-
trodes 1114 and/or sensors (optionally, the electrodes serve
as the sensors) located on a distal end portion of a physical
catheter 1116 designed for intra-body navigation; for
example: an electrophysiology (EP) ablation catheter, and/or
another ablation catheter (e.g., a chemical ablation or injec-
tion catheter). Alternatively or additionally, system 1100
includes a navigation interface 1134 for communicating with
a catheter navigation system 1136; optionally a non-fluoro-
scopic navigation system; optionally, an impedance mea-
surement based system.

[0209] In some embodiments, intra-body navigation is
performed based on body surface electrodes that receive
and/or transmit current (e.g., alternating current) in different
frequencies and/or different times between co-planar direc-
tions. Analysis of the electrical and/or thermal parameters
obtained from the sensors of the catheter, separated into the
different channels, is optionally used to estimate the location
of each sensor relative to each body surface electrode. A
calibration of the distances between the sensors (e.g., based
on manufacturing specifications of the catheter, and/or mea-
surements such as using fluoroscopy or other methods) may
be performed.

[0210] Optionally, system 1100 includes a sensor interface
1126 for communicating with one or more sensors 1128,
which may be in the body or external to the body; for
example, for measuring electrical and/or thermal param-
eters, for example, impedance and/or conductivity and/or
thermal conductivity and/or heat capacity and/or metabolic
heat generation of the blood, the myocardium, and/or other
tissues.

[0211] Optionally, system 1100 includes a data interface
1118, for communicating with a data server 1122, directly or
over a network 1120, to acquire estimated dielectric and/or
thermal tissue values for association with the acquired
imaging dataset. Alternatively, the estimated dielectric and/
or thermal values are stored locally, for example, on data
repository 1108.

[0212] In some embodiments, data interface 1118 may be
used to acquire patient data parameters and/or additional
data required for estimator 1150.

[0213] Optionally, a user interface 1124 is in communi-
cation with data interface 1118, for example, a touch screen,
a mouse, a keyboard, and/or a microphone with voice
recognition software.

[0214] Optionally, system 1100 (e.g., computing unit
1102) includes a connector 1140 connecting between cath-
eter 1116 (e.g., RF ablation catheter, injection catheter) and
a connector interface 1142 (and/or electrode interface 1112).
Connector 1140 may be used to add additional features to
existing catheters, such as off the shelf catheters, for
example, RF ablation catheters, at least by acting as an input
of signals communicated by the catheter for processing by
system 1100. The signals communicated by the catheter are
intercepted by circuitry within connector 1140 and trans-
mitted to interface 1142 and/or 1112, without interfering
with the signal transmission. The intercepted signals may be
analyzed by system 1100, for example, to perform real-time
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tissue measurements (e.g., contact force, pressure, ablated
volume and/or depth, temperature, and/or fibrosis mapping),
to perform localization of the catheter, to estimate ablation
treatment effectiveness and/or to identify the type of the
catheter.

[0215] Itis noted that one or more of interfaces 1110, 1118,
1112, 1126, 1130, 1134, 1142 may be implemented, for
example, as a physical interface (e.g., cable interface),
and/or as a virtual interface (e.g., application programming
interface). The interfaces may each be implemented sepa-
rately, or multiple (e.g., a group or all) interfaces may be
implemented as a single interface.

[0216] Processor 1104 may be coupled to one or more of
program store 1106, data repository 1108, and interfaces
1110, 1118, 1112, 1126, 1130, 1134, 1142.

[0217] Optionally, system 1100 includes a data repository
1108, for example, for storing the dataset (e.g., imaging data
of a patient), the simulation, received electrical and/or
thermal parameters, and/or other data (such as: patient data
parameters). The data may be displayed to a user (e.g.,
physician) before, during and after the procedure.

[0218] It is noted that one or more of processor 1104,
program store 1106, data repository 1108, and interfaces
1110, 1118, 1112, 1126, 1130, 1134, 1142 may be imple-
mented as a computing unit 1102, for example, as a stand-
alone computer, as a hardware card (or chip) implemented
within an existing computer (e.g., catheterization laboratory
computer), and/or as a computer program product loaded
within the existing computer.

[0219] Program store 1106 optionally includes code
implementable by processor 1104 that represents an effec-
tiveness estimator based on one or more lesion effectiveness
parameters and/or other data.

[0220] In some embodiments, a dataset of a body portion
of a patient including anatomical imaging data of the patient
(optionally 3-D data) is provided, for example, acquired
from imaging modality 1111 (e.g., CT, MRI), retrieved from
repository 1108, and/or acquired from an external server or
other storage. Alternatively or additionally, the dataset is
acquired and/or derived from a functional imaging modality,
for example, NM and/or SPECT. For example, data from the
NM modality may be used to infer the location of autono-
mous nervous system components (e.g., one or more gan-
glion plexi) designated for treatment on the dataset from the
CT modality. In some embodiments, anatomical imaging
data may be otherwise obtained, for example: anatomical
structure may be reconstructed from one or more signals
obtained by electrodes 1114 or sensor 1128. In some
embodiments, an intrabody electrode probe comprising elec-
trodes 1114 is used to map out an anatomical space in which
a procedure is to be performed, effectively producing a 3-D
model of the space, optionally in parallel with performing
the procedure. In some embodiments, reconstruction from
the mapping uses known spatial constraints on the relative
positions of a plurality of sensing electrodes positioned at
known spaced positions relative to the geometry of the
intrabody probe. Optionally, local spatial calibration defined
by the spatial constraints is used in combination with
constraints on the spatial coherence of measurements as part
of the reconstruction process.

[0221] The anatomical imaging data may serve as a basis
for geometrical structure and/or modeling of internal organs
of the patient, for example, the organs are segmented using
image segmentation code.
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[0222] Optionally, the anatomical imaging data includes
the target tissue for treatment in a catheterization procedure;
for example, the heart. Optionally, the anatomical imaging
data includes tissues surrounding the target tissue, for
example, a full body scan, a full thorax scan, a chest and
abdominal scan, and/or a chest scan. For example, for an
intra-cardiac ablation procedure, a full thorax scan may be
performed.

[0223] Optionally, the anatomical imaging data is ana-
lyzed and/or processed to identify different types of tissues
within the imaging data, for example, each pixel data or
region is classified into a tissue type. Suitable classification
methods include, for example, according to image segmen-
tation methods, according to a predefined imaging atlas,
and/or based on Hounsfield units.

[0224] It is noted that the patient may undergo imaging
before the catheterization procedure, for example, as a
separate outpatient procedure.

[0225] In some embodiments, ablation is carried out
according to an ablation plan. Optionally, the ablation plan
is specified largely automatically based on inputs which set
parameters for an ablation procedure such as regions tar-
geted to be isolated by the procedure, optionally along with
information that characterizes the environment of the pro-
cedure-tissue states and shapes, for example. The ablation
plan may be understood as comprising one or more of the
three levels described herein. At the high level is the overall
line of ablation along which lesions will be formed. In
addition to design for effectiveness (that is, to achieve
complete isolation), the line of ablation may be preferably
efficient (minimum suitable length), safe (minimized poten-
tial for side effects) and/or reliable (avoiding areas that are
prone to mistakes and/or difficulties). At the lowest level are
individual lesions (also called “sub-lesions” herein) which
should be connected together along the line of ablation to
form a complete block, and moreover should be transmural
(extending across the heart wall) so that they also block
transmission throughout the wall thickness. An intermediate
level of planning is at the level of lesion segments, com-
prising pairs of adjacent lesions and their relationship to one
another. Adjacent lesions may interact, e.g., temporally
through residual temperature effects as one lesion is ablated
following another. The lesions also interact with each other
spatially, since each lesion segment needs to be placed such
that there is no effective gap permitting transmission
between two lesions. Ablation plans may be adjusted, even
in the course of a procedure underway, in response, for
example, to unforeseen conditions and/or events, difficulties
in carrying out the original ablation plan, and/or unantici-
pated results of ablation.

Estimators for Lesion Effectiveness

[0226] Reference is now made to FIG. 1B, which is a
schematic flowchart of a method of deriving and applying an
estimator for predicting lesion effectiveness, according to
some embodiments of the present disclosure. First, inputs to
and operation of machine learning at block 1603 are
described (however, it should be understood that creation of
an estimator based on associations between input parameters
and/or measurements and outcomes is optionally performed
using a non-machine learning method, such as general-
purpose statistical methods). Then application of a learned
lesion estimator 1604 at block 1605 is described. With
respect to FIG. 1B, “lesion” refers to an individual lesion
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focus or “sub-lesion”, formed by operation of an ablation
probe in contact with tissue, while an “ablation line” refers
to a sequence or chain of such lesions.

[0227] In some embodiments, ablation treatment of a
tissue region such as a tissue wall (for example, cardiac
tissue of the atria) comprises the formation of a substantially
continuous lesion of tissue which serves as a block to
conduction. In some embodiments, the targeted region of
block is along a lesion path formed from a plurality of
sub-lesions arranged along it a substantially contiguous
fashion.

[0228] The line of planned ablation can be defined on any
suitable tissue surface; for example, within the left atrium
(e.g., around one or more pulmonary veins), or within the
right atrium (e.g., around one or more branches of the vena
cava). For purposes of discussion, the example of an abla-
tion line in a left atrium is described, however it is to be
understood that the discussion also applies, changed as
necessary, to the definition of ablation lines along other
surfaces.

[0229] Optionally, the user indicates a preferred prelimi-
nary line type (e.g., by selecting from a menu a target such
as “around the superior left pulmonary vein root”, or another
such target). Optionally, a preliminary line of planned abla-
tion is automatically generated and/or selected based on the
indication.

[0230] Effective blockage treatment of an irregular
impulse conduction disease such as atrial fibrillation poten-
tially fails when the blockage is broken or incomplete.
However, the procedure for forming a blocking lesion is
subject to conflicting requirements, such as the need to avoid
collateral damage to non-target tissue, the difficulty of
maneuvering a catheter subject to constrained degrees of
freedom, and time pressure to complete the procedure as
quickly as possible.

[0231] Reference is now made to FIGS. 2A-2C, which
schematically illustrate aspects of lesioning to block of
tissue conduction, for example for the treatment of atrial
fibrillation, according to some exemplary embodiments of
the present disclosure. Shown in FIGS. 2A-2B is a lesion
path 54A which encircles two pulmonary veins 48 of a left
atrium (a view from inside the atrium is shown).

[0232] In some embodiments, an ablation probe 10 com-
prising at least one ablation device 103 is moved sequen-
tially along path 54A, ablating at a plurality of locations to
create a chain sub-lesions 52 at each location. In some
embodiments, ablation device 103 comprises one or more
electrodes, e.g., an electrode used in RF ablation. Optionally,
the electrode(s) may act as a sensing electrode for sensing
dielectric properties of the tissue near it. Optionally, one or
more additional electrodes may be provided for sensing
dielectric properties.

[0233] In FIG. 2B, impulse 955 is shown arising from the
vicinity of a pulmonary vein 48. Where it encounters a
completed sub-lesion 52 (for example, at boundary 955A),
conduction is stopped. However, a gap 52B potentially
allows impulse portion 57 to escape into surrounding tissue,
where it may contribute to an irregular heartbeat. The
minimum size of a gap allowing conduction can be, for
example, about 1.0 mm, 1.3 mm, 1.5 mm, or another larger,
smaller or intermediate value.

[0234] Insofar as lesions may compromise a non-uniform
profile through the thickness of a tissue (e.g., as for a
hemi-ellipsoid or paraboloid), it should be understood that
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any region throughout the tissue thickness exceeding this
gap width (as long as it has sufficient depth, for example,
0.55 mm, or another value of at least about 0.5 mm-2 mm,
to support transmission) can serve as a pathway for impulse
“escape”. Thus, lesions which superficially contact one
another, or even overlap-even if transmural at some
region—may nonetheless (at least in principle) be suffi-
ciently distant at some depth to allow impulse escape
therebetween. However, for purposes of discussion and
illustration, at least partially transmural lesions shown
herein as superficially contacting are generally assumed to
be close enough to block transmission therebetween at any
depth, except as otherwise indicated.

[0235] The maximum size of the gap which still prevents
blockage may also depend on the structure of the underlying
tissue; for example, a direction of myocardial fibers in
relation the orientation of the gap (this is also discussed
herein, for example, in relation to FIGS. 5A-5B). Optionally,
the relevant orientation (which potentially varies through the
thickness of the tissue) is selected from one or more layers
in which the gap may exist.

[0236] FIG. 2C illustrates how lesion depth potentially
relates to relatively effective or ineffective conduction block.
Tissue region 50 is shown with a chain of sub-lesions 52,
52A, 52D, 52C already formed. The various depths of these
lesions are schematically outlined as dotted line paraboloids
53, 53A, 53D, 53C.

[0237] Electrode 103 is shown in contact with a surface of
tissue 50, over lesion and targeted tissue area 52C. Here, the
lesion is transmural, to the degree that it has begun to spread
across the opposite surface of tissue 50 at region 53C.
Lesion 52A is also a deep lesion, but the degree of trans-
murality is lower (for example, a small distance 53A has
been left). This may not be a reason for concern, if gap 53A
is too small to allow impulse conduction. However, at lesion
52D, the lesion is too shallow, and gap 53D is sufficiently
large to allow impulse portion 57 to pass through it. In some
embodiments, a transmurality gap of about 0.55 mm or
smaller is considered small enough to prevent impulse
escape, depending also in part on the width of the gap.

[0238] Although ablation is generally described herein
with respect to ablation of an atrial wall for the treatment of
atrial fibrillation, it should be understood that the descrip-
tions also apply, changed as necessary, to the planning of
ablation in other tissues; for example: neural tissue, tumor
tissue (for example, cancer), other abnormal growth tissue
such as warts, skin tissue, mucous membrane, or another
tissue.

[0239] Reference is now made to FIG. 3A, which is a
schematic illustration of a tissue wall 50 of a left atrium,
including roots of left and right pulmonary veins 47, 48, and
a preliminary line of planned ablation 54, in accordance with
some exemplary embodiments of the invention.

[0240] Optionally, preliminary line of planned ablation 54
encircles both left pulmonary veins, for example as shown.
Optionally, the line of planned ablation serves as a basis for
further modifications which result in a final ablation line
which satisfies certain criteria of safety and/or effectiveness.

[0241] Reference is now made to FIG. 3B, which is
schematic illustration of tissue wall 50, together with a
section of a phrenic nerve 45, an esophagus 44, and roots of
pulmonary veins 47, 48; potentially vulnerable to lesion-
damage around preliminary line of ablation 54 due to
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proximity with tissue wall 50 at regions 61, 62, 63, or 64; in
accordance with some exemplary embodiments of the inven-
tion.

[0242] In some embodiments, a planned ablation of one
tissue (e.g., tissue wall 50) involves potential risk of damage
to one or more adjoining tissues. For example, thermal
ablation (e.g., by RF energy application) which enters into
region 62 of tissue wall 50 potentially also induces heating
in esophagus 44 which could lead to damage. Region 61,
adjacent to a portion of phrenic nerve 45, is another region
of potential risk; damaging the phrenic nerve can lead to
partial respiratory paralysis. In some embodiments, lesion
placement criteria exclude and/or limit lesioning from enter-
ing certain regions of the lesioned surface itself. Regions 63
and 64 are defined, for example, to exclude lesions from
entering the ostia of the pulmonary veins.

[0243] Exclusion may be defined such that no heating or
cooling of an at-risk tissue can rise above (or fall below) a
certain temperature threshold, e.g., according to a simulated
ablation operation. In some embodiments, the temperature
threshold is, for example, about 50° C., 55° C., 58° C., 60°
C., 65° C, 70° C., 75° C., or another larger, smaller or
intermediate temperature. Optionally, a functional criterion
is used: for example, a plan which includes heating for more
than T seconds at energy Y by a probe within X mm is
preferably excluded. Optionally, values for T, Y and/or X are
chosen based on general simulations and/or experimental
data, for use as heuristics in the cases of actual patient
treatments. For example, T is varied between about 15
seconds to about 45 seconds; Y varies between about 15 W
and 30 W, and/or X varies between about 5 mm-10 mm. Use
of heuristic criteria has the potential advantage of bypassing
at least some of the computational load of an individualized
simulation.

[0244] In some embodiments, lesioning in a risky area is
made potentially safer by controlling parameters such as
ablation power and/or ablation timing, optionally in addition
to controlling the parameter of ablation probe placement.
Conversely, there may be regions where the risk of collateral
damage is relatively low. For example, relatively low ther-
mal conductivity of adjacent tissue (e.g., air-filled lung
tissue) potentially allows more aggressive lesioning of heart
wall tissue, which has a potential advantage for speed of
lesioning.

[0245] The line of planned ablation 55 shown in FI1G. 3B
is minimally disturbed from the preliminary line of planned
ablation 54 for applying protective criteria, without also
minimizing path length. However, reference is now made to
FIG. 3C, which is a schematic illustration of an alternative
line of planned ablation 56, in accordance with some exem-
plary embodiments of the invention. In this instance, pre-
liminary line of planned ablation 54 is shown aggressively
optimized for reduced length as alternative line of planned
ablation 56. Optionally, preliminary line of planned ablation
54 is “shrunk” until some sub-lesions produced therealong
would just reach to the limit of vein ostium protection
regions 63, 64. In some embodiments, lengthening the path
by over-shrinkage is prevented; the effect is as though a
rubber band were extended between sub-lesions which are
not in direct contact with the vein ostium protection regions
63, 64.

[0246] In FIG. 3B, line of planned ablation 55 is shown
adjusted from preliminary line of planned ablation 54 by
diversions which pull the line centrally away from regions
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61 and 62 at which ablation is indicated to accompany a
potential risk for collateral damage.

[0247] Continuing reference is made to FIG. 3D, and also
to FIG. 3E, which is a schematic illustration in a wider
anatomical context of the planned set of ablation sub-lesions
220 for ablating along line of planned ablation 55, in
accordance with some exemplary embodiments of the inven-
tion.

[0248] It is noted that most of the sub-lesion locations
marked (e.g., sub-lesion 310) are relative large in diameter.
Optionally, this reflects a default ablation setting, wherein a
full-power, full-duration ablation is planned to be carried out
at the given position. This may be appropriate, for example,
when the tissue wall 50 is relatively thick, and there is a
relatively low risk of serious collateral damage which allows
proceeding rapidly. Somewhat smaller sub-lesion sizes are
shown, for example, at sub-lesion 311, and in particular
through regions 312, 313, and 314. In some embodiments,
smaller sub-lesions are formed, for example, by use of a
lower ablation power, and/or by use of a shorter lesioning
dwell time. Smaller lesions through region 312, for example,
optionally reflect an increase in care to avoid damage to the
esophagus (compare, for example, to the positions of abla-
tion sub-lesions 220 in FIG. 3E relative to regions 62 and
63). Optionally, smaller lesions through regions 313 and 314
reflect the presence of another constraint or condition; for
example, a thinner tissue wall thickness, and/or a locally
higher rate of perfusion which reduces the ability to heat
nearby tissue.

[0249] Although sub-lesions 220 are drawn as abutting
circles, it is to be understood that an ablation plan optionally
overlaps sub-lesion areas to help ensure that deeper tissue is
not subject to impulse-transmitting gaps. Optionally, sub-
lesion shapes are different than circular, due, for example, to
oblique angles of contact between the ablation probe 10 and
the tissue wall. Optionally, an ablation probe is slowly
dragged across a surface, leaving a more streak-like sub-
lesion. Another factor which can affect sub-lesion shape is
the interaction between heating delivered at different sub-
lesion locations.

[0250] Reference is now made to FIGS. 8A-8C, which
illustrate the 3-D display of a lesion path for a left atrium
700, in accordance with some exemplary embodiments of
the invention.

[0251] In some embodiments, the lesion path is shown to
a user by use of a 3-D display. FIGS. 8A-8C illustrate one
such plan display. A 3-D model of a left atrium 700 (porcine,
in this example) is shown from three viewpoints. Sub-lesion
loci are indicated by the trails of dark marks 701 (modeled
as embedded spheres, for example). In this case, the lesion
lines are shown extending around portions of the roots of the
inferior vena cava 48.

[0252] In some embodiments, a goal of ablation is to
create a blockage lesion having a substantially transmural
extent. To meet this goal, thicker tissue walls potentially
require application of more lesioning energy (e.g., at a
higher power and/or for a longer time) than thinner walls.
Over-lesioning, however, can weaken the tissue, and/or lead
to damage to surrounding tissue. Over-lesioning can also
extend lesioning time unnecessarily. In some embodiments,
tissue thickness throughout the region targeted for lesioning
is characterized, for example based on analysis of anatomi-
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cal images of the individual patient (obtained, e.g., by MRI,
CT, or another method), and/or based on dielectric measure-
ments.

Prior Inputs to Machine Learning

[0253] In some embodiments, the flowchart block marked
1500 comprises a plurality of “collections” of lesion effec-
tiveness parameters 1500. Each such collection in turn
comprises a heterogeneous set of data inputs relating to a
particular lesion (that is, a lesion formed at a focus by a
single application of ablation energy; corresponding, for
example, to the sub-lesions 52 of FIGS. 2A-2C). The
particular lesion is formed (and/or is planned to be formed)
by the operation of an ablation modality (e.g., radio fre-
quency ablation, cryoablation, microwave ablation, laser
ablation, irreversible electroporation, substance injection
ablation, and high-intensity focused ultrasound ablation)
acting on tissue which is targeted for ablation. The data
inputs of a collection of lesion effectiveness parameters
1500 may include indications of conditions of formation of
the lesion; for example, lesion placement, ablation tool
settings governing lesion formation (such as ablation power,
dielectric quality of contact, angle of contact, force of
contact, and timing of ablation), and/or tissue conditions
within which the lesion is situated. Lesion effectiveness
parameters 1500 may include lesion measurements such as
dielectric measurements, calculated results of ablation, and/
or other indications of the structure of an ablation lesion
(e.g., depth, linear size, areal size, and/or volume of tissue).
Optionally, lesion effectiveness parameters 1500 include
other data; for example: patient data parameters, and/or
previously acquired ablation data for the same patient.

[0254] As used herein, dielectric measurements may
include any measured dielectric parameters, for example:
impedance, voltage etc. Dielectric measurements may be
obtained by one or more electrodes (for example: electrodes
1114 or electrodes 103) and/or by one or more sensors (for
example: sensors 1128). Dielectric measurements may be
obtained by one or more electrodes and/or one or more
sensors provided on a probe of the ablating catheter (for
example: catheter 1116). Dielectric measurements may be
obtained by one or more sensors provided on a dedicated
intra-body probe, e.g., used solely for such dielectric mea-
surements). Dielectric measurements may be obtained at a
single frequency or at a plurality of frequencies. In some
embodiments, dielectric measurements include measure-
ment at various frequencies, e.g.. from about 10 kHz to
about 1 MHz. In some embodiments, dielectric measure-
ments may include complex values. In some embodiments,
dielectric measurements may include impedance measure-
ments including measurements of impedance between dif-
ferent electrodes on the ablation catheter (e.g., between a tip
electrode on a probe of the ablation catheter and another
electrode on the same catheter), between one or more
electrodes on the ablation catheter and one or more elec-
trodes on another catheter, and/or between one of more of
the ablation electrodes and one or more body surface elec-
trodes.
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[0255] Optionally, patient data parameters may include the
medical state of the patient; for example, medications the
patient is taking (e.g., which may affect the ionic concen-
tration of the tissues of the patient, affecting the electrical
and/or thermal parameters), and a history of previous treat-
ments (e.g., which may help predict the effects of the current
treatment). Additional examples of patient data parameters
are described below.

[0256] Moreover, the inputs of each collection of lesion
effectiveness parameters 1500 at least potentially indicate
(individually and/or in aggregate) information about the
“effectiveness™ of the particular lesion to which they relate.
In some embodiments of the present invention, “effective-
ness” is defined in relation to targeted outcomes of cardiac
ablation treatments for atrial fibrillation (AF). In AF ablation
treatments, an effective lesion is a lesion in a cardiac wall
(i.e., an atrial wall) which substantially blocks electrophysi-
ological impulse transmission from passing through, over,
and/or under it (that is, an effective lesion provides trans-
mural electrical isolation). In some embodiments, persis-
tence (or permanence) of the lesion and/or its blocking
characteristics is a criterion of effectiveness. Other defini-
tions of “effectiveness” applicable in some embodiments of
the present invention are described hereinbelow. In some
embodiments, effectiveness relates to conditions of safety.
Optionally, for example, “effectiveness” is at least partially
defined as comprising avoidance of some particular out-
come, for example, avoiding lesioning of the esophagus, the
phrenic nerve, and/or the venous roots, each of which can
potentially lead to serious complications. Optionally, an
estimator 1s used for any combination of “effectiveness”
conditions; additionally or alternatively, a plurality of esti-
mators are used, which optionally each cover a single
criterion of effectiveness, or a plurality of effectiveness
criteria.

[0257] Atblock 1603, in some embodiments, a plurality of
collections of lesion effectiveness parameters 1500 is pro-
vided as a training set data for use in one or more machine
learning methods, in order to generate a learned lesion
estimator 1604 (herein, black dots mark the receiving side of
a connecting line). The example of “machine learning” is
used herein as an example of a method of creating an
estimator, and should not be considered limiting: alterna-
tives include, for example general purpose statistical meth-
ods and/or estimator definition based on theoretical equa-
tions accounting for observed correlations. In some
embodiments, training set data used in generating the
learned lesion estimator 1604 are obtained in vivo. In some
embodiments, at least part of the training set data used to
generate the learned lesion estimator are obtained in vitro,
for example based on lesioning of porcine heart wall.

Feedback Inputs to Machine Learning

[0258] In some embodiments of the invention, for each
collection of lesion effectiveness parameters 1500 in the
training set data, there is also provided as input to block
1603 a corresponding data collection indicating observed
lesion effectiveness 1602. For example, the observed lesion
effectiveness optionally includes a measurement showing
one or more of the following;

[0259] acute electrical isolation is established by the
lesion at the end of the ablation procedure;
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[0260] persistent electrical isolation remains for at least
5 days, 30 days, 60 days, 90 days, or another longer,
shorter, or intermediate duration after the end of the
ablation procedure;

[0261] asymptomatic

[0262] hospitalization

[0263] survival

[0264] AF burden <5%

[0265] a fibrotic area corresponding to the lesion per-

sists for at least 5, 30, 60, 90, or another longer, shorter,

or intermediate period after the end of the ablation

procedure; and/or

[0266] the patient is disease free for at least 1 month, 3

months, 6 months, 1 year, 2 years, 5 years, or another

longer, shorter or intermediate period after the end of

the ablation procedure.
[0267] In some embodiments, lesion effectiveness is a
local measure. Thus, the more global conditions just listed
(“disease free”, for example) may not apply to such embodi-
ments, since on an individual lesion analysis, it may not be
clear on which (failed) lesion a reappearance of disease
should be blamed. There may not even be a single failed
lesion as such, only a failure to place otherwise adequate
lesions correctly. However, in some embodiments (e.g., FIG.
4B), at least some local context is taken into account, so that
if every lesion is estimated as effective, then the overall
ablation line should normally be effective as well. In some
embodiments, observed lesion effectiveness relates to
safety—for example that the lesion was or was not associ-
ated with a complication such as damage to the esophagus,
damage to the phrenic nerve, damage to the venous roots,
and/or a risk-associated event during ablation such as char-
ring or “steam pop”. Steam pop is a term for a condition
wherein rapid expansion of steam during an ablation creates
an audible “pop”; this is associated in the literature with a
risk of complications such as heart wall perforation.
[0268] In some embodiments, data indicating observed
lesion effectiveness may be obtained by the same catheter
that was used to form the ablation. For example, a probe of
an RF ablation catheter is operated to ablate tissue, and then
electrodes of the same catheter are used to measure potential
(e.g., in high frequency electrical fields) induced in the
vicinity of the ablation. From these measurements, imped-
ance properties indicating lesion state are optionally calcu-
lated. In some embodiments, the impedance properties in
turn indicate dielectric properties of tissue that are changed
as a result of tissue ablation. Dielectric properties and/or
impedance are optionally interpreted as indicating local
tissue state and in particular, local tissue state(s) as being
permanently lesioned (e.g., converted to fibrotic tissue),
edematous but not fibrotic, and/or healthy. Data provided as
a collection of observed lesion effectiveness data 1602 is
optionally expressed in any or all of these formats (voltages,
impedances, dielectric parameters, and/or tissue state(s)
inferred therefrom). Optionally, another measure of
observed lesion effectiveness is provided, for example,
measurements of electrical isolation (e.g., lack of impulse
conduction across the lesion), or clinical observation that
disease is absent.

Model Input to Machine Learning, and Pre-Processing of
Inputs

[0269] In some embodiments, the machine learning of
block 1603 proceeds on the basis of an assumed lesion
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model 1601. Optionally, lesion model 1601 may be very
simple, and simply hypothesizes for the machine learning of
block 1603 a correlation (naive as to underlying structure)
between the prior inputs of lesion effectiveness parameters
1500 and the feedback inputs of observed lesion effective-
ness 1602. However, it may be a potential advantage to at
least partially structure inputs. The structure can be provided
as part of lesion model 1601, and/or by pre-processing of
data provided as inputs. For example, inputs from the side of
the lesion effectiveness parameters 1500 are optionally
pre-processed to be expressed in terms of lesion size (diam-
eter and/or depth, for example). Additionally or alterna-
tively, such measurements are structured by the lesion model
itself into indications of lesion size (e.g., machine learning
is applied to a model equation operating on the lesion
effectiveness parameters in one or more combined terms,
rather than only in terms each comprising a different raw
lesion effectiveness parameters). Discussion of FIG. 4A
describes this and other levels of structuring that are option-
ally used in some embodiments of the present invention.
[0270] On the feedback side, pre-interpretation of raw
measurements indicating lesion effectiveness (e.g., interpre-
tation of electrical field measurements such as dielectric
measurements to identify local tissue state) provides a
potential advantage by reducing complexity of the data
space (and potentially noise in the data) before applying
machine learning to it. However, there is a potential disad-
vantage in over-simplifving the data in observed lesion
effectiveness 1602 by pre-interpreting, as this can reduce or
destroy correlations latent in the raw data. Optionally, use of
pre-processing enables creating estimators which are appli-
cable to different types of raw input. For example, part of the
difference between simulations of lesion size (e.g., before
lesioning) and measurements of lesion size after lesioning
can be abstracted away by making lesion size itself one of
the inputs in the lesion effectiveness parameters 1500. That
has the potential advantage of allowing comparison of
predictions from a planned procedure with predictions from
actual procedure results, for example.

[0271] Insome embodiments, the raw measurements indi-
cating lesion effectiveness (e.g., electrical field measure-
ments such as dielectric measurements) may be used as
lesion effectiveness parameters 1500 (e.g., without any
calculations) and may be input as training set data.

Learned Lesion Estimator

[0272] After the above-described inputs are suitably
defined and received for a plurality of lesions (e.g., 50, 100,
1000, or another larger, smaller, or intermediate number of
lesions), machine learning at block 1603 uses of one or more
machine learning methods, to produce a learned lesion
estimator 1604. Examples of machine learning methods
used in some embodiments of the present invention include,
for example: decision tree learning, association rule learn-
ing, an artificial neural network, deep-learning artificial
neural network, inductive logic programming, a support
vector machine, cluster analysis, Bayesian networks, rein-
forcement learning, representation learning, similarity and
metric learning, and/or another technique taken from the art
of machine learning. In some embodiments, the estimator
output (e.g., estimated lesion effectiveness) may include a
binary prediction (e.g., +1 or -1). In some embodiments, the
estimator output (e.g., estimated lesion effectiveness) may
include a probabilistic output, e.g., between zero and one
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(e.g., a dynamic score). Such embodiments may be advan-
tageous when using estimator during an ablation procedure,
e.g., to facilitate a user decision whether to proceed or
complete the procedure and/or to adjust the ablation plan.

[0273] In some embodiments, the learned lesion estimator
1604 comprises a set of learned weights applied to terms of
lesion model 1601.

[0274] Application of the lesion estimate at block 1605
comprises plugging into the model appropriate values from
other collection of lesion effectiveness parameters 1500, and
calculating the result. The result is produced as an estimated
lesion effectiveness 1606. Other collections of ablation line
effectiveness parameters 1500 may refer to ablation line
effectiveness parameters 1500 collected after learned abla-
tion line estimator 1604 was created, e.g., ablation line
effectiveness parameters 1500 collected in run-time during a
medical procedure. Other collections of ablation line effec-
tiveness parameters 1500 may include dielectric measure-
ments measured run-time during a medical procedure. Such
dielectric measurements may be used as inputs to learned
lesion estimator 1604 to obtain estimated lesion effective-
ness 1606.

[0275] It should be noted that learned ablation line esti-
mator 1604 may be updated and/or adjusted (also referred to
as refreshed) based on such other collections of ablation line
effectiveness parameters 1500. Estimated lesion effective-
ness 1606 may be presented to a user (e.g., physician) during
a medical procedure. Such Estimated lesion effectiveness
1606 may be used to adjust an ablation plan.

[0276] In some embodiments, the estimated lesion effec-
tiveness 1606 is expressed in the same terms as used by
lesion model 1601 for learning. Optionally, the estimated
lesion effectiveness 1606 may also be accompanied by an
estimate of the certainty of the prediction, for example,
based on statistically determined specificity and/or sensitiv-
ity. Optionally, post-processing is applied to convert the
estimated lesion effectiveness 1606 into another form. For
example, the feedback input in the observed lesion effec-
tiveness 1602 may not itself encode a spatial extent of the
region electrically isolated by a particular lesion; but rather,
for example, it may simply indicate that the electrical
isolation is sufficient to maintain disease prevention. Since
this implies that the lesion is transmural, it is possible,
optionally, to infer at a later stage that the depth of the lesion
is about the same as the thickness of the tissue. Similarly, the
positions and sizes of adjoining lesions optionally provide
post-processing constraints on lesion diameter. It should be
understood that it is often possible to alternatively make
such adjustments in a stage of pre-processing (e.g., convert
“successful block™ to size constraints in the feedback input
indicating observed lesion effectiveness 1602), and/or to
account for them in lesion model 1601 itself (e.g., define
model 1601 to output an estimate comparing lesion depth to
atrial wall width, rather than a binary “successful/unsuc-
cessful” result).

Stand-Alone Lesion Effectiveness Estimator

[0277] Reference is now made to FIG. 4A, which sche-
matically represents a range of options for prior inputs to a
lesion effectiveness estimator and/or for machine learning of
the estimator, comprising parameters potentially relating to
lesion effectiveness, according to some embodiments of the
present disclosure.
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[0278] The number of possible separate inputs to a col-
lection of lesion effectiveness parameters, in some embodi-
ments, is both large and optionally variable. The inputs listed
in FIG. 4A may be viewed as providing a menu of examples
of parameters, from which any suitable subset is optionally
used. Optionally, another parameter source not shown
among those in the FIG. 4A may be used.

[0279] The broadly hierarchical (mostly branched, but in
some places looping) arrangement by which optional inputs
are shown in FIG. 4A is primarily used as a guide to help
organize the descriptions that follow. Terminal nodes (terms
without borders) represent numerous types of basic inputs
(e.g. measurements, settings, and outside data such as ana-
tomical atlas data). Nodes surrounded by thin cloud-shaped
borders list intermediate organizational concepts that link
the basic inputs (and/or other organizational concepts) as
alternative and/or complementary contributions to the full
collection of lesion effectiveness parameters 1500, as
detailed for each. Optionally (as indicated in the more
detailed descriptions following), some of the cloud-bordered
nodes represent higher level abstractions used in the lesion
effectiveness parameters in place of one or more basic
inputs.

[0280] Next to the triangle that indicates the root of the
hierarchy of lesion effectiveness parameters 1500 are two
clouds with thicker borders. These clouds define a basic
conceptual division of the lesion effectiveness parameters
into two: parameters indicating information about size and/
or position of the lesion itself (parameterized lesion 1530,
which may be said to be characterized by lesion parameter-
izing data), and parameters indicating information about the
tissue environment in which the lesion is placed (tissue
condition 1520).

[0281] Apart from the organization just described, the
parameters of FIG. 4A belong to one or more of three time
stages:

[0282] Pre-lesioning Inputs indicate, for example,
results of planning activities (ablation line definition,
pre-ablation simulations of ablation extent, etc.)

[0283] Intra-Lesioning Inputs include, for example,
measurements taken and operational parameters used
during a lesioning procedure (including parameters
optionally measured immediately after lesioning but
before the overall procedure ends; for example: dielec-
tric measurements)

[0284] Post-Lesioning Inputs include, for example,
clinical observations in the period after the procedure
ends (day to years), post-procedure imaging, and/or
follow-up catheterization procedures.

[0285] For some parameters, stages are explicitly men-
tioned in FIG. 4A (e.g., as pre-lesioning simulation 1540,
intra-lesioning parameters 1561 indicative of the conditions
of formation of a lesion, and post-lesioning observations
1532). Staging relevant to other inputs is mentioned where
those inputs are described. These three stages of parameter
availability are also discussed with respect to FIG. 11, in the
context of their relationship to each other, and to different
future times for estimation. Starting now from the node
labeled parameterized lesion 1530: In some embodiments,
the lesion is parameterized based on one or more of pre-
lesioning simulations 1540, post-lesioning observations
1532, inferred ablation results 1560, and/or any of the other
parameters which are shown feeding into these nodes.
Inferred ablation results 1560 may include one or more
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inferences of a tissue state from dielectric measurements
and/or any manipulation (such as mathematical manipula-
tion) on such dielectric measurements). Inferred ablation
results 1560 may include one or more inferred results
inferred from dielectric measurements by analytical calcu-
lations and/or machine learning techniques, for example,
type of tissue (healthy or fibrotic, for example), size of a
lesion, thickness of tissue, and/or quality of contact with
tissue.

[0286] In some embodiments, the lesion is parameterized
non-geometrically in the collection of lesion effectiveness
parameters 1500 supplied to an estimator. For example, a
dielectric measurement 1533 optionally provides informa-
tion about how much local tissue in the region of a mea-
surement electrode has been lesioned, without necessarily
providing information about how the lesion is shaped.
Potentially, a non-geometrical parameterization may still
provide enough information for machine learning to con-
verge on an estimator linking the lesion parameterization to
an estimated lesion effectiveness.

[0287] Additionally or alternatively, in some embodi-
ments, the lesion is parameterized as a geometrical object
having a well-defined shape. For example, a geometrical
parameterization of lesion shape optionally defines at least a
lesion depth and/or a proximal diameter (diameter of a
lesion at the side directly in contact with the lesioning
device, such as a probe of an intra-body catheter). Option-
ally, these parameters are incorporated into a definition of a
geometrical solid representing the shape of the lesion; for
example, a frustum of a paraboloid, ellipsoid, cone, or
another shape. Parameterization of lesions as geometrical
shapes, though potentially subject to estimation errors of its
own, has the potential advantage of being interconvertible
between outputs of pre-lesioning simulation 1540, inferred
ablation results 1560 (and/or intra-lesioning parameters
1561), and post-lesioning observations 1532. Optionally,
this may allow the same estimator to be used on data from
different original sources. Additionally or alternatively, a
non-spatial “common parameterization” may be used; for
example, a spatial definition of a lesion determined by
simulation is optionally re-parameterized by the results of
simulated “measurements”. Optionally, re-parameterization
is be used to convert lesion effectiveness parameters from in
vitro studies into lesion effectiveness parameters more con-
venient for direct in vivo use, and/or conversely.

[0288] Each of the three main lesion parametrizing data
stages 1s now discussed in turn.

[0289] In some embodiments, pre-lesioning simulations
1540 produce parameterized descriptions of lesions which
are planned to be made during an ablation procedure.
Pre-lesioning simulation 1540 may comprises simulations
such as EM (Electro-Magnetic) simulation; e.g., RF absorp-
tion simulation, and/or thermal simulation on a simulated
tissue to be treated. The pre-lesioning simulations 1540 may
be based on a lesioning plan 1541 which may describe where
and how ablations are to be made, and optionally modulated
by relevant parameters of tissue condition 1520 (e.g. tissue
thickness 1545, state of edema 1550, tissue type(s) 1523,
fiber orientation 1525, and/or intra-lesioning temperature
1555, each further described below). As examples of plan
modulation, ablation intensity (power, and/or time of abla-
tion energy deliver) is optionally increased for a larger tissue
thickness, and/or reduced for a higher than expected intra-
lesioning temperature. Optionally, fiber orientation modu-
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lates how close together lesions are planned (lesions placed
adjacent along fibers are potentially less prone to gap
formation at increasing distances than lesions where fibers
are oriented to pass between the adjacent lesions). Tissue
having developed edema may require more energy to suc-
cessfully ablate, and/or may be preferably avoided in pref-
erence to another ablation location and/or strategy. Tissue of
a type which is already fibrotic may not require additional
ablation.

[0290] Optionally, the pre-lesioning simulation 1540 is
produced as part of creating the lesioning plan 1541 in the
first place. Insofar as the pre-lesioning simulation optionally
comprises spatially defined simulations such as an RF
absorption simulation and/or thermal simulation, it may be
relatively straightforward to define the parameterized lesion
1530 in terms of geometrical shape.

[0291] In some embodiments, parameterized lesion 1530
is based on inferred ablation results 1560. Similarly as with
pre-lesioning simulations 1540, the inferred ablation results
may estimate the effects of parameters used during ablation,
optionally modulated by the parameters of tissue condition
1520. However, instead of choosing ablation parameters
from a lesioning plan 1541, the intra-lesioning parameters
1561 used in actual ablation (and, accordingly, also indica-
tive of the conditions of formation of a lesion) are used.
Examples of intra-lesioning parameters 1561 include abla-
tion probe contact 1565, ablation power 1563, ablation
timing 1564, and optionally other ablation parameters not
shown, such as phase and/or frequency. In some embodi-
ments, contact 1565 is measured and/or estimated based on
force measurements 1566 (e.g., measurements by one or
more force sensors on the ablation probe), dielectrically-
measured quality of contact 1568, and/or angle 1567 of
probe contact with tissue, which can be measured, for
example, by comparing readings from a plurality of force
sensors, and/or based on indications of dielectrically mea-
sured quality of contact. Dielectric measurement of contact
quality is described, for example in International Patent
Application No. PCT/IB2016/052686, the contents of which
are included by reference herein in their entirety. In some
embodiments, lesion effectiveness parameters may include
the measured position 1537 of the probe, which can be
measured, for example, based on electromagnetic field-
guided navigation 1538, dielectrically-guided navigation
1539B, and/or imaging-based navigation 1539A.

[0292] Insome embodiments, post-lesioning observations
1532 are made. Post-lesioning observations 1532 optionally
include one or more of dielectric measurements 1533 which
may characterize lesion state, measurements of acute elec-
trical isolation 1534 (that is, measurements made within the
time of the initial ablation procedure), measurements of
persistent electrical isolation 1536 (that is, measurements
made in the days, months, and/or years after the initial
ablation procedure), and/or measurements made by image
1535, for example, nuclear medicine imaging of fibrotic
extent. Use of dielectric measurements for characterizing
lesion and/or other tissue states such as edema, is described,
for example, in International Patent Application Nos. PCT/
IB2016/052690 and PCT/IB2016/052686, the contents of
which are incorporated by reference herein in their entirety.
Optionally, a lesioning procedure is completed by making
post-lesioning observations at positions near lesions and/or
along the ablation line which the lesions define. In some
embodiments, the post-lesioning observation positions are
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suggested automatically, for example, to check on tissue
state at the locations between lesions most at risk for
allowing electrical reconnection, and/or to check the lesions
where there was is some indication of problems during the
ablation procedure itself.

[0293] Turning now to tissue conditions 1520, the main
relevant conditions were listed already above in relation to
pre-lesioning simulations 1540, and inferred ablation results
1560. In some embodiments, at least some of the tissue
conditions 1520 are provided as part of the lesion effective-
ness parameters 1500. For example, a lesion partially char-
acterized in the lesion effectiveness parameters by its depth
may be transmural or not (and thus electrically isolating or
not) depending on the thickness 1545 of the tissue ablated.
Similarly, a lesion may more or less isolating depending on
the local orientation 1525 of myocardial fibers.

[0294] In contrast, some tissue conditions shown are
effectively accounted for, in some embodiments, by the
parameterization of the lesion 1530. These can be optionally
be left out of the lesion effectiveness parameters based on
which machine learning and/or effectiveness estimation are
performed. For example, temperature measured during
lesioning may affect how a lesion is parameterized, but leave
little residual effect affecting the estimation of lesion effec-
tiveness.

[0295] Tissue thickness 1545 is a factor governing trans-
murality. Thicker tissue potentially requires deeper lesioning
in order to get effective electrical isolation. Effects of tissue
thickness on lesion effectiveness are discussed herein in
relation, for example, to FIGS. 2B-2C. Thickness is option-
ally characterized based on tissue atlas information 1548,
and/or based on imaging measurements 1547 obtained by
analysis of anatomical images of the individual patient
(obtained, e.g., by MRI, CT, nuclear medicine, or another
method). Tissue thickness 1545 may be calculated and/or
inferred (e.g., by machine learning methods) from dielectric
measurements 1546,

[0296] Intra-lesioning temperature 1555 is optionally
simulated in pre-lesioning simulations 1540, inferred from
actual ablation parameters as part of inferred ablation results
1560, and/or measured 1556 during ablation. With RF
ablation, for example, temperature can be an indication of
ablation progress.

[0297] Similarly, edema may be simulated, inferred, or
dielectrically measured 1551. Edema in cardiac tissue is
potentially elicited by nearby ablations, or even by rough
contact with a probe. Edematous tissue is potentially more
resistant to effective ablation: for example, edematous fluid
can thickens tissue so that lesion transmurality is harder to
achieve.

[0298] Tissue type 1521 is optionally characterized (typi-
cally before a procedure) by one or more imaging modalities
1522. Tissue type 1521 can also be characterized intra-
procedure by dielectric mapping 1523. Optionally, dielectric
mapping may include creating a dielectric map of a given
region of the heart, for example a map of all of or a section
of a heart wall and/or heart chamber. In particular, dielectric
mapping 1523 (e.g., mapping based on converting imped-
ance measurements into dielectric properties attributable to
tissue positions) potentially allows distinguishing within a
mapped region between healthy, cellular tissue, and fibrotic
(possibly after ablation) tissue in which cellular structure has
been disrupted. In some embodiments, the dielectric mea-
surements of tissue dielectric properties are carried out, for
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example, as described in International Patent Application
Nos. PCT/IB2016/052690 and/or PCT/IB2016/052686, the
contents of which are incorporated by reference herein in
their entirety. Electrical fields of different frequencies (and
preferably also established between electrode pairs in dif-
ferent positions) may be generated through a body tissue
region of interest. Differences in impedance as a function of
these field parameters may be analyzed to isolate impedance
effects arising from tissue regions near the electrode. The
isolated impedance effects may be analyzed for their prop-
erties in order to identify the tissue type that gives rise to
them, for example, based on published tissue impedance
data and/or modeling.

[0299] In some embodiments, dielectric mapping is
applied to create a more general dielectric map, identifying
tissue regions of any type having distinctive dielectric
properties. In some embodiments, for example, the map
distinguishes dielectric property differences due to tissue
thickness (e.g., heart wall thickness), tissue cellular and
cellular matrix makeup (including, for example, differences
due to fatty deposits, collagen, muscle fiber composition,
and the like), tissue cellular integrity (intact or disrupted),
fluid content (e.g., edema), other tissue layers (for example,
tissues lying beyond the heart wall such as lung, esophagus,
and/or nervous tissue), and/or surface structure, which can
potentially affect quality of contact.

[0300] Insome embodiments of the invention, the level of
spatial resolution of adjacent features provided by the
dielectric mapping 1523 is between about 0.1 and 1 mm.
Optionally, the spatial resolution is about 0.1 mm, about 0.5
mm, 1 mm, 2 mm, 5 mm, or another larger, smaller, and/or
intermediate value. In some embodiments, the map is made
available for display to an operator.

[0301] Finally, fiber orientation 1525 is discussed in detail
herein in relation to FIGS. 5A-5B.

[0302] Reference is now made to FIGS. 5A-5B, which
schematically illustrate aspects of the planned placement of
lesions 301, 302, 303, 304 related to myocardial fiber
direction, in accordance with some exemplary embodiments
of the invention.

[0303] In some embodiments, the maximum impulse-
blocking distance 305, 307 between two sub-lesions 301,
302, 303, 304 centered on points 301C, 302C, 303C, and
304C, respectively, is predicted in part by the orientation of
myocardial fibers 66, 67 in the region of the gap. In general,
fibers running parallel to the direction of impulse flow across
the gap can transmit impulses through a smaller gap (for
example, a gap of no more than about 0.3 mm, 0.4 mm, 0.5
mm, or another distance) than fibers running perpendicular
to it (where the maximum size of an inhibiting gap may be,
for example, about 1 mm, 1.5 mm, 2 mm, or another
distance). Discussion of the influence of fiber orientation
and gap size on myocardial fiber impulse transmission is
found, for example, in Ranjan et al. (Gaps in the Ablation
Line as a Potential Cause of Recovery From Electrical
Isolation and Their Visualization Using MRI. Circ Arrythm
Electrophysiol 2011, 4:279-286). In the computational mod-
eling of Ranjan et al., the reported maximum gap at which
conductivity failed was 1.4 mm when fiber direction was
perpendicular to the ablation line. When fiber direction was
parallel to the ablation line, conductivity failure was
reported only up to 0.3 mm gaps. Ranjan et al. suggest that
larger gaps which appear to at least initially block conduc-
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tion in in vivo studies may include tissue with temporarily
reduced conductivity which could later recover and resume
conduction.

[0304] Insome embodiments of the invention, myocardial
fiber orientation is modeled from anatomical atlas data
giving typical orientations, and/or measured for the indi-
vidual patient using, for example, echocardiography-based
shear wave imaging (Lee et al., Mapping myocardial fiber
orientation using echocardiography-based shear wave
imaging. IEEE Trans Med Imaging 2012; 31(3):554-62),
Diffusion tensor magnetic resonance imaging (Pashakhanlo
et al., Myofiber Architecture of the Human Atria as Revealed
by Submillimeter Diffusion Tensor Imaging. Circ Arrhythm
Electrophysiol. 2016; 9:¢004133), or another method.

[0305] Reference is now made to FIG. 3D, which is a
schematic illustration highlighting details of a planned set of
ablations creating sub-ablations 220, and their traversal
along a line of planned ablation 55, in accordance with some
exemplary embodiments of the invention.

[0306] Potentially, positioning for lesioning achieved by
direct movement between adjacent lesion foci (sub-lesions,
for example) is less prone to errors and/or delays which can
introduce gaps in the ablation line that permit impulse
transmission. However, joining between the starting and
stopping points of an ablation line generally requires making
a join between sub-lesions, where the later sub-lesion is
formed up to several minutes after the earlier one. During
the interval, not only does the tissue tend to cool (which can
reduce a degree of sub-lesion chaining), but there can also
be an edematous response by the tissue which affects abla-
tion effectiveness. In some embodiments, these effects are
simulated and/or estimated as part of ablation planning.

[0307] Insome embodiments, an ablation plan is designed
so that such joins are positioned over regions where myo-
cardial fiber orientation 68 (just a few patches of fiber
orientation 68 are shown for illustration) generally cuts
across to the direction of potential propagation across the
gap. For example, sub-lesion 310 is optionally a preferred
candidate for a starting lesioning position, since the local
direction of fibers means that sub-lesion neighbor 319 can be
placed with greater error, while still maintaining an effective
block.

[0308] The effectiveness of an ablation lesion for creating
electrical isolation is potentially affected by the direction of
myocardial fibers running nearby: for example, fibers ori-
ented to run through a gap (for example, as in FIG. 5B)
apparently transmit impulses more efficiently than fibers
oriented so that impulses must jump laterally from fiber to
fiber to pass the gap (for example, as in FIG. 5A). Option-
ally, fiber orientation used in simulating or inferring ablation
effects is derived from atlas-based assumptions 1527 about
heart wall anatomy. Additionally or alternatively, fiber ori-
entation is imaged 1526, for example, using echocardiog-
raphy-based shear wave imaging, and/or diffusion tensor
imaging. In some embodiments, fiber orientation between
two points is inferred from the rate of impulse transmission
therebetween, e.g., from impulse timing measurements
1528.

[0309] Insome embodiments of the invention, patient data
parameter are also provided as part of lesion effectiveness
parameters 1500. Optionally, the patient data parameter
include patient medical history and/or patient vital statistics,
for example, one or more of:
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[0310] Patient demographics (gender, age, height,
weight, body mass index [BMI));

[0311] Occupation;

[0312] CHAD?2 Score for atrial fibrillation (AF) stroke
risk (e.g. scored as: congestive heart failure history +1,
hypertension history +1, age =75 years +1, diabetes
mellitus history +1, stroke or transient ischemic attack
[TIA] symptoms previously +2);

[0313] CHAD2VASc Score (e.g., scored as: age in
years: <65 0, 65-74+1, 275+2, sex: male 0, female +1,
congestive heart failure history +1, hypertension his-
tory +1, stroke/TTA/thromboembolism history +2, vas-
cular disease history +1, diabetes mellitus +1);

[0314] Family history of AF;

[0315] Known genetic predisposition to AF (for
example mutations in the KCNE2, KCNJ2, and/or
KCNQI genes);

[0316] AF subtype characteristics (e.g., symptoms, age
of first documented episode, time since first discovered,
number and duration of episodes. need of cardiover-
sion, hospitalization);

[0317] AF definition (e.g., paroxysmal, persistent,
chronic persistent, permanent);

[0318] Other coexisting arrhythmia (e.g., atrial flutter,
accessory pathway, atrial tachycardia);

[0319] Drug therapy (e.g., antiarrhythmic rate or
rhythm control, antithrombotic, anticoagulation);

[0320] Compliance with drug therapy;

[0321] Known hypercoagulability;

[0322] Other heart disease (e.g., structural, previous
surgery, previous cardiac catheterization, ischemic, car-
diomyopathy);

[0323] Life style and habits;

[0324] Smoking;

[0325] Drug abuse;

[0326] Alcohol consumption;

[0327] Other comorbidities (e.g., endocrine dysfunc-
tion, malignancy);

[0328] Other drug therapy;

[0329] Autonomic nervous system state (e.g., hyperac-
tive, normal, hypoactive);

[0330] Left atrial characteristics (e.g., diameters, vol-
ume, function, left atrial artery [LAA] shape type,
presence of clot, presence of patchy fibrosis, scars,
etc.);

[0331] Mitral valve function (e.g., degree of regurgita-
tion if present, degree of floppiness if mitral valve
prolapse is present);

[0332] Function of other cardiac valves;

[0333] Presence of prominent Eustachian valve;

[0334] presence and type of patent foramen ovale (e.g,,
documented right to left or left to right inter-atrial
shunt, presence of marked inter-atrial septal aneurys-
matic motion);

[0335] Atherosclerosis (e.g., state of carotid arteries,
state of the circle of Willis, state of coronary arteries,
state of renal arteries),

[0336] Peripheral artery disease;

[0337] History of deep vein thrombosis or pulmonary
emboli (long seated position syndrome);

[0338] Characteristics of self-healing process (e.g., lev-
els of angiogenesis growth factors, scar formation)
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[0339] Level of myocardial injury biomarkers follow-
ing the cardiac ablation procedure (e.g., creatinine
kinase [CK], myocardial bound for CK [CK-MB],
Troponin-I [Tnl]);

[0340] Heart rhythm during the ablation procedure (nor-
mal sinus rhythm [NSR], atrial fibrillation, or atrial
flutter) and/or need for cardioversion during the pro-
cedure;

[0341] Recurrence of AF post-ablation (e.g., timing,
symptoms, duration of episodes, need for cardiover-
sion, drug therapy);

[0342] Remodeling of left atrium post-cardiac ablation
(documented on CT/MR imaging);

[0343] Left atrium stunning post ablation (documented
on electrocardiography, e.g. TTE or TEE);

[0344] Number and duration of hospitalizations post
ablation
[0345] Stroke or documented brain MR lesions post

ablation; and/or

[0346] Quality of life post-ablation (subjective ques-
tionnaire).
[0347] Optionally, data indicating therapeutic strategy

and/or events are included in the lesion effectiveness param-
eters 1500, for example:
[0348] Pulmonary vein isolation (PVI) only
[0349] PVI together with an additional roof or mitral
ablation line;

[0350] PVI+focal ablations, e.g. due to complex frac-
tionated atrial electrograms, dominant frequency and/
or rotors;

[0351] Neuromodulation (ganglionated plexi ablation);

[0352] Number of ablation points;

[0353] Procedure time; and/or Immediate complication

(e.g. cardiac perforation, tamponade, esophageal
lesions, phrenic nerve palsy).

Context-Adjusted Lesion Effectiveness Estimator

[0354] Reference is now made to FIG. 4B, which sche-
matically represents a range of options for prior inputs to a
lesion effectiveness estimator and for machine learning of
the estimator, comprising parameters potentially relating to
lesion effectiveness, including prior inputs defining condi-
tions for lesion effectiveness, according to some embodi-
ments of the present disclosure.

[0355] For simplicity, FIG. 4B is abbreviated from FIG.
4A to show just the two main divisions of tissue condition
1520 and parameterized lesion 1530; however, any of the
parameters descriptions mentioned in relation to FIG. 4A
should also be considered as included within this figure. The
substantial difference from FIG. 4A is that the lesion effec-
tiveness parameters 1500A may be supplemented by an
optional requirements node: effectiveness constraints 1510.
Optionally, lesion effectiveness parameters 1500A also
includes any parameters described with respect to patient
data parameter and/or ablation strategy in regards to lesion
effectiveness parameters 1500.

[0356] Effectiveness constraints 1510 are optionally
derived, for example, from planned lesion spacing 1511
and/or observed (for example, dielectrically measured)
lesion spacing 1512. Planned lesion spacing 1511 and/or
observed lesion spacing 1512 may be expressed in terms of
distances (for example, when lesion shape is geometrically
defined as a basis for machine learning), but can also be
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otherwise defined, e.g., as a constraint on the minimum
strength of a dielectric signal indicating fibrotic tissue under
the electrode.

[0357] Optionally, effectiveness constraints include
regions where lesioning should be avoided (avoided regions
1513). These places optionally include, for example, lesions
located too near to the esophagus, too near the phrenic nerve,
and/or too near the venous roots. Effectiveness constraints
such as avoided region 1513 optionally provide a potential
advantage, e.g. for indicating whether or not an ablation plan
is safe, and/or for indicating a potential for complications, in
case the ablation procedure has already been performed.
Additionally or alternatively, other safety constraints are
used; for example, constraints on maximum power settings,
maximum duration of ablation, etc., which, if exceeded,
could indicate an increased potential for complications dur-
ing and/or after a procedure.

[0358] A potential effect of adding effectiveness con-
straints to the lesion effectiveness parameters 1500A is to
allow the machine learning process to incorporate some
information about local tissue context into the effectiveness
estimator. A lesion’s effect on electrical isolation potentially
depends not only on being transmural, but also on being
joined up to adjacent lesion positions. Effectively, this
requirement may allow the machine learning process to
distinguish between lesions of the same diameter, where the
effective lesion meets the required size for its position (that
is, contacts its neighbors), but the ineffective lesion does not
contact its neighbors, and so fails to provide effective
electrical isolation.

[0359] This local-context approach, which may be applied
to every sub-lesion in an ablation line potentially provides a
way to judge the overall effectiveness of electrical isolation
of the ablation line, emergent from estimation of the effec-
tiveness of each sub-lesion. Alternatively, estimation overall
ablation line effectiveness may be treated as a separate
problem, either independently calculated, or calculated in
cascade with estimations of individual sub-lesion effective-
ness.

Estimators for Ablation Line Effectiveness

[0360] Reference is now made to FIG. 6, which is a
schematic flowchart of a method of deriving and applying an
estimator for predicting ablation line effectiveness, accord-
ing to some embodiments of the present disclosure.

[0361] Conceptually, the blocks of FIG. 6 correspond to
the blocks of FIG. 1B with the substitution of ablation line
effectiveness (that is, the effectiveness of a linked group of
lesions, e.g., at creating electrical isolation) for individual
lesion effectiveness. Ablation line effectiveness parameters
1700 are provided, e.g., as described in relation to FIGS.
10A-10B. Machine learning at block 1803 may be applied to
collections of ablation line effectiveness parameters 1700
assigned to a training set, each with a corresponding
observed ablation line effectiveness 1802, and optionally
based on an ablation line model 1801. Machine learning at
block 1803 may be in accordance with techniques described
in relation to machine learning 1603. Ablation line effec-
tiveness parameters 1700 may include one or more param-
eters described in relation to lesion effectiveness parameters
1500 or 15004, for example as described in relation to
FIGS. 4A and 4B. Ablation line effectiveness parameters
1700 may include dielectric measurements. Ablation line
effectiveness parameters 1700 may include indications of
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conditions of formation of an ablation line and/or sub-
lesions of the ablation line; for example, lesion placement,
ablation tool settings governing sub-lesion formation (such
as ablation power, dielectric quality of contact, angle of
contact, force of contact, and timing of ablation), and/or
tissue conditions within which the sub-lesion is situated.
Ablation line effectiveness parameters 1700 may include
indications of structure of an ablation line (e.g., depth, size,
volume of tissue etc.).

[0362] The resulting learned ablation line estimator 1804
is the applied at block 1805 to other collections of ablation
line effectiveness parameters 1700, producing estimates of
ablation line effectiveness 1806. Other collections of abla-
tion line effectiveness parameters 1700 may refer to ablation
line effectiveness parameters 1700 collected after learned
ablation line estimator 1804 was created, e.g., ablation line
effectiveness parameters 1700 collected in run-time during a
medical procedure. Other collections of ablation line effec-
tiveness parameters 1700 may include dielectric measure-
ments measured run-time during a medical procedure. Such
dielectric measurements may be used as inputs to learned
ablation line estimator 1804 to obtain estimated ablation line
effectiveness 1806.

[0363] It should be noted that learned ablation line esti-
mator 1804 may be updated and/or adjusted based on such
other collections of ablation line effectiveness parameters
1700.

[0364] In some embodiments, the estimator output (e.g.,
estimated ablation line effectiveness) may include a binary
prediction (e.g., +1 or -1). In some embodiments, the
estimator output (e.g., estimated ablation line effectiveness)
may include a probabilistic output, e.g., between zero and
one (e.g., a dynamic score). Such embodiments may be
advantageous when using estimator during an ablation pro-
cedure. For example, they may facilitate a user decision
whether to proceed or complete the procedure and/or to
adjust the ablation plan.

[0365] Estimated ablation line effectiveness 1806 may be
presented to a user (e.g., physician) during a medical pro-
cedure. Such estimated lesion effectiveness 1806 may be
used to adjust an ablation plan.

[0366] In the context of ablation lines, effectiveness also
applies relative to criteria of electrical isolation, lesion
persistence, and/or freedom from disease at various time
points, as also described in relation to FIG. 1B. Optionally,
estimates of ablation line effectiveness 1806 are accompa-
nied by a metric of certainty, for example, sensitivity and/or
selectivity. Estimated ablation line effectiveness 1806
optionally is configured to identify the most likely location
or locations along the ablation line where incomplete elec-
trical isolation occurs or will occur. In some embodiments,
estimated ablation line effectiveness 1806 is displayed
within an interactive user interface allowing an operator to
examine the estimate of ablation line effectiveness from
different perspectives: for example, to check certainty of
results, to check estimated lesion effectiveness 1606 which
may correspond to estimated position of failed electrical
isolation along the ablation line, to compare the current
ablation line with other ablation lines in the database which
historically have produced similar estimator results, etc.
[0367] The primary difference from FIG. 1B is that the
estimator now is able to take into account the whole context
of a line of lesions, rather than each lesion individually, or
lesions individually within a local context. For example,
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there may be a lesion which lesion-only estimation scores as
ineffective (even taking into account local context), perhaps
because one lesion is not transmural, leaving a possible
transmission gap. However, if the placement of other lesions
(optionally including consideration of pre-existing scar tis-
sue) is such that no effective electrical impulse can reach the
allowed gap, then an ablation line estimator is potentially be
able to detect that the overall ablation line remains effective.
[0368] Also, in some embodiments, an estimator built
around features of the ablation line as a whole is potentially
more convenient for the analysis of gaps between lesions.
For example, since gaps can optionally be described directly
in the ablation line effectiveness parameters, and their
behavior even modeled, rather than be relegated to being the
implicit consequence of inadequate ablation size or place-
ment.

[0369] Reference is now made to FIGS. 7A-7B, which
schematically illustrate adjacency effects of tissue lesions
501, 502, 503 made in two different sequences, in accor-
dance with some exemplary embodiments of the invention.
[0370] A superficial extent of sub-lesion 501 is repre-
sented by the outer circle, while progressively smaller
interior circles 501A, 501B, 501C represent lesion extent at
gradually increasing depths (depth is similarly represented
for sub-lesions 502 and 503). In some embodiments, after a
first lesion 501 is made, a second lesion 502 is made only
after the elapse of a cool-down period. Then the two lesions
potentially are made as if independent from one another.
Unless care is taken to ensure sufficient overlap, this can
increase the potential for an impulse-permissive gap, par-
ticularly in the deeper layers.

[0371] In FIG. 7B, however, sub-lesion 503 is placed
almost immediately after creation of lesion 501, while there
remains some residual heating from the previous ablation. In
this case, thermal simulation may show that the two sub-
lesions will tend to merge, for example as shown at region
505.

[0372] The ablation effect (e.g., the lesion effectiveness)
of a first sub-lesion may be estimated, for example as
described in reference to FIG. 1A, e.g., using estimator
1604. For example, lesion effectiveness parameters and/or
lesioning effects on tissue parameters may be inputs to an
effectiveness estimator (e.g., estimator 1604) before second
sub-lesion ablation occurs. Optionally, such estimating
facilitates defining the sub-lesioning sequence; e.g., the
order and/or timing by which sub-lesions are ablated.

Chained Lesion and Ablation Line Effectiveness Estimators

[0373] Reference is now made to FIG. 9. which is a
schematic flowchart of a method of chaining estimators
predicting lesion effectiveness and ablation line effective-
ness into a sequence, according to some embodiments of the
present disclosure.

[0374] FIG. 9 comprises a chaining together of the esti-
mation pathway portions of FIGS. 1B and 6, and the
meaning of the blocks shared with them is the same. The
difference is in the chaining. An estimated lesion effective-
ness 1606 for each lesion in an ablation line may be
collected in an estimation array 1706 of lesion effectiveness
estimates. Then array 1706 may be provided in turn as part
of the ablation line effectiveness parameters 1700, so that the
estimation array 1706 becomes part of the input data, based
on which the estimator function operates. It should be
understood that in such an example, learned ablation line
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estimator 1804 was previously learned using training set
data including examples of estimation array 1706.

[0375] Insome embodiments, an effect of adding a second
stage of estimator processing (ablation line effectiveness
estimator chained onto results of a lesion effectiveness
estimator) is to correct potential limitations of lesion-based
estimations of effectiveness. For example, two apparently
effective lesions (according to a lesion effectiveness estima-
tor) may actually be too separated from one another to create
electrical isolation. Conversely, as mentioned in relation to
FIG. 6, an apparently ineffective lesion is potentially located
where the gap that it allows is inaccessible to electrical
impulses of the heart—and so the gap is functionally harm-
less, and the ablation line is potentially effective after all.
[0376] Reference is now made to FIG. 10A, which sche-
matically represents options for prior inputs to an ablation
line effectiveness estimator 1804 and for machine learning
of estimator 1804, comprising parameters potentially relat-
ing to ablation line effectiveness, including inputs compris-
ing output of lesion effectiveness estimator 1604, according
to some embodiments of the present disclosure. Output of
lesion effectiveness estimator 1604 may include estimated
lesion effectiveness 1606 and/or estimation array 1706.
[0377] Ablation line effectiveness parameters 1700 of
FIG. 10A comprise parameters which are optionally sup-
plied to the methods of FIGS. 6 and 9 as a basis for machine
learning of an ablation line effectiveness estimator 1804,
and/or for use of estimator 1804. Optionally, ablation line
effectiveness parameters 1700 also includes any parameters
described with respect to patient data parameters and/or
ablation strategy in regards to lesion effectiveness param-
eters 1500. In some embodiments, ablation line effectiveness
parameters 1700 may include dielectric measurements.
[0378] Ablation line effectiveness parameters 1700 of
FIG. 10A may comprise Tissue conditions 1720 and/or
parameterized gaps 1730.

[0379] Tissue conditions 1720 optionally comprise any
suitable combination of the tissue condition parameters
discussed in relation to FIG. 4A, or another parameter
indicating tissue condition. Similarly to as in FIG. 4A, the
parameters indicating tissue conditions 1720 are optionally
considered as supplying information which can be weighted
in the learned estimator to modulate the estimated effective-
ness of the ablation line itself.

[0380] Compared to parameters used as lesion effective-
ness parameters 1500, ablation line effectiveness parameters
1700 optionally include more information relating to global
tissue structure. For example, data about fiber orientation
1525 is optionally incorporated not just for tissue immedi-
ately surrounding lesions, but also for regions that electrical
impulses cross to reach the lesions. Similarly, measurements
of impulse propagation over these regions are optionally
incorporated into the ablation line effectiveness parameters.
This potentially allows more refined prediction of the func-
tional implication of gaps, derived, for example, from infor-
mation about the strength of impulses that reach those gaps.
[0381] In some embodiments, parameterized gaps 1730
optionally includes any suitable combination of the param-
eters already discussed in relation to the parameterized
lesions 1530 of FIG. 4A. However, the measurements are
optionally parameterized in terms of characterizing gaps (or
potential gaps) between lesions, rather than the lesions
themselves (for which estimator results are already avail-
able).
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[0382] Additionally or alternatively, data used to form
parameterized gaps 1730 comprises dielectric characteriza-
tion of regions into which lesions do not extend, and/or
extend with incomplete electrical isolation. Optionally, gap
parameter information comprises observations (e.g., mea-
sured from catheter electrodes) of places where electrical
isolation is not achieved. Optionally, measurements delin-
eate the extent of electrical isolation between lesions. Poten-
tially, an early extent of impulse activity, even if it is
presently electrically isolated, is indicative (e.g., because of
how far it intrudes into a region of the ablation line) of
possible later loss of electrical isolation as tissue recovers
from a procedure. It should be understood that a parameter
relating to a gap is optionally reconfigured as a parameter
relating to a lesion (for example, by adding constraint
parameters on lesion size, as described in relation to FIG.
4B, herein). In either case, the availability of input data
giving at least relative lesion placements is important for the
estimation of overall integrity of the electrical isolation
created by the lesion line. This may be derived, for example,
from the absolute shape of the ablation line, from the size of
regions of mutual overlap for each lesion, from relative
distances for each lesion from its neighbors combined with
measured and/or inferred diameter, etc.

[0383] Finally, estimation array 1706 may be used, in
some embodiments, to provide information relating to the
effectiveness of electrical isolation, and/or the predicted
persistence, of the lesions themselves.

Stand-Alone Ablation Line Effectiveness Estimator

[0384] Reference is now made to FIG. 10B, which sche-
matically represents options for prior inputs to an ablation
line effectiveness estimator and for machine learning of the
estimator, comprising parameters potentially relating to
ablation line effectiveness for use with a stand-alone abla-
tion line effectiveness estimator according to some embodi-
ments of the present disclosure.

[0385] FIG. 10B indicates an alternative implementation
of ablation line effectiveness parameters 1700A, used, for
example, in some embodiments of the present invention
wherein the method of FIG. 6 for generating and using
learned ablation line estimator 1804 is used standalone,
without chaining to the results providing an estimated lesion
effectiveness 1606. Optionally, ablation line effectiveness
parameters 1700A also include any parameters described
with respect to patient data parameters and/or ablation
strategy in regards to lesion effectiveness parameters 1500.
[0386] Rather than including estimation array 1706, abla-
tion line effectiveness parameters 1700A optionally directly
include lesion parameterization array 1740 parameterising a
plurality of lesions making up the ablation line. Lesion
parameterization array 1740 may include an array of param-
etrized lesions 1530.

[0387] It should be understood that the parameter configu-
rations of FIGS. 10A and 10B represent two ends of a
spectrum. In some embodiments, both lesion parameteriza-
tion array 1740 and array 1706 of estimated lesion effec-
tiveness are used in combination. Moreover, the role of
parameterized gaps 1730 in FIGS. 10A-10B is optionally
replaced by extended parameterizations of the lesions, e.g.,
as allowing or not allowing space between each other.

Estimator Uses

[0388] Reference is now made to FIG. 11, which sche-
matically represents different periods for acquiring prior
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inputs to estimators, and their relationship to different peri-
ods for acquiring feedback inputs to estimators, according to
some embodiments of the present disclosure.

[0389] FIG. 11 illustrates an organizing principle men-
tioned in the discussion of FIG. 4A: that data sources for
parameters may be assigned to one or more of the three time
stages. The three stages are shown here as pre-procedure
planning 2001, intra-procedure data and/or measurement
2003, and post-procedure measurement 2005.

[0390] Shown in the bottom row of FIG. 11 are three
exemplary effectiveness estimations, each for a different
point in time: at the time of the ablation procedure (=0,
block 2010), and for a plurality of times after the ablation
procedure (t=1 . . . t=n; blocks 2012 and 2014). Estimators
2010, 2012 and 2014 may include any of the estimators
described above; for example: lesion estimator 1603 and/or
ablation line estimator 1804 and/or ablation segment esti-
mator 2104 and/or edema estimator 2604.

[0391] Ideally, the only estimator needed would be the
final one for t=n (for example, estimation of effectiveness at
five years post-procedure). since permanent treatment of
disease is the end goal. Practically, however, each estimator
may find a use in different stages of pre-procedure planning,
adjustment of ablation strategy during the procedure, and/or
post-procedure follow-up. A plurality of estimators may be
created to target different information—for example, to
target a single outcome aspect (e.g., transmission blockage
as such), or any suitable combination of outcome aspects
(e.g., transmurality, inter sub-lesion connection, success at
ablating before edema sets in, etc.). There is a potential
advantage of single-aspect estimators in simplicity of imple-
mentation. There is also a potential advantage for interpre-
tation, since knowing what specific portion of a procedure is
problematic helps to target planning of mitigation and/or
remediation. The three general stages are now discussed in
turn.

[0392] Estimator use in pre-procedure planning: At the
pre-procedure planning stage 2001, short-term estimations
of the effectiveness of an ablation plan in achieving electri-
cal isolation are potentially the most useful. In particular,
there may be more detailed feedback information available
for short-term estimator; particularly for estimators based on
outcomes measured during the ablation procedure, and/or
outcomes measured during a period of more active treatment
and follow-up soon after a procedure.

[0393] However, it is potentially helpful to be informed
that there is at least a possibility of long-term effectiveness
for a particular plan, even though there remain a large
number of unresolved variables (e.g., in carrying out the
procedure itself) that could make estimation of likely future
effectiveness difficult. Potentially, moreover, there are hid-
den long-term consequences of a plan—for example, lesions
placed in a heart region which is, perhaps unknowingly,
difficult to characterize. Long-term feedback data can poten-
tially indicate that there is some problem related to such
lesions. Such hidden problems may potentially result a
lowered estimate of effectiveness, even if the physiological
reason for the lowered estimate remains unknown.

[0394] Estimator use during a procedure: During the pro-
cedure itself (block 2003), estimator results are optionally
updated regularly as new ablations are performed. Re-
estimation is performed, for example, after or before every
ablation of a sub-lesion and/or completion of an ablation
segment, or after any suitable number of ablations sufficient
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to get useful data, for example, after at least 10-30 ablations.
Estimations are optionally refreshed every time new data
becomes available, or optionally every few seconds or
minutes (e.g. 5 seconds, 10 seconds, 30 seconds, 1 minute,
2 minutes, 5 minutes or another longer, shorter or interme-
diate period). Since the estimation is by then largely based
on effectiveness estimated from actual measurements and
events, long-term estimates may begin to be more accurate.
However, short-term estimators developed from detailed
feedback data may again provide more useful feedback for
evaluating potential adjustments to a procedure—e.g., which
particular lesions are insufficient and should be revisited, or
which parts of the ablation line are vulnerable to developing
gaps.

[0395] Estimator-driven adjustments (e.g., adjustment of
an ablation plan) are optionally manually guided (e.g., a
computer shows an estimator result to an operator, who
decides how to proceed), or automatic. The following is an
example of an automatic adjustment:

[0396] Upon an operator selecting the position of the next
ablation operation (such as: next lesion position), the abla-
tion monitoring and/or treatment system optionally applies
an estimator to predict effectiveness of the result using not
only the current settings, but also other settings available
from within current conditions—for example, different
power levels, times of ablation, frequencies, phases, angles
of approach and the like. This can be considered as a way of
searching an envelope of possible ablation parameter set-
tings in order to select the parameter settings which seem
most likely to lead to a targeted effectiveness outcome.
Optionally, the estimation is provided for effectiveness in a
single respect (e.g., transmurality). Alternatively, estimation
considers effectiveness in a plurality of respects such as
safety, transmurality, gap-free connection with adjacent
lesions, permanence of the lesion, gap-free connection
between adjacent sub-lesions of an ablation segment, pet-
manence of the ablation segment, etc.). Optionally, the
different respects are at least partially in competition to each
other (a large lesion may be less safe, for example).
[0397] An estimator feature potentially of particular use
during ablation is estimation of the effects of edema on
ablation. An initial ablation plan may attempt to account for
edema by simply lesioning in a line, so that most ablations
happen too quickly for edema from neighboring ablations to
be a factor. However, adjusting an ablation plan to mitigate
a possible gap in isolation may involve returning to a point
where ablation has had time to become well-developed. In
some embodiments, estimation of edema state can be used
to find an optimal location for a repair ablation, and/or to
reconfigure ablation parameters so that effective ablation is
more likely.

[0398] Estimator use after a procedure: Once the post-
procedure clinical situation has stabilized, the long-term
estimators potentially become of more practical use, as key
medical decisions also become more strategic in nature. An
estimator looking months or years in advance at the likeli-
hood of disease recurrence can help a clinician advise a
patient when the next follow-up session should occur, and/or
help to plan for an apparently likely eventuality of the return
of disease. In some embodiments, an ablation segment
effectiveness estimator estimates a likelihood (for example,
a percentage likelihood, or another prediction, optionally
including an estimate of specificity and/or sensitivity) of
effective block for one or more ablation segments within a
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week, a month, three months, six months, a year, two years,
five years, or any other suitable period after the procedure
that created the ablation segment.

Estimators for Ablation Segment Effectiveness

[0399] For purposes of describing ablation segment effec-
tiveness estimators herein, an ablation segment comprises
any planned or actual segment of a longer ablation line
selected for evaluation by an estimator. An ablation line, in
some embodiments, comprises a group of one or more
sub-lesions introduced together by ablation to achieve a
clinical result. Typically a plurality of sub-lesions are
selected. Two or more adjacent and/or overlapping sub-
lesions along an ablation line may be referred as ablation
segment.

[0400] Typically, the sub-lesions are introduced as a chain
of ablations extending along a pathway, with the target of
creating an uninterrupted barrier to electrical transmission
from one side of the line to the other. In some embodiments,
an ablation segment comprises at least two sub-lesions in
proximity. “Effectiveness” of such a segment, in some
embodiments, is defined as next described.

[0401] In some embodiments of the invention, an ablation
segment effectiveness estimator is used to predict acute (e.g.,
immediate) and/or persistent (e.g., over a period of at least
1 month, 3 months, 6 months, 1 year, 2 years, 5 years, or
another longer, shorter, or intermediate period) effectiveness
of an ablation segment; optionally either a planned or actual
ablation segment. Effectiveness of a segment, in some
embodiments, relates to properties of the segment’s sub-
lesions, regions which may exist between those sub-lesions,
and/or the extent of sub-lesions relative to the overall
thickness of the ablation tissue (effective transmurality).
Effectiveness of an ablation segment, in some embodiments,
comprises completeness of electrical isolation across, under,
or over the segment.

[0402] It should be noted that it is difficult to directly
validate ablation success in humans, since direct visual
inspection of sub-lesions in a living patient (e.g., for trans-
murality, interconnectedness, etc.) is unavailable. Accord-
ingly, it is a potential advantage to make use of a wide
variety of indirect and/or incomplete data sources which at
least partially indicate (e.g. correlate with) procedure suc-
cess, in order to supply a greater level of certainty for
planning of procedures, correction of ongoing procedures,
and/or prediction of procedure outcomes.

[0403] Reference is now made to FIG. 14A, which is a
schematic flowchart of a method of deriving and applying an
ablation segment effectiveness estimator for predicting abla-
tion segment effectiveness, according to some embodiments
of the present disclosure. First, inputs to and operation of
machine learning at block 2103 are described. Then appli-
cation of a learned ablation segment effectiveness estimator
2104 at block 2105 is described (in FIG. 14A and other
figures herein, both “segment estimator” and “ablation seg-
ment effectiveness estimator” are also used to refer to an
ablation segment effectiveness estimator).

Prior Inputs to Machine Learning

[0404] In some embodiments, the block marked 2100 in
FIG. 14A comprises a plurality of “collections” of ablation
segment effectiveness parameters 2100. Each such collec-
tion in turn comprises a heterogeneous set of data inputs
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relating to one or more particular ablation segments. The
particular ablation segment is formed (and/or is planned to
be formed) by the operation of an ablation modality (e.g.,
radio frequency ablation, cryoablation, microwave ablation,
laser ablation, irreversible electroporation, substance injec-
tion ablation, and high-intensity focused ultrasound abla-
tion) acting on tissue which is targeted for ablation. The data
inputs of a collection of ablation segment effectiveness
parameters 2100 may include one or more of: sub-lesion
measurements along the ablation segment, placement of
sub-lesions comprising the ablation segment, ablation tool
(e.g., ablation catheter) settings governing sub-lesion and/or
ablation segment formation, calculated results of ablation,
and tissue conditions within which the ablation segment is
situated. Optionally, ablation segment effectiveness param-
eters 2100 include other data; for example: patient data
parameters, and/or previously acquired ablation data for the
same patient. Further details of ablation segment effective-
ness parameters 2100 are provided in descriptions with
reference to FI1G. 14B herein.

[0405] Ablation segment effectiveness parameters 2100
may include dielectric measurements. Ablation segment
effectiveness parameters 2100 may include indications of
conditions of formation of the ablation segment; for
example, lesion placement, ablation tool settings governing
lesion formation (such as ablation power, dielectric quality
of contact, angle of contact, force of contact, and timing of
ablation), and/or tissue conditions within which the lesion is
situated. Ablation segment effectiveness parameters 2100
may include indications of structure of an ablation segment
(e.g., depth, size, volume of tissue etc.).

[0406] The inputs of each collection of ablation segment
effectiveness parameters 2100 may at least potentially indi-
cate (individually and/or in aggregate) information about the
“effectiveness” of the particular ablation segment to which
they relate. In some embodiments of the present invention,
“effectiveness™ is defined in relation to targeted outcomes of
cardiac ablation treatments for atrial fibrillation (AF). In AF
ablation treatments, an effective ablation segment comprises
at least one, and preferably a plurality of sub-lesions in a
cardiac wall (i.e., an atrial wall) which together substantially
block electrophysiological impulse transmission from pass-
ing through, over, and/or under the ablation segment.
[0407] In some embodiments, persistence (or perma-
nence) of the ablation segment, its sub-lesions, and/or its
impulse blocking characteristics is a criterion of effective-
ness. Other definitions of “effectiveness” applicable in some
embodiments of the present invention are described herein-
below. In some embodiments, effectiveness relates to con-
ditions of safety. Optionally, for example, “effectiveness” is
at least partially defined as comprising avoidance of some
particular outcome, for example, avoiding lesioning of the
esophagus, the phrenic nerve, and/or the venous roots,
which could lead to serious complications. Optionally, an
ablation segment effectiveness estimator is used for any
combination of “effectiveness” conditions; additionally or
alternatively, a plurality of ablation segment effectiveness
estimators is used, which optionally each separately cover a
one or more criteria of ablation segment effectiveness.
[0408] Atblock 2103, in some embodiments, a plurality of
collections of ablation segment effectiveness parameters
2100 is provided as training set data for use in one or more
machine learning methods, in order to generate a learned
ablation segment effectiveness estimator 2104 (herein, black
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dots mark the usual receiving side of a connecting line, e.g.,
direction of data communication; however, use of this
convention does not exclude two-way communication). The
example of “machine learning” is used herein as an example
of a method of creating an estimator, and should not be
considered limiting. Alternatives include, for example gen-
eral purpose statistical methods and/or estimator definition
based on theoretical equations accounting for observed
correlations. In some embodiments, training set data used in
generating the learned ablation segment effectiveness esti-
mator 2104 are obtained in vivo. In some embodiments, at
least part of the training set data used to generate the learned
ablation segment effectiveness estimator are obtained in
vitro, for example based on ablation of porcine heart wall.
Machine learning at block 2103 may be in accordance with
techniques described in relation to machine learning 1603.
[0409] In some embodiments, an ablation segment effec-
tiveness estimator may be trained (for example as explained
in block 2103) from training set data including collections of
ablation segment effectiveness parameters 2100 with
observed lesion effectiveness 1602; to provide estimated
lesion effectiveness 1606; for example: output of ablation
segment effectiveness estimator 2104 may be an indication
of the transmurality of a single lesion.

[0410] In some embodiments, training set data including
collections of ablation segment effectiveness parameters
2100 may include examples of positive and negative out-
comes. Positive outcome (in other words: effective ablation)
may indicate that the ablation segment (e.g., two ablation
points) is transmural. Negative outcome can happen for
example: as a result of one non-transmural lesion and/or a
non-contiguous ablation segment.

Feedback Inputs to Machine Learning

[0411] In some embodiments of the invention, for each
collection of ablation segment effectiveness parameters
2100 in the training set data, there is also provided as input
to block 2103 a corresponding data collection indicating
observed ablation segment effectiveness 2102. For example,
the observed ablation segment effectiveness optionally
includes a measurement showing one or more of the fol-
lowing:
[0412] acute electrical isolation is established by the
ablation segment at the end of the ablation procedure;
[0413] persistent electrical isolation remains for at least
5 days, 30 days, 60 days, 90 days, or another longer,
shorter, or intermediate duration after the end of the
ablation procedure;

[0414] asymptomatic;

[0415] hospitalization;

[0416] survival,

[0417] AF burden <5%;

[0418] a fibrotic area corresponding to the ablation

segment persists for at least S, 30, 60, 90, or another
longer, shorter, or intermediate period after the end of
the ablation procedure; and/or
[0419] the patient is disease free (at least with respect to
conduction across a particular ablation segment) for at
least 1 month, 3 months, 6 months, 1 year, 2 years, 5
years, or another longer, shorter or intermediate period
after the end of the ablation procedure.
[0420] In some embodiments, observed ablation segment
effectiveness 2102 relates to safety—for example that the
ablation segment was or was not associated with a compli-
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cation such as damage to the esophagus, damage to the
phrenic nerve, damage to the venous roots, and/or a risk-
associated event during ablation such as charring or “steam
pop”. Steam pop is a term for a condition wherein rapid
expansion of steam during an ablation creates an audible
“pop”; this is associated in the literature with a risk of
complications such as heart wall perforation.

[0421] In some embodiments, data indicating observed
ablation segment effectiveness 2102 may be obtained by the
same catheter that was used to form the ablation. For
example, a probe of an RF ablation catheter is operated to
ablate tissue, and then electrodes of the same catheter are
used to measure potential electrical fields induced in the
vicinity of the ablation. From these measurements, imped-
ance properties indicating ablation segment and/or sub-
lesion state may be calculated. In some embodiments, the
impedance properties in turn indicate dielectric properties of
tissue that are changed as a result of tissue ablation. Dielec-
tric properties and/or impedance are optionally interpreted
as indicating local tissue state and in particular, local tissue
state(s) as being permanently ablated (e.g., converted to
fibrotic tissue), edematous but not fibrotic, and/or healthy.
Data provided as a collection of observed ablation segment
effectiveness data 2102 is optionally expressed in any suit-
able format; for example: voltages, impedances, dielectric
parameters, and/or tissue state(s) inferred therefrom.
Optionally, another measure of observed ablation segment
effectiveness is provided, for example, measurements of
electrical isolation (e.g., lack of impulse conduction across
the ablation segment), or clinical observation that disease is
absent. In some embodiments dynamics of measurements
such as impedance measurements are used. For example,
impedance at an ablation region is optionally set to a
baseline before ablation begins (e.g., as if the tissue is
healthy). During and/or after ablation, changes in impedance
(drops in impedance, for example) are measured (e.g., at
frequencies up to about 1 MHz), and these changes option-
ally serve as input to an ablation segment effectiveness
estimator. The relevant dynamics are optionally provided in
terms of magnitude, rate (slope and/or exponent, for
example), and/or in terms of function shape, for example,
linear, exponential, logarithmic or another shape.

[0422] In some embodiments, the impedance measure-
ments include measurements of impedance between differ-
ent electrodes on a prove of the ablation catheter (e.g.,
between a tip electrode of the ablation catheter and another
electrode on the same catheter), between one or more
electrodes on the ablation catheter and one or more elec-
trodes on another catheter, and/or between one of more of
the ablation electrodes and one or more body surface elec-
trodes. In some embodiments, the impedance measurements
include measurement of impedances at various frequencies,
e.g., from about 10 kHz to about 1 MHz.

[0423] Optionally, estimates of ablation segment effec-
tiveness 2106 are accompanied by a metric of certainty, for
example, sensitivity and/or selectivity. Estimated ablation
segment effectiveness 2106 collected along a whole ablation
line optionally are configured to identify the most likely
location or locations along an ablation line where incom-
plete electrical isolation occurs or will occur. In some
embodiments, estimated ablation segment effectiveness
2106 1s displayed within an interactive user interface facili-
tating use by an operator to examine the estimate of ablation
segment effectiveness from different perspectives: for
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example, to check certainty of results, to check estimated
ablation segment effectiveness 2106 corresponding to esti-
mated position of failed electrical isolation along the abla-
tion line, to compare the current ablation segment with other
ablation segments in a database which historically have
produced similar ablation segment effectiveness estimator
results, etc.

Model Input to Machine Learning, and Pre-Processing of
Inputs

[0424] In some embodiments, the machine learning of
block 2103 proceeds on the basis of an assumed ablation
segment model 2101. Optionally, ablation segment model
2101 is naively structured. For example, it optionally simply
hypothesizes for the machine learning of block 2103 a
correlation (naive as to underlying structure) between the
prior inputs of ablation segment effectiveness parameters
2100 and the feedback inputs of observed ablation segment
effectiveness 2102.

[0425] However, it is a potential advantage to at least
partially structure inputs based on known physical and/or
causal relationships. The structure can be provided as part of
ablation segment model 2101, and/or by pre-processing of
data provided as inputs. For example, inputs from the
ablation segment effectiveness parameters 2100 are option-
ally pre-processed to be expressed in terms of sub-lesion
size (diameter and/or depth, for example). Additionally or
alternatively, inputs are structured by the ablation segment
model itself into indications of sub-lesion size (e.g., machine
learning is applied to a model equation operating on the
ablation segment effectiveness parameters in one or more
combined terms, rather than only in terms each comprising
a different raw ablation segment effectiveness parameters).
[0426] Pre-interpretation of raw inputs indicating ablation
segment effectiveness (e.g., interpretation of electrical field
measurements such as dielectric measurements to identify
local tissue state) provides a potential advantage by reducing
complexity of the data space (and potentially noise in the
data) before applying machine learning to it. However, there
is a potential disadvantage in over-simplifying and/or dis-
torting data in observed ablation segment effectiveness 2102
by pre-interpreting, as this can reduce or destroy correlations
latent in the raw inputs.

[0427] Optionally, use of pre-processing enables creating
ablation segment effectiveness estimators which are appli-
cable to different types of raw input. For example, part of the
difference between simulations of sub-lesion size (e.g.,
before ablation) and measurements of sub-lesion size after
ablation can be abstracted away by making sub-lesion size
itself one of the inputs in the ablation segment effectiveness
parameters 2100. That has the potential advantage of facili-
tating comparison of predictions from a planned procedure
with predictions from actual procedure results, for example.
[0428] In some embodiments, the raw measurements indi-
cating ablation segment effectiveness (e.g., electrical field
measurements such as dielectric measurements) may be
used as ablation segment effectiveness parameters 2100
(e.g., without any calculations) and may be input as training
set data.

[0429] Learned Ablation Segment Estimator

[0430] After the above-described inputs are suitably
defined and received for a plurality of sub-lesions (e.g., 50,
100, 1000, or another larger, smaller, or intermediate number
of sub-lesions), machine learning at block 2103 may use one
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or more machine learning methods to produce a learned
ablation segment effectiveness estimator 2104. Examples of
machine learning methods used in some embodiments of the
present invention include, for example: decision tree learn-
ing, association rule learning, an artificial neural network,
deep-learning artificial neural network, inductive logic pro-
gramming, a support vector machine, cluster analysis,
Bayesian networks, reinforcement learning, representation
learning, similarity and metric learning, semi-supervised
learning (for example: multi instance learning) and/or
another technique taken from the art of machine learning. In
some embodiments, the estimator output (e.g., estimated
segment effectiveness) may include a binary prediction (e.g.,
+1, -1). In some embodiments, the estimator output (e.g,,
estimated segment effectiveness) may include a probabilistic
output between zero and one (e.g., a dynamic score). Such
embodiments may be advantageous when using an estimator
during an ablation procedure. For example it may facilitate
a user’s decision whether to proceed or complete the pro-
cedure, and/or whether to adjust the ablation plan.

[0431] In some embodiments, the learned ablation seg-
ment effectiveness estimator 2104 comprises a set of learned
weights applied to terms of ablation segment model 2101.
Application of the ablation segment effectiveness estimate at
block 2105 comprises plugging into the model appropriate
values from a collection of ablation segment effectiveness
parameters 2100, and calculating the result. The result is
produced as an estimated ablation segment effectiveness
2106. Other collections of ablation segment effectiveness
parameters 2100 may refer to ablation segment effectiveness
parameters 2100 collected after learned ablation segment
effectiveness estimator 2104 was created, e.g., ablation
segment effectiveness parameters 2100 collected in run-time
during a medical procedure. Other collections of ablation
segment effectiveness parameters 2100 may include dielec-
tric measurements measured run-time during a medical
procedure. Such dielectric measurements may be used as
inputs to learned ablation segment effectiveness estimator
application 2105 to obtain estimates of ablation segment
effectiveness 2106.

[0432] It should be noted that learned ablation segment
effectiveness estimator 2104 may be updated and/or adjusted
(also referred to as refreshed) based on such other collec-
tions of ablation segment effectiveness parameters 2100.
Estimates of ablation segment effectiveness 2106 may be
used to adjust an ablation plan.

[0433] In some embodiments, the estimated ablation seg-
ment effectiveness 2106 is expressed in the same terms as
used by ablation segment model 2101 for learning. Option-
ally, the estimated ablation segment effectiveness 2106 is
also accompanied by an estimate of the certainty of the
prediction, for example, based on statistically determined
specificity and/or sensitivity. Optionally, post-processing is
applied to convert the estimated ablation segment effective-
ness 2106 into another form. For example, the feedback
input in the observed ablation segment effectiveness 2102
may not itself encode a spatial extent of the region electri-
cally isolated by a particular ablation segment. Rather, for
example, it may simply indicate that the electrical isolation
is sufficient to maintain disease prevention across the abla-
tion segment. Since this implies that sub-lesions contribut-
ing to the ablation segment are transmural, it is possible,
optionally, to infer at a later stage that the depths of these
sub-lesions are about the same as the thickness of the tissue.
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Similarly, the positions and sizes of adjoining sub-lesions
optionally provide post-processing constraints on sub-lesion
diameter within an ablation segment.

[0434] It should be understood that it is often possible to
alternatively make such adjustments in a stage of pre-
processing (rather than post-processing). For example evi-
dence of “successful block” is optionally converted to size
constraints in the feedback input indicating observed abla-
tion segment effectiveness 2102. In some embodiments,
constraints may be accounted for in the ablation segment
model 2101 itself; for example, by defining ablation seg-
ment model 2101 to include a term comparing sub-lesion
depth to atrial wall width.

Inputs to Ablation Segment Effectiveness Estimators

[0435] Reference is now made to FIG. 14B, which sche-
matically represents a range of options for prior inputs to a
ablation segment effectiveness estimator and/or for use in
machine learning of the ablation segment effectiveness
estimator, comprising parameters potentially relating to
ablation segment effectiveness, according to some embodi-
ments of the present disclosure.

[0436] The number of possible separate inputs to a col-
lection of ablation segment effectiveness parameters, in
some embodiments, is both large and optionally variable.
Sets of ablation segment effectiveness parameters 2100
used, in some embodiments, and/or portions of such sets are
also referred to herein as “input data” The inputs listed in
FIG. 14B may be viewed as providing a menu of examples
of parameters, from which any suitable subset is optionally
used. Optionally, another parameter source not shown
among those in the FIG. 14B is used.

[0437] The broadly hierarchical (mostly branched, but in
some places looping) arrangement by which optional inputs
are shown in FIG. 14B is primarily used as a guide to help
organize the descriptions that follow. Terminal nodes (terms
without borders) represent numerous types of basic inputs
(e.g. measurements, settings, and outside data such as ana-
tomical atlas data). Nodes surrounded by thin cloud-shaped
borders list intermediate organizational concepts that link
the basic inputs (and/or other organizational concepts) as
alternative and/or complementary contributions to the full
collection of ablation segment effectiveness parameters
2100, as detailed for each. Optionally (as indicated in the
more detailed descriptions following), some of the cloud-
bordered nodes represent higher level abstractions used in
the ablation segment effectiveness parameters in place of
one or more basic inputs (e.g., transformation of ablation
parameters to an expected ablation state). With regard to the
higher level abstractions described in particular, an ablation
segment effectiveness estimator may or may not receive
such information as part of ablation segment effectiveness
parameters it receives. Such abstractions can help in the
generation and/or use of an ablation segment effectiveness
estimator for such reasons as providing prior accounting for
variance and/or assisting in referencing estimator results to
different types of raw input. However, they are often them-
selves based on estimates and/or theoretical considerations
which the actual may or may not fully support.

[0438] Next to the triangle that indicates the root of the
hierarchy of ablation segment effectiveness parameters 2100
are three clouds with thicker borders. These define a basic
conceptual division of the ablation segment effectiveness
parameters into three: (1) parameters indicating information
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about size and/or position of the ablation segment itself
(parameterized ablation segment 2230, which may be said to
be characterized by ablation segment parameterizing data),
(2) parameters indicating information about the tissue envi-
ronment in which the ablation segment is placed (tissue
condition 2220), and (3) effectiveness criteria 2210, which
define empirical, theoretical, clinical, and/or safety condi-
tions within which an ablation procedure is operating.
[0439] Apart from the organization just described, the
parameters of FIG. 14B belong to one or more of three time
stages:

[0440] Pre-ablation Inputs indicate, for example, results
of planning activities (ablation line definition, pre-
ablation simulations of sub-lesion extent, effects on
ablation segment of different spacings, etc.).

[0441] Intra-Lesioning Inputs include. for example,
measurements taken and operational parameters used
during an ablation procedure (optionally including
parameters measured immediately after ablation but
before the overall procedure ends).

[0442] Post-Lesioning Inputs include, for example,
clinical observations in the period after the procedure
ends (day to years), post-procedure imaging, and/or
follow-up catheterization procedures.

[0443] For some parameters, stages are explicitly men-
tioned in FIG. 14B (e.g., as pre-ablation simulation 2240,
intra-ablation parameters 2261, and post-ablation observa-
tions 2232). Staging relevant to other inputs is mentioned
where those inputs are described.

Ablation Segment Parameterization

[0444] Starting now from the node for parameterized
ablation segment 2230 (“segment” is again used in the figure
as a shorthand for “ablation segment”): In some embodi-
ments, the ablation segment is parameterized based on one
or more of pre-ablation simulations 2240, post-ablation
observations 2232, inferred ablation state 2260 after ablation
(e.g., a high-level description of sub-lesion positions and
sizes which is optionally inferred from measurements and/or
activities), and/or any of the other parameters which are
shown feeding into these nodes. Inferred ablation state 2260
may include one or more states inferred from dielectric
measurements and/or any manipulation (such as mathemati-
cal manipulation) on such dielectric measurements).
Inferred ablation state 2260 may include one or more results
inferred from dielectric measurements by analytical calcu-
lations and/or machine learning techniques.

[0445] In some embodiments, the ablation segment and/or
its sub-lesions is/are parameterized non-geometrically in the
collection of ablation segment effectiveness parameters
2100 supplied to an ablation segment effectiveness estima-
tor. For example, a dielectric measurement 2233 optionally
provides information about how much local tissue in the
region of a measurement electrode has been ablated, without
necessarily providing information about how the ablation
segment and/or its sub-lesions is shaped. Potentially, a
non-geometrical parameterization may still provide enough
information for machine learning to converge on an estima-
tor linking the ablation segment parameterization to an
estimated ablation segment effectiveness.

[0446] Additionally or alternatively, in some embodi-
ments, the ablation segment and/or its sub-lesions is/are
parameterized as a geometrical object having a defined
shape. An ablation segment is optionally parameterized by
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one or more distances between a plurality of sub-lesions
(which potentially affects the appearance of transmission
gaps), and/or by a time elapsed between creation of the
sub-lesions. Optionally elapsed time is measured between
initiations of ablations, terminations of ablations, termina-
tion of one ablation and initiation of another, or any other
suitable definition of elapsed time. Flapsed time could affect
ablation segment shape due to merging of sub-lesions
affected by residual temperature increases; and/or due to
changes in edematous state, for example due to recent
nearby ablations.

[0447] Optionally, a geometrical parameterization of sub-
lesion shape defines at least a sub-lesion depth and a
proximal diameter (diameter of a sub-lesion at the side
directly in contact with the ablation device). Optionally,
these parameters are incorporated into a definition of a
geometrical solid representing the shape of the sub-lesion;
for example, a frustum of a paraboloid, ellipsoid, cone, or
another shape. Parameterization of ablation segment and/or
its sub-lesions as geometrical shapes, though potentially
subject to estimation errors of its own, has the potential
advantage of being interconvertable between outputs of
pre-ablation simulation 2240, inferred ablation results 2260
(and/or intra-ablation parameters 2261), and/or post-abla-
tion observations 2232.

[0448] Optionally, such interconvertibility allows the
same estimator to be used on data from different original
sources. Additionally or alternatively, a non-spatial “com-
mon parameterization” is used. For example, a spatial defi-
nition of an ablation segment and/or its sub-lesions deter-
mined by simulation is optionally re-parameterized into the
results of simulated “measurements” that would be expected
from it. Optionally, re-parameterization is used to convert
ablation segment effectiveness parameters size measure-
ments known from in vitro studies into ablation segment
effectiveness parameters more convenient for direct in vivo
use, and/or conversely.

[0449] Each of the three main ablation segment param-
eterizing data stages is now discussed in turn.

[0450] In some embodiments, pre-ablation simulations
2240 produce parameterized descriptions of ablation seg-
ments (and/or their sub-lesions) which are planned to be
formed during an ablation procedure. The pre-ablation simu-
lations 2240 are based on an ablation segment ablation plan
2241 describing where and how ablations are to be made.
Optionally the simulation results are further modulated by
relevant parameters of tissue condition 2220 (e.g. tissue
thickness 2245, state of edema 2250, tissue type(s) 2221,
fiber orientation 2225, and/or intra-ablation temperature
2255; each is further described below). Optionally, the
pre-ablation simulation 2240 is produced as part of creating
the ablation segment ablation plan 2241 in the first place.
Tissue thickness 2245 may be calculated and/or inferred
(e.g., by machine learning methods) from dielectric mea-
surements 2246.

[0451] Insofar as the pre-ablation simulation 2240 option-
ally comprises spatially defined simulations such as EM
and/or thermal simulation, it is relatively straightforward, in
some embodiments, to define the parameterized ablation
segment 2230 in terms of geometrical shape.

[0452] Insome embodiments, parameterized ablation seg-
ment 2230 is based on inferred ablation results 2260. Simi-
larly as for pre-ablation simulations 2240, the inferred
ablation results estimate the effects of parameters used
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during ablation, optionally modulated by the parameters of
tissue condition 2220. However, instead of choosing abla-
tion parameters from an ablation plan 2241 (e.g., as indi-
cated by the connection in FIG. 14B shown between seg-
ment ablation plan 2241 and intra-ablation parameters
2261), the intra-ablation parameters 2261 used in actual
ablation are used. Examples of intra-ablation parameters
2261 include ablation probe contact 2265, ablation power
2263, ablation timing 2264, and optionally other ablation
parameters not shown, such as phase and/or frequency.
[0453] In some embodiments, contact 2265 is measured
and/or estimated based on force measurements 2266 (e.g.,
measurements by one or more force sensors on the ablation
probe), dielectrically-measured quality of contact 2268, and/
or angle 2267 of probe contact with tissue, which can be
measured, for example, by comparing readings from a
plurality of force sensors, and/or based on indications of
dielectrically measured quality of contact. Dielectric mea-
surement of contact quality is described, for example in
International Patent Application No. PCT/IB2016/052686.
Optionally, any combination of one or more of the param-
eters used and/or measured during ablation are used directly
by an ablation segment effectiveness estimator, optionally
without the prior interpretation represented by inferred abla-
tion results 2260.

[0454] In some embodiments, dynamics of contact (under
any suitable measure of contact) is provided as an ablation
segment effectiveness estimator input. As heart tissue moves
(e.g., in synchrony with the heartbeat and/or respiratory
cycles), an ablation probe in contact with tissue may move
relative to the tissue. With lowered relative motion dynam-
ics, in some embodiments, an ablation segment effectiveness
estimator is potentially more likely to predict a higher
effectiveness of an ablation segment. In some embodiments
(e.g., for ablation segment effectiveness estimation during
pre-planning), a prediction of relative motion dynamics is
made for a particular heart region based on experience of
this parameter in different heart regions. Optionally, a simu-
lation of heart motion is used to predict relative ablation
probe/cardiac tissue motion dynamics, e.g., under contact
pressures typical for ablation procedures.

[0455] Also comprising ablation segment effectiveness
parameters 2100, in some embodiments, are measured posi-
tions 2237 of the probe, which can be measured, for
example, based on electromagnetic field-guided navigation
2238, dielectrically-guided navigation 2239B, and/or imag-
ing-based navigation 2239A. In some embodiments, the
probe is moved to be placed at measured positions 2237
based on indications in segment ablation plan 2241 (e.g., as
indicated by the connection in FIG. 14B shown between
segment ablation plan 2241 and positions 2237).

[0456] In some embodiments, post-ablation observations
2232 are made. The post-ablation observations 2232 option-
ally include one or more dielectric measurements 2233
characterizing tissue in the region of the ablation segment
and/or sub-lesion, measurements of acute electrical isolation
2234 (that is, measurements made within the time of the
initial ablation procedure), measurements of persistent elec-
trical isolation 2236 (that is, measurements and/or clinical
observations made in the days, months, and/or years after
the initial ablation procedure), and/or measurements made
by imaging 2235, for example, nuclear medicine imaging of
fibrotic extent. Use of dielectric measurements for charac-
terizing ablated/lesioned and/or other tissue states such as
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edema, is described, for example, in International Patent
Application Nos. PCT/IB2016/052690 and PCT/IB2016/
052686. In some embodiments, an intracardiac electrogram
is measured in the region of an ablation segment and used as
an input to an ablation segment effectiveness estimator.
Dynamics of the electrogram during and/or after lesioning
are potentially indicative of likely ablation segment effec-
tiveness, according to an amount of amplitude decay from a
base amplitude pre-ablation (more decay being generally
associated with greater effectiveness).

[0457] Optionally, an ablation procedure is completed by
making post-ablation observations at positions near ablation
segments and/or along the ablation line which the ablation
segments define. In some embodiments, the post-ablation
observation positions are suggested automatically, for
example, to check on tissue state at the locations between
sub-lesions most at risk for allowing electrical reconnection
(optionally, this risk is itself determined by use of the
ablation segment effectiveness estimator), and/or to check
the sub-lesions where there was some indication of problems
during the ablation procedure itself.

Tissue Condition Influences on Ablation Segment
Effectiveness
[0458] Turning now to tissue conditions 2220, several

main relevant conditions were listed already above in rela-
tion to pre-ablation simulations 2240, and inferred ablation
state 2260. In some embodiments, at least some of the tissue
conditions 2220 are provided as part of the ablation segment
effectiveness parameters 2100. For example, a sub-lesion
partially characterized in the ablation segment effectiveness
parameters by its depth may be transmural or not (and thus
electrically isolating or not) depending on the thickness
2245 of the tissue ablated. Similarly, an ablation segment
may more or less isolating depending on the local orienta-
tion 2225 of myocardial fibers.

[0459] In contrast, some tissue conditions shown are
effectively accounted for, in some embodiments, by the
parameterization of the ablation segment 2230. These can be
optionally be left out of the ablation segment effectiveness
parameters based on which machine learning and/or effec-
tiveness estimation are performed. For example, tempera-
ture measured during ablation may affect how an ablation
segment is parameterized, but leave little residual effect
affecting the estimation of ablation segment effectiveness.

[0460] In some embodiments, tissue conditions are pro-
vided as input to an ablation segment effectiveness estimator
indirectly, for example, as an indication of a region (e.g., a
cardiac region) where an ablation is placed. Effects associ-
ated with a particular region are optionally due to a number
of more specific effects (e.g., typical thickness, fiber orien-
tation, thermal properties, etc.) which may or may not be
explicitly available as inputs. The use of machine learning
potentially allows accounting for such effects implicitly,
through associated position information.

[0461] Tissue thickness 2245 is a factor partially govern-
ing transmurality. Thicker tissue potentially requires deeper
ablation in order to achieve effective electrical isolation.
Thickness is optionally characterized based on tissue atlas
information 2248, and/or based on imaging measurements
2247 obtained by analysis of anatomical images of the
individual patient (obtained, e.g., by MRI, CIT, nuclear
medicine, or another method).
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[0462] Intra-ablation temperature 2255 is optionally simu-
lated in pre-ablation simulations 2240, inferred from actual
ablation parameters as part of inferred ablation results 2260,
and/or measured 2256 during ablation. With RF ablation, for
example, temperature can be an indication of ablation prog-
ress. In some embodiments dynamics of temperature serve
as an input. For example, temperature measured at an
ablation probe tip which rises and maintains stability during
ablation is potentially an indication of successful ablation,
while a temperature which drops is potentially and indica-
tion of less likely success.
[0463] Similarly, edema may be simulated, inferred, or
dielectrically measured 2251. Fdema in cardiac tissue is
potentially elicited by nearby ablations, or even by rough
contact with a probe. Edematous tissue is potentially more
resistant to effective ablation: for example, edematous fluid
can thicken tissue so that sub-lesion transmurality is harder
to achieve.
[0464] Tissue type 2221 is optionally characterized (typi-
cally before a procedure) by one or more imaging modalities
2222. Tissue type 2221 can also be characterized intra-
procedure by dielectric mapping 2223 (and/or impedance
mapping), for example as described in relation to FIG. 4A.
[0465] In some embodiments, impedance mapping (op-
tionally omitting conversion to a dielectric map) itself is
performed at one or more frequencies, e.g., frequencies up
to about 1 MHz. Impedance maps, and/or maps of imped-
ance dynamics, optionally provide indications of (e.g., cor-
relate with) one or more of the following:

[0466] Initial wall composition (e.g., living or fibrotic);

[0467] Heat conduction of neighboring organs (e.g.,

lung is less heat conducting);

[0468] Contact quality:
[0469] Wall thickness;
[0470] Tissue temperature;
[0471] Wall tissue decomposition (e.g., upon ablation);
[0472] Contact quality stability;
[0473] Several of these uses of impedance are described in

connection to particular elements of FIG. 14B. It is noted
that impedance measurements of these parameters are poten-
tially at least somewhat entangled, statistically. However,
correlations with other inputs, for example, other measure-
ments, past observations, particular conditions of the mea-
surement (e.g., force, position, current operations), etc.
potentially assist in separation. It is noted that attribution of
measured impedance characteristics to particular causes is
not necessarily required and/or performed by an ablation
segment effectiveness estimator, insofar as machine learning
can operate on associations between observations without
necessarily using and/or forming specific attributions of
measurements to causes.

[0474] Insome embodiments of the invention, the level of
spatial resolution of adjacent features provided by the
dielectric mapping 2223 is between about 0.1 and 1 mm.
Optionally, the spatial resolution is about 0.1 mm, about 0.5
mm, 1 mm, 2 mm, 5 mm, or another larger, smaller, and/or
intermediate value. In some embodiments, the map is made
available for display to an operator.

[0475] Fiber orientation 2225 is discussed in detail herein
in relation to FIGS. 5A-5B. The effectiveness of an ablation
segment for creating electrical isolation is potentially
affected by the direction of myocardial fibers running
nearby: for example, fibers oriented to run through a gap (for
example, as in FI1G. 5B) apparently transmit impulses more
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efficiently than fibers oriented so that impulses must jump
laterally from fiber to fiber to pass the gap (for example, as
in FIG. 5A). Optionally, fiber orientation used in simulating
or inferring ablation effects is derived from atlas-based
assumptions 2227 about heart wall anatomy. Additionally or
alternatively, fiber orientation is imaged 2226, for example,
using echocardiography-based shear wave imaging, and/or
diffusion tensor imaging. In some embodiments, fiber ori-
entation between two points is inferred from the rate of
impulse transmission 2228 therebetween. Optionally supet-
ficial fiber orientation is indicated by differences in contact
indicated by impedance measurements made as an electrode
travels, for example, along (in the direction of) or across (at
least partially orthogonal to) a direction of fiber orientation.
[0476] Insome embodiments of the invention, patient data
parameters (also referred to herein as “patient data”) are also
provided as part of ablation segment effectiveness param-
eters 2100.

[0477] Optionally, any of the above, or another type of
patient data, are used directly as inputs to machine learning.
In some embodiments, factors which are particularly asso-
ciated with risk (gender, left atrial appendicular morphology,
alcohol consumption, obesity, hypertension, obstructive
sleep apnea, age, etc.), and optionally still more particularly
risk of mortality or morbidity as a result of having to
re-perform a procedure, are used to set a threshold of
acceptable ablation segment effectiveness. For example,
during ablation plan adjustment, an automatic algorithm is
optionally set to be more aggressive in indicating a poten-
tially ineffective ablation segment, and/or more aggressive
in making suggestions for mitigation of potentially ineffec-
tive ablation segments. In some embodiments, determina-
tion of elevated risk (or another patient-specific input)
optionally leads to a suggestion to follow a qualitatively
different plan: for example, to ablate along a different
ablation path.

[0478] In another example: during ablation, an automatic
algorithm estimates expected clinical outcome for a plurality
of parameter sets of further ablation, e.g., expected outcome
if the next ablation site is placed at a plurality of alternative
positions, and/or if the next ablation begins (or potentially
does not) within a given time period. The estimations of the
clinical outcomes for different parameter sets may be dis-
played to the physician, who may choose between them. The
physician’s choice may be based on considerations such as
the difference in the expected outcome and the difference in
the difficulty of obtaining the required ablation parameters in
a set. For example, if ablating at region that is difficult to
reach with the catheter from its current position brings only
slightly better results than ablating at a second region that is
easier to reach, the physician may choose the second region.
[0479] Optionally, data indicating therapeutic strategy
and/or events (as described above) are included in the
ablation segment effectiveness parameters 2100.

Effectiveness Criteria

[0480] In some embodiments, effectiveness criteria 2210
are incorporated to the ablation segment effectiveness
parameters. Optionally effectiveness criteria 2210 comprise
criteria defining limits on what features of an ablation
segment are expected to be needed in order for it to be an
effective ablation segment. These can include, for example,
descriptions of sub-lesion/tissue parameter pairings that are
expected, based on theoretical and/or empirical data to allow

Feb. 27,2020

and/or prevent effective transmurality of block (isolation-
effective transmurality 2212). In some embodiments, abla-
tion segment location 2214 itself is considered part of the
ablation segment effectiveness parameters, since ablation
segments should be positioned where they interfere with
impulse transmission. Overall distribution of ablation seg-
ments will usually fit one of a small number of general
profiles, such as encircling of pulmonary veins with one
large loop or with a plurality of smaller loops.

[0481] Also optionally defined as part of the ablation
segment effectiveness parameters is an empirical and/or
theoretical model of how close inter-sub-lesion gaps defin-
ing ablation segments should be in order to produce effective
block (isolation-effective sub-lesion spacing 2211). A dis-
tinction may be made between embodiments in which an
ablation segment effectiveness estimator is at least initially
uninformed as to this parameter, and embodiments of abla-
tion segment effectiveness estimators which use it. An
initially uniformed, machine-learned ablation segment
effectiveness estimator potentially arrives at explicit or
implicit estimation of what spacings between sub-lesions are
effective by reference to the data of its training set, without
any prior conditions on what the spacing should be. How-
ever, the learning of an informed machine-learned ablation
segment effectiveness estimator is potentially “helped
along” by such prior data: for example, for example, because
a potentially significant part of the training set variance is
already explained and/or attributed.

[0482] Optionally, effectiveness criteria 2210 relate to
regions where ablation should be avoided (avoided regions
2213). These places optionally include, for example, sub-
lesions located too near to the esophagus, too near the
phrenic nerve, and/or too near the venous roots. Constraints
such as avoided region 2213 optionally provide a potential
advantage, e.g. for indicating whether or not an ablation plan
is safe, and/or for indicating a potential for complications, in
case the ablation procedure has already been performed.
Additionally or alternatively, other safety constraints are
used; for example, constraints on maximum power settings,
maximum duration of ablation, etc., which, if exceeded,
could indicate an increased potential for complications dur-
ing and/or after a procedure.

Application and Dynamic Adaptation of an Ablation Plan

[0483] Reference is now made to FIG. 12, which sche-
matically illustrates a method of real-time use, with optional
adjustment, of an ablation plan, in accordance with some
exemplary embodiments of the invention. Reference is also
made to FIG. 13A, which illustrates the 3-D display of a
planned lesion ablation line for a left atrium 800, along with
an ablation probe 10, in accordance with some exemplary
embodiments of the invention. Reference is further made to
FIG. 13B, which illustrates an interior 3-D view of left
atrium 800, probe 10, and planned ablation line 802, in
accordance with some exemplary embodiments of the inven-
tion.

[0484] In some embodiments, a line of planned ablation
802, together with parameters of planned sub-lesions may be
used during a procedure by combining measured ablation
probe positions within the body with cues to guide operation
of the ablation probe so that the previously determined
ablation plan is followed.

[0485] The flowchart begins (after production or receiving
of an ablation plan). The ablation plan may be provided by
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a lesion planning system (for example as described in
International Patent Application No. PCT/IB2016/052688,
the contents of which are included by reference herein in
their entirety) or may be provided by the user (e.g., the
physician).

[0486] At block 130, in some embodiments, a portion of a
planned lesion is made (e.g., a sub-lesion comprising abla-
tion from a fixed ablation probe location, or a dragged-out
portion of a lesion). A planned lesion may include one or
more planned ablation segments. Optionally, the lesion is
made in conjunction with visual guidance provided to the
user, for example, visual guidance as shown in FIGS.
13A-13B. In FIG. 8A, visual guidance is presented from an
outside-the-heart point of view. In FIG. 13B, the point of
view is that of a probe of the ablation catheter itself, shown
as if from within a heart chamber emptied of blood. Option-
ally, as the actual ablation probe is moved, its motions
(measured, for example, by system 1100 of FIG. 1A) are
shown also in a live presentation of the views of FIG. 13A
and/or FIG. 13B. In some embodiments, the display is
adjusted to also include anatomically realistic tissue coloring
and/or responsiveness to ablation probe contact and/or to the
effects of ablation itself.

[0487] Optionally, selection of pre-planned ablation
parameters is automatically made when an ablation probe
approaches the next planned lesion position. Optionally, the
system guides the user to the next planned lesion position.
Optionally, a user is provided with an interface which allows
modifying or overriding these settings.

[0488] In some embodiments, the system adapts the abla-
tion plan to actual events during ablation, for example, as
now described in relation to blocks 132, 134, 136, 138, and
140. In some embodiments, the system adapts the ablation
plan in response to one or more estimations of ablation line
effectiveness, for example: lesion effectiveness, ablation line
effectiveness, and/or ablation segment effectiveness. Esti-
mated ablation line effectiveness may be obtained from one
or more estimators (for example: as described in FIG. 6).

[0489] At block 132, in some embodiments, the system
1100 characterizes parameters such as ablation probe posi-
tion and settings of the actual ablation operation performed
(optionally, the ablation operation set to be performed based
on the current ablation probe position and settings). Option-
ally, information about the ablation probe position includes
a contact force or other assessment of contact quality (e.g.
dielectric property contact quality assessment) between the
ablation probe and target tissue. Optionally, the new state of
tissue in the lesioned region is modeled, based on actual
ablation position and parameters, and on data previously
configured for thermal simulation. Additionally or alterna-
tively, at block 134, in some embodiments, the lesion
actually created is itself characterized, for example, by the
analysis of dielectric measurements and/or temperature
readings. In some embodiments, at block 134, lesion effec-
tiveness, ablation line effectiveness, and/or ablation segment
effectiveness are estimated.

[0490] In some embodiments, block 134 may include
application of a segment effectiveness estimator, lesion
estimator, ablation line estimator, using any suitable inputs
available from blocks 132 and 134, and/or from previously
available data; for example as described in relation to block
2105 of FIG. 14A, block 1605 of FIG. 1B or 1805 of FIG.
6.
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[0491] At block 136, in some embodiments, a determina-
tion is made as to whether or not the plan is still being
followed as currently defined and/or whether the lesion is
effective. In some embodiments, block 136 may include a
determination as to whether or not the resulting estimated
ablation segment effectiveness (corresponding, in some
embodiments, to block 2106 of FIG. 14A) indicates that an
effective ablation segment has been formed (e.g., by place-
ment of the most recent sub-lesion), and/or will be formed
if the next sub-lesion is created as already planned. Any
given sub-lesion optionally both completes a previous abla-
tion segment and begins a new sub-lesion, so there may be
one ablation segment effectiveness evaluation based largely
on parameters describing and/or measuring what has hap-
pened already, and another ablation segment effectiveness
evaluation which includes assumptions about future
(planned) ablations.

[0492] If the plan is to remain unchanged, flow continues
at block 140. For example, if the ablation segment effec-
tiveness estimator result indicates an effective ablation seg-
ment is being and/or has been produced, the flowchart
continues with block 140.

[0493] Otherwise, at block 138, in some embodiments, the
ablation plan is adjusted. Adjustment may be made in any
parameter of the ablation plan to adjust, for example: to a
deviation from the previously planned timing and/or place-
ment of sub-lesions, to a deviation from an expected effect
of a lesioning operation (as measured, for example, from
dielectric measurements of lesion extent), and/or for a
deviation from an expected pre-lesion tissue state (for
example, an expected pre-existing lesion is found to be of a
different extent; measured, for example, by dielectric mea-
surements and/or measurements to assess functional block-
age of impulse transmission).

[0494] In some embodiments, the adjustment is selected
so that the ablation segment effectiveness estimator esti-
mates that the new resulting ablation segment will be
effective. Underlying reasons for a currently poor ablation
segment effectiveness estimator result potentially include,
for example:

[0495] Deviation from the previously planned timing
and/or placement of sub-lesions;

[0496] Deviation from an expected effect of an ablation
operation (as measured, for example, from dielectric
measurements of sub-lesion extent); and/or

[0497] Deviation from an expected pre-ablation tissue
state (for example, an expected pre-existing lesion is
found to be of a different extent).

[0498] The ablation segment effectiveness estimator itself
does not necessarily report reasons for a poor effectiveness
estimate. Nevertheless, in some embodiments this is appar-
ent from one or more of the ablation segment effectiveness
estimator inputs (particularly if deviating from a planned
result), and/or from the types of planned adjustments which
restore a more confident ablation segment effectiveness
estimate. Optionally, adjustment is based on inspection of
the ablation segment effectiveness estimator inputs by a user.
[0499] In some embodiments, the ablation segment effec-
tiveness estimator itself is used to automatically generate a
suggested ablation plan alteration, for example by trying
several different ablation plan adjustment options (for
example using an effectiveness maximization search and/or
an exhaustive search of effectiveness expected from key
parameter changes), and presenting one or more of the best
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scoring ones for a user to select from. In some embodiments,
the ablation line estimator and/or lesion estimator may be
used to automatically generate a suggested ablation plan
alteration.

[0500] In some embodiments, adjustment may include
generating plurality of ablation plans, and selecting one of
the plurality of ablation plans for use. For example, the user
may select one of the plurality of plans, e.g., based on
estimated indication of effectiveness.

[0501] For example, if a sub-lesion was placed with too
large a gap between it and an adjacent sub-region, the plan
may be adjusted to fill in the gap region. In another example,
if more time has passed between sub-lesions than the current
plan anticipates (such that there has been too much cooling
in the interim), the recommended placement of the next
sub-lesion is brought closer to the previous lesion. For
example, if a sub-lesion was estimated to be non-effective,
the plan may be adjusted to re-ablate, optionally at a higher
power level and/or for a longer duration.

[0502] At block 140, in some embodiments, a determina-
tion is made as to whether or not the ablation plan has been
adequately completed (e.g., according to completion of the
planned sequence of steps, and/or based on verification
measurements of the actual lesion). A determination as to
whether or not the ablation plan has been adequately com-
pleted may be based on one or more of lesion effectiveness,
ablation line effectiveness, and/or ablation segment effec-
tiveness. For example, if an ablation line estimator (e.g.,
estimator 1804) estimates that the line is not effective, the
flowchart returns to block 130 or block 138.

[0503] If not, the flowchart returns to block 130. Other-
wise, the flowchart ends.

[0504] The flowchart is optionally re-entered as many
times as necessary to complete an overall ablation line.
Visualizations Used with an Ablation Segment Effectiveness
Fstimator

[0505] Reference is now made to FIG. 15A-15B, which
schematically represents a visualization of results of an
ablation segment effectiveness estimator applied to a plu-
rality of ablation segment used in forming ablation lines
within a left atrium, according to some embodiments of the
present disclosure.

[0506] In some embodiments, the results are shown to a
user and updated in real time as new ablation segments are
formed. Green spheres (lightest gray spheres) represent
sub-lesions and their sizes; segments drawn between these
spheres represent ablation segments estimated to be effec-
tive. Blue spheres (darker spheres of same size as the lightest
gray spheres, shown in FIG. 15B) represent currently
planned sub-lesions in accordance with an ablation plan.
Presenting both planned sub-lesions and actual sub-lesions
may allow the user (physician) to better track the ablation
procedure. An ablation probe is also shown in FIG. 15B.
Small dark spheres anchor labels of anatomical landmarks
such as the right inferior pulmonary vein (RIPV), right
superior pulmonary vein (RSPV), atrial appendage (AA),
and another pulmonary vein (PV).

[0507] In some embodiments, the ablation segments are
displayed on an “unwrapped” and/or flattened 3-D display
(for example: as shown in FIG. 15A) that allows simulta-
neous viewing of a large region of the heart chamber being
treated. In FIG. 15A, the ring of light (green in color) circles
represent ablations, and the dark line extending through a
gap in the circles above the middle right of the right-hand
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ring of light circles comprises an indication that the ablation
circle is estimated to remain incomplete.

[0508] Reference is now made to FIG. 16, which sche-
matically represents pairwise real-time lesion assessment
based on use of an ablation segment effectiveness estimator,
according to some embodiments of the present disclosure. In
some embodiments, the images shown represent images
displayed to a user in real time during an ablation procedure.
[0509] At left an ablation probe is shown navigating 1o a
first sub-lesion target (e.g., the gray circle at right; blue if in
color) in preparation for ablation to form the sub-lesion. The
current surface region pointed to by the ablation probe is
optionally marked, for example, by a circle (circle at left, red
in color). Optionally, when the two circles come into align-
ment with the ablation probe contacting tissue, the ablation
probe is optimally aligned for ablating.

[0510] At center, the ablation probe has ablated the sub-
lesion, which is now shown in a lighter, filled shading
(green, if shown in color). A new target is shown by a new
position of an open circle in the middle, and the leftmost
circle is again a pointed-at position. The ablation probe is
again navigated to contact the region marked by the new
open circle. During navigation, in some embodiments, a
dotted line (or other indication, not shown) optionally indi-
cates that the ablation segment which would potentially be
formed from the indicated crossed circle is estimated to be
ineffective (e.g., ineffective at creating impulse block).
Optionally, the line indication changes when the probe is
well-positioned to potentially create an effective block; e.g,,
it changes to a solid line.

[0511] At right, the second lesion has been formed (now
also shown 1in a lighter color). If a connecting line is used,
it would optionally remain, in this example, because the
ablation segment effectiveness estimator would estimate
(based on the large separation) that the two sub-lesions
which now together define an ablation segment are insuffi-
cient to form an effective ablation segment. Optionally, the
procedure continues by mitigating this situation, e.g., by
further ablation directed to at least one of the existing
sub-lesion locations, and/or by creation of one or more
additional sub-lesions, e.g., an sub-lesion positioned
between the first two sub-lesion.

Edema

Edema Time Course Simulation and Prediction

[0512] Reference is now made to FIG. 18 which is a
schematic flowchart of a method of deriving and applying an
elicited edema estimator for predicting edema, according to
some embodiments of the present disclosure. First, inputs to
and operation of machine learning at block 2603 are
described. Then application of a learned elicited edema
estimator 2604 at block 2605 is described (in FIG. 18 and
other figures herein, “edema estimator” is also used to refer
to an elicited edema estimator). Use is also made of the term
“instance of edema”, which refers to an actual, predicted,
and/or simulated (as appropriate to the context) edematous
tissue reaction following some particular eliciting stimulus
such as operation of an ablation modality and/or mechanical
contact. Optionally there can be more than one instance of
edema developing in tissue at the same time, though elicited
edema instances which come to overlap in area and/or time
are optionally treated as parts of a single edematous sce-
nario.
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Prior Inputs to Machine Learning of an Edema Estimator

[0513] In some embodiments, the block marked 2500 in
FIG. 18 comprises a plurality of “collections” of elicited
edema parameters 2500. Sets of elicited edema parameters
2500 used, in some embodiments, and/or portions of such
sets are also referred to herein as “input data” Each such
collection in turn comprises a heterogeneous set of data
inputs relating to one or more particular elicited edema
instances. In some embodiments, the particular instance of
edema is elicited (and/or is expected to be elicited) by the
operation of an ablation modality (e.g., radio frequency
ablation, cryoablation, microwave ablation, laser ablation,
irreversible electroporation, substance injection ablation,
and high-intensity focused ultrasound ablation) acting on
tissue which is targeted for ablation or other medical treat-
ment. In some embodiments, the instance of edema is
elicited by mechanical contact between an intrabody probe
(e.g. catheter probe) or other treatment modality and tissue.

[0514] The data inputs of a collection of elicited edema
parameters 2500 include, for example, sub-lesion measure-
ments made during and/or after sub-lesion ablation, place-
ment of sub-lesions, ablation tool settings governing sub-
lesion formation, calculated results of ablation, and/or tissue
conditions within which the instance of edema is situated. In
some embodiments, the data inputs comprise parameters
describing force, and/or duration of mechanical contact.

[0515] Optionally, elicited edema parameters 2500
include other data; for example: patient data parameter,
patient clinical data, and/or previously acquired ablation
and/or mechanical contact data for the same patient. In some
embodiments, parameters of elicited edema parameters 2500
include any suitable parameter described in connection with
ablation segment effectiveness parameters 2100, for
example, in reference to FIG. 14B herein and/or lesion
effectiveness parameters 1500, for example, in reference to
FIG. 4B herein. In some embodiments, raw measurements
indicating edema (e.g., electrical field measurements such as
dielectric measurements) may be used as elicited edema
parameters 2500 (e.g., without any calculations) and may be
input as training set data to edema estimator 2604.

[0516] The inputs of each collection of elicited edema
parameters 2500 at least potentially indicate (individually
and/or in aggregate) information about the initiation and/or
time course of a particular instance of edema to which they
relate.

[0517] At block 2603, in some embodiments, a plurality of
collections of elicited edema parameters 2500 may be pro-
vided as a training set for use in one or more machine
learning methods, in order to generate a learned elicited
edema estimator 2604. The example of “machine learning”
is used herein as an example of a method of creating an
estimator, and should not be considered limiting. Alterna-
tives include, for example general purpose statistical meth-
ods and/or estimator definition based on theoretical equa-
tions accounting for observed correlations. In some
embodiments, training set data used in generating the
learned elicited edema estimator 2604 are obtained at least
in part in vivo. In some embodiments, at least part of the
training set data used to generate the learned elicited edema
estimator are obtained in vitro, for example based on abla-
tion and/or mechanical stimulation of porcine heart wall.
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Feedback Inputs to Machine Learning of an Edema
Estimator

[0518] In some embodiments of the invention, for each
collection of elicited edema parameters 2500 in the training
set, there is also provided as input to block 2603 a corre-
sponding data collection indicating observed edema states
2602. For example, the observed edema states optionally
includes a measurement showing one or more of the fol-
lowing potential manifestations of edema: impedance and/or
impedance dynamics, contact pressure, location of the elic-
iting stimulus (also referred to herein as a tissue “insult™),
duration and/or power of the eliciting stimulus, lesion
assessment or another tissue characteristic or any other
parameter relating to an ablation operation which potentially
also may manifest as edema.

[0519] In some embodiments, edema is observed by mea-
surements of electrical signal through a tissue region,
wherein there is no, attenuated, and/or dynamically attenu-
ating electrical signal (e.g., reduction of electrical impulse
transmitted across a pulmonary vein isolating ablation line
comprising potentially edematous tissue), but this is not
explained by full ablation (e.g., two ablations flanking the
region of blocked transmission are apparently insufficiently
close to comprise a permanent impulse blockade). Option-
ally, this measure of edema is confirmed by a later mea-
surement (particularly for use in assembling a training set
for use by machine learning 2603); for example, assessment
of later recovery (or lack thereof), e.g., 1 month or more
after edema was originally elicited.

[0520] In some embodiments, data indicating observed
edema states are obtained by the same catheter that was used
to form the ablation. For example, a probe of an RF ablation
catheter is operated to ablate tissue, and then electrodes of
the same catheter are used to measure potential electrical
fields (e.g., high frequency electrical fields) induced in the
vicinity of the ablation. From these measurements, imped-
ance properties indicating edematous state are optionally
calculated.

[0521] Insome embodiments, the impedance properties in
turn indicate dielectric properties of tissue that are changed
as a result of tissue ablation. Dielectric properties and/or
impedance are optionally interpreted as indicating local
tissue state and in particular, local tissue state(s) as being
permanently ablated (e.g., converted to fibrotic tissue),
edematous but not fibrotic, and/or healthy. Data provided as
a collection of observed edema states 2602 is optionally
expressed in any suitable format; for example: voltages,
impedances, dielectric properties, and/or tissue state(s)
inferred therefrom. Optionally, another measure of observed
edema states is provided, for example, imaging results,
and/or direct thickness measurements (applicable in the case
of in vitro experiments, for example).

[0522] In some embodiments dynamics of measurements
such as impedance measurements are used. For example,
impedance at an ablation region or region of mechanical
contact is optionally set to a baseline before edema begins
(e.g., before, during and/or immediately after ablation).
During edema development, changes in impedance are mea-
sured (e.g., at frequencies up to about 1 MHz), and these
changes optionally serve as input to an elicited edema
estimator. The relevant dynamics are optionally provided in
terms of magnitude, rate (slope and/or exponent, for
example), and/or in terms of function shape, for example,
linear, exponential, logarithmic or another shape.
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[0523] In some embodiments, the impedance measure-
ments include measurements of impedance between differ-
ent electrodes on a probe of the ablation catheter or other
probe (e.g., between a tip electrode of the ablation catheter
and another electrode on the same catheter), between one or
more electrodes on the ablation catheter and one or more
electrodes on another catheter, and/or between one of more
of the ablation electrodes and one or more body surface
electrodes. In some embodiments, the impedance measure-
ments include measurement of impedances at various fre-
quencies, e.g., from about 10 kHz to about 1 MHz.

[0524] Optionally, estimated edema states 2606 are
accompanied by a metric of certainty, for example, sensi-
tivity and/or selectivity. In some embodiments, estimated
edema states 2606 are displayed within an interactive user
interface facilitating use by an operator to examine the
estimate of edema, from different perspectives: for example,
to check expected time course and/or distance of spread. In
some embodiments, estimated edema states may be dis-
played as a map (to form an edema map, that is a represen-
tation of a surface showing positions of tissue which has
entered a state of some degree of edema, optionally includ-
ing representation of the degree of edema) on tissue regions,
optionally as a function of current time any selected future
time, or a combination of the two (e.g., an edema map
optionally indicates both where edema is, and when and/or
where it is currently expected to arise).

Model Input to an Edema Estimator

[0525] In some embodiments, the machine learning of
block 2603 proceeds on the basis of an assumed model of
edema 2601.

[0526] In some embodiments, sub-lesion modeling for the
triggering of edema elicited by ablation is based on tem-
perature modeling (for example combined EM and thermal
modelling).

[0527] In some embodiments, parameters used in the
temperature modeling include modeling of deformation of a
contacted tissue region, e.g., in response to relative ablation
probe angle and/or contact/pressure.

[0528] Other model parameters optionally include dielec-
tric and/or thermal modeling of the body shape and internal
organs including heart; as well as electrical energy trans-
mission parametets of an ablation ground pad and electrodes
of a catheter.

[0529] The model, in some embodiments, applies the EM
and thermal model to simulate application of energy to an
ablation area based on selected power, time, and/or EM
frequency (e.g., around 460 kHz) parameters. Optionally,
the EM and thermal model operates iteratively in time steps,
e.g., of 100 msec, 250 msec, 500 msec, 1 sec, or another
larger. smaller and/or intermediate time step. Simulated
temperature changes result from power loss density conver-
sion to thermal energy. In some embodiments, electrical
properties which are themselves a function of temperature
are also adjusted; for example, conductivity and relative
permittivity. In some embodiments, changes to these prop-
erties are about 2%/° C. Optionally, thermal properties (e.g.,
specific heat and/or thermal conductivity) are also simu-
lated.

[0530] Optionally, heated areas are divided into zones
around the ablation region, based on temperature distribu-
tion. Each zone has a different geometry, evolving differ-
ently over time in temperature as result of different heat
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distributions, initial morphology (tip angled flat or perpen-
dicular, for example) and/or tissue properties.

[0531] Insome embodiments, a temperature range reached
during ablation is used to distinguish fully ablated tissue
from tissue which may go on to become edematous. For
example, during ablation, tissue in a first zone (zonel) which
reaches (and/or is modeled to reach under anticipated con-
ditions of ablation) a temperature of at least 55° C. is
optionally considered to be permanently non-conducting
(and so, generally not in need or revisiting, whether or not
it experiences some subsequent degree of edematous reac-
tion).

[0532] Optionally, a distinction is made between two or
more edema eliciting conditions experienced by tissue as the
result of an ablation and/or mechanical contact. In some
embodiments, the distinction is based on maximum tem-
perature achieved during an ablation. For example, a zone
(zone2) surrounding a permanently inactivated zone (e.g,
reaching temperatures of 45° C.-55° C.) is distinguished
from another zone (e.g., zone3, reaching temperatures of 40°
C.-45° C.). Time courses and/or amplitudes of edema are
optionally modeled with different constants for each of these
two zones. Zone sizes are optionally determined by tem-
perature modeling. Optionally, zone sizes are set by an
empirically determined rule, e.g., the combined area of the
two temperature zones has been found to be about twice as
big as the corresponding size of the permanently ablated
zone they arise with, and having the same general shape.
[0533] In some embodiments, zonel and zone2 (or any
other zone defined) are defined to differ from each other in
one or more of edema lag time, rising phase time, and peak
amplitude. The exact relative values chosen need not be
exactly corresponding to actual edematous time courses, as
they are often used to establish a “safety” function, within
which ablation can proceed normally and with high chances
of success, and outside of which, ablation requires adjust-
ment of parameters, and/or the chances of success are
lowered, Optionally, zone2 edema (the slower edema), is
modeled to proceed with any of the time courses described
herein above. Optionally, zonel edema is faster than this in
any suitable respect, for example, 10% faster, 20% faster,
30% faster, or faster by another larger, smaller, and/or
intermediate fashion. Optionally, the fully developed ampli-
tude of elicited edema is maximal within zonel (e.g., full
block complete prevention of further ablation), but smaller
within zone2, unless added to by further ablations. For
example, zone? is optionally modeled as having reaching a
maximum edema having half the power to temporarily block
impulses and/or interfere with ablation as zone 1 reaches, or
any other suitable ration such as 30%, 60%, 80%, or another
larger, smaller, or intermediate number.

[0534] Over time (e.g., a month after ablation), the directly
ablated zone has been observed in in vivo animal model
preparations to tend to shrink by about 15%-20%, while
zone2 and zone3 recover to their original thickness.

[0535] In some embodiments, more zones are defined.
Optionally, edema eliciting conditions are modeled continu-
ously, with corresponding continuous gradations in time
course and/or amplitude constants.

Learned Edema Estimator

[0536] After the above-described inputs (observations of
edema states 2602, parameters related to edema production
2500, and edema model 2601) are suitably defined and



US 2020/0060757 A1l

received for a plurality of elicited edema instances (e.g., 50,
100, 1000, or another larger, smaller, or intermediate number
of elicited edema instances), machine learning at block 2603
uses of one or more machine learning methods, to produce
a learned elicited edema estimator 2604. Examples of
machine learning methods used in some embodiments of the
present invention include, for example: decision tree learn-
ing, association rule learning, an artificial neural network,
deep-learning artificial neural network, inductive logic pro-
gramming, a support vector machine, cluster analysis,
Bayesian networks, reinforcement learning, representation
learning, similarity and metric learning, and/or another
technique taken from the art of machine learning. Machine
learning at block 2603 may be in accordance with tech-
niques described in relation to machine learning 1603 and/or
machine learning 2103.

[0537] In some embodiments, zones or other spatially
characterized distributions of thermal initiation of edema are
converted into expected time courses of edema develop-
ment, e.g., time courses derived from machine learning
(block 2603) of observed associations of elicited edema
instances with elicited edema parameters. Use of machine
learning, in some embodiments, comprises refinement of the
basic model of edema described here, e.g., learning that
assigns values adjusted from one or more of the default
values described herein, based on particulars of the ablation
scenario, in order to more accurately predict outcomes.

[0538] In some embodiments, this comprises assignment
edematous time courses to tissue based one modeled tem-
perature zone. Moreover, based on observations in the
literature, an instance of edema may be expected to develop
with a sigmoidal time course; i.e., initially slowly develop-
ing, followed by a rapid phase of edema development,
leveling gradually off to a fully developed edematous state.
A typical overall time course has been observed to be about
30 minutes to fully developed edema (e.g., ablation to at
least 98% fully developed); optionally another total time
course duration is used, for example, 20 minutes, 25 minutes
35 minutes, 40 minutes, or another larger, smaller and/or
intermediate time. Optionally, termination of lag phase is
defined with respect to a cutoff of about 10% of maximum
amplitude, and termination of the rising phase defined with
respect to a cutoff of about 90% of maximum amplitude.
Optionally, constants of the sigmoid are set so that lag phase
ends at about 1 minute 2 minutes after ablation, 3 minutes
after ablation, 5 minutes after ablation 8 minutes after
ablation, 10 minutes after ablation, or another longer, shorter
or intermediate time after ablation. Optionally, lag phase is
defined to begin the same number of minutes before the
elapsing of about 30 minutes after ablation (or another
rise-time). Lag phase and rising phase are optionally sym-
metrical in time. Optionally, they are asymmetrical (e.g.,
defined to have different termination/onset times respec-
tively, relative to time from the 50% amplitude point of
rising phase) The amplitude may be considered to rise from
0 to 1, wherein 1 is a state of complete edema. Optionally,
amplitude is expressed in terms of effects (and/or maximum
effects of edema referenced to current edema state, e.g., by
multiplication), e.g., how much more power and/or time
should be used to ablate in the edematous region success-
fully, last time post-ablation that ablation should be
attempted without revision of an ablation plan, etc. Option-
ally, a physician can set any desired threshold or other
function for these effects, based on their own preferences
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(which may be based on their own style of ablation, toler-
ance for uncertainty of result in the estimator output, assess-
ment of patient risk, etc.), Calibration of time course of
edema, and/or effects of edema on estimators or other uses
of edema estimators which may use them, can be done by
use of a test ablation with a subject (e.g., maximum edema
is correlated to same-patient observations of ablation power
absorption, etc.), avoiding a need for undue experimenta-
tion.

[0539] In some embodiments, predictions of edema
include such observations in the assumptions of model of
edema 2601, used to structure machine learning 2603.
Sigmoidal constants are optionally defined to vary over the
surface of a tissue extending away from the region of initial
insult, e.g., according to temperature zone. Optionally, time
course parameters vary with tissue depth.

[0540] Any suitable number of constants are optionally
used to express observed edema time courses, e.g., one for
amplitude and at least one more for dynamics (e.g., option-
ally, lag, rise, and leveling off are each separately assigned
parameters; alternatively, two or more of these are optionally
described by a shared parameter) The time course of edema
development (e.g., constants of a sigmoidal functioning
describing edema development) is optionally variable for
different tissue regions, different patients, and/or different
states of the same patient. Edema time course can also vary
depending on the degree of insult that elicits it; for example,
duration and power of ablation, maximum temperature
reached (e.g., as just described) and/or contact pressure. In
some embodiments, edema time course for a patient is
calibrated based on measurements of actual edematous
response to lesions made. Optionally, calibration is based on
any partial or complete edema response (e.g., edema
observed up to the end of a lag period, edema observed
during the rapid rising phase, and/or edema observed during
a levelling-off period). Optionally, an ablation “test lesion”
is made at some isolated portion of the heart wall, and
periodically observed. Optionally, any sub-lesion an abla-
tion line (e.g., an initial sub-lesion) is measured for calibra-
tion. Optionally, calibrations are performed per region, and/
or per region type (e.g, separately for thicker and thinner
heart wall regions).

[0541] In some embodiments, the learned elicited edema
estimator 2604 comprises a set of learned weights applied to
terms of model of edema 2601, an equation, or an elicited
edema estimator function in another suitable form. Appli-
cation of the edema estimate at block 2605, in some embodi-
ments, comprises plugging into the model appropriate val-
ues from a collection of elicited edema parameters 2500 for
some new instance of edema, and calculating the result. The
result is produced as an estimated edema state 2606, applied
to an affected region of tissue, and optionally evolving over
time for each particular instance of edema.

[0542] In some embodiments, estimated edema states
2606 are separately determined for a plurality of instance of
edema time courses, which are optionally at least partially
overlapping in space and time. Optionally, edema response
for a particular region is according to the worst-case (largest/
fastest edema) for any potentially contributing instance of
edema. In some embodiments, effects are additive, option-
ally additive with a suitable adjustment (e.g., proportional
decreases in additive amplitude) for a maximum-limited
state of edema.
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[0543] In some embodiments, estimated tissue state for a
period after resolution of edema is also calculated from
based on the elicited edema instances result, for example, by
reverting the electrical properties of zone2 and zone3 to their
pre-ablation states, while continuing to model zonel as
irreversibly ablated. Optionally, zonel is further modified
from an initial value (e.g., as initially reconstructed from a
CT image) to reflect shrinkage (e.g., shrinkage of 15-20%).
[0544] In some embodiments, results of the immediate,
time-evolving estimated edema state 2606 and/or estimated
long-term state modeling are used as inputs to another
estimator, for example, an ablation segment effectiveness
estimator as described in relation to FIG. 14A, or another
estimator, for example, a lesion estimator as described in
relation to FIG. 1B or ablation line estimator as described in
relation to FIG. 6.

[0545] In some embodiments, an elicited edema estimator
and/or another estimator applied to a sequence of sub-
lesions and/or ablation segments is used to assist a physician
in defining a line of planned ablations; for example, opti-
mizing the line of planned ablations to a minimal length
and/or minimal number of ablation needed to isolate one or
more features such as vein roots which a preliminary line of
planned ablation surrounds, and/or which another indication
by the physician otherwise delineates, indicates, and/or
selects.

[0546] In some embodiments, results of the immediate,
time-evolving estimated edema state 2606 and/or estimated
long-term state modeling are used as inputs to another
estimator or computer hardware for planning an ablation
path, e.g., an optimal ablation path according to one or more
criteria. Such computer hardware and/or methods are also
described for example, in International Patent Publication
No. W02016/181317; the contents of which are included
herein by reference in their entirety.

[0547] In some embodiments, results of the immediate,
time-evolving estimated edema state 2606 and/or estimated
long-term state modeling are used as inputs to another
estimator or computer hardware for adjusting a pre-planned
an ablation path, e.g., it may be used to add or reduce
ablation points (or segments). Optionally, such adjusting is
performed on-line during treatment.

[0548] In some embodiments, edema map is used as input
to another estimator or computer hardware for planning
and/or adjusting an ablation path. Optionally, such adjusting
is performed on-line during treatment.

[0549] In another example, an initially proposed ablation
path optionally defines 60 planned ablation regions (sub-
lesions). Upon suitable application of an elicited edema
estimator and/or ablation segment effectiveness estimator to
the purpose, a system optionally reports whether or not the
path as defined will create a closed ablation line. The system
optionally also advises if there is a shorter and/or simpler
ablation line which could successfully create a similarly
effective closed ablation line, for example, using only a
sub-group of 40 ablation regions. Optionally, the system
advises if there are additional ablation regions that should be
added for a higher likelihood of ablation line closure.
[0550] Potentially, this saves ablating (and/or re-ablating)
regions which are not required, and/or strengthens ablation
segments which require additional ablation, for example by
reducing distance between ablation regions. Optionally,
such revision is performed on-line during treatment, e.g., in
response to actual positions of sub-lesions.
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Physiological Simulation—FExample of Display of
Edema Simulation Results

[0551] Reference is now made to FIGS. 17A-17D, which
schematically represent indicating changes to the display of
a rendered tissue region 2050 due to predicted and/or
measured edema, according to some embodiments of the
present disclosure.

[0552] In some embodiments, edema development (pre-
dicted and/or measured) is shown to an operator (e.g., a
physician) in real time, during performing of a procedure
such as ablation procedure, or another procedure liable to
elicit edema. In some embodiments, edema development
(predicted and/or measured) is shown to an operator (e.g., a
physician) in real time in a form of edema map.

[0553] A potential advantage of real time prediction and/or
display of edema development is that it may encourage an
operator to ablate faster (e.g., at higher power) when edema
is seen to and/or predicted to develop quickly.

[0554] Real time prediction and/or display of edema
development potentially also guides a physician in the
choice of ablation parameters. E.g., if edema from a pre-
ceding sub-lesion moves fast towards another targeted
region for sub-lesion placement, an operator may change
parameters to achieve full ablation faster, change the direc-
tion of the catheter, etc.

[0555] Optionally, an edema map assists an operator in
choosing a next placement of a sub-lesion. Optionally, given
a planned placement for a sub-lesion, an edema map assists
in setting ablation parameters. In some embodiments, the
system itself calculates and suggests a next sub-lesion
placement and/or ablation parameters based in part on the
edema map.

[0556] In FIG. 17A, lesion 2401 represents a recently
formed lesion, for example, an RF ablation lesion. Over the
course of a few minutes after RF ablation, tissue potentially
reacts with an edematous swelling response. Optionally,
edema is elicited by another even during a procedure, for
example, mechanical contacts between a catheter and a
tissue surface.

[0557] In some embodiments of the invention, the swell-
ing response is simulated (for example, as a function of time,
and/or based on measurements such as dielectric and/or
impedance measurements that provide edema data) by one
or both of increasing thickness in a region 2403 surrounding
lesion 2401, and a change in color and/or texture in region
2402 (represented by the partial rings in the drawing).
Thickness changes can also be seen in the changing (increas-
ing) thickness of region 2411 between FIGS. 17B-17D;
comparison also can be made to the baseline surface bound-
ary 2050A.

[0558] In some embodiments, another representation of
edema is used additionally and/or alternatively, for example,
changes in color, texture, or another visual feature.

[0559] General

[0560] As used herein with reference to quantity or value,
the term “about” means “within +10% of”.

[0561] The terms “comprises”, “comprising”, “includes”,
“including”, “having” and their conjugates mean: “including
but not limited to”.

[0562] The term “consisting of” means: “including and
limited to™.
[0563] The term “consisting essentially of” means that the

composition, method or structure may include additional
ingredients, steps and/or parts, but only if the additional
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ingredients, steps and/or parts do not materially alter the
basic and novel characteristics of the claimed composition,
method or structure.

[0564] As used herein, the singular form “a”, “an” and
“the” include plural references unless the context clearly
dictates otherwise. For example. the term “a compound” or
“at least one compound” may include a plurality of com-
pounds, including mixtures thereof.

[0565] The words “example” and “exemplary” are used
herein to mean “serving as an example, instance or illustra-
tion”. Any embodiment described as an “example” or
“exemplary” is not necessarily to be construed as preferred
or advantageous over other embodiments and/or to exclude
the incorporation of features from other embodiments.
[0566] The word “optionally” is used herein to mean “is
provided in some embodiments and not provided in other
embodiments”. Any particular embodiment of the invention
may include a plurality of “optional” features except insofar
as such features conflict.

[0567] As used herein the term “method” refers to man-
ners, means, techniques and procedures for accomplishing a
given task including, but not limited to, those manners,
means, techniques and procedures either known to, or read-
ily developed from known manners, means, techniques and
procedures by practitioners of the chemical, pharmacologi-
cal, biological, biochemical and medical arts.

[0568] As used herein, the term “treating” includes abro-
gating, substantially inhibiting, slowing or reversing the
progression of a condition, substantially ameliorating clini-
cal or aesthetical symptoms of a condition or substantially
preventing the appearance of clinical or aesthetical symp-
toms of a condition.

[0569] Throughout this application, embodiments of this
invention may be presented with reference to a range format.
It should be understood that the description in range format
is merely for convenience and brevity and should not be
construed as an inflexible limitation on the scope of the
invention. Accordingly, the description of a range should be
considered to have specifically disclosed all the possible
subranges as well as individual numerical values within that
range. For example, description of a range such as “from 1
to 6” should be considered to have specifically disclosed
subranges such as “from 1 to 3", “from 1 to 4”, “from 1 to
57, “from 2 to 4, “from 2 to 67, “from 3 t0 67, etc.; as well
as individual numbers within that range, for example, 1, 2,
3, 4, 5, and 6. This applies regardless of the breadth of the
range.

[0570] Whenever a numerical range is indicated herein
(for example “10-15”, “10 to 15, or any pair of numbers
linked by these another such range indication), it is meant to
include any number (fractional or integral) within the indi-
cated range limits, including the range limits, unless the
context clearly dictates otherwise. The phrases “range/rang-
ing/ranges between” a first indicate number and a second
indicate number and “range/ranging/ranges from” a first
indicate number “to”, “up to”, “until” or “through” (or
another such range-indicating term) a second indicate num-
ber are used herein interchangeably and are meant to include
the first and second indicated numbers and all the fractional
and integral numbers therebetween.

[0571] Although the invention has been described in con-
Junction with specific embodiments thereof, it is evident that
many alternatives, modifications and variations will be
apparent to those skilled in the art. Accordingly, it is

Feb. 27,2020

intended to embrace all such alternatives, modifications and
variations that fall within the spirit and broad scope of the
appended claims.

[0572] All publications, patents and patent applications
mentioned in this specification are herein incorporated in
their entirety by reference into the specification, to the same
extent as if each individual publication, patent or patent
application was specifically and individually indicated to be
incorporated herein by reference. In addition, citation or
identification of any reference in this application shall not be
construed as an admission that such reference is available as
prior art to the present invention. To the extent that section
headings are used, they should not be construed as neces-
sarily limiting.

[0573] It is appreciated that certain features of the inven-
tion, which are, for clarity, described in the context of
separate embodiments, may also be provided in combination
in a single embodiment. Conversely, various features of the
invention, which are, for brevity, described in the context of
a single embodiment, may also be provided separately or in
any suitable subcombination or as suitable in any other
described embodiment of the invention.

[0574] Certain features described in the context of various
embodiments are not to be considered essential features of
those embodiments, unless the embodiment is inoperative
without those elements.

1. A method of estimating effectiveness of ablation to
form a lesion, the method comprising:

receiving lesion effectiveness parameters; and

estimating an effectiveness of the lesion in a tissue;

wherein the estimating is based on use by computer
circuitry of an estimator constructed based on observed
associations between previously analyzed lesion effec-
tiveness parameters, and observed lesion effectiveness,
the estimator being applied to the received lesion
effectiveness parameters.

2. The method of claim 1, wherein the lesion effectiveness
parameters include patient parameter data.

3. The method of claim 1, wherein the lesion effectiveness
parameters include one or more of the group consisting of:
tissue conditions, parameterized lesion, tissue thickness,
fiber orientation, tissue types, contact of an intra-body
catheter, measurement of electrical impulse isolation near
the lesion, measured intra-lesioning temperature, and dielec-
tric measurements.

4. The method of claim 1, wherein the lesion effectiveness
parameters include indications of conditions of formation
and/or structure of an ablation lesion in a tissue.

5. The method of claim 4, wherein the conditions of
formation of the ablation lesion comprise one or more of the
group consisting of ablation power, dielectric quality of
contact, angle of contact, force of contact, and timing of
ablation.

6. The method of claim 1, wherein the structure of the
ablation lesion is indicated by a measure of the depth, size,
and/or volume of the ablation lesion.

7. The method of claim 1, wherein the receiving and
estimating are performed during an ablation treatment pro-
cedure that created the ablation lesion.

8. The method of claim 1, wherein the method comprises
adjusting a plan of ablation treatment, based on the estimat-
ing.
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9. The method of claim 1, wherein the ablation lesion
comprises a lesion formed by a single event of applying
ablation energy to a focal region of the tissue.

10. The method of claim 1, wherein estimating an effec-
tiveness of the ablation lesion is with respect to one or more
criteria of effectiveness.

11. The method of claim 10, wherein the one or more
criteria of effectiveness comprise success of electrical iso-
lation of electrical impulses.

12-13. (canceled)

14. A method of estimating effectiveness of ablation to
form an ablation line, the method comprising:

receiving ablation line effectiveness parameters; and

estimating an effectiveness of the ablation line in a tissue;

wherein the estimating is based on use by computer
circuitry of an estimator constructed based on observed
associations between previously analyzed ablation line
effectiveness parameters, and observed ablation line
effectiveness, the estimator being applied to the
received ablation line effectiveness parameters.

15. The method of claim 14, wherein the ablation line
effectiveness parameters include patient parameter data.

16. The method of claim 14, wherein the ablation line
effectiveness parameters include one or more of the group
consisting of’ tissue conditions, parameterized lesion, tissue
thickness, fiber orientation, tissue types, contact of an intra-
body catheter, measurement of electrical impulse isolation
near a lesion of the ablation line, measured intra-lesioning
temperature, and dielectric measurements.

17. The method of claim 14, wherein the ablation line
effectiveness parameters include indications of conditions of
formation and/or structure of a lesion of the ablation line in
a tissue.

18. The method of claim 17, wherein the conditions of
formation of the ablation line comprise one or more of the
group consisting of ablation power, dielectric quality of
contact, angle of contact, force of contact, and timing of
ablation.

19. The method of claim 14, wherein the structure of the
ablation line is indicated by a measure of the depth, size,
and/or volume of a lesion of the ablation line.

20. The method of claim 14, wherein the receiving and
estimating are performed during an ablation treatment pro-
cedure that created the ablation line.

21-35. (canceled)

36. The method of claim 14, wherein the method com-
prises adjusting a plan of ablation treatment, based on the
estimating.

37. The method of claim 16, wherein a lesion of the
ablation line comprises a lesion formed by a single event of
applying ablation energy to a focal region of the tissue.

38. The method of claim 14, wherein estimating an
effectiveness of the ablation line is with respect to one or

Feb. 27,2020

more criteria of effectiveness, wherein the one or more
criteria of effectiveness comprise success of electrical iso-
lation of electrical impulses across the ablation line.

39. A method of estimating effectiveness of ablation to
form an ablation segment, the method comprising:

receiving ablation segment effectiveness parameters; and

estimating an effectiveness of the ablation segment in a

tissue;

wherein the estimating is based on use by computer

circuitry of an estimator constructed based on observed
associations between previously analyzed ablation seg-
ment effectiveness parameters, and observed ablation
segment effectiveness, the estimator being applied to
the received ablation segment effectiveness parameters.

40. The method of claim 39, wherein the ablation segment
effectiveness parameters include patient parameter data.

41. The method of claim 39, wherein the ablation segment
effectiveness parameters include one or more of the group
consisting of: tissue conditions, parameterized lesion, tissue
thickness, fiber orientation, tissue types, contact of an intra-
body catheter, measurement of electrical impulse isolation
near a lesion of the ablation segment, measured intra-
lesioning temperature, and dielectric measurements.

42. The method of claim 39, wherein the ablation segment
effectiveness parameters include indications of conditions of
formation and/or structure of a lesion of the ablation seg-
ment in a tissue.

43. The method of claim 42, wherein the conditions of
formation of the ablation segment comprise one or more of
the group consisting of ablation power, dielectric quality of
contact, angle of contact, force of contact, and timing of
ablation.

44. The method of claim 39, wherein the structure of the
ablation segment is indicated by a measure of the depth, size,
and/or volume of a lesion of the ablation segment.

45. The method of claim 39, wherein the receiving and
estimating are performed during an ablation treatment pro-
cedure that created the ablation segment.

46. The method of claim 39, wherein the method com-
prises adjusting a plan of ablation treatment, based on the
estimating.

47. The method of claim 39, wherein a lesion of the
ablation segment comprises a lesion formed by a single
event of applying ablation energy to a focal region of the
tissue.

48. The method of claim 39, wherein estimating an
effectiveness of the ablation segment is with respect to one
or more criteria of effectiveness, wherein the one or more
criteria of effectiveness comprise success of electrical iso-
lation of electrical impulses across the ablation segment.
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