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Description
BACKGROUND OF THE INVENTION

[0001] The presentinvention relates, in general, to the
planning and implementing of medical procedures, and,
in particular, to an apparatus and method for pre-planning
and simulating a medical procedure such as a cardiac
treatment procedure. The disclosure also relates to an
apparatus for implementing a systematic method for
treating atrial fibrillation under ultrasound guidance and
an apparatus for planning, simulating and conducting a
medical procedure for preventing macro- reentrant cir-
cuits from occurring in the atrium of the heart.

[0002] Asis well known in the medical field, atrial fibril-
lation is a major disease state and is characterized as a
common sustained cardiac arrhythmia and is widely
known to be a major cause of stroke. This condition is
perpetuated by reentrant wavelets, such as macro-reen-
trant circuits, propagating in an abnormal atrial-tissue
substrate with conduction heterogeneity and altered re-
fractory period. Various approaches have been devel-
opedtointerrupt these macro-reentrant circuits wavelets,
including surgical or catheter-mediated atriotomy.
[0003] Acommonapproach fortreating atrial fibrillation
is through the use of radiofrequency (RF) ablation energy
using an ablation catheter. In using an RF ablation cath-
eter, continuous linear lesions are formed by ablation in
order to segment the heart tissue of the atrium. By seg-
menting the heart tissue, no electrical activity can be
transmitted from one segment to another. Preferably, the
segments are made very small in order to be able to
sustain the fibrillatory process.

[0004] As a result, several catheter ablation tech-
niques may be used to treat atrial fibrillation by ablating
lines in the left atrium. The relevant anatomical features
involved in this type of procedure are schematically illus-
trated in Fig. 1B. Typically, for this purpose, the physician
attempts to ablate lines in the left atrium 10 around the
ostia of the pulmonary veins (13, 14, 16 and 18), in order
to isolate foci of the arrhythmia. The physician may also
ablate lines along the mitral isthmus connecting the right
inferior pulmonary vein to the mitral valve 20 and/or the
left atrial appendage ridge between the 5 left superior
pulmonary vein and the left atrial appendage 22.
[0005] And, as can be greatly appreciated, ablation of
structures in the left atrium can be a very complex and
even tricky procedure and is heavily dependent upon the
individual skill of the operating physician. Part of the pro-
cedure complexity includes accessing the left atrium 10
in an efficient and safe manner. Thus, in order to properly
reach or access the left atrium 10, the physician must
pass a sheath 40 through the vena cava into the right
atrium, and then through the interatrial septum 11 atfossa
ovalis 12 and into the left atrium 10. The physician then
must pass an ablation catheter 50 through the sheath 40
into the left atrium 10, and must then position the catheter
50 at a succession of locations that define the ablation
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lines. The procedure is shown schematically in Fig. 1B.
Optimal deployment of the sheath 40 and catheter 50 for
these purposes varies substantially from patient to pa-
tient, due to a high level of anatomical variability. Failure
to position and operate the medical devices or procedure
tools correctly may result, at the least, in failure to fully
isolate a focus of the arrhythmia, and can cause fatal
complications. As a result, left atrial ablation has a sub
optimal success rate.

[0006] The article "Ultrasound-based navigation for
minimally invasive surgical atrial fibrillation treatment:
workflow and application prototype" byM. Hastenteufel
et al. discloses developed an image-based navigation
workflow and a prototypic navigation application for a mi-
cro-robot holding an end-effector called "umbrella”. The
umbrella is unfolded inside the left atrium and data is
acquired and segmented.Prior to surgery, desired abla-
tion lines can be interactively planned and actually made
ablation lines are visualized during surgery.

SUMMARY OF THE INVENTION

[0007] The present disclosure is directed to an appa-
ratus and methods for planning and implementing med-
ical procedures. In particular, one method in accordance
with the present invention is directed to a new and useful
method for planning and simulating a medical procedure
such as a cardiac treatment procedure. An apparatus in
accordance with the present disclosure allows a system-
atic method for treating atrial fibrillation under ultrasound
guidance. Additionally, another apparatus in accordance
with the present disclosure is directed to a systematic
method for planning, simulating and conducting an atrial
fibrillation procedure under ultrasound guidance. A fur-
ther apparatus in accordance with the present disclosure
is directed to an apparatus for planning, simulating and
conducting a medical procedure for preventing macro-
reentrant circuits from occurring in the atrium of the heart.
[0008] The invention is defined by the independent
claims. The dependent claims set out optional aspects
of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Theinventionisdefinedinthe appended claims.
The invention, together with objects and advantages
thereof, may be understood by reference to the following
description, taken in conjunction with the accompanying
drawings in which:

FIG. 1A is a flow chart illustrating a method for sim-
ulating, planning and implementing a medical pro-
cedure;

FIG. 1B is a schematic illustration of the method of
FIG. 1A on a display for simulating, planning and
implementing a cardiac procedure in the left atrium;
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FIG. 2A is a flow chart illustrating a method for con-
ducting a cardiac procedure using ultrasound guid-
ance;

FIG. 2B is a flow chart illustrating a method for sim-
ulating, planning and conducting a cardiac proce-
dure using ultrasound guidance;

FIG. 2C is a schematic illustration of the methods of
FIGS. 2A and 2B on adisplay for simulating, planning
and implementing a cardiac procedure using ultra-
sound guidance;

FIG. 3Ais a flow chart illustrating a method for sim-
ulating, planning and conducting a cardiac proce-
dure in order to prevent macro-rentrant circuits; and

FIG. 3B is a schematic illustration of the method of
FIG. 3A on a display for simulating, planning and
implementing a cardiac procedure while preventing
macro-reentrant circuits.

DESCRIPTION OF THE PREFERRED EMBODI-
MENTS

[0010] The presentdisclosure relates to several appa-
ratuses and methods for planning and implementing
medical procedures. In particular, one method is directed
to planning and simulating a medical procedure such as
a cardiac treatment procedure. Further disclosed is an
apparatus that enablesa systematic method for treating
atrial fibrillation under ultrasound guidance. Another ap-
paratus is disclosed that enables a systematic method
for planning, simulating and conducting an atrial fibrilla-
tion procedure under ultrasound guidance. A further ap-
paratus is directed to planning, simulating and conduct-
ing a medical procedure for preventing macro-rentrant
circuits from occurring in the atrium of the heart.

[0011] FIGS. 1A and 1B illustrate a method, generally
designated 100, for planning, simulating and conducting
a medical procedure such as a cardiac treatment proce-
dure. The method 100 comprises step 105 of obtaining
pre-acquired images and/or maps of the left atrium 10
(FIG. 1B) in computer simulation of the process of left
atrial ablation displayed on display 8. The image or map
may include, for example, a three-dimensional

(30) ultrasound image, MRI image, CT image or the like
or an electrical map or electroanatomical map such as
provided by the CARTO™ mapping and navigation sys-
tem (manufactured and sold by Biosense Webster, Inc.
of Diamond Bar, California),

i.e. a CARTO™ map (which may be pre-registered with
the image). The simulation and method 100 can be used
both in order to plan the medical procedure and to guide
the physician in the course of carrying out the procedure.
An exemplary scenario is described below.
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Planing the ablation procedure

[0012] As best illustrated in FIG. 1A, in step | 05, the
physician acquires an image and/or map of the heartand
marks key features 110 of the left atrium 10 (all shown
in FIG. 1B),

including the fossa ovalis (or foramen ovale) 12, ostia of
the four pulmonary veins (right superior pulmonary vein
"RSPV" 13, right inferior pulmonary vein "RIPV" 14, left
superior pulmonary vein "LSPV" 16, and left inferior pul-
monary vein "LIPV" 18), annulus of the mitral valve 20,
and ostia of the left atrial appendage 22. Alternatively,
computerized image recognition algorithms may identify
some or all of these features. In step 115, the dimensions
of these features or key features of left atrium 10 are
measured or calculated. One dimension of these features
that are calculated is the diameter for each key feature.
In this example, the diameters of the features are calcu-
lated 115 and the next step 120 is to determine desired
paths for treatment based on the calculated dimensions
(in this example, diameters of the features). Accordingly,
for an RF ablation procedure and treatment with an ab-
lation catheter 50, the diameters of the key features are
calculated for use in determining the paths of the ablation
lines to be created by the ablation catheter 50.

[0013] Based on the image/map and anatomical land-
marks (key features) identified in steps 110 and 115,
pathways for treatment are determined 120 and a com-
puter simulates the process of inserting the sheath 40
(step 125) from the vena cava, through the right atrium
and interatrial septum 11 through fossa ovalis/foramen
ovale 12, into the left atrium 10 as shown in FIG. 1B. This
step 125 allows the angle of attack and penetration depth
of the sheath 40 to be determined in advance, in order
to avoid injury to the patient during actual penetration of
the septum 11.

[0014] The computer used for all embodiments of the
present invention set forth in this disclosure comprises
signal processing circuits with software and algorithms
and is graphically represented in FIGS. 1B, 2C and 3B
as display 8. Display 8 is also used to depict images
and/or maps as well as the simulations and planning
steps to include graphic representations of medical de-
vices such as sheaths 40, ablation catheters 50, ultra-
sound imaging catheters 55, etc.

[0015] In step 130, the computer is used to simulate
insertion of selected ablation catheters 50 through the
sheath 40. Typically, a range of different catheters 50 are
available wherein each catheter 50 is characterized by
a certain radius of curvature as best shown in FIG. 1B.
As illustrated in FIG. 1B, a catheter 50 of a certain cur-
vature, after insertion through the sheath 40, is shown in
two different orientations on display 8, which are sepa-
rated by approximately 180° of rotation. The computer is
then used to simulate the operation of a number of dif-
ferent degrees of freedom in order to ascertain the ability
of the catheter 50 to reach all the of desired points that
must be ablated in the left atrium (one or more points
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targeted for treatment such as ablation).

[0016] Additionally, computer simulation is also used
for determining possible trajectories of the catheter 50
against the atrial wall of left atrium 10, depending on the
depth ofinsertion and the orientation angle of the catheter
50 into the left atrium 10, along with the mechanical prop-
erties and mechanical effect of the atrial wall (with which
the catheter 50 is in contact) on a particular trajectory of
the catheter 50. Moreover, computer simulation is also
used to determine the effect of the depth of extension of
the sheath 40 into the left atrium 10 may have on the
catheter trajectory. Steps 130 and 135 can be performed
for different catheters 50 having different radii of curva-
ture.

[0017] At the discretion of the physician, these steps
are used to choose an optimal catheter 50 and to conduct
step 135 which is to verify that the catheter 50 will be
able to access all points in the left atrium that are to be
ablated (one or more points in the left atrium to be treat-
ed). As best illustrated in FIG. 1B, indicia 60, such as
symbols, labels, annotations or check marks, are identi-
fied directly on display 8. In this example, check marks
are used as indicia 60 at the graphic representations of
RSPV 13, LSPV 16 and LIPV 18 on display 8, indicating
that the selected catheter 50 will be able to trace and
form ablation lines around these features, while indicia
60 in the form of a question mark symbol is shown on
the RIPV 14 graphic representation on display 8 as a
feature that may be inaccessible using the selected cath-
eter 50.

[0018] Based on the selected catheter 50 and on the
features and their dimensions of the cardiac anatomy,
the physician and/or computer (physician with or without
the aid of computer and simulation software and algo-
rithm) designs the ablation plan 140 for this patient by
marking the one or more points to be treated such as
through tracing the lines in the left atrium 10 that are to
be ablated. The computer then calculates the execution
parameters, such as the RF power, electrode type and
burn duration, that are required to achieve complete
transmural ablation without danger of puncturing the
heart wall or causing collateral damage to extracardiac
structures like the esophagus. These parameters may
be based on the tissue thickness, as given by the 3D
image of the heart.

Execution of the procedure

[0019] The computer is programmed to give the phy-
sician instructions in the course of the procedure, based
on the ablation plan 140 and execution parameters as
previously determined (outlined above). The treatment
(ablation) plan is then implemented 145. And, in step
150, the computer monitors execution of the procedure
by tracking the position of the catheter 50 (and the sheath
50 if so desired), using suitable position sensors such as
the electromagnetic position sensors used in the CAR-
TO™ mapping and navigation system (not shown). Ac-
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cordingly, in step 150, the computer can instruct the phy-
sician as to where and when to start and stop ablating,
as well as where and at what angle to push the sheath
40 through the septum 11. In step 150, the computer can
also provide real time guidance to the physician in step
145 (conducting and implementing the ablation plan) by
guiding and cautioning the physician, i.e. provide a warn-
ing to the physician, as to possible dangerous conditions
and deviations from the ablation plan 140.

[0020] The method shown in FIGS. 1A and 1B is par-
ticularly useful for acquiring an anatomical model (of the
heart, particularly the left atrium 10); simulating an inva-
sive procedure based on the anatomical model and on
known properties of an instrument (or instruments) that
is to be used in the procedure; and tracking the position
oftheinstrument using a position sensor, in order to guide
the actual procedure based on the simulated procedure
outlined above.

[0021] This methodis particularly advantageous in that
it permits accurate pre-planning of complex procedures,
in order to find an optimal choice of tools (medical devices
or medical instruments) and maneuvers, i.e. use thereof,
that are expected to give a successful result, followed by
monitoring, guidance and validation of the actual proce-
dure to ensure that the result complies with the simula-
tion.

[0022] Additionally, the method described above may
also be used under robotic control; for instance, in a
closed-loop control manner using robotically controlled
and commanded instruments for catheter navigation and
ablation.

[0023] Although this method is particularly suited for
treatment of atrial fibrillation by ablation of the left atrium
10 the principles may be applied for the treatment of ven-
tricular tachycardia by ablating around a scar in the left
ventricular wall, or for cell-based or gene-based thera-
pies by injection catheter, as well as in all other medical
applications such as invasive procedures in the fields of
orthopedics, urology, neurology, thoracic, gastrointesti-
nal, vascular, etc.

A systematic method for carrying out ablation treatment
of atrial fibrillation in the left atrium is illustrated in FIGS.
2A,

2B and 2C. This method is conducted under ultrasound
guidance using an ultrasound catheter 55 (FIG. 2C)
placed in the right atrium 30 of the patient’s heart. Ultra-
sound catheter 55 can include a position sensor, such
as an electromagnetic position sensor as disclosed in
U.S. patent application serial no. 11/114,847 filed April
26, 2005.

Thus, in thisembodiment, the ultrasound catheter 55 with
position sensor is used in conjunction with a location sys-
tem having a computer and signal processing circuits for
determining the accurate location of the position sensor
and catheter 55 and navigating the catheter 55 in the
patient’s body.

[0024] In this exemplary embodiment, the steps of the
procedure 90a are schematically illustrated in FIG. 2A
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and outlined below. First, in step 106. the physician plac-
es ultrasound catheter 55 in one chamber of the patient’s
heart and obtains one or more images of an adjacent
chamber using the ultrasound catheter 55. For example,
the physician inserts ultrasound catheter 55 into the right
atrium 30 (FIG. 2C) and aims the ultrasound beam 57
projected from catheter 55 at an adjacent chamber, for
instance, the left atrium 10 and uses the catheter 55 to
acquire ultrasound images (two-dimensional "2D" ultra-
sound images) of the left atrium 10 and surrounding struc-
tures. The position sensor (not shown) used on the ul-
trasound catheter 55 and its associated location system
(not shown) allow for accurate location determination
(determination of position coordinates and orientation co-
ordinates) of the position sensor and catheter 55. For
example, the position sensor allows for a portion of cath-
eter 55 to be accurately tracked and navigated using
three dimensions of position coordinates (X, Y and Z co-
ordinate axis directions) and at least two dimensions of
orientation coordinates (yaw and pitch) to include up to
three dimensions of orientation coordinates (yaw, pitch
and roll). Accordingly, since the location coordinates (po-
sition coordinates and orientation coordinates) for a por-
tion of the catheter 55 are determined using a location
system (not shown) operatively connected to the position
sensor of the catheter 55, three-dimensional ultrasound
slices are obtained using the 2D ultrasound images and
their associated location coordinates for each pixel of
each respective 2D ultrasound image.

[0025] Thus, the computer uses the location coordi-
nates (position coordinates and orientation coordinates)
for each pixel of each 2D ultrasound image and makes
a resulting three-dimensional ultrasound image slice.
Then, in step 108, the three-dimensional ultrasound im-
age slices acquired by the catheter 55 and generated by
the computer are also used by the computer (having re-
construction algorithms and reconstruction software) to
reconstruct a 3D ultrasound image reconstruction (3D
model or 3D reconstructed image) of the left atrium 10.
In addition, the reconstructed 3D ultrasound image model
or reconstruction will include the aortic valve 26 and the
ascending aorta 24, located behind the left atrium 10.
[0026] Inthe nextstep 110, key features such as land-
marks are identified on the 3D reconstructed image, ei-
ther automatically or interactively, by the physician.
These landmarks include the planes and outlines of the
fossa ovalis (or foramen ovale) 12 and the aortic valve
26, as well as the aorta itself 24. Other key landmarks
typically include the ostia of the four pulmonary veins
(right superior pulmonary vein "RSPV" 13, right inferior
pulmonary vein "RIPV" 14, left superior pulmonary vein
"LSPV" 16, and left inferior pulmonary vein "LIPV" 18),
annulus of the mitral valve 20, and ostia of the left atrial
appendage 22.

[0027] In preparationforinserting the ablation catheter
50 from the right atrium 30 into the left atrium 10, in step
146 (FIG. 2A) the physician pierces the septum 11 at the
fossa ovalis 12 using a needle or the sheath 40 as shown
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in FIG. 2C. The locations of the aortic valve 26 and aorta
24 in the 3D ultrasound image are indicated to ensure
that the physician does not accidentally pierce the aorta
24 with the needle. The system and computer can be
programmed to automatically guide the physician as to
the correct direction and depth for insertion of the needle
through the septum 11. The ultrasound catheter 55 may
be used in Doppler mode to observe creation of the hole
in the septum 11 by detecting the flow of blood through
the hole from the left atrium 10 to the right atrium 30.
[0028] In step 147, the ablation catheter 50 (and any
other desired medical devices if needed for the proce-
dure) is inserted (through the sheath 40) into the left atri-
um 10 in order to create the desired ablation pattern. In
step 148, the ultrasound catheter 50 remains positioned
only in the right atrium 30 and is used to image 57 the
area of the tip of the ablation catheter 50 (located in the
left atrium 10) in order to observe and image the results
of ablation in real time. The ultrasound catheter 55 or/and
the ablation catheter 50 may be automatically controlled,
for instance under robotic control, so that the 2D ultra-
sound fan or projection 57 tracks the location of the ab-
lation catheter 50 as the ablation catheter 50 moves with-
in the left atrium 10. After completion of the treatment
step, i.e. ablation step (under ultrasound guidance) in
step 148, the ultrasound catheter 55 captures further ul-
trasound images of the left atrium 10 for the purpose of
lesion assessment and to ensure that blood flow through
the pulmonary veins 13, 14, 16 and 18 has not been
compromised in step 152. Thus, step 152 is used to as-
sess the level of treatment provided and to verify proper
blood flow through the chambers of the heart and key
vessels such as the pulmonary veins 13, 14, 16 and 18.
[0029] This methodis particularly advantageous inthat
itenhances the precision and safety of ablation treatment
for left atrial fibrillation, by means of a novel combination
of intracardiac ultrasound imaging, position sensing, pre-
planning, simulation and guidance (discussed in greater
detail below).

[0030] Another embodiment of this method 90b is il-
lustrated in FIG. 2B and uses many of the steps outlined
for the method 90a (FIG. 2A), and likewise the same ref-
erence numerals are used for the same method steps.
However, an additional step, generally designated 112,
is the pre-planning and simulation step, which are the
same steps: calculating dimensions of features 115, de-
termining paths for treatment 120, simulation the sheath
insertion process 125, simulation of devices inserted
through the sheath 130, verifying access to all points to
be treated 135, designing the treatment plan 140, and
monitoring procedure and providing guidelines 150 illus-
trated in FIG. 1A and outlined in detail previously above.
[0031] Additionally, these methods described above
and illustrated in FIGS. 2A and 2B may also be used
under robotic control, for instance, in a closed-loop con-
trol manner using robotically controlled and commanded
instruments for catheter navigation and ablation.

[0032] Although the methods illustrated in FIGS. 2A
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and 2B are particularly suited for treatment of atrial fibril-
lation by ablation of the left atrium, the principles of the
invention may be applied in the ventricles and in other
sorts of invasive

procedures performed on other body organs such as
those briefly identified previously by way of example.
[0033] Another method is directed to treating atrial fi-
brillation in the heart through a novel and efficient method
for preventing macro-reentrant circuits from occurring the
atrial wall of the heart. As is well known, catheter-based
treatments of left-atrial fibrillation generally involve abla-
tion of myocardial tissue in a pattern that is designed to
encircle, and thus isolate, the orifices of the pulmonary
veins. This pattern of treatment is based on work (by
known Electrophysiologist Dr. Haissaguerre and his col-
leagues) showing that atrial fibrillation is usually induced
by stimulation from a site within the orifice of one or more
of the pulmonary veins. Treatment of this sort, however,
has an unacceptably high failure rate when used as the
sole treatment for atrial fibrillation that is typically around
30% failure rate.

[0034] Itis postulated that the reason for this high fail-
ure rate is that chronic atrial fibrillation does not require
any sort of induction stimulus. Rather, as shown by the
work of known electrophysiologists Dr. Wijffels and Dr.
Allessie, once the atria begin to fibrillate, they undergo a
process of electrical "remodeling," which causes fibrilla-
tion to continue even in the absence of a specific induc-
tion site.

[0035] Accordingly, the apparatus of the present dis-
closure is directed to ablation treatment for treating atrial
fibrillation that is not only directed to isolating induction
sites, such as the ostia of the pulmonary veins (right su-
perior pulmonary vein "RSPV" 13, right inferior pulmo-
nary vein "RIPV" 14, left superior pulmonary vein "LSPV"
16, and left inferior pulmonary vein "LIPV" 18 shown in
FIG. 3B), but also to prevent macro-reentrant circuits 70
from occurring within the atrial wall itself in left atrium 10.
[0036] The physical size of these macro-reentrant cir-
cuits 70 is determined by the duration of the refractory
period at any given site in the atria. Normally, atrial re-
fractory periods are long (average duration of refractory
period under normal conditions in a time range of 120 -
150 msec.), and the macro-reentrant circuits are conse-
quently large (typically greater than 6-7 cm in diameter).
[0037] In atrial fibrillation, however, the refractory pe-
riod may be much shorter, i.e. in a time range from 80 -
100 msec., so that the macro-reentrant circuits 70 may
be small enough to survive between the actual ablation
lines 65, i.e. macro-reentrant circuits 70 as smallas 1 cm
in diameter. The circular paths marked 70 between the
ablation lesions 65 shown in FIG. 3B illustrate this situ-
ation. This problem becomes more difficult to manage
the larger the volume of the atria and surface area of the
atrial endocardium.

[0038] Inresponse to this problem, the present disclo-
sure offers a method 95 for preventing macro-reentrant
circuits 70 (FIG. 3B) in the treatment of atrial fibrillation
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as schematically shown in FIG. 3A. In accordance with
the method 95, the first step 140 is to design a treatment
plan, i.e. designing an ablation strategy (that includes
both pulmonary vein isolation and the ablation lines re-
quired for proper isolation and block) on the surface of
the atrium 10 using a pre-acquired 3D image (such as
CT, MR and/or ultrasound) image. Again, the develop-
ment of the treatment strategy (outlined in step 140) can
alsoinclude the general pre-planning and simulation step
112 of FIG. 1A such as one or more of individual steps
to include step 105 acquiring an image and/or map of the
surface or portion of the heart such as the atrium or por-
tion of the atrium or other chamber or vessel; and dis-
playing the image and/or map of the surface or portion
of the heart or atrium on the display 8 (Fig. 3B); step 110
marking at least one feature on the image and/or map
(such as one or more key features to include anatomical
landmarks); step 115 calculating dimensions of the one
or more key features to include determining the diameter
for each of the key features, and identifying one or more
points on or within the heart for treatment as part of a
treatment plan; step 120 determining the pathways for
treatment; step 125 simulating insertion of the sheath 40;
step 130 simulating insertion of other medical devices,
such as ablation catheters, through the sheath and into
the heart and atrium; step 135 verifying that the one or
more points on or within the heart can be accessed for
treatment; and step 140 designing the treatment plan
wherein each of these steps can be used in any combi-
nation orsequence. Details of these steps have also been
described previously above.

[0039] As schematically shown in FIG. 3A, after the
treatment strategy has been developed and outlined in
the treatment plan step 140, the overall endocardial sur-
face area of the atrium 10 is computed in step 160. Step
160 is also directed to computing any portion of the en-
docardial surface area and not just the entire surface
area of the endocardium surface, but rather any surface
or portion of surface of interest. After computing the en-
docardial surface of the atrium, the estimated area of
each segment is calculated following the planned abla-
tion pattern in step 165. Representative examples of seg-
ments are illustrated in FIG. 3B and are the areas be-
tween lines of ablation 65, i.e. non-ablated areas be-
tween ablation lines 65. Then, in step 170 each segment
(non-ablated area or estimated area not treated as part
of the designed treatment plan) is assessed to determine
whether or not it is possible for each segment to harbor
or likely to experience macro-reentrant circuits 70. Step
170 is conducted over a range of likely refractory periods
such as the refractory period ranges outlined previously
above (or set by the user - if known). If it is likely that one
or more of the segments may still be large enough to
harbor macro-reentrant circuits, then the therapeutic plan
is amended or modified (step 172) to reduce the areas
of the segments, i.e. reduce the segment size by planning
for additional ablation lines or lines of block designated
by reference numeral 75 in FIG. 3B. And, step 170 is
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conducted again in order to determine ifthe reduced seg-
ment (segment with a smaller area or size now defined
by additional lines of ablation 75) is capable of harboring
or experiencing macro-reentrant circuits 70.

[0040] In the event that the segment size is sufficient
in size or are such that it is not capable of harboring or
experiencing macro-reentrant circuits 70, then the treat-
ment plan is implemented and the therapy, such as ab-
lation treatment, is provided by the physician in step 175.
[0041] Again, execution the therapeutic plan at step
175 can be conducted manually (by the physician) or
under robotic control. After executing the treatment plan,
the actual area of each segmentis measured in step 180.
In step 180, the measurement of the actual area of each
segment created after ablation lines 65 have been made
(including implementing the planned lines of ablation 75
for a reduced segment size) is normally conducted at the
end of the procedure. However, in step 185, if measure-
ment of the actual segment size or actual segment area
reveals that it is still possible for macro-reentrant circuits
to exist, then the therapeutic plan is amended or revised
at step 172 in an effort to reduce the segment size in a
manner that is incapable of experiencing macro-reen-
trantcircuits. And, the amended plan will be implemented
at step 175 with the remainder of steps 180 and 185
conducted again.

[0042] In the event that the measurement of the actual
segment size or actual segment area at step 180 reveals
that it is not possible for macro-reentrant circuits to exist
(analysis conducted at step 185), then the procedure is
considered completed or finished (step 190 indicating
that the procedure is complete).

[0043] As noted above, additional ablation lines 75 are
added to the original ablation pattern 65 (either in the
planning stage at step 170 and 172 or after the first stage
of execution atstep 185and 172) in order to cut segments
that may still be large enough to sustain macro-reentrant
circuits.

[0044] As is well known, the prior art and current sur-
gical and catheter-based treatments for atrial fibrillation
use approximately the same lesion pattern for all patients
and, as a consequence, these procedures at patients
suffer from high failure rates. The present disclosure
solves this problem by providing a systematic way to tailor
the treatment to the anatomical and electrophysiological
characteristics of each specific patient, based on quan-
titative measures taken from images and/or maps of the
heart in question. Thus, it is believed that this approach
will increase the success rate of atrial fibrillation treat-
ment.

[0045] Inasmuch as the foregoing specification com-
prises preferred embodiments of the invention, it is un-
derstood that variations and modifications may be made
without departing from the scope of the invention as de-
fined in the appended claims. While preferred embodi-
ments of the present invention have been shown and
described herein, it will be obvious to those skilled in the
art that such embodiments are provided by way of ex-
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ample only. Numerous variations, changes and substi-
tutions will now occur to those skilled in the art without
departing from scope of the invention as defined in the
appended claims.

Claims

1. Apparatus for pre-planning and simulating the treat-
ment of atrial fibrillation in a heart of a patient, com-
prising:

means adapted for acquiring two-dimensional
ultrasonic images of a second chamber of the
heart from an ultrasonic catheter (55) placed in
a first chamber of the heart;

means adapted for reconstructing a three-di-
mensional ultrasonic image based on the two-
dimensional ultrasonic images;

means adapted for displaying the reconstructed
three-dimensional ultrasonic image;

means adapted for identifying at least one key
landmark on the reconstructed three-dimen-
sional ultrasonic image;

means adapted for marking the least one key
landmark on the reconstructed three-dimen-
sional ultrasonic image;

means adapted for determining dimensions of
the at least one key landmark, and for determin-
ing a path for treatment based on the three-di-
mensional ultrasonic image and the dimensions
of the at least one key landmark;

and means adapted for simulating on the recon-
structed three-dimensional ultrasonic image in-
sertion of a sheath (40) into the heart and the
insertion of selected ablation catheters (50)
through the sheath, and for simulating the oper-
ation ofa number of different degrees of freedom
of each ablation catheter (50) to ascertain the
ability of each ablation catheter (50) to reach all
of one or more points targeted for treatment.

2. Theapparatus according to claim 1 and further com-
prising:

means adapted for outlining a plan based on the
simulation.

3. The apparatus according to claim 2, wherein the ap-
paratus is adapted to monitor and robotically guide
the ablation according to the plan.

4. A computer-implemented method for pre-planning
and simulating the treatment of atrial fibrillation in a
heart of a patient, the method comprising the steps
of:

obtaining pre-acquired two-dimensional ultra-
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sonic images of a second chamber of the heart
from an ultrasonic catheter (55) placed in a first
chamber of the heart;

reconstructing a three-dimensional ultrasonic
image based on the two-dimensional ultrasonic
images;

displaying the reconstructed three-dimensional
ultrasonic image;

identifying at least one key landmark on the re-
constructed three-dimensional ultrasonic im-
age;

marking the at least one key landmark on the
reconstructed three-dimensional ultrasonic im-
age;

determining dimensions of the at least one key
landmark;

determining a path for treatment using the three
dimensional ultrasonic image and the deter-
mined dimensions of the at least one key land-
mark;

simulating the insertion of selected ablation
catheters (50) through the sheath, and simulat-
ing the operation of a number of different de-
grees of freedom of each ablation catheter (50)
to ascertain the ability of each ablation catheter
(50) to reach all of one or more points targeted
for treatment.

The method according to claim 4, wherein said iden-
tifying at least one key landmark is performed auto-
matically, based upon image recognition algorithms.

The apparatus according to claim 1, adapted to in-
dicate on the reconstructed three-dimensional ultra-
sonic image whether each of the one or more points
for treatment is accessible.

The method according to claim 4, comprising indi-
cating on the reconstructed three-dimensional ultra-
sonic image whether each of the one or more points
for treatment is accessible.

Patentanspriiche

Vorrichtung zum Vorplanen und Simulieren der Be-
handlung eines Vorhofflimmerns in einem Herz ei-
nes Patienten, umfassend:

ein Element, das geeignet ist zum Erfassen von
zweidimensionalen Ultraschallbildern einer
zweiten Kammer des Herzens von einem Ultra-
schallkatheter (55), der in einer ersten Kammer
des Herzens platziert ist;

ein Element, das geeignet ist zum Rekonstruie-
ren eines dreidimensionalen Ultraschallbildes
auf der Grundlage der zweidimensionalen Ultra-
schallbilder;
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ein Element, das geeignetist zum Anzeigen des
rekonstruierten dreidimensionalen Ultraschall-
bildes;

ein Element, das geeignet ist zum Identifizieren
mindestens einer Schlissellandmarke in dem
rekonstruierten dreidimensionalen Ultraschall-
bild;

ein Element, das geeignetistzum Markieren der
mindestens einen Schllssellandmarke in dem
rekonstruierten dreidimensionalen Ultraschall-
bild;

ein Element, das geeignet ist zum Ermitteln von
Abmessungen der mindestens einen Schlussel-
landmarke, und zum Ermitteln eines Behand-
lungswegs auf der Grundlage des dreidimensi-
onalen Ultraschallbildes und der Abmessungen
der mindestens einen Schllissellandmarke;
und ein Element, das geeignet ist zum Simulie-
ren in dem rekonstruierten dreidimensionalen
Ultraschallbild eines Einsetzens einer Scheide
(40) in das Herz und zum Einsetzen eines Ab-
lationskatheters (50) durch die Scheide, und
zum Simulieren des Betriebs einer Anzahl von
unterschiedlichen Freiheitsgraden von jedem
Ablationskatheter (50), um die Fahigkeit jedes
Ablationskatheters (50) sicherzustellen, dass
alle von einem oder mehreren Zielpunkten flr
die Behandlung erreicht werden.

Vorrichtung nach Anspruch 1, und ferner umfas-
send:

ein Element, das geeignet ist zum Entwerfen ei-
nes Plans auf der Grundlage der Simulation.

Vorrichtung nach Anspruch 2, wobei die Vorrichtung
geeignetist zum Uberwachen und robotergestiitzten
Fuhren der Ablation gemaR dem Plan.

Computergestitztes Verfahren zum Vorplanen und
Simulieren der Behandlung eines Vorhofflimmerns
in einem Herz eines Patienten, wobei das Verfahren
die folgenden Schritte umfasst:

Erhalten von vorab erfassten zweidimensiona-
len Ultraschallbildern einer zweiten Kammer
des Herzens von einem Ultraschallkatheter
(55), der in einer ersten Kammer des Herzens
platziert ist;

Rekonstruieren eines dreidimensionalen Ultra-
schallbildes auf der Grundlage der zweidimen-
sionalen Ultraschallbilder;

Anzeigen des rekonstruierten dreidimensiona-
len Ultraschallbildes;

Identifizieren mindestens einer Schllsselland-
marke in dem rekonstruierten dreidimensiona-
len Ultraschallbild;

Markieren der mindestens einen Schliisselland-
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marke in dem rekonstruierten dreidimensiona-
len Ultraschallbild;

Ermitteln von Abmessungen der mindestens ei-
nen Schlissellandmarke;

Ermitteln eines Behandlungswegs mithilfe des
dreidimensionalen Ultraschallbildes und der er-
mittelten Abmessungen der mindestens einen
Schlissellandmarke;

Simulieren des Einsetzens von ausgewahlten
Ablationskathetern (50) durch die Scheide, und
Simulieren des Betriebs einer Anzahl von unter-
schiedlichen Freiheitsgraden von jedem Ablati-
onskatheter (50) um die Fahigkeit jedes Ablati-
onskatheters (50) sicherzustellen, dass alle von
einem oder mehreren Zielpunkten fir die Be-
handlung erreicht werden.

Verfahren nach Anspruch 4, wobei das ldentifizieren
dermindestens einen Schliissellandmarke aufgrund
von Bilderkennungsalgorithmen automatisch aus-
geflhrt wird.

Vorrichtung nach Anspruch 1, die geeignet ist, um
in dem rekonstruierten dreidimensionalen Ultra-
schallbild anzuzeigen, ob jeder des einen oder der
mehreren Behandlungspunkte zugénglich ist.

Verfahren nach Anspruch 4, das ein Anzeigen in
dem rekonstruierten dreidimensionalen Ultraschall-
bild umfasst, ob jeder des einen oder der mehreren
Behandlungspunkte zuganglich ist.

Revendications

Appareil de pré-planification et de simulation du trai-
tement de lafibrillation auriculaire dans le coeur d’un
patient, comprenant :

des moyens congus pour acquérir des images
ultrasonores bidimensionnelles d’'une seconde
cavité cardiaque a partir d’'un cathéter a ultra-
sons (55) placé dans une premiére cavité
cardiaque ;

des moyens congus pour reconstruire une ima-
ge ultrasonore tridimensionnelle surla base des
images ultrasonores bidimensionnelles ;

des moyens congus pour afficher I'image ultra-
sonore tridimensionnelle reconstruite ;

des moyens congus pour identifier au moins un
repére clé sur I'image ultrasonore tridimension-
nelle reconstruite ;

des moyens congus pour marquer au moins un
repére clé sur I'image ultrasonore tridimension-
nelle reconstruite ;

des moyens congus pour déterminer des dimen-
sions de I'au moins un repére clé, et pour déter-
miner un trajet pour un traitement sur la base de
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I'image ultrasonore tridimensionnelle et des di-
mensions de I'au moins un repére clé ;

et des moyens congus pour simuler sur 'image
ultrasonore tridimensionnelle reconstruite une
insertion d’une gaine (40) dans le coeur et I'in-
sertion de cathéters d’ablation (50) sélectionnés
a travers la gaine, et pour simuler le fonctionne-
ment d’'un certain nombre de degrés différents
de liberté de chaque cathéter d’ablation (50)
pour établir la capacité de chaque cathéter
d’ablation (50) a atteindre la totalité des un ou
plusieurs points ciblés pour le traitement.

Appareil selon la revendication 1 et comprenant en
outre :

des moyens congus pour tracer un plan sur la
base de la simulation.

Appareil selon la revendication 2, dans lequel I'ap-
pareil est congu pour surveiller et guider de maniére
robotique I'ablation en fonction du plan.

Procédé implémenté par ordinateur pour la pré-pla-
nification et la simulation du traitement de la fibrilla-
tion auriculaire dans le coeur d’un patient, le procédé
comprenant les étapes consistant a :

obtenir des images ultrasonores bidimension-
nelles préalablement acquises d’'une seconde
cavité cardiaque a partir d’'un cathéter a ultra-
sons (55) placé dans une premiére cavité
cardiaque ;

reconstruire une image ultrasonore tridimen-
sionnelle sur la base des images ultrasonores
bidimensionnelles ;

afficher I'image ultrasonore tridimensionnelle
reconstruite ;

identifier au moins un repére clé sur I'image ul-
trasonore tridimensionnelle reconstruite ;
marquer I'au moins un repére clé sur I'image
ultrasonore tridimensionnelle reconstruite ;
déterminer les dimensions de I'au moins un re-
pére clé ;

déterminer un trajet pour le traitement a l'aide
de l'image ultrasonore tridimensionnelle et des
dimensions déterminées de I'au moins un repé-
re clé ;

simuler l'insertion de cathéters d’ablation (50)
sélectionnés a travers la gaine, et simuler le
fonctionnement d’un certain nombre de degrés
différents de liberté de chaque cathéter d’abla-
tion (50) pour établir la capacité de chaque ca-
théter d’ablation (50) a atteindre la totalité des
un ou plusieurs points ciblés pour le traitement.

5. Procédé selon la revendication 4, dans lequel ladite

identification d’au moins un repére clé est réalisée
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automatiquement, sur la base d’algorithmes de re-
connaissance d’'images.

Appareil selon la revendication 1, congu pour indi-
quer sur l'image ultrasonore tridimensionnelle re-
construite si chacun des un ou plusieurs points pour
le traitement est accessible.

Procédé selon la revendication 4, consistant a indi-
quer sur l'image ultrasonore tridimensionnelle re-
construite si chacun des un ou plusieurs points pour
le traitement est accessible.

10

15

20

25

30

35

40

45

50

55

10

18



100
N

EP 1 750 216 B1

105 ———

ACQUIRE IMAGE AND/OR
MAP OF HEART

Y

1M0———

MARK KEY FEATURES

|

LRSI

CALCULATE DIMENSIONS
OF FEATURES

Y

DETERMINE PATHS FOR
TREATMENT

!

125 —

SIMULATE SHEATH
INSERTION PROCESS

!

130 ———| SIMULATE DEVICE(S) INSERTION

THROUGH SHEATH

!

135+

VERIFY ACCESS TO ALL
POINTS TO BE TREATED

!

140 —

DESIGN TREATMENT
PLAN

>/112

V

145——

IMPLEMENT TREATMENT
PLAN

!

MONITOR PROCEDURE AND
PROVIDE GUIDANCE

FIG. TA

11



EP 1750 216 B1

N

0¢

d3L3HLVO

WAIHLY

IVIdLVHILNI
|

12



EP 1750 216 B1

900\\\\

106~ PLACE CATHETER IN ONE CHAMBER
AND IMAGE ADJACENT CHAMBER

Y

108——| RECONSTRUCT 3-D IMAGE
OF ADJACENT CHAMBER

!

1170 ——— IDENTIFY KEY FEATURES AND
RECONSTRUCTED IMAGE

!
PERFORATE SEPTUM

146 —

!

147 ——| LOCATE SHEATH AND OTHER
DEVICES THROUGH PERFORATION

Y
148———] CONDUCT TREATMENT UNDER
ULTRASOUND OBSERVATION

Y

159 ——] ASSESS TREATMENT AND VERIFY
PROPER BLOOD FLOW

FIG. 2A

13



EP 1750 216 B1

90b
N

106 — ] PLACE CATHETER IN ONE CHAMBER
AND IMAGE ADJACENT CHAMBER

!

108————] RECONSTRUCT 3-D IMAGE
OF ADJACENT CHAMBER

!

110 ———— IDENTIFY KEY FEATURES ON
RECONSTRUCTED IMAGE

!

112 ———] CONDUCT PRE—PLANNING AND
SIMULATION STEPS 115-140

Y
146 ——— PERFORATE SEPTUM

!

147—— LOCATE SHEATH AND OTHER
DEVICES THROUGH PERFORATION

!

148—— CONDUCT TREATMENT UNDER
ULTRASOUND OBSERVATION

|

159—— ASSESS TREATMENT AND VERIFY
PROPER BLOOD FLOW

FIG. 2B

14




EP 1750 216 B1

014

gL 3HLVO
NOILV18Y

IANTVA DILH0V

SIVAO

/X ¥SS04 SS

z

¢l ¥3ALIHLYD
////,oz:om<mF43

N -

15



EP 1 750 216 B1
140\\

DESIGN TREATMENT PLAN

160\\ Y

COMPUTE OVERALL ENDOCARDIAL
SURFACE OF ATRIUM

165\\ '

CALCULATE ESTIMATED AREA
FOR EACH SEGMENT

170 172~
POSSIBLE VES AMEND PLAN
MACRO—REENTRANT (REDUCE SEGMENT
CIRCUITS SIZE)

? i

175
~

IMPLEMENT TREATMENT PLAN

180\\ T

MEASURE ACTUAL AREA FOR
EACH TREATMENT SEGMENT

185

POSSIBLE
MACRO—-REENTRANT

CIRCUITS
f?

YES

190
~

FINISH

FIG. 3A

16



EP 1750 216 B1

RSPV

\

MITRIAL
ANNULUS

16

FIG. 3B



EP 1750 216 B1
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

* US 11484705 A [0023]

Non-patent literature cited in the description
e M. HASTENTEUFEL. Ultrasound-based navigation

for minimally invasive surgical atrial fibrillation treat-
ment: workflow and application prototype [0006]

18



THMBW(EF)

[R50 i (% RIAR) A (i)
o (S RIA) A (i2)

S 3T H (B FIR) A (F)
HRIK A A

KHA

IPCHE&

CPCH¥%k=

5648

AT
Shapet i

BEG®F)

AT AR FELLOEES 677 R E N5

EP1750216B1
EP2006254038
FREFENEELE
EYE BT A | INC.

EMERF AR, INC.

SCHWARTZ YITZHACK

SCHWARTZ, YITZHACK

patsnap

AFF ()R 2018-02-28
g H 2006-08-01

A61B8/12 A61B6/00 A61B8/08 A61B18/00 A61B18/12 A61B19/00 GO6T1/00

A61B6/503 A61B6/504 A61B8/0891 A61B8/12

11/195123 2005-08-02 US
EP1750216A1

Espacenet

R T — AT BECEPOEEHN G E , SEREVOIE R GH/HE
T ARCRBET  NERTTEXLERENRY , BELTEE , HHE
RSN S R, FPEERSERAFENTSRE , RIEFAEERN
KEBEEFRIDATT IR, #—FHIRBRINITATITR , SAREN
MESATTIT R ATHHIERMEALR | oL RIM R HELAY
BB BRI ERE RN RIS ERER , WEDETEES
RUEFREARBNAR. BEULUR=4ERNEFE K.

100\

105 ACQUIRE IMAGE AND/OR
MAP OF HEART

10— MARK KEY FEATURES ]
-
115 - CALCULATE DIMENSIONS
OF FEATURES
120 DETERMINE PATHS FOR
TREATMENT
125 SIMULATE SHEATH
INSERTION PROCESS
130 —— SIMULATE DEVICE(S) INSERTION
THROUGH SHEATH
135 VERIFY ACCESS TO ALL
POINTS TO BE TREATED
140 ———— DESIGN TREATMENT
PLAN

145

— IMPLEMENT TREATMENT
PLAN
150’\1

1A

MONITOR PROCEDURE AND
PROVIDE GUIDANCE

|
| 7
|
|

FIG.


https://share-analytics.zhihuiya.com/view/6345b591-7752-4520-88df-c6a55dab1a64
https://worldwide.espacenet.com/patent/search/family/037198450/publication/EP1750216B1?q=EP1750216B1

