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PLANNING AN IMPLANTATION OF A CARDIAC IMPLANT

FIELD OF THE INVENTION

The present invention relates to a medical imaging system for planning an
implantation of a cardiac implant. Furthermore, the present invention relates to a
corresponding method for planning an implantation of a cardiac implant. It also relates to a
computer program comprising program code means for causing a computer to carry out the
steps of said method. An exemplary technical application of the present invention is the

planning of a transcatheter aortic valve implantation (TAVI) for treating aortic stenosis.

BACKGROUND OF THE INVENTION

Valvular heart diseases are among the most prominent causes of heart failure
and premature cardiac death. Aortic valve stenosis is a very common valvular disease. This
disease is often treated by implanting an artificial aortic valve via an open cardiac surgery.
This is, however, a very invasive and expensive treatment. In addition, it is considered too
high risks or contraindicated for many patients.

In the last decade, techniques for minimally invasive aortic valve implantation
have been developed that offer a new treatment option. An alternative method for high-risk
patients that cannot undergo an open-heart surgery for aortic valve replacement is a trans-
catheter aortic valve implantation (TAVI). In this technique, an artificial valve is mounted on
a stent which is delivered through a catheter, either transfemoral, transsubclavian, or trans-
apical, under X-ray guidance, and then expanded in-place.

Although TAVI is less invasive, its long-term outcome is unclear. A current
discussion is therefore, if TAVI is also beneficial for patients with only intermediate risk for
valve replacement. Because their expected lifetime is much longer, the long-term benefit of
the TAVI implant must be ensured.

If the TAVI implant is placed too low, i.e. reaching too far into the left
ventricular outflow tract, it can impair movement of the anterior mitral leaflet. Case reports
demonstrated that contact between the implant and the mitral valve leaflet led to mitral

endocarditis and leaflet ancurysms, see e.g. Piazza, N. et al.: "Two cases of aneurysm of the
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anterior mitral valve leaflet associated with transcatheter aortic valve endocarditis: a mere
coincidence?", in Journal of Thoracic and Cardiovascular Surgery 140(3) (2010) e36-¢38.

First, repetitive friction between the implant and the leaflet could damage the
leaflet surface. Second, the implant could act as an endocarditis bridge that favors the spread
of aortic valve endocarditis to the mitral valve. Especially, the slow tissue degeneration
caused by repetitive friction might become more relevant the longer the implant is present.

Therefore, preparing and planning medical procedures like TAVI before
beginning an actual operation is of utmost importance. The treatment planning should
particularly make sure to avoid the above explained friction between the implant and any
anatomical structure of the heart. Such medical imaging procedures are also important to
guide the implantation during the surgery (in real-time), since the aortic valve anatomy is not
clearly visible when using X-ray imaging.

Waichter et al.: "Patient specific models for planning and guidance of
minimally invasive aortic valve implantation", MICCAI 2010, part I, LNCS 6361, pp.
526-533, 2010, Springer-Verlag Berlin Heidelberg 2010, present a method to extract the
aortic valve anatomy from CT images. The therein presented method allows for detection of
anatomical landmarks by exploiting the model-based segmentation. This allows to receive a
fairly accurate model, in particular of the aortic valve and the coronary ostia. The method is
also described in WO 2011/132131 A1, a prior patent application filed by the applicant.

Capelli, C. et al.: “Finite Element Strategies to Satisfy Clinical and
Engineering Requirements in the Field of Percutancous Valves”, in Annals of Biomedical
Engineering, vol. 40, No. 12, December 2012, pp. 2663-2673 discloses a study showing that
beam elements are a convenient choice toward a practical and reliable clinical application of
finite element modelling of percutaneous devices for valve implantation. Similar aspects are
disclosed in Capelli, C. et al.: “Patient-specific simulations of transcatheter aortic valve stent
implantation”, in Medical & Biological Engineering & Computing, Springer , Berlin, vol. 50,
no. 2, pp. 183-192.

US 2011/153286 A1 discloses a method and system for virtual percutancous
valve implantation. A patient-specific anatomical model of a heart valve is estimated based
on 3D cardiac medical image data and an implant model representing a valve implant is
virtually deployed into the patient-specific anatomical model of the heart valve. A library of
implant models, each modeling geometrical properties of a corresponding valve implant, is

maintained. The implant models maintained in the library are virtually deployed into the
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patient specific anatomical model of the heart valve to select an implant type and size and
deployment location and orientation for percutaneous valve implantation.
However, there is still need for further improvement of such medical planning

Systems.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide an improved medical
imaging system of the kind mentioned above for planning an implantation of a cardiac
implant. It is furthermore an object of the present invention to provide a corresponding
method and a computer program for implementing such method.

In a first aspect of the present invention, a medical imaging system for
planning an implantation of a cardiac implant is presented that comprises:
- a receiving unit for receiving a plurality of three-dimensional (3D) cardiac
images showing different conditions of a heart during a cardiac cycle;
- a segmentation unit for segmenting within the plurality of 3D cardiac images a
target implant region and a locally adjacent region that could interfere with the cardiac
implant, wherein the target implant region is a part of a left ventricular outflow tract and the
locally adjacent region is a part of a mitral valve;
- a simulation unit for simulating the implantation of the cardiac implant within
the target implant region in at least two of the plurality of 3D cardiac images;
- a collision evaluation unit for evaluating an overlap of the simulated cardiac
implant with the segmented locally adjacent region in at least two of the plurality of 3D
cardiac images; and
- a feedback unit for providing feedback information to a user concerning the
evaluated overlap.

In a second aspect of the present invention, a medical imaging system for
planning an implantation of a cardiac implant is presented that comprises:
- a receiving unit for receiving a plurality of three-dimensional (3D) cardiac
images showing different conditions of a heart during a cardiac cycle;
- a segmentation unit for segmenting within the plurality of 3D cardiac images a
target implant region and a locally adjacent region that could interfere with the cardiac
implant, wherein the target implant region is a part of a right ventricular outflow tract and the

locally adjacent region is a part of a tricuspid valve;
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- a simulation unit for simulating the implantation of the cardiac implant within
the target implant region in at least two of the plurality of 3D cardiac images;
- a collision evaluation unit for evaluating an overlap of the simulated cardiac
implant with the segmented locally adjacent region in at least two of the plurality of 3D
cardiac images; and
- a feedback unit for providing feedback information to a user concerning the
evaluated overlap.

In a third aspect of the present invention, a method for planning an
implantation of a cardiac implant is presented, which comprises the steps of
- receiving a plurality of three-dimensional (3D) cardiac images showing
different conditions of a heart during a cardiac cycle;
- segmenting within the plurality of 3D cardiac images a target implant region
and a locally adjacent region that could interfere with the cardiac implant, wherein the target
implant region is a part of a left ventricular outflow tract and the locally adjacent region is a
part of a mitral valve;
- simulating the implantation of the cardiac implant within the target implant
region in at least two of the plurality of 3D cardiac images;
- evaluating an overlap of the simulated cardiac implant with the segmented
locally adjacent region in at least two of the plurality of 3D cardiac images; and
- providing feedback information to a user concerning the evaluated overlap.

In a fourth aspect of the present invention, a method for planning an
implantation of a cardiac implant is presented, which comprises the steps of
- receiving a plurality of three-dimensional (3D) cardiac images showing
different conditions of a heart during a cardiac cycle;
- segmenting within the plurality of 3D cardiac images a target implant region
and a locally adjacent region that could interfere with the cardiac implant, wherein the target
implant region is a part of a right ventricular outflow tract and the locally adjacent region is a
part of a tricuspid valve;
- simulating the implantation of the cardiac implant within the target implant
region in at least two of the plurality of 3D cardiac images;
- evaluating an overlap of the simulated cardiac implant with the segmented
locally adjacent region in at least two of the plurality of 3D cardiac images; and

- providing feedback information to a user concerning the evaluated overlap.
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In a still further aspect of the present invention, a computer program is
presented comprising program code means for causing a computer to carry out the steps of
either of the above-mentioned methods when said computer program is carried out on the
computer.

The idea of the invention is to automatically simulate and evaluate the position
of the cardiac implant within a plurality of 3D cardiac images based on a segmentation of
said images. Said cardiac images may be 3D CT or MRI images. In a preferred embodiment,
3D transesophageal echography (TEE) images acquired with an ultrasound imaging system
may be used.

In contrast to most of the prior art planning systems of this kind, not only one
cardiac image but a plurality of such 3D cardiac images are used for the simulation and
evaluation. The term "a plurality” shall be understood in the context of the present invention
as "at least two". This has a couple of advantages: First, it is tedious to check a series of
images for identifying the most relevant image for planning the implantation of the cardiac
implant. A doctor or a medical assistant usually has to manually find a suitable image which
may be quite time-consuming. Secondly, by evaluating a plurality of 3D cardiac images
showing different conditions of the heart during the cardiac cycle, possible unwanted
collisions between the cardiac implant and parts of the heart that move during the cardiac
cycle may be estimated in a much more precise manner. Depending on the heart movement,
the cardiac implant may interfere with one heart region in a first image, but may not interfere
with said region of the heart when considering it in another image. Using a plurality of 3D
cardiac images for the planning procedure therefore allows to more precisely determining the
implant position, the size and shape of the cardiac implant.

Preferably, the plurality of 3D cardiac images is a sequence of timely
consecutive cardiac images showing one or more complete cardiac cycles. By segmenting all
of these images, a dynamic segmentation is established which allows to simulate the
movement of the heart. This may either be done in a pre-planning step before the actual
implantation by means of cardiac images that have been pre-acquired. It may, however, also
be done in real-time during the actual implantation.

A further characteristic of the presented system and method is that not only the
target implant region is segmented but also a locally adjacent region of the heart that could,
¢.g. due to the heart movement, interfere with the cardiac implant. When using the presented
system e.g. for TAVI, the target implant region is defined as the left ventricular outflow tract.

Depending on the size and position of the TAVI implant it could however also interfere and
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overlap with the mitral valve leaflet. This mitral valve leaflet would then be considered as
locally adjacent region in the meaning of the present invention, such that it will be segmented
as well. Since a plurality of 3D cardiac images are used, this allows to evaluate possible
overlaps of the TAVI implant with the mitral valve leaflet for different positions of the leaflet
during the cardiac cycle. Of course, one would say that the overlap is maximum when the
mitral valve is completely open. However, manually finding the image that exactly illustrates
the open mitral valve is fairly difficult. Apart from that, collisions of the mitral valve with the
cardiac implant may also occur in other states of the mitral valve than the fully open state.

A further characteristic of the present invention is the simulation of the cardiac
implant within the target implant region. Preferably, a simple geometrical model may be used
to simulate the cardiac implant. This simulated cardiac implant may be used to evaluate an
overlap with the locally adjacent region that has been segmented prior thereto. A feedback
unit, which may e.g. be realized by a display, then provides feedback information concerning
the evaluated overlap to a physician or medical staff. The overlap may e.g. be displayed for
all evaluated cardiac images. This direct feedback concerning possible collisions of the
cardiac implant with parts of the heart based on a plurality of 3D cardiac images is a very
powerful tool during planning of such a cardiac implantation.

According to a preferred embodiment, the simulation unit is configured to
simulate the implantation of the cardiac implant within the target implant region in each of
the plurality of 3D cardiac images, and the collision evaluation unit is configured to evaluate
the overlap of the simulated cardiac implant with the segmented locally adjacent region in
cach of the plurality of 3D cardiac images.

This means that the overlap evaluation is not only performed in a subset of the
received plurality of 3D cardiac images, but in all of the received 3D cardiac images. In this
way, the amount of overlap data is further increased, such that the overlap evaluation is
refined. The overlap data may therefore be evaluated for a whole timely consecutive imaging
sequence, meaning that the overlap of the locally adjacent region (e.g. the mitral valve
leaflet) with the virtual cardiac implant may be calculated time-dependent over a complete
cardiac cycle.

Accordingly, the feedback unit is in this embodiment configured to provide
feedback information to the user concerning the evaluated overlap in each of the plurality of
3D cardiac images. This feedback information may be displayed for each of the 3D cardiac

images separately, but also in an overview for all 3D cardiac images together.
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According to a further embodiment, the feedback information provided by the
feedback unit includes a quantified extent of the overlap and/or a location where the overlap
occurs in the 3D cardiac images. On a display, it may be exactly shown to the physician at
which positions an overlap between the simulated cardiac implant and the segmented locally
adjacent region occurs. Furthermore, an indicator about the extent of the overlap may be
visualized. It may for example be illustrated on the display that at a given position the
overlap has a given size, ¢.g. a few millimeters.

According to a further preferred embodiment, the collision evaluation unit is
further configured to determine in each of the plurality of 3D cardiac images the overlap at a
plurality of different spatial locations along a longitudinal axis along which the target implant
region substantially extends. Referring back to the example of using the system for TAVI,
this means that the overlap between the virtual implant and the mitral valve leaflet is
calculated as a function of the implant depth. The target implant region may then be defined
as prolongation of the substantially elliptical left ventricular outflow tract cross-section
towards the left ventricle. A coordinate system may be used as an auxiliary means, wherein
the longitudinal axis of the left ventricular outflow tract indicates the z-axis. In the above-
mentioned embodiment, the collision evaluation unit may determine in each of the plurality
of 3D cardiac images the overlap along the z-axis, or in other words, as a function of the z-
position.

In a preferred embodiment, the collision evaluation unit is further configured
to determine for each of the plurality of different spatial locations a maximum overlap by
comparing the overlaps in the 3D cardiac images at the respective spatial locations with each
other.

In other words, the overlaps evaluated in each of the images may be compared
with each other, depending on the position on the z-axis. For each position on the z-axis, one
of the plurality of 3D cardiac images is selected in which the most prominent or largest
overlap is detected. The result may be a motion analysis of the examined region of the heart
that, for example, shows for every or a plurality of positions within the left ventricular
outflow tract a maximum overlap of the virtually simulated cardiac implant with the mitral
valve leaflet over the whole cardiac cycle.

In a further preferred embodiment, the feedback unit is configured to provide a
graphical representation illustrating the maximum overlaps as a function of the different

spatial locations along the longitudinal axis z.
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This graphical representation may be e.g. a graph that shows the maximum
overlap on the axis of ordinates in dependency of the position on the longitudinal axis shown
along the axis of abscissae. Since the maximum overlap at each position on the longitudinal
axis of the target implant region has been found by comparing the overlaps at the respective
position in each of the 3D cardiac images, such a graph shows an aggregated overlap
information taken from all received 3D cardiac images. The term “maximum overlap”
therefore indicates a relative maximum at the respective spatial position, i.c. the highest
received overlap value at this spatial position when comparing the received 3D cardiac
images with each other at said position.

Referring back to the TAVI example, it has been shown that these location-
dependent maximum overlaps between the anterior mitral leaflet movement and the
prolongation of the left ventricular outflow tract vary considerably between different patients.
Such an aggregated maximum overlap evaluation could therefore be a good indicator for risk
of friction between the mitral valve leaflet and the TAVI implant. It has also been shown that
for some patients the absolute maximum overlap (maximum overlap value of all found
relative maxima) occurs closer to the aortic valve than for others. The above-mentioned
graphical representation may therefore help a physician to identify patient-individual risk
Zones.

In a further embodiment of the present invention, the segmentation unit is
configured to simulate the cardiac implant by means of a virtual model having an elliptical
cross-section, wherein a normal to the elliptical cross-section coincides with a longitudinal
axis along which the target implant region substantially extends.

In case of the above-mentioned TAVI example, an elliptical cross-section is a
good approximation for a cross-section of a stent that is to be implanted into the left
ventricular outflow tract. The shape or the outer contours of the virtual cardiac implant may
therefore be simulated as the prolongation of the elliptical left ventricular outflow tract cross-
section towards the left ventricle. The overlap of the mitral valve leaflet may then be
calculated by mathematically determining the intersections between the segmented
trajectories of the mitral valve leaflet and the elliptical tube model. In order to determine all
positions where the mitral valve leaflet extends into the left ventricular outflow tract and its
linear prolongation towards the left ventricle, the virtual cardiac implant model may have an

infinite length.
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According to a further embodiment, the system may additionally comprise an
input interface that allows a user to vary a size, a shape and/or a position of the simulated
cardiac implant.

The overlaps may then be evaluated for different sizes, shapes and positions of
the virtual implant to automatically find the best type of implant and the best target implant
position. Instead of using simplified models of the implants as mentioned above, also more
sophisticated models may be used that resemble the shape and size of the implant in a more
realistic way.

According to a further preferred embodiment, the segmentation unit is
configured to segment the target implant region and the locally adjacent region based on a
model-based segmentation.

The model-based segmentation may, for example, be conducted in a similar
manner as this is described for a model-based segmentation of CT images in Ecabert, O. et al.
"Automatic model-based segmentation of the heart in CT images", IEEE Transactions on
Medical Imaging, Vol. 27(9), pp. 1189-1291, 2008, which is herein incorporated by
reference. This model-based segmentation makes use of a geometrical mesh model of the
anatomical structures of the heart and may comprise respective segments representing
respective anatomic features of the heart. Such a model-based segmentation usually starts
with the identification of the position and orientation of the heart within the 3D image data.
This may, for example, be done using a 3D implementation of the Generalized Hough
Transform. Pose misalignment may be corrected by matching the geometrical mesh model to
the image, making use of a global similarity transformation. The segmentation comprises an
initial model that roughly represents the shape of the anatomical features of the heart. Said
model may be a multi-compartment mesh model with triangular meshes. This initial model
will be deformed by a transformation. This transformation is decomposed in two
transformations of different kinds: a global transformation that can translate, rotate or rescale
the initial shape of the geometrical model, if needed, and a local deformation that will
actually deform the geometrical model so that it matches more precisely to the anatomical
object of interest. This is usually done by defining the normal vectors of the surface of the
geometrical model to match the image gradient; that is to say, the segmentation will look in
the received 3D imaging data for bright-to-dark edges (or dark-to-bright), which usually
represent the tissue borders in the images, i.c. the boundaries of the anatomical features of the

heart. Further details how this model-based segmentation may be adapted to the purposes of
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the herein used dynamic segmentation of moving images (¢.g. 4D TEE images) will be
explained further below with reference to the drawings.

In the foregoing description it was mainly referred to the different
embodiments of the claimed medical imaging system. It shall be understood that the claimed
method has similar and/or identical preferred embodiments as the claimed medical imaging

system and as defined in the dependent claims.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects of the invention will be apparent from and elucidated
with reference to the embodiment(s) described hereinafter. In the following drawings

Fig. 1 shows a schematic block diagram of an embodiment of the medical
imaging system according to the present invention;

Fig. 2 shows a simplified flow diagram to illustrate an embodiment of the
method according to the present invention;

Fig. 3 shows an exemplary cardiac image that has been segmented according
to the method of the present invention;

Fig. 4 schematically illustrates the results of the segmentation and collision
detection according to the present invention;

Fig. 5 shows a further model of the heart that may result from the
segmentation performed by the presented system;

Fig. 6 shows the model of Fig. 5 from another side;

Fig. 7 illustrates different graphs that result from an overlap evaluation
according to the present invention; and

Fig. 8 shows further exemplary segmentations of cardiac images taken from

two different patients.

DETAILED DESCRIPTION OF THE INVENTION

Fig. 1 shows a simplified and schematic block diagram to illustrate the
principal components of the presented medical imaging system, which may be particularly
used for planning an implantation of a cardiac implant. The medical imaging system is
therein in its entirety denoted with reference numeral 10.

It comprises a receiving unit (RU) 12 which is configured to receive a plurality
of 3D cardiac images 14. Said plurality of 3D cardiac images 14 is preferably a sequence of

timely consecutive frames that are acquired with a medical imaging device (MID) 16. This
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medical imaging device 16 may be a volumetric CT scanner, an MRI scanner or a 3D
ultrasound system. A particular example of a 3D ultrasound system which may be applied for
the system of the current invention is the iE33 ultrasound system sold by the applicant, in
particular together with an X7-2 t TEE transducer of the applicant or another 3D transducer
using the xMatrix technology of the applicant. Even though the present invention is not
limited to ultrasound imaging, the following exemplary embodiments will be described with
reference to the preferably used 4D TEE ultrasound imaging technique (i.e. time-dependent
3D TEE images).

It is to be noted that the medical imaging device 16 does not necessarily need
to be a part of the medical imaging system 10 according to the present invention. Instead of
having the 3D cardiac images 14 directly (in real time) provided by a medical imaging device
16, inspected and analyzed 3D cardiac images 14" may also be provided by a storage unit
(SU) 18. The storage unit 18 may, for example, be an external or internal storage device like
a hard drive on which 3D cardiac images 14' are stored which have been acquired in advance
by a medical imaging device 16 or any other imaging modality.

The receiving unit 12 may be an interface (either internal or external interface)
that receives the 3D cardiac images 14, 14' and transfers them to a processing unit 20. This
processing unit 20 may be implemented as a CPU or a microprocessor within the medical
imaging system 10. It may, for example, be a part of a personal computer that has software
stored thereon that is programmed to carry out the below explained method according to the
present invention.

The processing unit 20 preferably comprises a segmentation unit (SEG) 22, a
simulation unit (SIM) 24 and a collision evaluation unit (COL) 26. The segmentation unit 22,
the simulation unit 24 and the collision evaluation unit 26 may all either be realized as
separate elements or integrated in one common processing element. All of these units 22, 24,
26 may either be hardware or software implemented.

The segmentation unit 22 is configured to segment the plurality of the 3D
cardiac images 14, 14'. In case of a 4D TEE sequence, each frame is segmented. The
simulation unit 24 is configured to simulate a model of a cardiac implant as well as to
simulate the implantation of the cardiac implant in the 3D cardiac images 14, 14'. The
collision evaluation unit 26 then evaluates an overlap of the simulated cardiac implant with
anatomical features that have been segmented in the 3D cardiac images 14, 14". The results of
this evaluation may be finally shown to a user (e.g. a physician) by means of a feedback unit

(FU) 28 that could be realized as a display or a screen.
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Preferably, the medical imaging system 10 further comprises an input interface
30 that allows a user to steer the device 10 as well as to change the parameters that are used
within the image evaluation performed by any of the units 22, 24, 26. The input interface 30
may comprise keys or a keyboard and further inputting devices, for example a trackball or a
mouse. The input interface 30 is preferably connected either hardwired or wireless to the
processing unit 20.

Fig. 2 shows a simplified flow diagram of the method according to the present
invention that is performed by the medical imaging system 10. In the following, the details of
this method shall be described by means of an exemplary transcatheter aortic valve
implementation (TAVI) planning procedure, wherein reference is additionally made to Figs.

3to 8.

1. First method step S10 ("RECEIVE IMAGES")

In the first method step, a plurality of 3D cardiac images 14, 14" are received
by the system 10, wherein these cardiac images 14, 14' show different conditions of a heart
32, preferably of a human heart 32, during a cardiac cycle. In a preferred embodiment, these
cardiac images 14, 14" include a sequence of 3D TEE images over time (also denoted as a 4D
TEE image sequence). This 4D TEE sequence preferably shows the heart movement during a
complete cardiac cycle. The image sequence may also illustrate only parts of a cardiac cycle
or more than one cardiac cycle. This 4D TEE image sequence may be used to analyze the

heart movement, in particular to analyze the mitral valve motion for TAVI planning.

2. Second method step S12 ("SEGMENTATION")

In the next step, each frame of the received 4D TEE image sequence is
segmented. This is preferably made by a model-based segmentation of the valve apparatus of
the heart 32 which is performed by the segmentation unit 22.

During this step, the anatomical features of interest are segmented in order to
being able to simulate the movement of these anatomical features over time. Anatomical
features that are of particular interest in a TAVI are the aortic valve, the left ventricular
outflow tract, into which the cardiac implant is inserted, as well as the anterior mitral leaflet,
since, depending on the position and size of the cardiac implant, the anterior mitral leaflet
may collide with the medical implant during its natural movement.

Fig. 3 shows a TEE ultrasound image from which it can be seen that the

anterior mitral leaflet 34 in its open position at least partly extends into the left ventricular
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outflow tract 36 where the medical implant may be placed. In terms of the present invention,
the left ventricular outflow tract 36 is therefore denoted as target implant region 38, and the
anterior mitral valve leaflet 34 is denoted as locally adjacent region 40 that could interfere
with the cardiac implant 42, as this is schematically illustrated in Fig. 4.

In the segmentation step, at least the target implant region 38 and the locally
adjacent region 40 are segmented in a multi-step approach in order to determine the dynamics
of the left ventricular outflow tract 36 and the anterior mitral leaflet 34. The model that is
used thereto is represented as a triangular surface model with mean shape m. First, the heart
position is located using an adapted Generalized Hough Transform. Next, it is iteratively
refined by determining the parameters of an affine transformation 7" that minimize the
distance to detected boundaries (external energy E.,,). Finally, multiple iterations of a
deformable adaptation are performed that is balanced between attraction to image boundaries
(Eexr) and mean shape preservation (£;,). Details of such a boundary detection technique may
be found in the scientific paper of Ecabert, O. et al. mentioned above, as well as in Peters, J.
et al.: "Optimizing boundary detection via simulated search with applications to multi-modal
heart segmentation”, Medical Image Analysis 14(1) (2010) 70, which is herein incorporated
by reference as well.

For the illustrated example of TAVI planning, it is sufficient to use a
triangular surface model of the left heart that comprises endocardial surfaces of the left
ventricle, the left atrium, the ascending aorta, and of the aortic and mitral valve.

The mean shape m contains two valves in half-open state. It is extended by

two linear modes ¢ . to model the valve dynamics, similar to PCA modes:

m(py, pz) = M+ p1¢; + p29,

However, these modes need not be calculated from PCA, but can be calculated
as a linear interpolation between the open and closed state for each heart valve.
The coefficients p,, describe the current state of each heart valve. For all

vertices outside the respective valves, the vector elements of ¢ are zero and do thus not

influence the shape of the remaining model.
The adaptation process is performed as follows: After the Generalized Hough
Transform, the mean model with half-open valves is used to estimate a global rigid

transformation 7. At this step, no valve dynamics need to be estimated. Then, the coefficients
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Pm are optimized during the deformable adaptation. The formulation of the shape constraining

energy iy 18 given as:

14

Ewe =) > (v =) = (TImypr, p2)] = Ty, p)])?

i=1 jEN(i)

Here, V is the number of vertices in the model, N(i) are the neighbours of the
ith vertex, v;; are the vertex positions in the deformed mesh, and m;; are the vertex positions
in the model.

Furthermore, a penalty term can be added to the total energy with weight f to
avoid unphysiological mode coefficients p,,.

To analyze data from a specific patient, all cardiac phases of the received
image data set are segmented using the model and framework described above. To this end,
the first cardiac phase is segmented, and the result is used as initialization for the next cardiac
phase. Only the deformable adaptation is then performed for the succeeding cardiac phases
with the respective previous results as initialization.

To compensate for global movement or other displacements, all meshes
segmented from one time series are then preferably registered to the mesh at a endsystolic
state. Most preferably, the aortic valve annulus points that are detected in each frame are
registered onto each other to make all heart movement relative to the target implant region
38.

As a result of the above-mentioned segmentation, the movement trajectory of
the region 40 (e.g. the anterior mitral leaflet 34) that is locally adjacent to the target implant
region 38 (e.g. the left ventricular outflow tract 36) is determined for a plurality of different
surface points. This allows to animate the movement of the anterior mitral leaflet 34 in a
fairly accurate manner.

In order to simplify the movement analysis of the received trajectories, a
coordinate system is preferably introduced by the segmentation unit 22. In the particular
example of TAVI planning, this coordinate system is preferably arranged within the target
implant region 38 (the left ventricular outflow tract 36), wherein the z-axis is arranged along
the longitudinal axis along which the target implant region 38 substantially extends (see
Fig. 5). The cross-section of the target implant region 38 may then be modelled as an

elliptical ring 44, wherein the x-axis is aligned along the major axis of this ellipse 44 and the
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y-axis along the minor axis of the ellipse (see Fig. 6). The origin of this coordinate system
may then be shifted along the z-axis to the aortic annulus plane 46. This way, all z-distances

are referenced with respect to the aortic annulus plane 46.

3. Third method step S14 ("IMPLANT SIMULATION")

In the implant simulation step that is performed by the simulation unit 24, the
cardiac implant 42 and its position within the target implant region 38 is simulated. This is
preferably done in each frame of the received 3D image sequence. The cardiac implant 42
may thereto be simulated by means of a virtual model having an elliptical cross-section, e.g.
the cross-section of the target implant region 38 that has been determined within the
segmentation unit 22. In the given example, the elliptical ring 44 determined within the
segmentation step S12 may be extended along the z-axis along which the target implant
region 38 substantially extends. Alternatively, other virtual 3D models of cardiac implants
42, which resemble the shape of a stent in a more realistic manner, may be used in the
simulation. By means of the input interface 30, the user may also manually vary the size, the

shape and/or the position of the simulated cardiac implant 42.

4. Fourth method step S16 ("COLLISION DETECTION'")

In the collision detection step which is performed by the collision evaluation
unit 26, an overlap of the simulated cardiac implant 42 with the segmented locally adjacent
region 40 is calculated. In the given example it is calculated to what extent the anterior mitral
leaflet 34 projects into the virtual cardiac implant 42. This calculated overlap is schematically
illustrated in Fig. 4 and indicated by reference numeral 46. This is preferably done for each
frame of the 3D image sequence.

The trajectories of several segmented points on the anterior mitral leaflet 34
may thereto be determined from the segmented, registered meshes (see segmentation step
S12) with reference to the defined coordinate system. In the next step, the collision
evaluation unit 26 preferably determines in each of the plurality of 3D cardiac images 14, 14’
the overlap at a plurality of different spatial locations along the z-axis in order to receive the
overlap information in each frame as a function of the longitudinal axis of the target implant
region 38.

Furthermore, the collision evaluation unit 26 is configured to determine for
cach of the plurality of different spatial locations a maximum overlap 46 by comparing the

overlaps 46 occurring in each frame of the 3D image sequence at the respective spatial
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locations with each other. This way, the extent of the maximum overlap at each position on
the z-axis is determined. In order to facilitate the calculations, the collision evaluation unit 26
preferably only evaluates the maximum overlap for specific distinctive points on the z-axis
(e.g. with a step size of 2.5 mm).

The above-mentioned collision calculation/evaluation may be performed by
combining all segmented and registered points of the anterior mitral leaflet 34 that have been
found in the segmentation S12 into a point cloud. The points of this point cloud may then be
merged into groups according to the defined step size. For every group of points, the
maximum overlap may then be calculated to receive the maximum overlap at the different

positions on the z-axis.

5. Fifth method step S18 ("FEEDBACK'"'")

Finally, the feedback information concerning the calculated overlap 46 may be
given out via the feedback unit 28. One example of such a feedback is shown in Fig. 7.

Fig. 7 shows a graphical representation 48 that illustrates the maximum
overlaps 46 as a function of the different spatial locations along the z-axis. It is to be
understood that these maximum overlap values are relative maxima, meaning the maximal
overlap values that occur at the specific positions during a cardiac cycle. Each maximum
overlap is received by evaluating the overlap at the respective position in each frame and
comparing it to the values occurring at said position in the other frames.

The graphical representation 48 shows several overlap curves that have been
determined from 3D TEE data sets of eighteen different patients. Each curve shows the
maximum overlap between the mitral leaflet movement, and the virtual cardiac implant 42 as
a function of the distance from the aortic annulus plane. Therefore, it can be seen that the
absolute maximum overlap (point with largest overlap in each curve) varies considerably
between patients, wherein not only the extent of the absolute maximum varies, but also the
positions where the absolute maximum occurs. The patient with the smallest overlap
(indicated by reference numeral 50) has an absolute maximum overlap of around 4.7 mm,
whereas the patient with the largest overlap (indicated by reference numeral 52) has an
absolute maximum overlap of around 16.6 mm. Also, the relative maximum overlap at a
given implant depth varies considerably. At an implant depth of 12.5 - 15 mm, which is a
typical depth for the lower rim of commercially available implants, the overlap varies

between around 2.6 and 13.4 mm.
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These individual differences may be also seen from the exemplary
segmentations shown in Figs. 8A and 8B. Both images show the heart of two different
patients at a point in time during the cardiac cycle when the mitral valve is opened. By
comparing the two images with each other, it can be seen that the overlap between the
anterior mitral leaflet and the left ventricular outflow tract prolongation is quite different. In
Fig. 8A, the overlap has an extent of around 8 mm, while the maximum overlap is located
quite far from the aortic annulus plane. In Fig. 8B, the maximum overlap is over 15 mm and
located a lot closer to the aortic annulus plane.

The given results show that the system and method according to the present
invention is a powerful tool for planning an implantation of a cardiac implant. A graphical
representation as given in Fig. 7 simplifies the risk evaluation a lot for the physician and also
allows him to easily select the correctly shaped and sized cardiac implants.

In summary, the presented method allows to accurately plan an implantation
of a cardiac implant, either in advance to or during the surgery. It allows to dynamically
segment a series of medical 3D images and to calculate or estimate an overlap of the
dynamical heart model with a virtual implant model. Even though the foregoing description
has been mainly focused on TAVI, the presented method may also be used for planning other
cardiac implants in other regions of the heart. It shall be also noted that the invention is not
limited to a specific type of medical image (MR, CT, ultrasound), but may be implemented
for various medical imaging techniques.

While the invention has been illustrated and described in detail in the drawings
and foregoing description, such illustration and description are to be considered illustrative or
exemplary and not restrictive; the invention is not limited to the disclosed embodiments.
Other variations to the disclosed embodiments can be understood and effected by those
skilled in the art in practicing the claimed invention, from a study of the drawings, the
disclosure, and the appended claims.

In the claims, the word "comprising" does not exclude other elements or steps,
and the indefinite article "a" or "an" does not exclude a plurality. A single element or other
unit may fulfill the functions of several items recited in the claims. The mere fact that certain
measures are recited in mutually different dependent claims does not indicate that a
combination of these measures cannot be used to advantage.

A computer program may be stored/distributed on a suitable medium, such as

an optical storage medium or a solid-state medium supplied together with or as part of other



WO 2014/195237 PCT/EP2014/061254
18

hardware, but may also be distributed in other forms, such as via the Internet or other wired
or wireless telecommunication systems.
Any reference signs in the claims should not be construed as limiting the

scope.
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CLAIMS:

1. A medical imaging system (10) for planning an implantation of a cardiac
implant (42), comprising:

- a receiving unit (12) for receiving a plurality of three-dimensional (3D)
cardiac images (14, 14') showing different conditions of a heart (32) during a cardiac cycle;
- a segmentation unit (22) for segmenting within the plurality of 3D cardiac
images (14, 14') a target implant region (38) and a locally adjacent region (40) that could
interfere with the cardiac implant (42), wherein the target implant region (38) is a part of a
left ventricular outflow tract (LVOT) (36) and the locally adjacent region (40) is a part of a
mitral valve (MV) (34);

- a simulation unit (24) for simulating the implantation of the cardiac implant
(42) within the target implant region (40) in at least two of the plurality of 3D cardiac images
(14, 14",

- a collision evaluation unit (26) for evaluating an overlap (46) of the simulated
cardiac implant (42) with the segmented locally adjacent region (40) in at least two of the
plurality of 3D cardiac images (14, 14'); and

- a feedback unit (28) for providing feedback information to a user concerning

the evaluated overlap (46).

2. The medical imaging system according to claim 1, wherein the simulation unit
(24) 1s configured to simulate the implantation of the cardiac implant (42) within the target
implant region (38) in each of the plurality of 3D cardiac images (14, 14'), and wherein the
collision evaluation unit (26) is configured to evaluate the overlap (46) of the simulated
cardiac implant (42) with the segmented locally adjacent region (40) in each of the plurality
of 3D cardiac images (14, 14').

3. The medical imaging system according to claim 1, wherein the feedback unit
(28) is configured to provide feedback information to the user concerning the evaluated

overlap (46) in each of the plurality of 3D cardiac images (14, 14').
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4. The medical imaging system according to claim 1, wherein the feedback
information provided by the feedback unit (28) includes a quantified extent of the overlap

(46) and/or a location where the overlap (46) occurs in the 3D cardiac images (14, 14").

5. The medical imaging system according to claim 1, wherein the collision
evaluation unit (26) is further configured to determine in each of the plurality of 3D cardiac
images (14, 14') the overlap (46) at a plurality of different spatial locations along a

longitudinal axis (z) along which the target implant region (38) substantially extends.

6. The medical imaging system according to claim 5, wherein the collision
evaluation unit (26) is further configured to determine for each of the plurality of different
spatial locations a maximum overlap (46) by comparing the overlaps (46) in the 3D cardiac

images (14, 14') at the respective spatial locations with each other.

7. The medical imaging system according to claim 6, wherein the feedback unit
(28) 1s configured to provide a graphical representation (48) illustrating the maximum

overlaps (46) as a function of the different spatial locations along the longitudinal axis (z).

8. The medical imaging system according to claim 1, wherein the simulation unit
(24) 1s configured to simulate the cardiac implant (42) by means of a virtual model having an
elliptical cross-section, wherein a normal to the elliptical cross-section coincides with a

longitudinal axis (z) along which the target implant region (38) substantially extends.

9. The medical imaging system according to claim 1, further comprising an input
interface (30) that allows a user to vary a size, a shape and/or a position of the simulated

cardiac implant (42).

10. The medical imaging system according to claim 1, wherein the segmentation
unit (22) is configured to segment the target implant region (38) and the locally adjacent

region (40) based on a model-based segmentation.

11. The medical imaging system according to claim 1, wherein the plurality of
cardiac 3D images (14, 14") are 3D transesophageal echocardiography (TEE) images acquired

with an ultrasound imaging system.
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12. A medical imaging system (10) for planning an implantation of a cardiac
implant (42), comprising:

- a receiving unit (12) for receiving a plurality of three-dimensional (3D)
cardiac images (14, 14') showing different conditions of a heart (32) during a cardiac cycle;
- a segmentation unit (22) for segmenting within the plurality of 3D cardiac
images (14, 14') a target implant region (38) and a locally adjacent region (40) that could
interfere with the cardiac implant (42), wherein the target implant region (38) is a part of a
right ventricular outflow tract (RVOT) and the locally adjacent region (40) is a part of a
tricuspid valve (TV);

- a simulation unit (24) for simulating the implantation of the cardiac implant
(42) within the target implant region (40) in at least two of the plurality of 3D cardiac images
(14, 14",

- a collision evaluation unit (26) for evaluating an overlap (46) of the simulated
cardiac implant (42) with the segmented locally adjacent region (40) in at least two of the
plurality of 3D cardiac images (14, 14'); and

- a feedback unit (28) for providing feedback information to a user concerning

the evaluated overlap (46).

13. A method for planning an implantation of a cardiac implant, comprising the
steps of:

- receiving a plurality of three-dimensional (3D) cardiac images (14, 14")
showing different conditions of a heart (32) during a cardiac cycle;

- segmenting within the plurality of 3D cardiac images (14, 14") a target implant
region (38) and a locally adjacent region (40) that could interfere with the cardiac implant
(42) , wherein the target implant region (38) is a part of a left ventricular outflow tract
(LVOT) (36) and the locally adjacent region (40) is a part of a mitral valve (MV) (34);

- simulating the implantation of the cardiac implant (42) within the target
implant region (38) in at least two of the plurality of 3D cardiac images (14, 14");

- evaluating an overlap (46) of the simulated cardiac implant (42) with the
segmented locally adjacent region (40) in at least two of the plurality of 3D cardiac images
(14, 14'"); and

- providing feedback information to a user concerning the evaluated overlap

(46).
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14. A method for planning an implantation of a cardiac implant, comprising the
steps of:

- receiving a plurality of three-dimensional (3D) cardiac images (14, 14")
showing different conditions of a heart (32) during a cardiac cycle;

- segmenting within the plurality of 3D cardiac images (14, 14") a target implant
region (38) and a locally adjacent region (40) that could interfere with the cardiac implant
(42) , wherein the target implant region (38) is a part of a right ventricular outflow tract
(RVOT) and the locally adjacent region (40) is a part of a tricuspid valve (TV);

- simulating the implantation of the cardiac implant (42) within the target
implant region (38) in at least two of the plurality of 3D cardiac images (14, 14");

- evaluating an overlap (46) of the simulated cardiac implant (42) with the
segmented locally adjacent region (40) in at least two of the plurality of 3D cardiac images
(14, 14'"); and

- providing feedback information to a user concerning the evaluated overlap

(46).

15. Computer program comprising program code means for causing a computer to
carry out the steps of the method as claimed in any of claims 13 and 14 when said computer

program is carried out on a computer.
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