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(57) ABSTRACT

A method is described for structurally individualized simu-
lation of the introduction of a wall support element into a
section of a tubular structure. To this end, image data of the
interior of the section of the tubular structure are provided. A
start point and an end point of the section of the tubular
structure are then determined, and a lumen and a profile line
of'the tubular structure are determined between the start point
and the end point. Furthermore, an individual elastic structure
model for the section of the tubular structure is identified by
adapting a tubular elastic initial model to the section of the
tubular structure on the basis of the identified lumen and the
profile line, and a tubular elastic wall support element model
which is positioned inside the individual structure model is
provided. In at least one embodiment, the wall support ele-
ment model is then virtually expanded stepwise, a check for
collisions between the wall support element model and the
individual structure model being carried out in each expan-
sion step. At the positions where a collision is identified, the
wall support element model and the individual structure
model are modified at least locally while taking into account
the elasticity of the individual structure model. A method for
driving an image display device, by using such a simulation
method, and a simulation device are furthermore described.
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METHOD AND SIMULATION DEVICE FOR
STRUCTURALLY INDIVIDUALIZED
SIMULATION OF THE INTRODUCTION OF A
WALL SUPPORT ELEMENT INTO A
SECTION OF A TUBULAR STRUCTURE

PRIORITY STATEMENT

[0001] The present application hereby claims priority
under 35 U.S.C. §119 on European patent application num-
bers EP08010366 filed Jun. 6, 2008 and EP08010365 filed
Jun. 6, 2008, the entire contents of each of which are hereby
incorporated herein by reference.

FIELD

[0002] At least one embodiment of the invention generally
relates to a method and/or a simulation device for structurally
individualized simulation of the introduction of a wall sup-
port element into a section of a tubular, i.e. pipe or hose-
shaped structure. At least one embodiment of the invention
furthermore generally relates to a method for driving an
image display device for displaying image data of the interior
of a tubular structure, the simulation being used, as well as to
a computer program product with which the method accord-
ing to at least one embodiment of the invention can be carried
out.

BACKGROUND

[0003] A typical case in which a wall support element is
introduced into a section of a tubular structure lies in the
medical field, when blood vessels constricted by stenoses
need to be kept open with the aid of a so-called “stent”, i.e. a
vascular prosthesis, or when they need to be lined in the event
of'an aneurysm in order to prevent the aneurysm from burst-
ing. In this context, FIG. 1 shows the treatment of a carotid
stenosis as an example. A carotid stenosis is a constriction of
the carotid artery supplying the brain. It occurs owing to
pathological modifications of the vessel wall, often connected
with hardening. In the scope of an endovascular treatment of
such a stenosis, a catheter K is initially guided into the vessel
G as far as the lesion L, i.e. as far as the constriction (see FIG.
1, left). A folded stent S is then brought to the constriction by
means of the catheter K (see FIG. 1, middle) and expanded
there. The expansion presses the thickened sites outward as
far as possible, so that an acceptable diameter is again
achieved in the interior of the vessel G (see FIG. 1, right).

[0004] In order to select the appropriate stent for the indi-
vidual case in question, before fitting the stent it would be
expedient to carry out a simulation which is adapted as far as
possible to the current situation, i.e. the vessel in question and
the size and nature of the lesion. Methods for simulating the
placement of stents in blood vessels are described, for
example, in DE 10 2006 058 908 A1 and DE 10 2007 039 207
Al. A wireframe model of a stent is fitted virtually into the
vessel, the model of the vessel structure having been gener-
ated with the aid of image data from an imaging method, for
example with a magnetic resonance tomograph or a computer
tomograph. The model of the vessel structure is rigid in this
simulation method. Precisely in the case of a stent simulation,
however, it is expedient to be able to simulate the behavior of
highly coiled vessels which can be smoothed by placement of
the stent. In this way, the stent dimensions of the selected stent
can be assessed better in advance even in such complicated
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cases. To this end, it is helpful when the behavior or defor-
mation of the vessel wall can also be taken into account in the
simulation.

[0005] The publication “Finite Element Analysis of Stent
Expansion Considering Stent, Artery and Plaque Interaction”
by S. M. Kim and S. Y. Park in Proceedings of the 24th
IASTED International Conference on Biomedical Engineer-
ing, 143-146, 2006, describes a simulation method in which
the interaction between the stent and the artery, as well as the
plaque, are analyzed with the aid of a finite element method.
In the method described there, very elaborate reconstructed
models of the stent and the arteries are required. Furthermore,
the dissertation by H. Y.-C. Huang, “Theoretical and Experi-
mental Modelling of Stress within the Neck of Endoluminal
Grafted Artery”, University of New South Wales, 2006,
describes a way of compiling an elastic vessel model and
thereby modeling the stent/vessel wall interaction during a
stent expansion in the scope of a finite element method. Here,
nonlinear mathematical models are developed for different
arteries. The development of the models is likewise extraor-
dinarily time-consuming, more than one day of computer
time sometimes being required for one model.

[0006] The methods mentioned above are therefore very
useful, for example for developing new stents or checking
already existing stents. For patient-specific simulation in situ
before introducing a stent, for example to assist in the selec-
tion of a stent suitable for the current case, these methods are
however unsuitable owing to the time they take.

SUMMARY

[0007] Inatleast one embodiment of the present invention,
a method and a suitable simulation device are provided for
structurally individualized simulation of the introduction of a
wall support element into a section of a tubular structure, with
which the behavior of the wall structure can also be simulated
sufficiently well in a relatively short time.

[0008] Themethodaccordingto atleast one embodiment of

the invention comprises the following method steps:

[0009] a) First, preferably three-dimensional image data
are provided which comprise at least image data of the
interior of the section of the tubular structure. This may for
example involve suitable magnetic resonance tomography
recordings, computer tomography recordings, PET or
SPECT images, etc. Here, it is particularly preferable to
use a method in which the detailed contours of the tubular
structures can be seen particularly well. For example, a
contrast agent recording may be recommendable for a ves-
sel study.

[0010] b) A start point and an end point are then set inside
the section of the tubular structure. This may for example
be done by an operator via a suitable user interface in the
displayed image data of the section of the tubular structure.

[0011] c)Inaddition, the lumen ofthe section of the tubular
structure between the start point and the end point is deter-
mined on the basis of the image data.

[0012] d) A profile line, preferably the so-called “center-
line”, of the section of the tubular structure between the
start and end points is furthermore determined. The deter-
mination of the lumen of the relevant section of the tubular
structure, and of the profile line, may be carried out with
different known methods which are moreover used for
determination of centerlines or for the segmentation of
vessels etc. for other tasks.
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[0013] e)This is followed by identification of an individual
or individualized elastic structure model for the section of
the tubular structure. To this end, according to at least one
embodiment of the invention, a tubular elastic initial model
is adapted to the section of the tubular structure on the basis
of the identified lumen and the profile line of the tubular
structure.

[0014] f) A tubular elastic wall support element model,
which is positioned inside the individual structure model,
is furthermore provided. To this end, the wall support ele-
ment model should preferably have an initial maximum
diameter which is less than a minimum diameter of the
elastic structure model adapted to the lumen.

[0015] The wall support element model may, for
example, be provided by selection from existing models
which are stored in a memory, and to which for example
an operator has access via a user interface. Virtual posi-
tioning of the wall support element model inside the
individual structure model may also be carried out with
the aid of the user interface.

[0016] In another embodiment of the method, the wall
support element model is constructed in the scope of the
simulation method, preferably by using the profile line.

[0017] Particularly preferably, the individual structure
model is fitted into the structure model so that the cen-
terline of the wall support element model extends coaxi-
ally with the profile line of the structure model.

[0018] g) Lastly stepwise virtual expansion of the wall
support element model is carried out, in a similar way as a
stent is actually deployed in reality by way of a balloon
catheter or the like. According to at least one embodiment
of the invention, a check for collisions between the wall
support element model and the individual structure model
is carried out in each expansion step. At least at the posi-
tions where a collision is identified, the wall support ele-
ment model and the individual structure model are modi-
fied at least locally while taking into account the elasticity
of the individual structure model, i.e. by using the param-
eters specitying the elasticity of the structure model.

[0019] Initial uses have shown that this method works
extraordinarily rapidly in comparison with previously known
methods, and therefore that a very accurate individual simu-
lation of the placement of a stent in an artery as possible. The
individual conditions for the use in question can be predicted
with high accuracy by using the electronic elastic structure
model. The special type of construction of the individual
elastic structure model by way of adapting a simple initial
model can be carried out without great computer outlay and
therefore particularly rapidly. Since, apart from the position-
ing, the initial model does not need to be individual, standard-
ized initial models with different starting sizes for different
vessel types can therefore be used substantially indepen-
dently of the individual vessel.

[0020] At least one embodiment of the method is therefore

particularly suitable for use immediately before an interven-

tion, for example in order to use the simulation results besides
other parameters for the selection of a suitable stent. It is,
however, specifically to be pointed out that the method is not
restricted to this application, even though it will preferably be
used in the medical field to simulate the placement of stents in
vessels or other tubular structures. In principle, the method
may be used whenever any tubular structure needs to be
reinforced by a wall support element, for example so that
defective hose sites in an engineering system, which are not
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readily replaceable, can be made fit for use again at least

temporarily with the aid of a stent-like wall support element.

[0021] The simulation device according to at least one

embodiment of the invention for carrying out the method

according to the invention comprises the following compo-
nents:

[0022] a) Animage data interface for receiving image data
which comprise at least image data of the interior of the
section of the tubular structure.

[0023] b) A position determination unit for determining a
start point and an end point of the section of the tubular
structure. This may be a unit which comprises a suitable
user interface or interacts therewith in a suitable way, so
that an operator can establish the start and end points, for
example in the image data of the tubular structure.

[0024] c¢) A lumen determination unit for determining a
lumen of the section of the tubular structure between the
start point and the end point on the basis of the image data.

[0025] d) A profile line determination unit for determining
a profile line between the start point and the end point on
the basis of the image data.

[0026] e) A structure model identification unit for identify-
ing an individual elastic structure model for the section of
the tubular structure by adapting a tubular elastic initial
model to the section of the tubular structure on the basis of
the identified lumen and the profile line.

[0027] f) A wall support element model identification unit
providing a tubular elastic wall support element model
which is positioned inside the individual structure model.
[0028] Forexample, this may be a user interface which is

designed so that an operator can select a suitable wall
support element model from a memory in which various
wall support element models are stored, and for example
position it virtually via a graphical user interface, or
assist automatic positioning.

[0029] It may however also be a unit which is for
example already capable from the previously identified
data, for example the identified lumen, the profile line
and other data about the vessel and/or the lesion, of
automatically constructing or selecting a suitable wall
support element with particular parameters, or at least
making a preselection and displaying it to the operator
for them to confirm or modify the automatic selection.

[0030] g) An expansion unit for stepwise virtual expansion
of the wall support element model, a check for collisions
between the wall support element model and the individual
structure model being carried out in each expansion step,
and the wall support element model and the individual
structure model being modified at least locally at the posi-
tions where a collision is identified, while taking into
account the elasticity of the individual structure model.

[0031] A multiplicity of the components of the simulation

device may be embodied in the form of software modules on

a suitable computer unit, for example on a control computer

of the imaging system with which the image data are identi-

fied, or on a diagnostic station which can access the image
data via a suitable image data interface. An embodiment
which is produced as far as possible in the form of software
modules has the advantage that pre-existing imaging systems,
diagnostic stations or the like can be retrofitted more easily in
order to function according to the invention. It is then expe-
dient, for example, for a suitable graphical user interface to be
available which can be used jointly by the individual software
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components, for example by the position determination unit,
the wall support element model identification unit and the
positioning unit.

[0032] The dependent claims and the rest of the description
respectively contain particularly advantageous refinements
and configurations of embodiments of the invention; the
simulation device according to at least one embodiment of the
invention may also be refined according to the dependent
claims.

[0033] Inthe method according to at least one embodiment
of the invention, a simple tubular elastic initial model is
adapted to the identified lumen of the tubular structure, so as
to generate an individual elastic structure model. This may,
for example, be done by using a cylindrical initial model
which is arbitrarily deformable along the cylinder axis. This
initial model may be placed so that the cylinder axis extends
exactly along the profile line of the relevant section of the
tubular structure. The initial model is subsequently inflated,
s0 as to adapt it to the identified lumen and exactly replicate
the inner wall of the section of the tubular structure. Here, for
example, the same method may be employed as is subse-
quently used in order to deform the individual elastic struc-
ture model with the elastic wall support element model.
[0034] Since the adaptation of the initial model to the
lumen is intended to be carried out as rapidly and accurately
as possible, the initial model is preferably assigned initial
stiffness parameters which ensure that the initial model has a
relatively low stiffness. After the adaptation to the section of
the tubular structure, the individual structure model is then
preferably assigned modified stiffness parameters to increase
the stiffness of the individual structure model, so that in the
end the individual structure model is finally no longer as
readily deformable as the initial model. The stiffness param-
eters of the individual structure model are in this case particu-
larly preferably selected so that the stiffness of the structure
model is adapted to the relevant section of the tubular struc-
ture, in particular its wall material.

[0035] The initial model, and therefore also the subsequent
individual structure model, are preferably constructed as a
wireframe model, particularly preferably with a triangular
structure. Such a wireframe model consists of node points
which are connected together by a connection lines: in the
case of a cylindrical model, for example, all the node points
lie on a cylinder surface and neighboring points connected
together by annular circumferential lines and connection
lines extending diagonally and axially, so that the entire sur-
face is composed for example of individual triangles whose
vertices respectively form the node points of the model.
[0036] The adaptation of the initial model to the section of
the tubular structure may be carried out with various methods,
for example with a finite element method. It is, however,
particularly preferable to use a method which is known as the
“active contour method” or as the “snakes” method. Such a
method is employed in digital image processing to determine
an object contour, the object contour being described by a
parametric curve whose shape, after usually manual initial-
ization, is corrected as a function of so-called internal and
external energies. The external energies are calculated from
the image content in relation to the position of the contour.
The internal energy is calculated only from the shape of the
contour.

[0037] A minimization algorithm is used to calculate the
contour shape for which the sum of all the energies reaches a
minimum. A thorough description of the method may be
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found in the publications “Snakes—Active Contour Models”
by M. Kass, A. Witkin, D. Terzopoulos in International Jour-
nal of Computervision, 1 (4): 321-331, 1987 and “Constrains
on Deformable Models; Recovering 3D Shape and Nongrid
Motion”, also by M. Kass, A. Witkin, D. Terzopoulos, in
Artificial Intelligence, 36-91-123, 1988, the entire contents of
each of which are hereby incorporated herein by reference. In
the scope of at least one embodiment of the present invention,
the initial model is adapted by minimizing the internal and
external energies to the lumen previously identified in the
image data, which in fact reflects the three-dimensional con-
tour of the inner wall of the tubular structure. This method has
been found particularly suitable for application in the scope
of at least one embodiment of the invention to determine the
individual structure model from the initial model.

[0038] Adaptation of the individual model to the section of
the tubular structure is in this case preferably carried out
while taking into account a defined external force, which
consists of a combination of an expansion force acting radi-
ally outward on a wall of the initial model and an oppositely
directed wall resistance force that represents a resistance
force of a wall of the tubular structure. For example, the two
forces may be combined in a linear combination with weight-
ing factors.

[0039] The expansion of the model is carried out stepwise,
as explained in the aforementioned publication by Kass et al.,
by deforming the model on the basis of the external and
internal forces with a particular increment in an iterative
method, and then calculating the resulting energy. The
method is continued until an energy minimum is finally
reached.

[0040] In order to select the wall resistance force as realis-
tically as possible, it is preferably calculated on the basis of
distance image data identified from the image data of the
section of the tubular structure. To this end a distance image
is identified, in which image points inside the lumen of the
section of the tubular structure have a predetermined constant
distance value, preferably the value zero. Image points out-
side the lumen of the section of the tubular structure, on the
other hand, have a distance value which depends on a dis-
tance, preferably the minimum Fuclidian distance, of the
image points from the lumen of the section of the tubular
structure. This ensures that, at the positions where the model
locally lies outside the lumen during the adaptation, the wall
resistance force which acts on the wall of the model at the
relevant point is commensurately greater as the model wall
lies further outside the lumen. This means that as the distance
increases, a stronger wall resistance force acts on the wall of
the model at the relevant site and pulls it back inward in the
direction of the lumen. In this way, particularly exact adap-
tation of the individual structure model to the contours of the
inner wall of the tubular structure is achieved.

[0041] Currently, the adaptation of the individual model to
the section of the tubular structure is carried out while taking
into account a defined internal force that includes a combi-
nation of internal component forces in various directions in
the wall of the initial model, the internal component forces
respectively being weighted with stiffhess parameters. The
greater these parameters are selected to be, the greater the
internal component forces and therefore the entire internal
force which counteracts deformation of the model by the
applied external forces. Therefore—as already described
above—itis expedient for these stiffness parameters first to be
selected at a relatively low level in the initial model, until
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optimal adaptation of the model to the lumen of the section of
the tubular structure is achieved, and then, when the indi-
vidual structure model has been generated, for the stiffness
parameters to be stepped up in order to achieve an individual
structure model which is as internally stable as possible and
whose stiffness corresponds approximately to the stiffness of
the real tubular structure.

[0042] So that the individual structure model remains in its
shape without additional outer forces, which are for example
subsequently exerted on the individual structure model by the
wall support element model, after adaptation of the initial
model to the section of the tubular structure the external force
for the individual structure model is preferably furthermore
selected according to a negative internal force of the structure
model. This means that the external forces, which were pre-
viously used to adapt the initial model to the lumen while
forming the individual structure model, are replaced only by
an external force which, except for the direction i.e. the sign,
corresponds to the internal force of the individual structure
model. As explained above, except for the increased stiffness
parameters, this in turn corresponds to the internal force of the
original initial model. The individual structure model formed
in this way is consequently stable per se without other forces.
[0043] In this individual structure model, as described, a
wall support element model may then be fitted which in
principle may be constructed just like the initial model or the
individual structure model. This means that here again it is
preferably a wireframe model, particularly preferably with a
triangular structure. The dimensions, i.e. the length and the
initial diameter, of the wall support element model should be
selected so that they correspond to the real wall support
element. Likewise, the stiffness parameters are preferably
selected accordingly in order to model the wall support ele-
ment as well as possible.

[0044] In order to then simulate the expansion of the wall
support element inside the tubular structure, an external force
must again act on this wall support element model. This is an
expansion force which preferably acts radially outward.
Other forces, which press outward spherically or in another
way, may however also be simulated. In reality, this force may
be exerted for example by placing a stent in a vessel through
a balloon catheter. An external force, which counteracts this
expansion force and ensures that the wall support element
model is pressed back radially inward, is not achieved until a
collision occurs between the wall support element model and
the elastic structure model.

[0045] If a collision between the wall support element
model and the individual structure model is established at a
position in an expansion step, for example at a node point of
the wall support element model, then a shape change of the
wall support element model and the individual structure
model is preferably carried out locally at least at this position
while taking into account a first collision force which the
structure model exerts on the wall support element model, and
a second collision force which the wall support element
model exerts on the structure model.

[0046] Preferably, the first collision force and/or the second
collision force are proportional to a penetration depth with
which the structure model and the wall support element
model overlap. This means that when the structure model lies
virtually outside the interior specified by the wall support
model at a site in a particular step, then the force which
ensures that the wall support element model is pulled back
inside the structure model at this site, or that the structure
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model is not pressed outward at this site, is proportional to the
overlap distance. To first approximation, the force definition
corresponds very well to reality and ensures that the wall
support element model is guaranteed to finally lie inside the
structure model in the simulation. The first and second colli-
sion forces may have the same magnitude but be directed
oppositely to one another.

[0047] In the individual expansion steps, the extent to
which the structure model is locally pressed outward at this
site depends not only on the collision forces but also on the
stiffnesses of the structure model and the wall support ele-
ment model, on the one hand, and the expansion force still
acting on the wall support element model on the other hand.
[0048] The expansion force may in this case be selected so
that it decreases with an increasing radius of the wall support
element model, i.e. it becomes commensurately less when the
wall support element model has already expanded more. It is
however also possible to assume a constant expansion force
throughout the simulation up to a predetermined maximum
size which in reality, for example when fitting a stent, may
correspond to the maximum diameter of the stent. After this
diameter is reached, the invention expansion force may be
reduced.

[0049] Inorderto accelerate the simulation, it is possible to
ensure that an increment in an expansion step is selected at
least locally as a function of at least one collision force iden-
tified in a preceding expansion step between the structure
model and the wall support element model. In this case, for
example, it is possible to ensure that the first expansion steps
are relatively large in order to achieve rapid expansion.
Smaller increments are not selected until a collision occurs
between the wall support element and the structure model, so
as to achieve a maximally accurate simulation.

[0050] The simulation method according to at least one
embodiment of the invention is preferably employed within a
method for driving an image display device for displaying
image data of the interior of a tubular structure. The structur-
ally individualized simulation of how a wall support element
is introduced into a section of a tubular structure is carried out
with the simulation method. This simulation result, i.e. in
particular the expanded wall support element, may then be
represented on the image display device together with the
image data of the interior of the tubular structure.

[0051] For example, the expanded wall support element
and optionally the individual structure model may simply be
superimposed with the image data on the image display
device in the appropriate position, so that it is possible to
represent how the wall support element becomes positioned
inside the tubular structure after introduction. In an example
variant, it is in this case also possible for the data from the
simulation, which describe the shape of the structure model,
to be used in order to manipulate the image data so that a
predicted shape of the tubular structure after fitting the wall
support element is represented to the user. For example, in the
case of fitting a stent in a vessel, the vessel representation
inside the tomography section images may be manipulated so
that the inner contours of the vessel correspond to the con-
tours of the structure model after fitting the wall support
element model. In this way, an operator can receive a very
realistic preview of the result of the subsequent intervention,
which facilitates selection of an appropriate stent.

BRIEF DESCRIPTION OF THE DRAWINGS
[0052] Theinvention will be explained in more detail below
with the aid of an example embodiment with reference to the
appended drawings, in which:
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[0053] FIG. 1 shows an outline representation of the intro-
duction of a stent for treating a carotid stenosis,

[0054] FIG. 2 shows a schematic representation of a com-
puter tomography section image through a carotid artery with
two stenosis sites and a central line through the carotid artery
along the branch with the stenosis sites.

[0055] FIG. 3 shows a schematic representation of such a
central line and radial rays extending therefrom to explain the
structure of and elastic structure model,

[0056] FIG. 4 shows a representation of the computer
tomography section image of the carotid artery, as in FIG. 2,
but now with an initial model extending along the central line,
[0057] FIG. 5 shows a representation of the carotid artery,
as in FIG. 4, this time with an individual structure model
adapted to the lumen of the carotid artery,

[0058] FIG. 6 shows a representation of the structure model
according to FIG. 5 with a stent model arranged in it before
expansion,

[0059] FIG. 7 shows a schematic representation to explain
the structure of a triangular wireframe model as a stent model
and to explain the check for collisions with a structure model,
[0060] FIG. 8 shows two further representations to explain
the collision check between the stent model and the structure
model,

[0061] FIG.9 shows a representation of the structure model
containing with a stent model, as in FIG. 7, but now with an
expanded stent model,

[0062] FIG. 10 shows an overlay of the model according to
FIG. 9 with the computer tomography section image accord-
ing to FIG. 2,

[0063] FIG. 11 shows a flowchart to represent a possible
sequence of a simulation method according to an embodi-
ment of the invention,

[0064] FIG.12 shows a schematic block diagram of a simu-
lation device according to an embodiment of the invention.

DETAILED DESCRIPTION OF THE EXAMPLE
EMBODIMENTS

[0065] Various example embodiments will now be
described more fully with reference to the accompanying
drawings in which only some example embodiments are
shown. Specific structural and functional details disclosed
herein are merely representative for purposes of describing
example embodiments. The present invention, however, may
be embodied in many alternate forms and should not be
construed as limited to only the example embodiments set
forth herein.

[0066] Accordingly, while example embodiments of the
invention are capable of various modifications and alternative
forms, embodiments thereof are shown by way of example in
the drawings and will herein be described in detail. It should
be understood, however, that there is no intent to limit
example embodiments of the present invention to the particu-
lar forms disclosed. On the contrary, example embodiments
are to cover all modifications, equivalents, and alternatives
falling within the scope of the invention. Like numbers refer
to like elements throughout the description of the figures.
[0067] It will be understood that, although the terms first,
second, etc. may be used herein to describe various elements,
these elements should not be limited by these terms. These
terms are only used to distinguish one element from another.
[0068] For example, a first element could be termed a sec-
ond element, and, similarly, a second element could be
termed a first element, without departing from the scope of
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example embodiments of the present invention. As used
herein, the term “and/or,” includes any and all combinations
of one or more of the associated listed items.

[0069] It will be understood that when an element is
referred to as being “connected,” or “coupled,” to another
element, it can be directly connected or coupled to the other
element or intervening elements may be present. In contrast,
when an element is referred to as being “directly connected,”
or “directly coupled,” to another element, there are no inter-
vening elements present. Other words used to describe the
relationship between elements should be interpreted in a like
fashion (e.g., “between,” versus “directly between,” “adja-
cent,” versus “directly adjacent,” etc.).

[0070] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended to
be limiting of example embodiments of the invention. As used
herein, the singular forms “a,” “an,” and “the,” are intended to
include the plural forms as well, unless the context clearly
indicates otherwise. As used herein, the terms “and/or” and
“at least one of” include any and all combinations of one or
more of the associated listed items. It will be further under-
stood that the terms “comprises,” “comprising,” “includes,”
and/or “including,” when used herein, specitfy the presence of
stated features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addition of
one or more other features, integers, steps, operations, ele-
ments, components, and/or groups thereof.

[0071] It should also be noted that in some alternative
implementations, the functions/acts noted may occur out of
the order noted in the figures. For example, two figures shown
in succession may in fact be executed substantially concur-
rently or may sometimes be executed in the reverse order,
depending upon the functionality/acts involved.
[0072] Spatially relative terms, such as “beneath”,
“below”, “lower”, “above”, “upper”, and the like, may be
used herein for ease of description to describe one element or
feature’s relationship to another element(s) or feature(s) as
illustrated in the figures. It will be understood that the spa-
tially relative terms are intended to encompass different ori-
entations of the device in use or operation in addition to the
orientation depicted in the figures. For example, if the device
in the figures is turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, term such as
“below” can encompass both an orientation of above and
below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein are interpreted accordingly.

[0073] Although the terms first, second, etc. may be used
herein to describe various elements, components, regions,
layers and/or sections, it should be understood that these
elements, components, regions, layers and/or sections should
not be limited by these terms. These terms are used only to
distinguish one element, component, region, layer, or section
from another region, layer, or section. Thus, a first element,
component, region, layer, or section discussed below could be
termed a second element, component, region, layer, or section
without departing from the teachings of the present invention.
[0074] The following example embodiment involves the
simulation of the introduction of a stent S into a carotid artery
G. For simplicity, therefore, the term “stent model” will also
beused instead of the term “wall support element model”, and
the term “vessel model” or “carotid model” will be used
instead of “structure model”. Embodiments of the invention
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are however expressly not restricted to this application, but
may also be used for the introduction of a stent into other
vessels or other tubular structures in the body, for example an
esophagus, trachea or the like. Likewise, as already explained
in the introduction, embodiments of the invention may pos-
sibly be employed in the non-medical field when stent-like
inserts need to be fitted into tubes or hoses in engineering
systems or the like.

[0075] FIG.1 shows an outline of the introduction of a stent
S into a vessel G, and has already been explained in the
introduction.

[0076] FIGS. 2 to 10 contain various graphical representa-
tions to explain individual method steps of the method, and
FIG. 11 shows an overview of a possible overall sequence of
the method in the form of a flowchart.

[0077] In a first method step [ according to FIG. 11, image
data are read in, for example magnetic resonance tomography
data or computer tomography data, which have previously
been made by a corresponding system of the patient’s relevant
vascular region for which the current simulation is intended to
be carried out. FIG. 2 schematically represents a two-dimen-
sional computer tomography section image of the vessel G,
i.e. here a carotid artery G, with two stenosis sites L.

[0078] Before a simulation of the stenosis placement can be
carried out, the three-dimensional image data BD, on the
basis of which for example the section image according to
FIG. 2 was generated, are preprocessed by segmenting the
vessel in the image data BD. To this end a start point SP and
an end point EP, which define the section of the carotid artery
G to be addressed within the simulation method, are initially
marked in step II. The start point SP and the end point EP may,
for example, be set by the operator by means of a suitable
graphical user interface.

[0079] In step III, the segmentation of the lumen of the
vessel can be carried out. To this end a seed point-based
region growth method may be used, which classifies the vox-
els inside the vessel by their intensity values. The start point
SP and/or the end point EP may be employed as seed points
for the region growth method. Such seed point-based region
growth methods are known to the person skilled in the art and
need not therefore be explained in detail here. The contours of
the inner wall of the vessel to be addressed can also be
identified by the segmentation of the lumen of the vessel.
[0080] Subsequently, in a step IV, a centerline through the
vessel section is determined and a so-called distance image is
furthermore calculated from the image data. The determina-
tion of the centerline VI, may be carried out with various
known methods, for example the Dijkstra algorithm. A skel-
etization algorithm is preferably used, as is described in the
publication “New Vessel Analysis Tool for Morphometric
Quantification and Visualization of Vessels in CT and MR
Imaging Data Sets” by T. Boskamp, D. Rinck, F. Link, B.
Kuemmerlen, G. Stamm and P. Mildenberger in Radiograph-
ics 24, 2004, the entire contents of which are hereby incor-
porated herein by reference.

[0081] Inorderto compilethe distance image, all the voxels
inside the lumen of the vessel G simply assigned the distance
value zero. Voxels outside the lumen receive a value which
represents the minimum Euclidean distance to the inner wall
contout, i.e. to the contour of the lumen.

[0082] The individual vessel model is subsequently identi-
fied in steps V and VI, and an initial stent model is provided or
generated in step VII. As represented in FIG. 11, these steps
may take place in parallel. In principle, however, it is also
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possible to carry out these steps in succession, for example
initially identifying the individual vessel model in steps V and
VI and then the initial stent model.

[0083] The identification of the vessel model MW is ini-
tially carried out with an identification of an initial model
MWI in step V. In order to construct this initial model, rays
extending radially outward with a particular length from the
centerline VL are respectively identified at points lying on the
centerline VL at particular, preferably equidistant spacings
between the start point SP and the end point EP. This is
represented in FIG. 3. The length of the rays is selected so that
it lies below the minimum radius of the vessel lumen in the
section to be modeled. The end points resulting from this,
which respectively lie on a circular line around the point on
the centerline VL from which the rays radiate, are then the
node points of the initial model MWI. They are respectively
connected together to form triangular surfaces, as is shown in
the representation on the left-hand side of FIG. 7. This creates
a grid network with a cylindrical surface composed of trian-
gular faces, this initial model being adapted in its length
profile to the centerline VL of the vessel G, since the centroids
of the node points respectively lying on a circular ring lie
exactly on the centerline VL.

[0084] FIG. 4 shows the situation in which the initial model
MWI extends between the start point SP and the end point EP
along the centerline VL through the carotid artery G.

[0085] In a next step VI, this initial model MW is then
adapted to the contours of the lumen of the vessel G in a
three-dimensional active contour method, similarly as is
described in detail in the documents by Kass et al. already
cited above, the entire contents of which are hereby incorpo-
rated herein by reference.

[0086] In the scope of the active contour method, external
and internal forces which deform the initial model MWTI are
simulated. The deformation of the model wall takes place so
that the energy function

1 1 (1)
E= f f Eine(W(5, D) + Eou (05, D)dsdlt
1=0+/5=0

is minimized. In this case, the variable v(s,t) represents the
surface points of the model, s and t being cylindrical coordi-
nates which are defined here so that they range from 0 to 1,
although they may also be normalized in any other desired
way. For example, s may be the axial coordinate which speci-
fies the position of a ring along the centerline VL, and t the
angle coordinate i.e. the orientation of the surface point on the
respective ring.

[0087] E,,, are the internal energy is in the model and E__,
the external energies. E is the resulting total energy. The
external energy E__, is given by the external force F_ , which
is in turn composed of two individual external forces F,, and
F_,, according to

L L D @

[0088] Here, w,,, and w,,, are two weighting functions
which determine the ratio mutual of the forces and the level of
the total external force F_,. They may, for example, be
selected between 0.5 and 1.0. The force F,_, is an expansion
force, which has a dilating effect on the initial model MWI
and presses the individual node points of the initial model
MWI radially outward against the wall of the carotid artery G.
The direction thus corresponds to the arrow directions in FIG.
3. In order to calculate this expansion force F, ,, the centroid
is calculated for each ring of the initial model MWI unless it
is already known from the compilation of the initial model, or
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has been stored, or if for example forces are actually intended
to be calculated at all points on the triangular surfaces for the
expansion. The vectors from the central point of each ring to
the points on the ring can then be calculated, similarly to the
radial rays which are represented in FIG. 3. The vectors then
represent the direction of the expansion forces F,,,, which act
on the ring at each individual point.

[0089] The force F,, is a vessel wall force, which acts
inward when the vessel model emerges from the lumen at a
site during the active contour method, i.e. when the model lies
outside the vessel wall during the adaptation of the model.
The absolute value of this force F, is given by the equation

exp?

F,,=D(x, y, 2)VD(x, y, 7). 3)

[0090] Dx(x,y,z) is the aforementioned distance image of the
segmented vessel G, (x,y,z) indicating the coordinates of a
particular voxel position. In this way, the resistance of the
vessel wallis simulated. The vessel wall force F , is therefore
proportional to this distance image value D(X,y,z) and to the
gradient VD(x,y,z).

[0091] The elastic behavior of the initial model MWI, or of
the individualized vessel model MW developed using it, is
simulated by internal forces E,,,, in a horizontal, vertical and
diagonal direction. For the horizontal and vertical forces, the
first and second partial derivatives of the coordinates s and t
are calculated. The mixed derivatives for the diagonal forces
are additionally required in order to obtain the function of the
internal energy E, ..

Ep = @
Av(s, 1) av(s, 1) 8 v(s, 1) (s, 1) (s, 1)
My TMTar TMTes ™Mz T o
[0092] Each derivative has a weighting factor w,, i=1 to 5.

These define the stiffness behavior of the model wall. The
greater the weighting factors w, are, the stiffer the model is.
The weighting factor w, determines the stiffness in the lon-
gitudinal direction of the model, and the weighting factor w,
determines the stiffness in the circular direction i.e. along the
individual rings. The other weighting factors w;, w,, Wy
respectively determine the diagonal stiffnesses. The weight-
ing factors w,, i.e. the stiffness parameters for the individual
coordinates of the initial model MWI, or of the vessel model
MW, may respectively be combined in a stiffness matrix and
stored, so that they can then be accessed later in the method.
So that the initial model MWI can be adapted sufficiently
accurately to the contours ofthe vessel G in a short computing
time w,, small values are preferably selected for the weighting

factors, for example values of 0.1 or less.

[0093] The internal forces F,, , are given as the derivative of
this internal energy E, . i.e.F, =VE, .Likewise,F_=VE_ ..
In order to achieve the objective that the energy function
defined in Equation (1) and the minimized, the following

Euler-Lagrange equation may accordingly be solved:

VE. < 6( Bv] 6( 6v]+ (5)
TV e =T 5T Wla T Wzm
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[0094] Solution methods required for this are known to the
person skilled in the art; for example, solution methods may
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be found in the cited documents by Kass et al. In particular,
numerical solution of the equation is also possible within the
simulation method.

[0095] FIG. 5 shows the individualized vessel model MW,
adapted to the inner contour of the vessel G, which is super-
imposed with the image data BD of the vessel G.

[0096] After the initial model MWTI has thus been adapted
to the contours of the lumen of the vessel G final compilation
of'the individualized vessel model MW requires modification
of the internal and external forces. On the one hand, the
stiffness matrix is modified so that the physical stiffness
behavior is modeled as realistically as possible by the large
internal forces actually existing in the vessel wall, i.e. the
individual stiffness parameters or weighting factors w, are
stepped up, for example to a value of between 0.5 and 1.
Furthermore, the individualized vessel model MW should
also be stable per se even without external forces. This means
that the vessel model MW should be kept in an equilibrium
state with the stiffness matrix then obtained, but without
deriving the reaction force of the wall from the rigid segmen-
tation of the data set. To this end, instead of the previous
external forces F__, as were specified according to Equation
(2) for the initial model MWI, only one external force F_,;;-1s
now defined which is set equal to the internal forces F,,,, in this
deformation state.

Fexw==VEp™Fi Q)

=

[0097] Owing to this quasi-plastic deformation, the vessel
model MW remains unchanged in the following iteration
steps unless a further external force acts on the vessel model
MW. In order to obtain the negative internal forces for deter-
mining the external forces F__,;;-according to Equation (6), an
iteration step is carried out without external energies, and the
differences between the grid coordinates before and after the
iteration step are compared.

[0098] The generation of the stent model MS in step VIl is
carried out similarly to the generation of the initial model
MWI. The stent model then in principle has the same surface
topology as the initial model MWI, i.e. it is also an essentially
cylindrical model in which the nodes are arranged on rings on
different centerline planes. The only difference is that the
length of the stent model MS is less than the length of the
vessel model MW. This is preferably selected so that it cor-
responds to the length of a real stent selected for the case in
question. Likewise, the initial radius of the rays radiating
from the centerline VL (cf. FIG. 3) will be selected according
to the radius of the desired stent before expansion of the stent.
This stent radius must thus be selected so that itis less than the
minimum radius of the lumen, and naturally also less than the
minimum radius of the vessel, from the site at which the
catheter is inserted into the vessel to the site where the stent is
intended to be positioned, so as to be able to take the stent
through the catheter to the appropriate position.

[0099] FIG. 6 shows the individualized vessel model MW
generated according to the preceding method steps with the
unexpanded stent model MS, after it has been positioned
there with the (virtual) catheter, for example by the operator
having specified by way of a user interface the distance at
which, i.e. where on the centerline VL, the stent model MS
with the defined length is intended to lie before expansion
inside the vessel model MW. This may be done by defining a
start point or an end point for the stent model, similarly as the
start point SP and the end point EP were established for the
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vessel model MW. If the length of the stent or the stent model
MS is specified, then defining a point is sufficient for the
positioning.

[0100] In step IX, the stent model MS is then expanded.
This again requires an expansion force F, s, which for
example in reality is generated by a balloon catheter and
presses the stent outward. This means that an external force
F_,,s according to the equation

sztS:szpSszps 7

acts on the stent at the start of the expansion (similarly to
Equation (2)).

[0101] Furthermore, here again the elastic behavior of the
stent model MS may be taken into account through internal
forces in a horizontal, vertical and diagonal direction simi-
larly to Equation (4).

[0102] The crucial point is that collisions between the ves-
sel model MW and the stent model MS occur during the
expansion ofthe stent model MS. This leads to deformation of
the vessel model MW, which is represented by method step
VII in FIG. 11. To this end, in method step X, the collisions
between the stent model MS and the vessel model MW are
continuously determined during the expansion of the stent
model MS. The collision detection is based on a method such
as is described in more detail for example in DE 10 2007 039
207 A1, the entire contents of which are hereby incorporated
herein by reference. In order to check whether a collision has
taken place at a particular point, rays are constructed in each
iteration step, starting from points which lie inside the stent
model MS and extending two points of the stent model MS
which are intended to be checked for collision. This proce-
dure is schematically represented in FIGS. 7 and 8.

[0103] The left-hand side of FIG. 7 shows the stent model
MS composed of triangular faces, and the central illustration
shows the way in which the rays R are constructed starting
from points inside the model, these points respectively being
the centroids for each ring C and the rays R extending from
these points respectively to the corresponding ring points on
the surface of the stent model MS (see central picture). The
right-hand representation then merely shows the constructed
radial rays R which are used in order to check for a collision
with the vessel model.

[0104] This check is schematically visualized in FIG. 8.
There, the left-hand side represents a section of the vessel
model MW, in the interior of which the above-explained
radially extending rays R ofthe stent model are shown, which
here symbolize the stent model MS. The right-hand side
represents by way of example a situation in which a collision
has occurred between the stent model and the vessel model
MW, which is demonstrated by the fact that one of the radial
rays R of the stent model passes through a triangular face T of
the vessel model MW. A suitable method for determining
intersections of rays having a defined length with triangular
faces is described, for example, in the publication “Fast,
Minimum Storage Ray-Triangle Intersection” by T. Mdller
and B. Trumbore in Journal of Graphic Tools, 2 (1): 21-28,
1997, the entire contents of which are hereby incorporated
herein by reference. It is thus merely necessary to check
whether such an intersection occurs.

[0105] When a collision occurs between the stent model
and the vessel model, the stent model presses against the
vessel model MW from the inside and expands it. The forces
acting on the triangular face of the vessel model MW are
symbolized in FIG. 8 by arrows at the node points. The extent
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to which the stent model MS can expand, and how the vessel
model can be deformed MW, depend here essentially on the
stiffness parameters of the stent model MS and of the vessel
mode]l MW.

[0106] Inorder to describe the interaction between the ves-
sel model and the stent model more accurately in the simula-
tion, the external forces F, ,cand F__,;-of the stent model and
of the wall model are augmented by corresponding collision
forces Feorw, peorst

F i W expsl expstE corw (8a)
F o=V FionitFcols (8b)
[0107] So long as no collision occurs, the collision forces

F coiss Fcorm-are equal to zero and the vessel model MW does
not change during the iteration steps in the expansion of the
stent model MS. As soon as a collision occurs, the collision
forces may for example be selected according to the follow-
ing equation locally at the respective point where the collision
has taken place:

Feom=Ccomd (9a)
Feos=Ceosd (9b)
[0108] This means that the collision forces F ;- F ;5 are

oppositely directed and defined proportionally to a penetra-
tion depth d, which indicates how far the respective radial ray
R of the stent model has penetrated through the triangular face
T of the vessel model, as represented in FIG. 8. The factors
Ceom and c.,;c may in particular also be selected to be
equally large, so as to represent that the collision forces on the
two models are each of equal size and merely oppositely
directed in vector terms.

[0109] Whenthe balloon force F,,, s which presses the stent
model MS outward is selected to be large enough, the effect of
this is that the stent model MS is capable of expanding up to
its maximum diameter which may be specified, for example,
by the internal forces of the stent model MS but also by the
definition of the balloon force F_ ;. Expansion to the maxi-
mum diameter then ensures that the vessel model MW is
widened accordingly, as represented in FIG. 9.

[0110] Such an image may, for example, be displayed in
step XI as the result of the simulation. Furthermore, as an
alternative or in addition, it is possible to present a display of
the simulation result according to FIG. 9 simultaneously with
asuperimposed CT image of the vessel G, as is schematically
represented in FIG. 10. It is in this case also possible to use the
simulation results in order to virtually visualize the walls of
the vessel and its expansions by corresponding manipulations
of'the CT image, i.e. the stenoses L are pressed outward here
and the vessel G, in the region of the stent S, again has a
diameter which ensures sufficient flow.

[0111] The simulation results may furthermore, for
example, be used in a step XII in order to select a suitable
stent, i.e. a stent with a suitable length, suitable initial and
maximum diameter and suitable stiffness. All these values
have in fact been taken into account in the simulation, and
accordingly may also be interrogated by the operator. Con-
versely, it is also possible for the operator to select a defined
initial stent model MS matching a particular a real stent, so
that all the internal forces, the initial radius, the length and the
maximum deployment radius for the stent model MS are then
specified automatically. If the simulation does not lead to a
satisfactory result, the operator may select a new stent model
MS for another stent, in order to check whether improved
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results are thereby obtained. This means that the steps VII to
XII may be carried out several times in the scope of the
method according to the invention with different stent models
MS, so as to obtain an optimal result in step XII for the stent
selection.

[0112] FIG. 12 shows a schematic image of a simulation
device 10 according to an embodiment of the invention,
which is embodied here primarily in the form of software
modules on a computer unit 2, for example by the software
modules being implemented on a processor or a plurality of
interacting processes. The computer unit 2 has a terminal
interface 7, via which a terminal 3 is connected to a display
device 4, for example a conventional monitor. A raw data
interface 5 allows connection to a computer tomography
instrument 1, in which a patient P can be positioned. Then, for
example, raw data RD are acquired in the computer tomog-
raphy unit instrument 1, transferred to the interface 5 and
from there on to an image reconstruction device 6 so as to
reconstruct computer tomography image data BD of a vessel
of the patient P, in whom a stent is to be fitted.

[0113] The image data BD generated in this way are trans-
ferred to an image data interface 11 of the simulation device
10.

[0114] A position determination unit 12 is used to deter-
mine the start point SP and the end point EP of the section of
the vessel. This position determination unit 12 interacts with
the terminal 3 in that the image of the vessel is represented on
the display device 4 with a graphical user interface, and the
user can set the points SP, EP with a suitable peripheral
device, for example a mouse (not shown).

[0115] The illuminant determination unit 13 is used to seg-
ment the lumen of the vessel G in the manner described above
with a region growth method. A distance image may further-
more be generated in this lumen determination unit 13.
[0116] In a profile online determination unit 14, the center-
line VL of the section of the vessel G is then identified in the
manner described above.

[0117] The centerline VL and the lumen LU are further-
more used in a structure model identification unit 15 in order
to generate an individual elastic structure model MW or ves-
sel model MW from and elastic initial model MWI in the
manner described above. The individual vessel model MW
generated in this way may then, for example, be presented to
the operator on the display device 4 (see FIG. 6).

[0118] A wall support element model identification unit 16
with a positioning unit 17 is used to select a stent model MS
and position it appropriately, as was described above. To this
end finished stent models, or at least certain parameters for
various real stents, may be stored in a memory 8.

[0119] An expansion unit 18 is lastly used to virtually
expand the stent model MS stepwise in the manner described
above, while respectively taking into account collisions
between the stent model MS and the individual vessel model
MW and deforming the vessel model MW accordingly.
[0120] Theresultis processed with a visualization device 9,
which may also superimpose the result of the image data BD
as described above, and finally delivered to the operator on
the display 4 (see FIG. 10).

[0121] As the present example embodiment shows, the
invention thus offers a very rapid and practical method, and a
corresponding simulation device, for a simulating the place-
ment of the stent in a vessel. The elastic method takes into
account the real wall vessel. Only very few interactions by the
operator are required for the simulation, for example select-
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ing a stent model and determining the start and end points of
the section of the vessel which is intended to be addressed in
the simulation. In particular, it is possible to compile the
individualized vessel model fully automatically and extraor-
dinarily rapidly.

[0122] To conclude, it is once more to be pointed out that
the method described in detail above and the simulation
device merely constitute preferred example embodiments,
which may be modified in a wide variety of ways by the
person skilled in the art without departing from the scope of
the invention, as it is specified by the claims. For the sake of
completeness, it is also to be pointed out that the use of the
indefinite article “a” or “an” does not exclude the possibility
that there may also be several of the relevant features present.
Likewise, the terms ““unit” or “module” etc. do not exclude the
possibility that they may consist of a plurality of components
which, optionally, may even be spatially distributed.

[0123] The patent claims filed with the application are for-
mulation proposals without prejudice for obtaining more
extensive patent protection. The applicant reserves the right
to claim even further combinations of features previously
disclosed only in the description and/or drawings.

[0124] The example embodiment or each example embodi-
ment should not be understood as a restriction of the inven-
tion. Rather, numerous variations and modifications are pos-
sible in the context of the present disclosure, in particular
those variants and combinations which can be inferred by the
person skilled in the art with regard to achieving the object for
example by combination or modification of individual fea-
tures or elements or method steps that are described in con-
nection with the general or specific part of the description and
are contained in the claims and/or the drawings, and, by way
of combineable features, lead to a new subject matter or to
new method steps or sequences of method steps, including
insofar as they concern production, testing and operating
methods.

[0125] References back that are used in dependent claims
indicate the further embodiment of the subject matter of the
main claim by way of the features of the respective dependent
claim; they should not be understood as dispensing with
obtaining independent protection of the subject matter for the
combinations of features in the referred-back dependent
claims. Furthermore, with regard to interpreting the claims,
where a feature is concretized in more specific detail in a
subordinate claim, it should be assumed that such a restriction
is not present in the respective preceding claims.

[0126] Since the subject matter of the dependent claims in
relation to the prior art on the priority date may form separate
and independent inventions, the applicant reserves the right to
make them the subject matter of independent claims or divi-
sional declarations. They may furthermore also contain inde-
pendent inventions which have a configuration that is inde-
pendent of the subject matters of the preceding dependent
claims.

[0127] Further, elements and/or features of different
example embodiments may be combined with each other
and/or substituted for each other within the scope of this
disclosure and appended claims.

[0128] Still further, any one of the above-described and
other example features of the present invention may be
embodied in the form of an apparatus, method, system, com-
puter program, computer readable medium and computer
program product. For example, of the aforementioned meth-
ods may be embodied in the form of a system or device,
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including, but not limited to, any of the structure for perform-
ing the methodology illustrated in the drawings.

[0129] Even further, any of the aforementioned methods
may be embodied in the form of a program. The program may
be stored on a computer readable medium and is adapted to
perform any one of the aforementioned methods when run on
a computer device (a device including a processor). Thus, the
storage medium or computer readable medium, is adapted to
store information and is adapted to interact with a data pro-
cessing facility or computer device to execute the program of
any of the above mentioned embodiments and/or to perform
the method of any of the above mentioned embodiments.
[0130] The computer readable medium or storage medium
may be a built-in medium installed inside a computer device
main body or a removable medium arranged so that it can be
separated from the computer device main body. Examples of
the built-in medium include, but are not limited to, rewrite-
able non-volatile memories, such as ROMs and flash memo-
ries, and hard disks. Examples of the removable medium
include, but are not limited to, optical storage media such as
CD-ROMs and DVDs; magneto-optical storage media, such
as MOs; magnetism storage media, including but not limited
to floppy disks (trademark), cassette tapes, and removable
hard disks; media with a built-in rewriteable non-volatile
memory, including but not limited to memory cards; and
media with a built-in ROM, including but not limited to ROM
cassettes; etc. Furthermore, various information regarding
stored images, for example, property information, may be
stored in any other form, or it may be provided in other ways.
[0131] Example embodiments being thus described, it will
be obvious that the same may be varied in many ways. Such
variations are not to be regarded as a departure from the spirit
and scope of the present invention, and all such modifications
as would be obvious to one skilled in the art are intended to be
included within the scope of the following claims.

What is claimed is:

1. A method for structurally individualized simulation of
the introduction of a wall support element into a section of a
tubular structure, the method comprising:

providing image data, which includes at least image data of

the interior of the section of the tubular structure;
determining a start point and an end point of the section of
the tubular structure;

determining a lumen of the section of the tubular structure

between the start point and the end point on the basis of
the image data;

determining a profile line between the start point and the

end point on the basis of the image data;
identifying an individual elastic structure model for the
section of the tubular structure by adapting a tubular
elastic initial model to the section of the tubular structure
on the basis of the identified lumen and the profile line;

providing a tubular elastic wall support element model
which is positioned inside the individual structure
model; and

stepwise virtual expanding of the wall support element

model, a check for collisions between the wall support
element model and the individual structure model being
carried out in each virtual expanding step, and the wall
support element model and the individual structure
model being modified at least locally at the positions
where a collision is identified, while taking into account
the elasticity of the individual structure model.
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2. The method as claimed in claim 1, wherein initial stiff-
ness parameters are assigned to the initial model, and wherein
modified stiffness parameters are assigned to the individual
structure model after the adaptation to the section of the
tubular structure, in order to increase the stiffness of the
individual structure model.

3. The method as claimed in claim 1, wherein the stiffness
parameters of the individual structure model are selected so
that the stiffness of the individual structure model is adapted
to the relevant section of the tubular structure.

4. The method as claimed in claim 1, wherein at least one of
the initial model and the wall support element model are
constructed as a wireframe model.

5. The method as claimed in claim 1, wherein the adapta-
tion of the individual model to the section of the tubular
structure is carried out with an active contour method.

6. The method as claimed in claim 1, wherein an adaptation
ofthe individual model to the section of the tubular structure
is carried out while taking into account a defined external
force, which includes a combination of an expansion force
acting outward on a wall of the initial model and a wall
resistance force that represents a resistance force of a wall of
the tubular structure.

7. The method as claimed in claim 6, wherein the wall
resistance force is calculated on the basis of a distance image
data identified from the image data of the section of the
tubular structure, image points inside the lumen of the section
of the tubular structure having a constant distance value and
image points outside the lumen of the section of the tubular
structure having a distance value which depends on a distance
of'the image point from the lumen of the section of the tubular
structure.

8. The method as claimed in claim 1, wherein an adaptation
ofthe individual model to the section of the tubular structure
is carried out while taking into account a defined internal
force that includes a combination of internal component
forces in various directions in the wall of the initial model,
which are respectively weighted with stiffness parameters.

9. The method as claimed in claim 6, wherein after the
adaptation of the initial model to the section of the tubular
structure, the external force for the individual structure model
is selected according to a negative internal force of the indi-
vidual structure model.

10. The method as claimed in claim 1, wherein, when a
collision between the wall support element model and the
individual structure model takes place at a position in an
expansion step, a shape change of the wall support element
model and the individual structure model is carried out at least
atthis position while taking into account a first collision force
which the structure model exerts on the wall support element
model, and a second collision force which the wall support
element model exerts on the structure model.

11. The method as claimed in claim 10, wherein at least one
of the first collision force and the second collision force are
proportional to a penetration depth with which the structure
model and the wall support element model overlap.

12. The method as claimed in claim 10, wherein an incre-
ment in an expansion step is selected at least locally as a
function of at least one collision force identified in a preced-
ing expansion step between the structure model and the wall
support element model.

13. The method as claimed in claim 1, wherein the wall
support element is a stent and the tubular structure is a vessel.
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14. A method for driving an image display device for
displaying image data of the interior of a tubular structure,
wherein a structurally individualized simulation of the intro-
duction of a wall support element into a section of a tubular
structure is carried out with a simulation method as claimed in
claim 1, and the simulation result is represented on the image
display device together with the image data of the interior of
the tubular structure.

15. A simulation device for structurally individualized
simulation of the introduction of a wall support element into
a section of a tubular structure, comprising:

an image data interface to receive image data which
include at least image data of the interior of the section of
the tubular structure;

aposition determination unit to determine a start point and
an end point of the section of the tubular structure;

a lumen determination unit to determine a lumen of the
section of the tubular structure between the start point
and the end point on the basis of the image data;

aprofile line determination unit to determine a profile line
between the start point and the end point on the basis of
the image data;

a structure model identification unit to identify an indi-
vidual elastic structure model for the section of the tubu-
lar structure by adapting a tubular elastic initial model to
the section of the tubular structure on the basis of the
identified lumen and the profile line;

awall support element model identification unit to provide
a tubular elastic wall support element model which is
positioned inside the individual structure model; and

an expansion unit to stepwise virtually expand the wall
support element model, a check for collisions between
the wall support element model and the individual struc-
ture model being carried out in each expansion step, and
the wall support element model and the individual struc-
ture model being modified at least locally at the posi-
tions where a collision is identified, while taking into
account the elasticity of the individual structure model.

16. A computer readable medium including program seg-
ments for, when executed on a computer device, causing the
computer device to implement the method of claim 1.

17. A computer readable medium including program seg-
ments, which can be loaded directly into a memory of a
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computer unit for, when executed on a computer device,
causing the computer device to implement the method of
claim 1.

18. A simulation device for structurally individualized
simulation of the introduction of a wall support element into
a section of a tubular structure, comprising:

image data interface means for receiving image data which

include at least image data of the interior of the section of
the tubular structure;

position determination means for determining a start point

and an end point of the section of the tubular structure;
lumen determination means for determining a lumen of the
section of the tubular structure between the start point
and the end point on the basis of the image data;
profile line determination means for determining a profile
line between the start point and the end point on the basis
of the image data;

structure model identification means for identifying an

individual elastic structure model for the section of the
tubular structure by adapting a tubular elastic initial
model to the section of the tubular structure on the basis
of the identified lumen and the profile line;

wall support element model identification means for pro-

viding a tubular elastic wall support element model
which is positioned inside the individual structure
model; and

expansion means for stepwise virtual expansion of the wall

support element model, a check for collisions between
the wall support element model and the individual struc-
ture model being carried out in each expansion step, and
the wall support element model and the individual struc-
ture model being modified at least locally at the posi-
tions where a collision is identified, while taking into
account the elasticity of the individual structure model.

19. The method as claimed in claim 2, wherein the stiffness
parameters of the individual structure model are selected so
that the stiffness of the individual structure model is adapted
to the relevant section of the tubular structure.

20. The method as claimed in claim 2, wherein at least one
of the initial model and the wall support element model are
constructed as a wireframe model.
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