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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 pro?le 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 identi?ed by 
adapting a tubular elastic initial model to the section of the 
tubular structure on the basis of the identi?ed lumen and the 
pro?le 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 identi?ed, the 
wall support element model and the individual structure 
model are modi?ed 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 ?led Jun. 6, 2008 and EP08010365 ?led 
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 ?eld, 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 modi?cations 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 ?tting 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 
A1. A Wireframe model of a stent is ?tted 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 tomo graph 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 ?nite 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 ?nite 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-speci?c 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] In at least 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 
suf?ciently Well in a relatively short time. 
[0008] The method according to at least 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) In addition, the lumen of the 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 pro?le 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 pro?le 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 identi?cation 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 identi?ed lumen and the pro?le 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 pro?le line. 

[0017] Particularly preferably, the individual structure 
model is ?tted into the structure model so that the cen 
terline of the Wall support element model extends coaxi 
ally With the pro?le 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 identi?ed, the Wall support ele 
ment model and the individual structure model are modi 
?ed at least locally While taking into account the elasticity 
of the individual structure model, i.e. by using the param 
eters specifying 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, speci?cally to be pointed out that the method is not 
restricted to this application, even though it Will preferably be 
used in the medical ?eld 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 ?t 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) An image 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 pro?le line determination unit for determining 
a pro?le line betWeen the start point and the end point on 
the basis of the image data. 

[0026] e) A structure model identi?cation 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 identi?ed lumen and the pro?le line. 

[0027] f) A Wall support element model identi?cation unit 
providing a tubular elastic Wall support element model 
Which is positioned inside the individual structure model. 
[0028] For example, 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 identi?ed 
data, for example the identi?ed lumen, the pro?le 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 con?rm 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 modi?ed at least locally at the posi 
tions Where a collision is identi?ed, 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 
?ed, 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 retro?tted 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 identi?cation unit and the 
positioning unit. 
[0032] The dependent claims and the rest of the description 
respectively contain particularly advantageous re?nements 
and con?gurations of embodiments of the invention; the 
simulation device according to at least one embodiment of the 
invention may also be re?ned according to the dependent 
claims. 
[0033] In the method according to at least one embodiment 
of the invention, a simple tubular elastic initial model is 
adapted to the identi?ed 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 pro?le line of the relevant section of the 
tubular structure. The initial model is subsequently in?ated, 
so as to adapt it to the identi?ed 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 modi?ed stiffness parameters to increase 
the stiffness of the individual structure model, so that in the 
end the individual structure model is ?nally 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 
ver‘tices 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 ?nite 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 “SnakesiActive 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 
Arti?cial 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 identi?ed in the 
image data, Which in fact re?ects 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 de?ned 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 ?nally 
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 identi?ed from the image data of the 
section of the tubular structure. To this end a distance image 
is identi?ed, 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 Euclidian 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 de?ned 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 stiffness 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. Thereforeias already described 
aboveiit is expedient for these stiffness parameters ?rst 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 ?tted 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 ?rst 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 ?rst 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 speci?ed 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 ?rst approximation, the force de?nition 
corresponds very Well to reality and ensures that the Wall 
support element model is guaranteed to ?nally lie inside the 
structure model in the simulation. The ?rst 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 ?tting a stent, may 
correspond to the maximum diameter of the stent. After this 
diameter is reached, the invention expansion force may be 
reduced. 
[0049] In order to 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 
ti?ed 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 ?rst 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 ?tting the Wall 
support element is represented to the user. For example, in the 
case of ?tting 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 ?tting 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] The invention 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 ?owchart 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 ofa 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. Speci?c 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 modi?cations 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 modi?cations, equivalents, and alternatives 
falling Within the scope of the invention. Like numbers refer 
to like elements throughout the description of the ?gures. 
[0067] It Will be understood that, although the terms ?rst, 
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 ?rst element could be termed a sec 
ond element, and, similarly, a second element could be 
termed a ?rst 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, specify 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 ?gures. For example, tWo ?gures 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 ?gures. 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 ?gures. For example, if the device 
in the ?gures 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 ?rst, 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 ?rst 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 
be used 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 ?eld when stent-like 
inserts need to be ?tted 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 ?owchart. 
[0077] In a ?rst method step I 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 de?ne 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 classi?es 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 
identi?ed 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 VL 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 
Quanti?cation 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 Radio graph 
ics 24, 2004, the entire contents of which are hereby incor 
porated herein by reference. 
[0081] In order to compile the 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 
contour, i.e. to the contour of the lumen. 
[0082] The individual vessel model is subsequently identi 
?ed in steps V andVI, 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 identi?cation of the vessel model MW is ini 
tially carried out with an identi?cation 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 identi?ed 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 
pro?le 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 MWI are 
simulated. The deformation of the model wall takes place so 
that the energy function 

is minimized. In this case, the variable v(s,t) represents the 
surface points of the model, s andt being cylindrical coordi 
nates which are de?ned 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 
?es 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] Elm are the internal energy is in the model and Em 
the external energies. E is the resulting total energy. The 
external energy Em is given by the external force Fm, which 
is in turn composed of two individual external forces FVW and 
Fexp according to 

F m: WWFVW+ We). EXP- (2) 

[0088] Here, wvW and Wm, are two weighting functions 
which determine the ratio mutual of the forces and the level of 
the total external force Fm. They may, for example, be 
selected between 0.5 and 1.0. The force Fex is an expansion 
force, which has a dilating effect on the imtial 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 Fexp, 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 E which act 
on the ring at each individual point. 
[0089] The force FVW 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 FVW is given by the equation 

exp s 

[0090] D(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 Wall is simulated. The vessel Wall force FVW 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 Elm in a horiZontal, vertical and 
diagonal direction. For the horiZontal and vertical forces, the 
?rst 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 Elm. 

Eim : (4) 

6v(s, I) 6v(s, I) 62 v(s, I) 62 v(s, I) 62 v(s, I) 
W‘ 65 +W2 01 W3 052 +W4 6Z2 +W5 05a; 

[0092] Each derivative has a Weighting factor Wi, iIl to 5. 
These de?ne the stiffness behavior of the model Wall. The 
greater the Weighting factors Wl- are, the stiffer the model is. 
The Weighting factor Wl determines the stiffness in the lon 
gitudinal direction of the model, and the Weighting factor W2 
determines the stiffness in the circular direction i.e. along the 
individual rings. The other Weighting factors W3, W4, W5 
respectively determine the diagonal stiffnesses. The Weight 
ing factors Wi, 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 suf?ciently 
accurately to the contours of the vessel G in a short computing 
time Wi, small values are preferably selected for the Weighting 
factors, for example values of 0.1 or less. 
[0093] The internal forces PM are given as the derivative of 
this internal energy Elm, i.e. FWIVEW. Likewise, FWIVEW. 
In order to achieve the objective that the energy function 
de?ned in Equation (1) and the minimiZed, the folloWing 
Euler-Lagrange equation may accordingly be solved: 

[0094] Solution methods required for this are knoWn to the 
person skilled in the art; for example, solution methods may 

Dec. 10, 2009 

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 MWI has thus been adapted 
to the contours of the lumen of the vessel G ?nal compilation 
of the individualiZed vessel model MW requires modi?cation 
of the internal and external forces. On the one hand, the 
stiffness matrix is modi?ed 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 Wl- 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 Fm as Were speci?ed according to Equation 
(2) for the initial model MWI, only one external force FmWis 
noW de?ned Which is set equal to the internal forces PM in this 
deformation state. 

F mWI-VEZ-nF-F int (6) e 

[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 FmWaccording 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 VII 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 it is 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 speci?ed by Way of a user interface the distance at 
Which, i.e. Where on the centerline VL, the stent model MS 
With the de?ned length is intended to lie before expansion 
inside the vessel model MW. This may be done by de?ning 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 










