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scientific visualization, conputer aided geonetric design and finite
el enment analysis. Mre particularly tRe present invention relates. to
human anat om cal and pathol ogi cal nodeling for visualization and
mani pul ati on in surgi temmarcaMethod (o} I t he purposes of
surgery planning, training and education. 10 BACKGROUND Medical sinulators
have si gnigig ant potential in reducing the cost of health caré through
| mpr oved ng and better pretreatnent plan Further, |nmage guided
procedur es, sudihegwesentdoventionielates to anatoprical ngﬁ? helogical siedelingras
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nodel can SUppo t to these”functions. I'n general,
requires tﬁlﬂpﬁngeWmlamnlngmnaihlmlarw educhtignonet ri cal infor rrat | on from

medi cal im constructing a geonetric nodel of .the vascul ature.
In surb(?c applications, there are several nethods of 25
geonetrical nModabyipg &mﬁulat&y%a@fsim@hd poentidl! it reducidgiaae eddthefls, can
generally be divided into two types.” One type builds the geonetrical nodel

up directhealthr mre)rmgmgil lmpa@\@djatf%lnmhlaﬁdc&ﬁﬁﬁf okretreatinent Rlanring.
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| rragesm Sulg Tao%glb%e?ol Slglce rtﬁg %rﬂ?gl%%nl at a(lg distance from the operative site, thereby
remotely manipulating surgical instruments and viewing the procedure on video
monitors.

For real-time and useful simulation of interventional procedures, such as

catheterization, vasculature within the environment should be properly

20 manipulated and accurately visualized. A geometric model can provide good
support to these functions. In general, this requires the segmentation of

topological and geometrical information from medical imag_es before

constructing a geometric model of the vasculature. '

In surgical simulation applications, there are several methods of

25 geor‘"netrical modeling for visualization and manipulation. These methods- can
.generally be divided into two types. One type builds the geometrical model up

_ directly from original image data. This can provide an accurate representation of |

th‘e anatomical structure, but the model is usually intended for specific cases

and cannot be applied generally. Further, processing the three-dimensional

30 data directly from original medial images, such as medical resonance images

(MRI), computerized tomography (CT) or ultrasound scan™ ilhages, is
computationally demanding. For example a 512x512x64x16 bit magnetic
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(MRI), conputerized tonography (CT) or ultrasound scarier ' inmages, is
conputational ly demandi ng. For exanple a 512x512x64x16 b| WO
02/ OQ??SSOPW%@/ 00111 2 resonance angiogramis 32 vBY %?@lzlg Wil
prohibit the inplenentation in real-tinme. The other type extracts or
segnents the topol ogi cal and geonetrical information first, then builds up
the geonetrical nodeling fromthe segnented 5 result. In th| s regard, it

is to be japen@séarangiogram Ishd2 Mol Bys csite iwill profibitdhesimplemestatiodrini ces,
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"true" | fcczrmﬁotmdiytwhﬂepﬁblengeﬂ‘mﬁﬂwﬁ Soffje @AuUaHANS AT iNes sUfaes,
ot herwi se, qtﬁéean operations for nedical objects, however, are not
parti cul a?l?p i ngful. An alternative approach is that of boundary
represent ati on@neBuvags )credte ampb}ecblaoby mtrh‘smgo@enstrﬂn&vekﬁolnbﬁwmeiw
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to conput
set of points that lie within the object. For example, the object may be defined

15 by a Boolean function which returns a “true” if applied to a point within the
object and returns a “false” otherwise. Boolean operations for medical objects,
however, are not particularly meaningful.

An alternative approach is that of boundary representations (B-reps). B-
reps, explicitly describe the adjacency relationship of object topology and the

20 hierarchical structure of the object geometry. An example of a B-reps based
modeling system is BUILD developed by a CAD group at the University of
Cambridge. This system produces a wing-edged data structure, which is a
primary examble of edge-based boundary models.

* A problem with boundary representations is that they are usually

25 computationally expensive. For insfance, the ability to compute the intersection
of two surfaces usually forms the heart of a solid modeling system. Hence, the
internal or core representation may significantly influence the efficiency of
computation and storage for tasks like surface intersection and blending.

These prior methods generally work well in engineering drafting and

30 manufacturing where interactive design is of utmost importance. However, they
do have deficiencies,. particularly in medical applications, where model
reconstruction from various modalities of images is an important issue.
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generally two types of extracted geonetrical information, being
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human vascul ature is slanted with the slice. Further, if the scanned
medi call0 | skgjetan{bpunei-paralieds ent ki nds of human anatony, to date a
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t he i mage has n pe Surface reconstruction e vol ume
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pl anes and \Ma1 re the cross sections are non-parallel. Further, it is

di ffi cdbt procsssdor seconstrictingdbe desired companeat ¢ the dmage: hasfgt bgen s nce

t he vertic«as a]re efined by the positions of the cross sections. This can
| eadt o pooMCYEIPPYy surface -displays if Gouraud shading is used. In this

regard, Surface reconstruction may be volume based or surface based. Volume

based reconstruction directly triangulates the set of points making up each of

the cross sections, such that they become vertices of the surface mesh. The

20 volume-based approach is difficult to use in cases where the cross-sectional

shape varies between planes and where the cross sections are non-parallel.

Further, it is difficult to constrain the aspect ratios of the generated triangles,

since the vertices are defined by the positions of the cross sections. This can

~ lead*to poor quality surface displays if Gouraud shading is used. In this regard,

25 much effort is also required to detect and correct special cases where the
triangulation of complex shapes might otherwise fail.

Surface based reconstruction extracts the contours from the cross-
sections and then connects the neighboring contours to form the surface. It can
be applied to simple and complex shapes and can provide visually appealing

30 results using computation. geometry and graph theory. One problem with
existing surface reconstruction methods, however is that they do not adequately



25 nuch effort is also required to detect and correct special cases where
the triangulation of conplex shapes m ght otherw se fail ;gﬂb based
reconst r WA 92087B%t racts the contours fromthe cross- sectiohs gﬂ@ﬁ%hen
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i nvention to provide an inproved surface based reconstruction approach as
used i rb getrfaceiregpnstislien ng. There is also a need for an inproved
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non-paral lel cr ontou I cal simulation environments, meshes
for Finit ehddeeinmerbnitractionnapproacivas useddn geomefrnalmpdeling ckhereris @lstanced
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r econst r uc® &geder é'@e'.mﬂfﬁ\(ﬁa;ﬁﬁﬁw §e°qr§PrHﬁt'%'§%8ﬁfqa%ﬁ%?#§§ l#éngg%ffgfnat i on
si mul ati O’I?Pt ieliaﬁd%bp@-bngl@égsneomgmg_ronrrent S, It is necessary to
generate the mes
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It is also an object of this inventiopn to, proyide . an inproved ge trical
model i ncligdamessantialnmethod fos caformpatan ﬁﬁ%‘l‘%?"ﬂé‘?ﬁ%dﬂf oﬁ{%ﬁ@gﬁ%’m
mgcs, of s B, B Rbseesd 60 BaR g ENT s onl dndtica

15 structures automatically. To date a mature FEM mesh generation model has not

‘been developed for human anatomical structures, so an automatic modeling
procedure is required in medical simulation environments.

It is therefore another object of this invention to provide a complete
automatic FEM mesh generation method.

20 It is also an object of this invention to provide an improved geometrical
model including information relating to pathology derived from medical images of
specific patients.

SUMMARY OF THE INVENTION
% Overall the invention relates to geometrical modeling of anatomical

25 structures for computer aided clinical applications, particularly in medical
simulation environments.

According to one aspect, the present invention provides, in a biomedical
simulation environment, a method of forming a visually continuous surface
across a joint of a plurality of anatomical branches, the method including the

30 steps of: generating surfaces for the anatomical branches using a part-surface
sweeping operation; and constructing surfaces across any holes in the surface
across the joint using a patch filling method to complete the joint surface.



25 structures for conputer aided clinical applications, particularly in
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Accordlng e present 1nvention provi
bi onedi g alof eathfeiceon environnent, a met hod of I nteracti.ve pat hol ogi cal
nodel i ng, the nethod i ncl udi ng: gbt ai n% ﬂq eql_ga hi c.observations

ep es t

relating to According to a second aspec nvention provides, in a
biomedical simulation environment, a method of pathological modeling for use
in the simulation of the growth of a pathology, the method including: creating a
3D surface model of the pathology; and applying an appropriate filter to the
20 model, the filter relating to the shape of the pathology'being modeled.

According to a third aspect, the present invention provides, in a
biomedical simulation environment, a method of interactive pathological
modeling, the method including: obtaining angiographic observations relating to
a pathology; extracting geometric parameter bounds relating to the pathology.

25 from the angiographic observations; incorporating the pathological parameters
into a geometric anatomical model; and constructing a 3D anatomical model
including the pathology from the geometric model such that the shape of the
pathology is capable of modification by a user within the geometric parameter
bounds. '

30 In particular, the second and third aspects of the invention provide for. -
pathology modeling in respect of vasculature. This aspect of the invention
further allows models of pathology to be developed, which incorporate patient



a pat hol ogy; extracting geonetric paraneter bounds relating to the
pat hol ogy. 25 from the angi ographi ¢ observations; incorp | e
pat hol oy¥@&2/0$33¥%aneters into a geonetric anatoni cal nodgéﬁggﬂlgm&n
constructing a 3D anatom cal nodel including the pathology fromthe
geonetric nodel such that the shape of the pathology is capable of
nodi fication by a user wwthin the geon@tri c paraneter bounds. 30 In
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medium for generating a mesh on a virtual geometric model for FEM analysis,
the model formed from a plurality of cross-sections each having a plurality of
points on the edges of the cross-sections with edge lengths between adjacent

20 points on each cross-section, said computer program product further including
computer readable code within said computer usable medium for: undertaking
2D mesh generation at each cross-section; undertaking 3D mesh generation
between two adjécent cross sections by subdividing edge lengths of each
cross-section to form one or more additional points and connecting

25 corresponding points between adjacent cross-sections; and undertaking mesh
refinement and/or optimization of the resultant 3D mesh.

According to a sixth aspect, the present invention provides a method of -
automatically generating a surface mesh on a object model for use in FEM
analysis, the model being formed from a plurality of cross-sections each having

30 a plurality of points on the edges of the cross-sections with -edge lengths
between adjacent points on each cross-section, the method inoluding the-steps
of: undertaking 3D mesh generation between two adjacent cross sections by



bet ween two adj acent cross sections by subdividing edge | engths of each
cross-section to formone or nore additional . points . and connecting 25
correspow@n@op8s nt s bet ween adj acent cross-sections; anbBC TREEYV0ALY ng mesh
refinement and/or optim zation of the resultant 3D nesh. According to a
si xth aspect,.the present invention provides a nethod of automatically
generating a surface nmesh on a object del for use in FEM analysis, the
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Cross- Secgbﬁ@léte FENTests geheration metibd ifonahatopicaltsirustwles drone medical
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generatio ' ¥ s fromnmedical 5 imges. The 3D
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DESCRI PTI ON OF AFHHuBRAMeNembadimentusf the inventiob ol mowe bef desesibiedvwithi on
will now be described with ref e:fence to the acconpanying figures, in
whi ch: Fi gefesencestotpefcsompanying ghress ' W '%Eneral procedure according to

an 10 embodi uref 1 tdi8yitiBY @néliagram foTrthef derwirainprotedaiec abearding £ iaon.

Figure 2 illustrates a flowchart "of a process according to an enbodi nent
of "t het0 n\embaodimenbof thedaventipnafajeffesting surgierd simdlatioRdi cal si nul at i on.

Fi 3ill . | ; |
creating & contighiess bshgledd Tuif sfbipiobosfac R A BpIARRGE
i nvent i on.offh@ivenfioR fevdréatinga geometriamodatifor médicalsimblation. skel etal curve

may be -mathematically constructed in the surface reconstr uct‘ oggarocess.

Figure 5 provi ddguee §rulpairates an |int§ma_t¢aiﬁ slrugtiee for: AReR2dMeRt UgeHelat i on
Fgure o 1PhiTg 4 SEhGelRke héddthdciriigt R efoimeAneh Y dressht 20
cal cul ¢4 edn¥@fttidnhe branchi ng nodel of Figure 5.
Figure 4 provides a graphical indication of how a skeletal curve may be
mathemétically constructed in the surface reconstruction process.
Figure 5 provides a graphical illustration of the mathematical generation
of trajectories from a given triangle in regard to a branching model.
20 Figure 6 illustrates sweeping surfaces applied along the trajectories
calculated for the branching model of Figure 5.
Figure 7 illustrates part of the sweeping contours of Figure 6.
Figure 8 illustrates a two-dimensional Gaussian function with zero mean
as used in pathological modeling. o L _
25 Figure 9 illustrates the growing of a pathological part, such as a tumour.
Figure 10 illustrates a typical stenosis after agioplasty. -
Figure 11 illustrates a non-stented and a stented aneuryism model.
Figure 12 illustrates the modeling of an aneurysm. '
Figure 13 illustrates a gridding scheme for use in FEM analysis
30 according to an embodiment of the present invention. _ .
Figure 14 illustrates a flowchart of a validation process according to an

embodiment of the invention.



Figure 7 illustrates part of the sweeping contours of Figure 6. Figure 8
Illustrates a two-di nensi onal Gaussian function with zero 3831/&31 used I n
pat hol ogiwgb2/emosl i ng. 25 Figure 9 illustrates the grow nf 'E{

pat hol ogi cal part, such as a tunour. Figure 10 illustrates a typical
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medical volume lmages therefrom.
It is also to be appreciated that where the present invention is being
15 utilised in an operative situation, such as image-guided surgery, the input data
may be a combination of pre-operatively acquired images and intra-operatively
acquired images.
Once this input data has been obtained, the next stage is to derive a
representation of the geometric information.  Hence, the topological and
20 geometrical information like contours, radii and central axes are extracted from
the medical images. With this information segmentation is performed in order to
obtain an appropriate representation, such as a Central Axes Model. In this
regard, segmentation is required to extract and define objects of interest from
the image data for anatomical differentiation and to create appropriate models.
25 There are various segmentation algorithms generally known in the art.
Some algorithms are fully automated to. extract the skeleton and radii of the
human vasculature network, while others are semi automated and require some
manual extraction, such as to extract contours from parallel cross-sections. The
Central Axes Model that is derived is a representation of the geometric and
30 topological information. A Central Axes Model is defined as one that consists of
a sequence of line segments with e_ach line segment being defined by a
sequence of nodes, and at each node we define the cross section. The cross
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characterlse a parti his regard Figures 3(a) and
|IIustratepaw|ciJl|arHBnal data structure for the segnent and cross-section

structures of ﬁ ?nlgtrggarn |\§ﬁrrek553(a{ré%dr(85 ﬁ'lbgt\‘fte the internal data structure for
the segment and cross-section structures of skeletal networks. The relative
‘position of each segment is defined using a number of fields or domains,
20 including the parent domain, the child domain and the cross-section domain. In
the parent domain, the number of the segment's parent is listed, along with the
ID list of that parent. Similarly in the child domain, there is a list of the
segment’s children, if any, and the respective Child ID lists. In the cross-section
_domain, the number of the cross section in which the segment is placed is
25 included, as well as an indication of the cross-section list.

Similarly in the cross section structure, a number of fields or domains are
provided, such as the flow domain, skeletal domain and a contour domain,
which provide indications of vascular geometry, mechanics and pathology
relating to the particular cross-sections. .

30 Fluid flow, texture and material properties relate to vascular mechanics
and information relating to these properties may be included in the cross-

section domains.




position of each segnent is defined using a nunber of fields or domains, 20
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as the flo f 80.00 M/ mn wh

vessel S wrate o ile the |left carotid _has the

flow rate éxayopie} inthe aariguthe higod Messel has the faw rate.of §§;Q%sml/min while the
left carotid has the flow rate 6.00ml/min. Figure 15 shows the pressure-radius
curve for the carotid artery at a specific degree of longitudinal extension.
Further; the skeletal domain consists of a series of vertexes describing
20 the center points of each cross-section, so the contour domain may be
represented by the radii for each cross contour with circular or ellipse shape,
and/or a number of dominant points at the edge.
From this tobological and geometrical information, a geometrical model is
then’ built up in order to obtain a visually detailed surface model fo realistically
25 display a human vascular network in the virtual environment. The geometric
modeling process also enables a three-dimensional mesh model to be created,
which may be used for FEM analysis during deformation modeling. Therefore,
there are four components to this modeling:
1. Surface Reconstruction from parallel or non-parallel cross sections;
30 2. Pathological Modeling of various vascular pathologies;
3. Mesh generation for finite element analysis (FEM); and
4

. Validation of the geometric model.
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Model i ng 15 For "a vascul ar skel etal curve, desi red features are: 1)
Sroot hnes infoamation and thecertoybapmain informatioike advant age of conput ati onal

effici enc)i.‘l.?”%urve Modeling
15 For a vascuiar skeletal curve, desired features are:

1) Smoothness; .

2) A low-degree complexity to take advantage of combutational efficiency; and

3) Point interpolation to allow best shape preservation that is necessary when
the curve is used as a path to construct a sweeping surface.

20 Given a discrete sequerlce of center points along each segment, a smooth
skeletal curve can be obtained using curve modeling, such as by using the
conventional B-spline method or the NURBS (Non-Uniform Rational B-Spline)
method.

* Another approach for creating reasonable visual smoothness is to create

25 a cubic Bezier curve, which applies geometric continuity theory in order to
create a visually smooth curve with piece-wise shape preservation.

An example of how such a skeletal Bezier curve is constructed will now
be described with reference to Figure 4:
Step 1: compute unit difference vector at each node V; (i=0,...,n)

30 by differencing the neighboring vertices. Each node has two node

vectors in the forward or backward direction denoted as
= (Vi1 -V)) 7 [[Vis1 - Vi ||, and



3) Point interpolation to allow best shape preservation that is necessary
when the curve is used as a path to construct a sweeping surface. 20 G ven
a di screwe eagussice of center points al ong each segnent, PATSGIOPM 11 skel et al
curve can be obtained using curve nodeling, such as by using the
conventional B-spline nethod or the NURBS (Non-Uniform Rational B-Spline)
net hod. Anot her approach for creating asonabl e vi sual snoothness, is to
create 25 a cubic Bezier,cupve, ' K i es geonetric continuity theory
in order to create a vi sVUakY'S? svdvy\amgﬂca\mllé W th piece-w se shape
preservation. An exagtepe@: fdrmhihe uitcdifferericel orttahgdetaieetorafy/anidsvconst r uct ed
w [l now be described with ref e_r;ance tog Figure 4: Step 1. conpute unit

di fference vector at eacWmde W/), ldiVl: ,V.“-. ,n) 30 by differencing the
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backward direction as vi* ' V1+1- V1 11, and

02/ 097835 PCT/ Sgahd@)111 12 Vi =M - VI) | | IVI-1- VIIlI . Step 2: form
the unit difference or tange\r}t vector of vj and vi, v, (v; - vi) [/ Ii v; -
v: Il Step 3: generate infidr VeenVir®dpoints V,1 and V,2 with paraneters 5

[ d 3, V11=V, +ai [ : d Y. 2= = Pl - RV 7 i =1i =
TVl - M 1173, & 2:0 Z!V'i:%gﬁi'g’ %Héwgééel %‘B‘é%r% VB« 5 (e 21\/ S
V,2 and VI 3=V, +1 10stdbtd:=crdatd the babie Bediek tute2with W 2\ 1\ t ¥F and t 3.

For end points, gi ven tangent vectors vo and v" are used. For the start

vertex of root ¥icgfent (no parent), vo = vo+ / 11 vo+ll. For the end vertex
Bgsség{qnhpglugﬁe%,rmghd(c&r (’{)gln\w s‘ls-ﬁ%yggn(bi-t ?{tj%yu\slfé?ltbﬁﬁggﬂsar ls?/moygltezj over
the curve. It can be used as a- path to forma sweeping surface wth a set
of cross sect] C)Igosr' end points, given tangent vectors vp and v, are used. For the start
vertex of root segment (no parent), vp = vo' 1 || vo'l|. For the end vertex of
terminal segment (no child), vo=- vy /|| Vol
15 Clearly, V(t) passes through V; and V.4 and is G' continuous or visually-
smoothed over the curve. It can be used as a-path to form a sweeping surface
with a set of cross sections.
1.1.2 Surface Modeling
Surface modeling is a key step in surface reconstruction as it applies a
20 sweeping operation along the skeletal curve.
So-called moving Frenet Frame is one approach used to develop the
sweeping operation.
Let T, N, and B be the unit tangént, normal and binormal vectors of the
curve at a given point, the triple turple (T, N, B) forms an orthogonal local
.25 coordinate system flowing along the curve. Generalized sweeping along the
trajectory curve requires careful determination of the orientation if the governing
curve is to be piece-wise defined. The binormal vectors along the central-curve
may flip abruptly to the opposite direction at an inflection point; and the binormal
vectors can rotate excessively around the tangent vectors, causing unwanted
30 twisting of the resulting swept surface.



1.1.2 Surface Mddeling Surface nodeling is a key step in surface
reconstruction as it applies a 20 sweeping operation along the skel etal
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For elliptic-shaped vasculature, a local coordinate system is set up at
each cross-section with the trihedron (T;, N;, B;) of the skeletal curve built above.
N;, B; is equal to the X, Y axis of Cartesian Coordinate at each cross-section
and T, is equal to the Z axis in three dimensional space.
20 Then the edge points of each cross-contour are -constructed. The
following shows the detailed procedure:

Step 1: Compute the angle 6, between the local coordinate axis N and the

vector v which describes the direction of the major axis.

25 6 arccos(

M- I &
Note that the direction of the angle is from N to v, so if the cross product of N
and v is opposite to T, that is, (Wxv)eT <0, then
6, =-6,.
Step 2: Compute the edge points:
30 (@) =V, +a*N,*cos(f—6,)+b* B, *sin(0—8,), (0<8<2x)




and Ti is equal to the Z axis in three dinensional space. 20 Then the edge.
poi nts of each cross-contour are constructed. The follow ng shows the

det ai | edway op@dwse: Step 1. Conpute the angle 90 between PAESGOUENI11
coordinate axis N and the vector v which describes the direction of the
maj or axis. 25 00 = arccos(INlo 1v+) ; Note that the direction of the angle
is fromNto v, soif the cross productldf N and v is opposite to T, that
is, (Nxv) T<O0, then 90 = -90 Step 2: Conpute the edge points: :?‘0

u( 9) =V, +a*Whet¥ & he) canter pgmﬁpgtrm)pr05§wgm and @gr@gw%gths of t

PCT/ S®01/00111 14 where V, is the center point of the cross- section; a and
b are the MaiRftads andiRor a¥s FeSREG E’e&nd m nor axis respectively. Step 3:
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"10 advant age of produm n tan ential continuity at each cross-section. In
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pi ecew se Ine curve. Crcul ar-shaped vascul ature is a special case

of the ell Mhiel tang%ﬁclwbatanr g¢ (k=0,3)forhalb 8 ofeteaintemmediateh pointe dvast thect i on
procedure is otherw se the ‘same. For the nore gener al case t he

cr oss- dént advantageeiipsedining taugemtiaheentiswitat eaghickpsssectighoped onto the
ocel 00T St nat o B el SiBeft 356PB! age 8 prderay il ety o
a bi-cubic Bezier surface via piece-by-piece construction of a tangential
continuous control net. That is, cubic Bezier control points are calculated along
each cross contour at the local coordinate system in order to form a piecewise
15 B-Spline curve.
Circular-shaped vasculature is a special case of the elliptic vasculature,
in which a is equal to b. The reconstruction procedure is otherwise the same.
For the more general case, the cross-contour is represented with edge
~ points, which are mapped onto the local coordinate system. If the cross-contour
20 is represented with some dominant points, more points need to be interpolated
in order to represent the edge of the contour accurately. The next step is same
with step 3 above.
1.1.3 Automated Adaptive Resolution
When displaying human vasculature, one problem is representing the
25 edge of the contour accurately. For example, in the central axes model, there is
often much variation in distances between two adjacent nodes or cross-sections
of human vasculature. In addition, the shape of the vasculature along the
skeletal network usually varies. As a result, more detail in some places is
required in order to obtain a higher resolution, while in other places lower
30 resolution is required. In this regard, there is a relationship between the degree
of resolution required and the degree of abrupt shape variance.



in order to represent the edge of the contour accurately. The next step is
sane with step 3 above. 1.1.3 Autonmated Adaptive Resol ution Wen

di spl ayi we dwgemsvascul ature, one problemis representi nFCols&01/281edge of
the contour accurately. For exanple, in the central axes nodel, there is
often nmuch variation in distances bet w?gn two adj acent nodes or
cross-sections of human vascul ature. A addition, the shape of the

I I ] ' .
orail i come b cierdlpat, SRt 3o softy s pibhler by APRRIS"Bebisd T on,
while in qiRbePbPBERhESS theegment bbiviaen evesawo adiacént ¢loss-seetions!,
there is a relationship between the degree f resolution required and the

degree of indderier cuvyecgenarationas tis mmm&@imtbw dispiay gesalutions being s
v frio . I ) o oo

of " pat chedneansistent s iferepts B hd vasBl BRET THatie Rhd heoidid iy SeTDer

Bezi er Burlgw igsoaieasegmentsswhile utnmeoessarilylhigh in other degmeats. r esol ut i ons

bei n i nconsi stent for differept parts.of the vascul ature. That is, the
resolgut i on nmay 'blerefprﬁo\i‘,p irw&ﬁﬁes‘&g?%%@r%mqr% VW?@X&@{QWI ?"ilrﬁﬂu%] ot her
segments. ghie "csﬁﬁﬂﬁaﬁar&l lreéwlsﬁd,t *?Pii%’alﬁ?fé@b‘é foMphBlemeriiabhy atifinhated. and

reduce the conputational demand, preferable, to inplenment an
aut omat ed-adaptiveiresolutionisetection sethed. on nethod. I n the automated adaptive

Vari ance 1's 116 ecpaReed Stade, RERTS  metid, 6 bah M tho'BeflRAs 1, .\
where 4g iiﬁdkbﬁn?@lﬁﬂhéﬁé’daﬁﬂf&eqé fitst.computdd as feslvstJ+, i s the normalized
vector (V1+1 -V,); (b) 1f z (0:5r:5 1) is snmaller than a predefined

t hr eshol d, (a) Refineteeparasagter:i onTjieT;,, | whemadeis thetnasaalizedveetign&h—Hndm v, 1
to vl+1l. 15 The resolution for the vascular surface is decided by r. If z
is small, itanedhs is theanomalizedivectaidi,.beKding of the vascul ature, which

he det ai | () € 60 eims meismorler i 2 aredtingadhrestioid, tan e Tsokiph dbea
whil e al so Si;%?ééée%aﬂét%emﬂ&%b&%e‘n?ﬁoﬂ%}_’le{o V,Sf the surface patches. 20
15 The resolution fér the vascular surface is decided by 7. If 7 is small, it means
that there is much bending of the vasculature, which requires the resolution to
be higher in order to more accurately display the detail. With this method, the
display of vasculature is improved, while also significantly reducing the number
of the surface patches.
20
1.2 JOINT RECONSTRUCTION

In CAD/CAM applications, joints are typically created using boolean
operations. This may involve modeling trimmed surfaces and blending. Usually
this modeling is computationally demaﬁding, and'the constructed surface lacks

25 concrete description, which is required for manipulation operations in medical
simulation environments. }

According to an embodiment of the present invention, however, joints are
reconstructed by using part of the surface sweeping operation to create the
main branching surfaces, which connect the joint. The next step fills the

30 corresponding triangle patches that are left.

1.2.1_Trajectory Modeling




1.2 JO NT RECONSTRUCTI ON I n CADY CAM applications, joints are typically

created using bool ean operations. This nmay involve nodel

surfaces “éf?lﬂg &”ding. Usually this nodeling is conput atﬂldjlﬂsaéqu{?ﬂﬁgnandl ng,
and the constructed surface |acks 25 concrete description, which is
required for manipul ation operations iggmedical simulation environnents.
According to an enbodi nent of the present invention, however, joints are

reconstructed bsigur qulizmtlluefraﬁ\iwvewrél@mmngvthemmg;tmphoatofompiememmte t he
mai n branchi ng surfaces, which connecbaﬂc@d % next st f| L1 s the
30 corr espeuhic MRpziari ewyefopa Eeg-way,br %F?Sel en T’Pﬁf‘eﬁ: NERGel i ng
WO 02/ 0977 PeTh 0 | I [ ng
e const 1 CAYS 5 (ogeted aebedibe s “%ﬁées.“}}fﬂ%%%”?@?'%‘%?’%‘ﬁw
branchi ng gme?ratédheln Elgmre 5, mremtrapen@nesme generated tfram agwﬁed‘nanglegf

thr oot Baj vetiees U We agaBeaRedsaruising) VaieY in B Fiehofe hadies 166w ve
ree tPaj a

and V8. W% ia%cﬁ@s'dﬁa‘?é&éhzé’@rvhﬁi( \feetot-m/v&vw 2NN, et W&wathéteeectbre\nches
characteri zed wth vectors . Let vector v; (i 2,3) be

t he nor mal (iz%@,3)r bac Hheenom’lahzedd hl'ﬂm@b ‘teﬁt@rr.oangmtmmscor\tmlmwons

of 0, (1 =1 0aUs0Ne Wt BRRYREPC B, Rl s Sorriqe Y, Gregi ot e

]Eil scu?]sed uéteﬁ-mhﬁlubﬁl’bﬁ U, {=0,2/3) 8. sinkilaeto the determingtionl of " ahde\/;? aagent
or the control

ons, hence U, lies at, the | n bet ween
whi ch 19 adisgus lnbﬁe?ﬂtl%‘ toaFignes 4r sHé{e"hrW'ﬁ)fegafa% I@Pg\é}g‘k%églé

19 for i 1ot ppRBRE. kot h RRPR e URE LRhwgen § 3*‘%% g %‘s(f‘dﬁ’m%e% 1
-WO and f py theparametets/éy andl B;. /Thel aadculationsi are asfdllods: vi = (W W) / I W

-WO Il Step 2: determ ne control polygons, being for i=1 to n-1:. W U, Ul+1l
WL+1 and for

Step 1: compute the tangent vector at each vertex W, (i=1..n) as:
15 for i=1 to n-1 '
vi= (Wo W) / [[Wo - Wi ||, and
Visr = (Wit -Wo ) /|| Wiet -Wo ||
and for i=n
7= (Wo =W / {[Wo - Wi ||, and
20 vy = (Wi -Wo ) /|| Wy -Wo ||
Step 2: determine control polygons, being for i=1 to n-1: W; U; Ui.s Wii4 and for
i=n: W, Uy Us Wy
Step 3: for i=1 to n-1, generate inner control points U; and U4 with parameters
aiaﬁd B ) C
25 U= Wi+oy v;, and
Ui+1= Wit - B; Vi1, where setting o= B;= 0.85*[[Wi+q - Wi |].
and for i=n, generate inner control points U; and U; with parameters a;and g;,
U= Wita, Vi, and
Us= W;-B; vy, where setting o~ B;i = 0.85%||W; - Wi ||.
30 Step 5: create the cubic Bezier curve V(t) such that
V()= VP (14933 Vi (1-4%t+3 V2 (1-0)2+ VP 1
with, for i=1 to n-1: V=W, V{' = U; VZ = Uy , and V=W,



I=n: Wh Un UL WL Step 3: for i=1 to n-1, generate inner control points U,

and U;+1 with paraneters a, and 03,, 25 U = W+a, v,, an% g]céi/: lx\gﬂ - R
v, +1, wwoe28¥risng a, R = 0.85*1 IW+1- W Il. and for R H, A4t e inner
control points U and UL with paraneters a, and pi, U= W+a, v,, and Ul=

W-1i, vi, where setting ap R = 0.85*)_IW - W II. 30 Step 5: create the
cubi c Bezier curve V(t) such that V(t)¥ Vi (1-t)3+3 V;1 (1-t)2t+3 Vie

(1-t)t2+ V13 t3 weth, f\Qb v PRl W 5 N, V.2 = U+, and
V13=W+1 WO 02%@%’95“1\?‘ Xg‘d\;'or Erféh:\)‘ﬁ\_nﬁ”\/%\?\??r Vil T Lim, V12=U-+1 and
V13=W PCT/ SGJ /00111 Therefore the vectors v, (1=1,2,3) are used as start

t t t t t t { f f i hes.
a"PRS T egar aTheriom hereatgrem AR aaab e Jaat s et ROe Ve oL C v
| ust CO”S%@%{&? Saiinbie suhdd 6 doRBSbetiding Sranshed.nin nis! et diing

ed

branch se 0 a visual  snmoothness of the trajectories, g, and P.,
may besadghating ofed teregent ve@ctordviiwith the dBeziek eurygealupt sonstrégted nts to

t he joint tian. 1.2, 2 Surf deli {,{:h | '
bvai | abi estariiend Hazerode S5 e SltasRPRgNUCEeGE ShniGitIeals thidhtiabl =
descri bedeh hiigedy BMiHAHFajBEorIcR) of ahd 2D rhay Secadusted betweenda/Giamyl fs

e |

appl i ed. erence i s that here the surface sweeping is perforned
with part wifich hakemmalpconrtral adjustmentstootiregointrreanstiystiednt our at t he

start cross-sectign ii girvi ded into several portions according to the
number of 1i%2 10 ~the corresponding part of cross-contour S
swept @ ong th?/v#HE)QHéf\F]ajéétaﬁ%téVaﬂablw tthe tuirfacprsweshing gperétionmednflbe each
branch,” the main branc surface of the joint is forped npor.tan

concern heeeormetiofhe pracedirai desariked ipdne RIEVISUS 152€ “\f\‘hf\ hfof §398'Iie§\ | ed
oS! oy R hSienah, ileE 357 BPRLEG, RO MAURA0 I Eiourite Sy tore he
respect i veJerformed with part of the appropriate cross-contours. The cross-contour at the
start cross-section is divided into several portions according to the number of
15 branches, then the corresponding part of cross-contour is swept along the branch
trajectory. With this procedure performed for each branch, the main branch
surface of the joint is formed. An important concern here is how o determine the
part of surface, which is detailed below.
In Figure 7, at the cross-contour containing Wi, W' and W5' are the
20 projections of the trajectories WiU;U2W,, WoU2UsW; at the plane respectively.
The line dividing £ W2W1 W4' will divide the W, cross-contour equally into two
parts, and hence form two half-surfaces o be swept. The same principle will
apply to the other two cross-contours and, once swept, corresponding half
surfaces from neighbouring vertices will merge. Hence, considering the Figure 7
25 example, three half surfaces will result, extending from W, to Wa, from W; to W3
and from W, to Ws. These merged half-surfaces are termed Bezier patches.
When the sweeping of the half-surfaces for Figure 7 is completed, a
branched structure will result as shown in Figure 6. More specifically, this
branched structure will have front and back holes, which are shown in Figure 186.
.30 Next, the front and back holes surrounded by the three Bezier patches
(half-surfaces) need to be filled. Techniques for filing an n-sided hole are
known. However, according to an embodiment of the present invention, an




The line dividing Z VbW WB'wi || divide the W cross-contour equally into
two parts, and hence formtwo hal f-surfaces to be swept. e

princi pl wow2/d9773&pply to the other two cross-contours an&c%%ii%gaépt,
correspondi ng half surfaces from nei ghbouring vertices will nmerge. Hence,
considering the Figure 7 25 exanpl e, tj'ﬂéee hal f surfaces will result,
extending fromW to W, fromW to WB'®and fromW2 to WB. These nerged

hal f - surf ' : ' indiRewi

ol £~ sur f diptovisf et fo Bf &lcchieRqanctot A wRRARIANBoRtindPwll 1

as shown igprbeWeschbedb Thissasmadt ok the inventiinscamberusedfos mulfebianehing | have
front and back holes, whi in Fi feont and
back. hol edosts i dha sanss matod it ensres WlbemeTe otk Futhel 0" 5"

be fill ed'qp@%i%ﬂféﬂ%égjhfsoEPHngdch”@arﬁ'be”in‘iﬂléméntbd enasteuctifreevwith Haultipks |

accordi ng I men the present invention, an WO giz / 097735
PCT/ SG04/ Ofrahéhé$ andnpenceedddeasses the branchiag dengsios: prablara: 181 B@hatte with

CL o8] Wrkhind® andd 09 10 . _ Y ST
be"used" T ofambe @Paled iR GPRGT cabes of PHIEr hubirariBiits, dtnbleh KW HAW T, 720
be nore coppleXcritad inftlationttol vascalptubridr mbdelingi i additiars the beandhing

I npl emented on structures wth nultiple 5 branches and hence addresses the
br anchi ng ['nodelim@M@b@m%fOWHaBOQﬁalﬁ'ﬂ%oa?Hﬂ%'gé‘ppl ied to general cases of

ot her human anatQui l; | b ! ithesty! Thé fitstistem to
vascul ar tubul aiﬁ%@h?%é B?ﬁ%&%‘? P%g,bdtaﬂgagrjg%@ i nﬂ; nodel i ng _can@pl?)e used
for vanpoufs 46 &l e¥chi Benier dasiegof edthe brandhosurfacepat the heundary riwithdbedar y

tinuity th . The first step, 1Q.is t Li,t ' f h
branch sur haleania twa b cantsr aein Witk bafner st ST i e, fee pler o
w th. par angLeimbatin the ehferdrhie! idle, el Kale i ividad into tise eabpatolids, t he

hol e, the e IS divi Into three sub-patches, shown as Figure 17. Let
r,(t,e) (ishown3hsbFigute T detBEar,6) fial %8s bestheothreenBetiee patsheshol e
and 0, (1=1,2,3) be three corner points, we wish to 15 fill the triangular
hol e wi th plifreendingheé drof¢ hols andt®;ifé=1,8,3) bev hrele eorner pgints, WwieaWshda; oi n
the regul ar rectangul ar patch conplex with paraneterization as_shown in

Fi gur e 157. fill thé triarigulardroly withrthreeubicybicBezisr patehess @ @5 uhEie k5D .Wiigh

sub- patches are continuous with their SU"I‘OU, di nP Bezi.er,.surfagce patches
in zer o- or adjoimthe regular rectangular patch complex with pa ameterization as shown in

Figure 17.
In the boundary continuity theory, it is assumed the three sub-patches
are continuous with their surrounding Bezier surface patches in zero-order and
20 first-order. Thus @,(s,)) and @, (1,s) must match edge and c‘ross-boundary
tangent conditions of the i-th boundary. Hence the vertex data of these two
patches along the common edge of the hole are identified with those of the
surrounding bi-cubic patches.



20 first-order. Thus (D, (s,1) and cD,i,,(1,s) nmust match edge and
cross-boundary tangent conditions of the i-th boundary. Hence the vertex
data of WeEeM%WE patches al ong the common edge of the RGETECHE entified
with those of the surrounding bi-cubic patches. WO 02/097735 19 Denote SZ1
=c¢, (0,1) = 0r+1(10) 5 10 15 20 25 Z;7qaO> (u, y) (~u nr(u,v) av _
ar+1(u, v) u-0 u=1 v.0 a01+1(u) y) u= 69 V.1 (}u U=1 v=0 ~u,v = az2("'
auav A=db, (0, O)perdote (u, V)

Q, =®,(0,1) =0, (10

r(u' v)
r av

oY = 0D, (u,v)| _ 09y (1Y)
5 ’ ou = v e
Q' = oD, (u,v) _ oD, (u,v)
’ o I ou |
10 oo - POy 0 wy)]
' Budv  |u=0 Budv  |w
A=,00,0)
15 A= o0, ,v)|  _ 9D,V
o e a3
A= 3*®,(u,v)
20 '.H-l auav 'v‘:g
0,=9,1)
@ = oD, (u,v) 3
25 au v=|
60, (u,v)
O =27
O =
50 o = T0uwY)
_ Oudv vt
(i=12,3)
Therefore, the constraint equations for position and tangential continuity are given
as '
6(Q, —A)=-6A, + ZQ; = _(Al,l+l +A1+1,1+z)
40 2Q, - A)-A, +Q! =0

(i=123)



82d~, (u, v) Al,1+1 = auav 01 = <D, (1,1) O - 5 ,(u,v) a2~r+1(u_v) auav
= nl+l(u, y) u-0 V-0 u-1 V=1 Ov = nr(uey) ~1 av 30 u=1_ v= OOI .= a2(D
r(u,y) M@02989135 v=1 u=0 vO u~01 ,. PCT/SGOL/ 00111 (i :PE,T@,%@}’ o1kt 2
Therefore, the constraint equations for position and tangential continuity
are given as 6(S2, - A) - 6A + 20 _ A ,,+1 + A 1+1,1+2) 2(C -A)-A +S2;
=0 Al +A2 +A3 = 0

A symmetric solution can be obtained for the above equations:

A=1(Q+Q, +Q,) + Q) +Q; +Q3)

5 A, =29, +Q) —3(Q, +Q, +Q;) - 1(Q] +Q; +Q;)
Ay =60, -4Q7 +2(Q +Q, + Q,)+3(Q) +Q; +Q;)
(i =123)

With all those information, three bicubic Hermite patches can be generated which
10 can be converted to bicubic Bezier surfaces as follow,

@) =(B;@) B3 Bst) By@MGA (By®) By0) By®) By).(=129

where
16 (100 O
A= 101 0
010 -
010 0
20 A A, =
q = Ql-l ®I Q;‘—l ®;
AL Y Ay
25 Q;‘—l _®Til —Q;l:: ®;"v

1.2.3 _Inner and Outer Surfaces

When internal and external walls are desired, the procedure is performed

30 twice, with the given internal and external wall thickness values. When

rendering the human vasculature, the outer surface is displayed. When
navigating an endovascular system, however, the inner surface is used.

2.0 _Pathological Vasculature Modeling
35 With reference to Figure 2, where the central axes model includes

pathological information, pathological modeling is required. Pathology is very
complex and highly patient dependent. It is difficult to model pathology for
patient-specific data in a uniform way.

2.1 Weighting



(ibt =1, 26312 WO gZ/ 037735 PCT/ SG01/ 00111 20 A symmetric solution can be

obt ai ne or the above equations: As(01+n2+S23)+6Pi +n2+ =2n, +S21

- 3(SZI +0W0320891738 S2i +nv+S23) A, ,,+1 = -652, - 4SZ; + 2(’@@%@5@@9 + S23) +
y (S2, + S2 z + S23 ) (i =1,2,3) Wth all t hose i nformation, three bicubic

Hermte pat ches can be generat ed whi cla(1 10 can be converted to bicubic

Bezi er surfaces as follow, cl (24V) 10,3 (u) B 3 (u) B2.3 (u) B (u))AGAT

4,3 (\/) (V) Bl 1 -
013350 1 bo (ABIRIE’ S8 drfieriodimest oPlEhacReRs IdierRont B omoledngD M1

é 2.3 :jnna mdhﬁuﬁeradﬂjsdmeemelghtsnmtheéewstm09ﬂf@¢mfemcpgd'ag do
esired, the procegure erf 3 t

eerrnaI the 1daserip 9'%59 ; u ?a"q%ﬁﬁal &gh%m% rea)r%ét]ﬂnéﬁl é@shc% ;?ﬁggl ?Rg
outer sur h@k}f naopro

however, P%%drﬂer sur r?h‘\?etol ‘gﬂhﬁ?g’t ygetléaa?%o?%mlecal pggﬂﬁgewﬂs anaee' [ ng
35 Wtlg r ehesemtoemodifyritie normal stapedo tihe pathalogy sw@s noaBera, d@%

pat hol ogi cal Lnformation, pathological nodeling is required. Pathology is
very co %ﬁﬁﬁ A% ghly patient dependent. It is difficult to nodel

pat hol ogy for P@)=W(@@) -SF);

where W (i) is the weights function, S(¥) is the normal geometrical

-

surface representation of the anatomical structure, ¥ represents any points at

10 thesurface and i is the parameter relating to ¥.

' In the view of image processing, the weights function can be regarded as
a filter, then the modeling means a filtering process. In this regard, it is to
choose the appropriate filter whose wave shape is similar to the pathology. A
number of filters may be designed as the weights function in the modeling.

15 Wherein some distribution functions may be used to design an appropriate ﬂltér
for the weights function, such as Gaussian distribution, Beta distribution,
gamma distribution, and so on.

For instance, where the pathology is a bulbous structure, such as a
tumour or an éneurysm, a Gaussian filter can be chosen as the weights o

20 describe the pathology. The Gaussian function in polar coordinates is:

G(r,0) = Re > ,
where R, is the maximum distance from the original surface to deformable

posﬁion and o is decided according to the shape of the deformation surface. A -
two-dimensional Gaussian function with zero mean is shown in Figure 8. By

25 choosing suitable weights and adjusting some parameters, this method is
effective for most pathology cases.

r2

For example, adopting the filter W(r,6) =1+R°e-5?. in the point of
vascular wall growing an aneurysm P,, R, =1 means the distance from the point
to the skeleton is 2 times of the former, and o =1.5, at the next point F, where

30 PP, =2, thatis r=2, then the weight is calculated as 1.4 which means the



patient-specific data in a uniformway. 2.1 Weighting WO 02/ 097735

PCT/ SGO /00111 21 According to an enbodi nent of the presg?}s i{} enti on, one
nodel i ngWEIH09EBh is to add some weights in the reconst r BELSEY igorlé edure
according to the description of the pathol ogical information in order to

sinmul ate the pathology. According to zge pat hol ogy shape, sonme appropriate
wei ghts are 5 chosen to nodify the no? | shape to the pathol ogy shape. In
general , Li;¢a tRark 35 thB(paint of(1ud tinsé¥)of tHecHRtaNoe to théhe

wei ght s fhh@?lgnmgg@;f@%@ ﬁ%rtrt}gl t%gt(;mstri cal surface representation of
t he anat ogkgigtonst ructure, v represents any points at 10 the surface and u

Is the paraneter relating to V. In the 'vjew of i rocessi he

wei ght's funct | Omceavepeesaniationef the "el?VFP‘ ?%/F?{%Ng%%t%ée%%%\'%e%%ﬁns a
filtering_process.. . |a. thiS.: bW 4 riRieradingf i | ter
whose wavéﬁglﬂ'aﬁeﬁ'ﬁﬁ Q?réq"z?'h?ga\ﬁ’ﬁ'% tht %%?tg%y?gﬁoﬁﬁdnﬂgﬁe %1?@ fil té?éél ?ray be
desi gngd aarfabe ragonstructidrias described ajoveoodel i ng. 15 Wierein sone

di stribution functions nay pe used to design an appropriate filter for the
wei ghts f et | d¥dEsi an distribution, Beta distribution, gama

di stribution, %@@oﬁﬂhd’q ERAbtHe?S bAMRImEAe R e PRedMY¥n alterrativeous

structure, such as-a~ tunour or an a.neurésm a Gaussian filter can be
chosen as sppeoash ghtts simulate thes growiagt ok pathaiegvdyy. bulidingags mede! tianct i on

in polar coordinates is: I 0) = Rae Za: , where RO is the maxi num

di st ance ﬁ"BHPak%&'ecﬂrP&fr}gaP'%ggﬂ"éeCe to deformable position and v is decided

accordigig to t IFENiFRRe Eletrent thdthodpanalysis is tatypicahmethod disedriei usildl

Gaussi an function with zero nean is sho [ F{ re 8. FﬁyﬁS ?g? s%

sui t abl e whe gnedel Aerasdingdeithe %QWBQHQPQH%PEP@,'%P% et Rot™Me g"? %‘gtive

for nost t G : i | i eofs) =1 +

Roe o5 ’Q.Fpnﬁr%h:ﬁ%gi%ﬁ)‘?g? id 2dd&Y afiRIPYiAt toaéiﬁi&létéghé@%\ﬁfldgt;ﬁbcwlﬁrf : )
pathology. Through FE computing, the force at each vertex in the surface is

calculated. The procedure of mesh generation for Finite Element Analysis is

15 discussed below in Section 3.0.

This method requires surface meshes to be generated first, butis ableto . .
describe most pathology models. This pathology growing method is more
complex than the weighting approach just described, but nevertheless, an
advantage of this method is its generality.

20 Considering the example of an aneurysm, the FEM model is built
according to the forming of aneurysm in blood vessels. The aneurysm may
commence to grow when the vascular wall cannot stand the pressure of blood
flow. First the area for the aneurysm growing is decided as the FEM analysis
areai:, where the distribution of blood flow force can be observed as well as the

25 physical property of the vessel wall. With the FEM meshes of the area, the
deformation of the vascular wall can be computed step by step. When the
vascular wall bulges, blood flow goes along the inner vascular wall and the
distribution of the blood flow may be observed and recorded for the FEM
analysis. This step iterates until the aneurysm grows to the maximum limit.

30 With the FEM model set up, it may be used to simulate pathology by
generating appropriate surface shape changes. Therefore, the growth for
different pathological cases may be controlled. In this regard, Figure 9 shows



vascul ar wall growi ng an aneurysm PO, Ro =1 neans the distance fromthe
point to the skeleton is 2 times of the forner, and a =1.5 at the next
poi nt PWOK¥PYIZD POPL = 2, that is r = 2, then the vvel gH’FTfsé;"é’g?lébl ated as
1.4 which means ‘the WD 02/ 097735 PCT/ SGO1/ 00111 22 point P, will grow
outward to the point of 1.4 tinmes of the distance to the skel eton. Once a
representation of the rel evant pathol ogy has been constructed as such, it
may be conmbined with the central axesompdel before undergoing 5 surface
reconstruction as described above. 2.2 G ow ng of Pathology According to
anot her ¢hdeowkf oo pathdlogioalqart, deingiin this instariceve tumpypr.okabh verten

sumlatethegovmng of Rpathol ogy by building a nodel to simlate the
growi ng i dae BUH @cel@'oM@I\AngV de El enent Method) analysis is a typical
net hod useqd tq b eI According to the grow ng routine of

pat hol ogy;, t up first. Then a force is added at the

point to si nu|Mcnhehm¢;hodAauy,opdm@éadhts isventien miowspatiology ghapes to

or ocedur oo GleBeui iEfacEbe Podelig b paffice sréAesd \BeRimth o o
bel ow i n Sesdwfith Whith they sanabhgity modify ties pathdiegicalnsiaipesas deﬁiﬁedld?tﬂr at ed

first, but is able. to describe npst atholo?ﬁqm)dels Thi s pat ho|

growi ng raxamople; eneethe P@MW@%E@@ IcorRergRd inge thasentral gk mode crl bed,

but never
Consi der (A Piitdgs, KbarRRURHST ertBimed,  ulBE B pick b B (UIRCHRE Vabould .
to the faurfarg offthereconstructed mOdeUthhsasmlouseTamd mmnmwﬂhwgomht@rﬂmnce to

e <leg desiecaBghe . Timdpfomraon & abeetbd b L 0SRiiTad R aecee Mate, " "

wher e thes%rﬁéﬁtsbﬂfdtq'i?@ b@bﬂOQltérbawénar WtnC i lmg Qméﬁdl afornhtiods the

25 physi cal™ property o vessel wal | . M meshes of the area,
the def cpemnmngsegmwtmnsltractumagamapnm%Itﬁfpd@cmnéq) by step. Wen

and the i of rABEUPEHS ARG, SBRBsh A, SRATy 50 B yitfololRE FECST dbs"Tor
the FEM human vasculature that may be modeled.
15 In modeling aneurysms, there are nonstented and stented aneurysm
models of the parent artery harboring the aneurysm, which are shown in Figure
11. Figure 11 also iillustrates the two main parts of an aneurysm, the sack and
neck. '

The current standard in several commercial systems is to approximate
20 an aneurysm by a sphere, which is not accurate for most clinical cases. In the
present embodiment of the invention, the aneurysm will be modeled using the

sack and neck.
* In this regard, an elliptical cylinder can approximate most aneurysm
necks. The length of the cylinder for the neck is usually varies, depending upon
25 specific patient data. It can be chosen as a major geometric parameter for the
models. Another geometric parameter that may be chosen is the radii of the

cylinder.

The sack of aneurysms can be approximated by an ellipsoid, which is
connected onto the neck. The joint modeling process-discussed in 1.2 above,
30 can be readily applied to the method of reconstructing the aneurysm. That is, in
reconstructing the aneurysm, we regard the neck of the aneurysm as one
branch, which forms a joint with the parent artery harboring the aneurysm.



analysis. This step iterates until the aneurysmgrows to the maximmlimt.
30 Wth the FEM nodel set up, it may be used to sinulate pathol o

gener at | W e97Bpri at e surface shape. changes. Ther ef or e P tI‘ﬁQ"é{P%h f or

di fferent pathol ogical cases may be controlled. In this regard, Figure 9
shows WO 02/097735 PCT/ SGO1/ 00111 23 tzge growi ng of a pathol ogi cal part,
being in this instance. a tumour. Each<Vertex in the surface "grows"
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The length o r the neck is usually varies, depending upon
25 specific pati Terunalweastelnbtlcafesbel ssgoeants atbeir shaper betbdrfore ang afteret er
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15 stenosis after angioplasty. '

An example of how the changes in shape are compared will now be
described in regard to lumen shape data obtained from a particular clinical
investigation for a proximal left anterior descending coronary artery stenosis
from a patient angiogram before PTCA (Percutaneous Transluminal Coronary

20 Angioplasty) after the first balloon inﬂatidn, and after the final balloon inflation.

In this case the minimal lesion diameter d,, = 0.95 mm before angioplasty was
increased to d,, = 1.80 mm after final balloon inflation. The data traced from the

angiograms with vessel diameters measured every 0.25 mm along the vessel
segfnent indicated that the effect of balloon dilation was to axially redistribute

25 the plaque away from the narrowest cross-sectional area to a length £, of
about one proximal vessel 'diameter, ie., £, =~d,. The length of the constriction
vessel portion £, ~ 2d, . There was rather abrupt vessel divergence downstream
of the end of the narrowest portion so that the length of this segment ¢, ~ 0.54, .
In this case, both the proximal and distal vessel segment diameters were also

30 increased after the procedure, but th_e' magnitude of the changes in d, in

particular was larger than usually observed.




The sack of aneurysns can be approxi mated by an ellipsoid, which is
connected onto the neck. The joint nodeling process dlscussed in 1.2 above,
30 can bworeeasi’sy applied to the method of reconstructi nBCTREOENALY ysm

That is, in reconstructing the aneurysm we regard the neck of the aneurysm
as one branch, which forns a joint W|th the parent artery harboring the
aneurysm WO 02/ 097735 PCT/ S®01/00111284 Therefore, referri ng to Figure
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di anet er oreaglop asty was increased to dm =
after fingledivaitéddD méslhagemratoThe pfaVndedrfacEcEM ramalyshsa in zilmgusagum@nvm th
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pl aquey Favafy He%ﬂb%ﬁ? g/erowest cross-sectional area to a length .tm of

about onhe proxi ma di aneter, i.e., t., de. The |length of th?
constriction Meshing is the process of breaking up a physical domaln into smaller

sub-domains. There are various types of meshing, including 2D meshing, 3D
meshing, and surface meshing.
The automatic mesh generation problem involves attempting to define a
20 set of nodes and elements that best describe a geometric domain, such that the
geometry may be composed of vertices, curves, surfaces and solids. Many
applications first mesh the vertices, followed by curves and then the surfaces
and solids. Therefore, nodes are first placed at all vertices of the geometry and
are ‘then distributed along geometric curves. In turn the result of the curve
25 meshing process provides input to a surface-meshing algorithm. The meshing
process then composing the surface into well shaped triangles or quadrilaterals.
Finally, if a 3D solid is provided as the geometric domain, a set of meshed
areas defining a closed volume is provided as input to a volume mesher for
formation of tetrahedra and/or hexahedra.
30 In the present invention, for a simple FEM analysis, 3D meshes are
generated as 8-noded elements. The algorithm cqnsists of three steps: 2D
meshing, 3D meshing and refinements. The 2D meshing step generates 2D



vessel portion Q 2de . There was rather abrupt vessel divergence
downstream of the end of the narrowest portion so that the length of this
segnent wA 02/697783. 5d,. In this case, both the proxi mal aRETEG8VH11Yessel
segnent dianmeters were also 30 increased after the procedure, but the
magni tude of the changes in de in particular was |arger than usually
observed. WD 02/ 097735 PCT/ SR01/00111285 These angi ogr aphi ¢ observati ons
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meshi ng ph@ﬁéﬁédr@h&" | (P $hé "Uemhekor? SeVedracdistRtion id thbgeleiment shEpe feshi ng
process then conposing the surface Into well shaped triangles or
quadr i | at andesirable. This distortion may occur when the nodes of an element surface

do not share the same plane. Therefore a consistent gridding system is adopted

to avoid the distortion, which strictly aligns the gridding of two adjacent cross-

sections in the same orientation and with the same gridding resolution. Then the

20 volume meshes are generated by joining the corresponding points at the grid of

two adjacent cross-sections.

The area between two adjacent cross-sections may aiso need to be
subdivided according to the resolution of the 2D mesh at the cross-section, to
formt one or more additional points between two adjacent cross-sections to

25 include in the interconnection process, which generates more standard finite
element meshes for FEM analysis. It can be done by interpolating cross-
sections between two adjacent cross-sections, then generating 3D meshes with
the mesh generation method. '

An important concept in FEA is the number of elements in the mesh

30 model. This parameter is crucial to the accuracy of the analysis, as the
accuracy increases as the number of elements is increased. Here the Bezier

surface curve representation allows the creation of new vertices at arbitrary




Finally, if a 3D solid is provided as the geonetric domain, a set of neshed
areas defining a closed volune is provided as input to a volune nesher for

f or mat i ow@d2/devssahedr a and/ or hexahedra. 30 In the presdiT/SGM@Aton, for

a sinple FEM anal ysis, 3D neshes are generated as 8-noded el enents. The

al gorithmconsists of three steps: 2D neshing, 3D neshing and refinenents.
The 2D meshing step generates 2D WO 02097735 PCT/ SGOL/ 00111 26 meshes at
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4.0 Validation & Analysis of Geometric Modeling
There is a need to validate the geometrical models constructed from the

20 initial volume images. In the present invention there are two possible types of
models:

i) a model for computing deformation; and

i) a model for graphical rendering.

These models are different because of their different roles, aithough they are
25 representations of the same object.

More specifically, the mode! for computing deformation usually consists
of eight-node elements for finite element computation, and may be optimized for
computation and traded off in relation to visual details. However, for the model
used in graphical rendering, it is of utmost importance to have smoothness and

30 be visually appealing. The performance of the later model depends on the
performance of the processing computer's graphic card while the former
depends mainly on the raw processing power of its CPU.




el ement neshes for FEM analysis. It can be done by interpolating cross
sections between two adj acent cross-sections, then generating 3D neshes
with theyoesépsgsnerati on net hod. An inportant concept i rrGABGA0tIMe nunber
of elements in the nesh 30 nodel. This paranmeter is crucial to the
accuracy of the analysis, as the accuracy increases as the nunber of

el ements is increased. Here the Bezier28 surface curve representation allows
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presentatio he same
defines a threshold, and a blnary volume is constructed, also using the
15 parameters of the original volume images, whereby each voxel within the
threshold is assigned the value 1, while all other voxels are assigned 0. in our
embodiment, we define threshold as the highest intensity value of a voxel to be
classified as a part of the targeted anatomical structure. For example, we used
a value of 75 as a threshold to target human cerebral vascular in an 8-bit
20 volume data set. The threshold could vary depending on the scanning
parameters. We may use an intensity range instead of a single value threshold.
In this case, the voxel whose intensity falls within the range is assigned the
value of 1, while all other voxels are assigned 0.
~ The third task compares the binary volume of the model with the binary
25 volume of the volume images. This is preferably achieved by dividing the
number of voxels having different values with the total number of voxels; This
fraction should approach zero for an accurate model.

4.1 Multi-functional visualization in a simulation environment

Visualization is a fundamental component in virtual reality simulation
30 environments. For example, a system embodying the present invention may
provide a versatile visualization function, which includes 3D rendering of a
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4.1.3 Virtual endovascular navigation
To implement the examination procedure of mtravascular systems, it is
necessary to provide a virtual endovascular navigation function. Considering the
20 fact that anatomical structures commonly found in patient datasets are very
complex, even for a specifically trained physician, it can be difficult to navigate
to the target. Furthermore, collision avoidance is a costly operation, which is
frequently not available in most virtual endoscopy applications.
* Therefore, in order to implement full flexibility, combined with user
25 guidance, and an efficient collision avoidance scheme, an interactive guided-
navigation paradigm may be provided, whereby while navigating an
endovascular system, the central axes is used to guide a virtual camera. Also,
the distance from the central axes to the inner surface is used to analyze

collision avoidance.
30 4.1.4 Visualization of Finite Element Analysis
In the navigation of the catheter, the behavior of the collision when the
catheter contacts with the inner wall of the vascular network needs to be



25 volunme of the volunme images. This is preferably achieved by dividing the
nunmber of voxels having different values with the total nunmber of voxels.
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Mul ti-functional visualization in a simulation environnent Visualization is
a fundamental conponent in virtual reality sinulation 30 environments. For
exanpl e, a system enbodyi ng the presen80invention may provide a versatile
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4.1.5 Reqistration of Surface and FEM Meshes
FEM analysis of, for example, catheterization is computational costly. For

computational efficiency, the 3D meshes  surrounding the catheter tip are
focussed upon. This is a valid assumption since the tip end of catheter and
20 surrounded vessels are the focus of the procedure.

The registration of surface and FEM meshes will solve the problem of
locating the corresponding FEM meshes while visualizing the insertion of
catheter in blood vessels. With the Central Axes Model, it is not difficult to do
this by first locating the applicable part of the central axes, and then obtaining

25 the local part of the 3D meshes mapping the applicable part of central axes.
This reduces the computation to a smaller data set. According to the central
axes, it is then possible to map the surface meshes and FEM meshes. Hence,
the behavior of catheter insertion and navigation, and the visualization of the
vascular network correspond.

30 Variations and additions are possible within the general inventive concept
as will be apparent to those skilled in the art.




25 gui dance, and an efficient collision avoidance scheme, an interactive
gui ded- navigation paradi gm may be provided, whereby whi l'\’?‘fﬂ%é (ﬁﬁ“’lng an
endovascylghy@ysiem the central axes is used to gui de a al” camer a.
32

Al'so, the distance fromthe central axes to the inner surface is used to
anal yze collision avoidance. 30 4.1.4 Visualization of Finite El ement
Anal ysis In the navigation of the catheter, the behavior of the collision
when the catheter contacts with the i8her wall of the vascul ar network

needs to be WD 02/097735 PCT/ /00111. gedﬁh I
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to do 15 radii and curvatures of vascular networks are two characteristic parameters, so

by identifying the radius and curvature along the skeleton of vasculature, it is

possible to recognize pathological cases.



this by first locating the applicable part of the central axes, and then

obtaining 25 the |local part of the 3D neshes mapping the ' part of
central WRE0977Fhi s reduces the conputation to a smaller P%Q‘?Aad‘ﬁ@mﬁ

According to the central axes, it is then possible to map the surface
meshes and FEM neshes. Hence, the bemi or of catheter insertion and

navi gation, and the visualization of vascul ar network correspond. 30
Vari at i om@ggaddi tions are possible within the general inventive concept
as wll rent to those skilled in the art. WD 02/ 097735

PCT/ S&01/ 00111 31 In this regard it is to be appreci ated that conponents

ot her ar che. A& tamagice) Sneton rbondafcd ithen SR Fediv e |

used in Co”p“t it ﬁ‘r‘u@ﬁg s 9&0@8@ é)}d"r‘ﬁroﬁﬁ ¥ality 6f !hatbﬁwrbalabramhes
applications. once geonetric 5 no IS validated, it may be

i mpl engnt ed i nthe matrtodmoludmg)ﬂralstepsgﬁl i zat | on for a similation
environment. In addition eo r ntion
may be used to und@FRER "Saﬂrgﬁ“@ge tcgl &‘r?ngg iésnﬁigapbrérr@\ |ﬁr§ﬁ8 ?hﬁyﬁ
geonetric mdegumgweéﬁﬁ [opratidn;iamdent i on and some characteristics of
pat hol ogi cal cases, %0 possible to undﬁ_lqiake tholgogr cal di %nosr S
by anal yzing the gemtmcémg G RTPSH AR NAFRID HORCR

vascul ar netwo ?’%ﬁ{ tirfade. georret rical
features corrpa‘toléﬁ l{s&)&ﬁa @@bg rﬁ&ﬁﬁ&ﬁg?@ té%%gléigﬁg l'yzing the
geone#pi cal nodel of a vascular systemit may be possible to identify
pat hol ogi cal cases ectly. In t.h r ard, it is nt that 15 radii
and cur vaBur es N@‘“Q/SQEGPHP 1n‘é4" G5 %ﬁ&%ﬁ%ﬁ%@zﬁfc paraneters, so
by identifying the Hate ctbsdi8etiivh fdfdaehdtanth;vascul ature,
it is possible to Pgﬁoﬁvlgg%ﬁﬁeﬁbgr cal cases. t WD 02/097735

PCT/ SG01/ 00111 32 CdividiBg the icross-sediongiiate pentigns asu@hthat\gachhatien is

method of form ng aa\é'sgé' g{edywrth a corresponding portion of a neighboring branch;

15 performing the part-surface sweeping operation along a trajectory
relating to each of the associated portions.

3. Method of claim 2 wherein the trajectories are generated using a cubic
Bezier curve, and include the steps of:

20 generating branch trajectories through vertices of each branch;
determining at least one control point on each branch trajectory;
forming a cubic Bezier curve between each set of neighbouring
branches using the at least one control point relating to each
branch.

25

4. Method of claim 2 wherein the part-surface sweeping operation is
performed using moving trihedron modelling.

5. Method of claim 4 wherein the moving trihedron modeling includes the
30 following steps:



continuous surface across a joint of a plurality of anatom cal branches, 5
the nmethod including the steps of: generating surfaces for_the anatom cal
branches wabngp723spart - surface sweepi ng operation; and ccfrfs"ﬁ%?’?ﬂé
surfaces across any holes in the surface across the joint using a patch
filling nmethod to conplete the joint surface. 10 2. Method of claiml
wherein the surfaces are generated by:33determ' ning an appropriate

cross-section for each pranch: divi ciang,dhgoc - ; ' i#H ons,
such that each porti'BWaﬁgg aagg'ggféﬁgti '%'t'ﬂg'a? éﬁ?ﬁe@%%?ﬁ%trp%%ﬁrgﬁmg a
nei ghboring br afghmetdd 98 SQERthat THeN pand B warbaonit stangpntygnarpeal aandn

along a trajectory relating to each of the associ,ated ortipns. 3. Mt hod
of clai m2 wherhinarmaleecters&f the traiecton: aha gives Rein §Pﬂ§e%t"'8 bi c Bezier

curve, and include the. scttﬁg}}gé%oﬁsﬁgﬁgqe{@ﬁlgﬁeweqﬁgg %%rggﬁwé@@ T,hr ough

vertices of each bradNOIF east one con poi nf on each

branch kraj ect ofith pdrafristérat=el/Sulni ordéeoeobtainr aendwtvestor Bich Biet (d3
nei ghbouri ng brapc es using the at | east one control point relating to
each branch. 2&TidTi'Met hod of claim 2 wherein the part-surface sweeping

operation is perfor | IN ' ) d’aqr&; B 1. Met hod of
claim4 wherein the ﬁﬁgﬁ’%h@g?g@gﬁ%ﬁ& |g§h€B{ nc uggg' tgﬂgsn 30 fol | owi ng
steps: WO 02/ 097735 peJésinglthe0dectorB,’ onto theaplang definednlevitangent vegior N1O,
B;) at an end of ,the trajector i th paranmeter t= at_ h1 N@gnd B
are unit tangenfi Wi ﬁﬁférﬁﬁf&r t%?)rgo'lnn%{'ﬁe(/ f’éﬁn R?Wé}%%?%'}%ct orE gtéia gi ven
poi nt, 1|bespect i y-%b)y-i-lz.proj ecting a vector Bi onto the plane defined by

tangent “vector T 5 with paraneter t=1/3, in order tq obtaj n a new vector
Bi' = B10 - ( Bj Ti cal€llating vector Ni? as the cross-product of Bi*and Ti",

projecting the vector Bf onto the plane defined by tangent vector
T3 with parameter t=1 in order to obtain a new vector B2 = B?- (B2 oT)
T2
15 calculating vector N as the cross-product of Band T¢’.

6.  Method of claim 5 wherein (T3, N?, B®) is used as the new start trihedron
for trinedron (T 1%, Nixt, Bis1”).

20 7. Method of claim 2 wherein the construction of surfaces across any holes
includes the steps of:
dividing each Bezier curve of each branch surface in two on the
boundary with the hole at a particular point;
determining a center vertex of the hole;

25 dividing the hole into a plurality of subpatches, using the particular
points and the center vertex, the number of depending upon the
number of branches; and
constructing a surface across each subpatch.

30 8. In a biomedical simulation environment, a method of constructing a
surface of a 3D object using a segmented geometrical model, including
“the steps of undertaking segment reconstruction and joint reconstruction



cal cul ating vector Ni' as the cross-product of B;'and T1'; projecting the
vector Bi' onto the plane defined by tangent vector T12 vmth * paramet er
t=2/3 i nword@p7789 obtain a new vector B2 = B; - ( Bi' 1 C'f’§§9 qgﬁ
calculating vector Nit as the cross-product of Bi2and T12; proj ecti ng the
vector Bl12 onto the plane defi ned by tangent vector T3 with paraneter t=1
in order to obtain a new vector B, = B#2 - (B 2 T13) T3; 15 cal cul ati ng

vector Ni3 as the ¢ oss t of wher ei n
(Ti5. 3. Brapsing 8 SPAReTIRN edmety ﬁib‘ﬁeﬂﬁ%?%% PP Tepditbion 1

N1+10, B; +10) |n7acc A(]Q@\,ﬁ{h ahyoRe of vlameirtothe construction of surfaces
across any holes 1nc es the s eps of. dividing each Bezier curve of each

branch surface in two on the boundary with the hole at a particul ar point;

det er m ni [:x Smé @Rﬁgfa ik \&b “Jri'gtpar mgn:’c @b&h&ku@:oﬁhﬁch@é@ the'bepe

plurality cular points and the center
vertex5the nugger of dependi ng upon the nunber of branches and

constructing a surface across each subpatch. 30 a

sinul ation envir onnmnerﬁlﬂge?hHéJQﬂOWog@‘gu@t?%'btrao{ a’s“ﬁr Pg tﬁg‘e&ééﬂéﬁ Cobj ect
using a segrrentrﬁg eonetrical nodel, including the steps of undertaking
segnent reconst % lon and joi nt reconstructlon WO 02/097735 PCT/ SGOL/ 00111
34 using the segnenjoadugingremovingrddeedroncimedeling: ralongi e rgerpfatauct i on
i's in accordance W|th gﬁ one .of clainmns 1 to 7. 9. Method of claim8
wherein the segr_rent & A Ugtlon I ncludes the steps 5 of: generating a

trajeckQry along a %We‘é g-f duiace thectrajeoidey.. conducting novi ng
tri hed{lgn nodel i ng ;ﬁ@%}%@ﬁe generat ed oy . .
10. Method of claim 9 wherein the trajectory is generated using a piecewise
Bezier curve, and further includes the steps of:
creating a tangent node vector for each node of the central axis;
16 generating at least one control point between each pair of
neighbouring nodes using the tangent node vectors of the applicable pair
of neighbouring nodes;
forming a cubic Bezier curve using the at least one control point.

20 11. Computer program product including a computer usable medium having
computer readable program code and computer readable system code
embodied on said medium for constructing a surface on a virtual
geometric anatomical model, said computer program product further

* including computer readable code within said computer usable medium

25 for:
undertaking the method according to any one of claims 1 to 10.

12. In a biomedical simulation environment, a method of pathological
modeling for use in the simulation of the growth of a pathology, the

30 method including:
creating a 3D surface model of the pathology;



trajectory; and 10 creating a sweeping surface along the trajectory. 10.
Met hod of claim9 wherein the trajectory is generated usi ng“?ﬁﬁ){/‘ﬁﬁ W se

Bezi er cyfygroeaid further includes the steps of: creati ngP hgent node
vector for each node of the central axis; 15 generating at |east one

control point between each pair of neighbouring nodes usi ng the tangent
node vectors of the applicable pair oB9nei ghbouring nodes; forming a cubic

Bezi er curve using the at |east one caontro ' int$-8Mhd mbdelk ogr am
product i ncl udi ng aam%w@“%ré’b{ﬁéc%quqr[ﬁ#wg\g’wnéuﬁge é{nér readabl e
program code and co er readabl e system code enbodied on said nmedium for
constructing a surfa on a virtual geonetri nat om cal d ai
conput er program pr oghiculafing t the degf@leud?fn(faé’g B ?%nggﬁ)egé%rgg vﬁ#t hi n
sai d conputer usable nediu 25 for.; I ' t ARrawiuifade pohotiscasng to
any one of clains 1 @Qfoﬂ@.a{p‘i@p?lﬂﬁé)gﬂ%ﬁ%géﬁ%lgn%g?rrul ation en\alkfdrtonrrent, a

met hod of pat hol ogi Cfﬁsultfm?bhﬁﬁrd‘e@f use in the simulation of the growth of
a pat hofogy, the 30 method including: creating a 3D surface nodel of the
pat hol ogy; WD 02/097735 5 PCT/ SGOL/ 00111 35 applying outward force at one

or nore surface, points of,.the i éritl ad | metridee ofe pattwlogicalach
force and #8e d r%gblemedd‘gfoﬁwgg%no t?}dgmrmdel at the one ongm&\gf
i on

surface points ﬁ?o%nngewlase)in ¢he sifatation oBthe grawh iRaho
environnment, a nethod of pathological nodeling for use in the sinulation
of the growth omethpdin¥digg: the nethod including: 10 creating a 3D

surf acqlonodel of the cpééth‘@ 28 surface model of the pathology;
applying an appropriate weight function to the model, the weight

function relating to the shape of the pathology being modeled.

14. Method of claim 13 wherein the pathology is a tumor or aneurysm and

156 the weight function applied is a Gaussian filter.

P

15. Method of claim 14 wherein the Gaussian filter is G(r,0) = Rye 2°° such

that R is @ maximum deformable position of a point on the model and o
relates to the shape of the deformable surface.

20 16. In a biomedical simulation environment, a method of interactive
pathological modeling, the method including:

obtaining angiographic observations relating to a pathology;
extracting geometric parameter bounds relating to the pathology
from the angiographic observations;

25 incorporating the pathological parameters into a geometric
anatomical model;
constructing a 3D anatomical model including the pathology from
the geometric model such that the shape of the pathology is
capable of modification by a user within the geometric parameter

30 bounds.



appl ying an appropriate weight function to the nodel, the weight function
relating to the shape of the pathol ogy bei ng nodel ed. 14 i{g&’gﬁ 1{ claim
13 wher eW® ®208778at hol ogy is a tunor or aneurysmand 15 Ph I'ght” function
applied is a Gaussian filter. ri 15. Method of claim 14 wherein the
Gaussian filter is r, 0) = Roe 2a' sych that Ro is a maxi num def or nabl e
position of a point on the nodel and WO relates to the shape of the

def or mabl e_surface.,. o |l j ' j ' | BOORA met hod
of inter ai?i vell r?atbr@%Séﬁ'@!als%@@?ﬁ%ﬁb?@em%%%bﬁﬁoﬁy ng: obt ta?ialrwlng

angi ogr aphibc Ogéﬁéféﬁh' gﬁmrmlegﬂimatﬂirt&abanh?mgal; cr)]bjezt reoctel ﬁgrh_ge@rint ric
par anmet er boundls relating to the_patho|logy .fromthe.angiographic.
observations; sEnulating defosmatign ofat %@LB%&&!%‘P{%&@%‘%QJ‘?%HES‘ l?slela%omat ric
anat omi cal nodel.: ruct i 0 ' ARing ity Dftpdint

pat hol ogy from%m?équ%@nﬁpwgﬂﬁégfb%%\&?hg?b?he slrll“gp%‘bg?gltl e %gl ogy is
capabl g of nodighithstedgeshof theuress-sections witle eggeriengths briwesntasjacesd

bounds. WO 02/097735 PCT/SGOL/ 00111 36 1Z. J.n ' | i mul ati on
envi ronnent, aPRBEtHEA &8C ﬁ?%ﬁ??%'ﬁ?%ﬁ@dampﬂlgwgﬁéﬁé8 a virtual
anat om cal obj ect ”‘aﬂ&ért%ﬂh 9FErriedh genBHatRn dteathiosmbeciorpiandt | east a
portion of the object, the ﬂbdel being forned froma plurality of

cross-sections eachundeitaking dDumesht gengration nbetwsesn two cadiaerrd 6i0sehe
cross-sections with _edge |engt ' t ' S « QKk:
cross-section, the ﬁﬁ&ﬁ?ﬂf Wlg\‘%@?’ﬁﬁg{v‘%@%@gg@%ﬁ}:eacﬁ;&égéfg%l&hg Do_ﬂgsh
gener afg on at each gpesersmerd caddiiorthl poidty tamkdi rwonBertings fcogrespoadingn
bet ween two adj acent cross sections tgéesubdi Vi di edge | engths of each

cioss-section to foPRINtd bgtwees agigeen ??'ﬁﬁq!ﬂnsﬁ)gﬂﬂts and connecti ng
corresponding | PO! NyhdBRBBth I AEmERCATIBPBplifEoATS! MedesUr4ANg oS

refi nement and/or optimzatfon o resul t ant
3D mesh.

15 18. Method of claim 17 wherein the 2D mesh generation is undertaken with a
flexible resolution.

19. Computer program product including a computer usable medium having
computer readable program code and computer readable system code
20 embodied on said medium for generating a mesh on a virtual geometric
model for FEM analysis, the model formed from a plurality of cross-
sections each having a plurality of points on the edges of the cross-
sections with edge lengths between adjacent points on each cross-
“ section, said computer. program product further including computer
25 readable code within said computer usable medium for:
undertaking 2D mesh generation at each cross-section; and
undertaking 3D mesh generation between two adjacent cross
sections by subdividing edge lengths of each cross-section to form
one or more additional points and connecting corresponding
30 points between adjacent cross-sections; and
undertaking mesh refinement and/or optimization of the resultant
3D mesh.



3D nesh. 15 18. Method of claim 17 wherein the 2D nesh generation is
undertaken with a flexible resolution. 19. Conputer program product

i ncl udi nyoeo2mempst er usabl e nedi um having conputer readdSTEGHEYAM code
and conput er readabl e system code 20 enbodi ed on said nediumfor generating
a nmesh on a virtual geonetric nodel fﬁ] FEM anal ysi s, the nodel forned
froma plurality of cross- sections ea having a plurality of points on

t he edges of the cross- sections with edge | engths between adjacent points
on each cross- section, said conmputer . program product further including

conput er 295 r easthbl of aetsmaticdily generatingoarpurface meshi en awbjechrnodel for
undert aki ng 2D nmesh generati on &t@eeach r 0SS; sect.i ing 3D

: d
nmesh gener at i orMsgeln anplysia; pode} 5?5‘9 @é@?p(ﬁ@“bﬁér@ﬂfﬁﬁ&vsééﬁgsédge
| engths of eac %g%&Bﬁé eaRh! lgévg%g% % pRjElity WP pstsTenettRr dibes o theobiks- and

connecting cor onding 3 et ween adj acent cross-sections; and
undert aki ng mesdectiehs rwitreredgen téngths aetwientadjacesit peiots «heaght cro$sr nesh.

WO 02/ 097735 PCT/ /0011 7 20, f automatically generating a
surface nesh orﬁe&ﬁ%j @tm?ﬁ%@alm?ﬁqmgﬁéggﬁ&ﬂﬂ anal ysi s, the nodel being
fornmed froma pl uraljdderigking’ 385 mésit igeperativac bebsemdwa fidiacent toross

points on the edges of the cross 5 sections with edaﬁel engt h?.

bet ween
adj acent points on eections by subdividinggdge irngtas AHEaCH ETARSISRP PH?O?&@?)S of :
undert aki ng 3D nesh at dj RS cSRESHSHHINGY
subdi vi di ng edge |en‘gﬁ§6’o¥ﬂ°3§cﬁag'}ﬁ§§§‘- ?gg}t?o%ﬁ?geqno@m gne or ;?mre é)
addi tigpal poi nts ansbigerbetweenadfaventsmpssdiections.0 poi nts bet ween adj acent
cross-sections. 21. Method of validating the accuracy of a geonetric nodel,
including the steps of generating a first binary volunme image relating to

the georretﬂ_c MRtHE 6t validating the accuracy of a geometric model, including the
steps of:
generating a first binary volume image relating to the geometric
15 model;
generating a second binary volume image relating to a validation
threshold;
comparing the first binary volume image with the second binary
volume image in-order to obtain an indication relating to the
20 degree of accuracy of the geometric model.

22.  Method of claim 21 wherein the step of comparing the first and second
volume images further includes determining the number of voxels in the
“ first volume image that have values different from equivalent voxels in

25 the second volume image.

23.  Method of claim 22 wherein the indication is a factor achieved by dividing
the number of voxels with different values by the total number of voxels,
whereby the factor approaches zero for an accurate model.

30

24.  Method of claim 21 wherein the geometric model is constructed from one

or more volume images, and the steps of generating the first and second



generating a second binary volume inmage relating to a validation

t hreshol d; conparing the first binary volune imge wth the second. binary
vol ume iweg@e/n91735 order to obtain an indication relating tP&T(wllo%ldegree
of accuracy of the geonetric nodel. 22. Method of claim21 wherein the step
of conparing the first and second voléé‘na i mages further includes

determ ning the nunber of voxels in th first volune inage that have

val ues differept fr i : j : frorn ' e. 23.
Vet hod of o af pingsy SRS [HHEREE Ll vole ) R8rTEs Sof pBIafptereBEn. 0
the nunber of wxehs onrimdrediolimedmages) ues by the total number of voxels,
wher eby the factor approaches zero for an accurate nodel. 30 24. Method of
claim 21 wherein the geonetric nodel is constructed fromone or nore

vol une i €s, i t dditinidiérsiincititie dvlumecsizg] 186yth,

02/ 09773gEgCT/ g@ﬁ?ggﬁﬁé@g@l gfhrﬂgwgl%a;g I mages utilize a vol uarr@ nodel
deri ve@ from pavidthearet keight. t he one or nore vol une i mages. 25. Method of

cl aim 24 wherein the paraneters include volune size, length, 5 width and
hei ght .



