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ABSTRACT

In order to design a patient-specific simulator of pelvicamg, MoDyPe project considers the organs as thick
surfaces. Starting from a closed parametric surface foother hull, an offset approach is applied. However,
respecting the thickness on the surface and ensuring tleaedsf self-intersection is impossible if the shape has
too important local curvatures. Two iterative approachrescampared. The first method is based on a B-spline
formulation, and the second one on a mass-spring system M&® second method on discrete representation
permits to obtain more accurate results with a more flexitmmtilation of the problem.

Keywords: Offset approach, parametric fitting, B-spline, mass-gpsiystem.

1 INTRODUCTION with an offset approach by building a second surface at

) ) . a given distance from the first one (the thickness of the
Through simulations of organs, a better understandingamprane. alias the offset-distance).

of poorly known disorders is possible. The problem we

are interested in refers to the pelvic area, whose the (ﬁ_irstly, related work is detailg dand qffs_et problems are
gans can suffer from an imbalance in their spatial corPut forward, followed by a brief description of the offset

figuration. Although surgery is used to heal the patien?rocess _W'th B-spline surfa_ces. Afterwards, a d_|sc_rete
the impact of a surgical operation is difficult to esti- ormulation of the problem is presented. A qualitative
mate. Many tools have been developed for this purpos(éomparison is carried out between the results obtained
requiring a virtualization of the environment [2G12]. by a B-spline offset and the discrete offset.

This work is integrated into a preoperative and patien2 RELATED WORK
specific process (described in [BCR1]) to develop a

. . / In our case, the creation of an offset consists in
decision support software. The invasive procedures

) : -~ providing a thick membrane composed of hexahedra
displace the organs will be evaluated. The real-tim g b

traintis relaxed to be faithful to bhvsiological real ithout degenerate or crossed elements to apply finite
f:on: ralnl\)lsé:e ?xet_ Ot € faithiu otpt_y5|_o ogica Orleagelement calculations. The known problem of paramet-
ity. From orpatients, asegmentation|s carmed 0Ul; . yfsets js the local and global intersections when

foIIovyed byag_eometr_ic modeling to get meshe§ and fhe minimal main curvature is too large according
phyS|caI.modeI|ngto simulate the organs behavior. ThE) the offset-distance (cf. Figure 1). The problem is

i the i bound fh B n each line and column [KSP02] for ordered datasets,
quality, so the inner boundary of the organs can not b&, e reduction by an iterative repositioning of

segmented becguse of the noise and erroneous POINERs control points [SNLO4], or parametric restric-
Therefore, starting from a B-spline describing the sur:

) tion [SEKO6]. Finally these methods may not detect
face of the organs [BCR12], a volume mesh is created small self-intersections.

In another point of view, models based on active con-

Permission to make digital or hard copies of all or par oftours could be used [YPFO6]. The parameterization

this work for personal or classroom use is granted wit ong a B-spllllne surfa:]ce make? It pOS?Ib|e to Cohn.trol eas”gj/
fee provided that copies are not made or distributed for rofit e sampling, so that a quality conform mesh Is created.

or commercial advantage and that copies bear this notice afdoWeVver, the advantage of active contours is to make
the full citation on the first page. To copy otherwise, or|re-& S€ed evolve with a set of forces, without taking into

publish, to post on servers or to redistribute to lists, i consideration the connections with the external mesh.
prior specific permission and/or a fee. Their drawback in our process comes from automatic
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(a) Thickness with 3 layers

Figure 1: Local and global intersections for a curve. Erer rom theSamsled pogs {0 (h ce

mum error
Thickness to reach

feedbacks of the physical step that requires modifica- 5

tions in the surface sampling (i.e. local density change).

These needs involve an expensive update of the mesh o

connections with the internal non-parameterized mesh o

to ensure the absence of crossed hexahedron. 04

3 THICKNESSAND B-SPLINE o I I

Based on [BCR12], a bidirectional energy function : Layer :

describes the connections between the B-spline sam-
pling and the data points. The error is defined as a sum
of distances between each sampled point with the clos-
est data point in terms of Euclidean distance, and vice
versa. A steepest descent method is used to reduce this
energy and a fitting surface can be found.

3.1 Offset Operator and Process

From the surface fitted on the data of a patient (called
external surface), the construction of aoffset-surface

at anoffset-distance consists of four steps: uniform dis-
cretization of the external surface, computation of the Erors from the data o he sampled points
normal at each point of its sampling, construction of the hcings 5 each
offset-cloud by moving each sampled point along the

normal over the value of theffset-distance, and itera-

tive fitting of a parametric closed surface on tifeset- o
cloud to obtain theoffset-surface. If several layers are 12

(b) Mean squared and maximum errors (mm)

Figure 2: Offset of a bladder wall.

(a) Self-intersections

needed by FEM experts to have a mesh with more uni-
form hexahedra, the same process is repeated with the
value of the thickness divided by the number of layers.

3.2 Results Layer

The cardinalities of the datasets are arounid #0ints. (b) Mean squared and maximum errors (mm)
Since the real thicknesses are unknown, average values Figure 3: Offset of a rectum.

are used [SSSL0]: 3.5 mm for the bladder, .5 mm for

the rectum. Uterus and vagina are not considered. 33 Assetsand Limitations

Figure 2(a) illustrates the bladder membrane. The offset

does not have any problems because the shape is qufier organs without complex shapes, the preceding
spherical, besides the thickness is not enough impomethod is satisfactory. The scattered knowledge on
tant to create global self-intersections. The histograiie real patient-specific thicknesses remains a problem.
in Figure 2(b) sums up the errors during the process fadlowever, the use of a method based on the least
each layer and the value of the local thickness to reachquares has limitations. One of the solution is to
The errors are the two energy functions [BCR] and apply a trimming algorithm as described in Section 2,
the maximum error during the fitting. We notice thatnevertheless the parametric methods are unadapted
the maximum error for each new layer is low compare@specially for largeffset-distances. Since we provide

to theoffset-distance. The results are different for the a mesh in output, working directly on the mesh
rectum. Figure 3(a) shows local self-intersections dugould be an advantage. We have then developed a
to high curvature. Figure 3(b) illustrates effectively thediscrete approach for the offset construction based on a
problem of the maximum error between two layers. mass-spring system (MSS).

3
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4 THICKNESSAND MSS The Euler explicit scheme is sufficient to compute the

A MSS is designed to build the internal surface withe€xt position o ; with small time steps:
out accurate knowledge about the thicknesses. We dif-

ferentiate our model from conventional mechanical ap- Bij(t+4t) = Rat (R j,t)
proaches, since our objective is to use a dynamic ap- Pi.j(t+At) = pij(t) + At j(t+At) 4)
proach to create a static mesh. In our case, no mass P (t+At) = pij(t) + At (t+At)

is considered. A set ofn+ 1) x (m+ 1) particles

{Pu,j}ﬂ’jrio forms the system (the external surface samwith At the fixed time step, whose the value must not
pling). Each one has a positignj, a velocityp; j and  exceed the natural period of the system [Pro96].

an acceleratiorp; j at a given timet. The system is

governed by Newton’s second law of motiBry = i j, 4.2 Parametersof the MSS

with F j the sum of all forces & ;.
If we take into account the time stép, we end up with

4.1 Creation of the Thickness asetof 12n+1) x (m+1) + 3 parameters for the MSS.
The choice of the lattice requires to define the field oPetermination of the optimal values of each parameter
application and the constraints to satisfy. would be too much time-consuming and empirical.
411 Energiesof the System Tests of local self-intersections are performed during

. the iterations, increasing these stiffness values setting
An external forcd= (oriented as the normal vector at

\ ) if necessary. Similarly, the rest Ienglﬂ « is replaced
eachR, ;) and a damping forcEgamp (based on Kelvin- ’

O . . . . . .
Voigt model) are added to the system. Finally, Hooke’ y Lij. Th|§ Iength is defined initially through simu-
law is used as part of internal force for elasticity an ations, by increasing gradually the tension force unti
distances preservation: the OBB of the internal mesh has only 10% of its ini-

tial volume (fixed threshold). Concerning the parame-
Pkl — Pi,j ters of the two additional springs in the lattice, the rest
F Pi)=TYS ki —p)—L0, ) Hd pring ce,
recn (R) ghl’k' ((ka i) ”’k') IPki — pijll lengths are equals to thuffset-distance, thenl?; = d

(1) and I:Ej = d. From an isotropic assumption for the ex-

wherekij i is the stiffness coefficient linking j and  igrnal force, we Sd,ii‘j _ Ri‘j — K, with K the unique

R if they are neighboring, antflj],kl is the rest length - gtiffness coefficient connecting the internal and exter-
of the spring. Two springs are however added to corsg| meshes. Finally, the parametatsn andAt are

straint the internal mesh in an orthogonal position inyetermined empirically, since the associated forces are
side (cf. Figure 4). The total internal force consists of: itficult to match with physical quantities.

Firt(R.j) = Fareeen(Pj) ) .
S(ui,vj)—p; 43 Correction of Local Self-Intersections

K VS - [0
(118w v5) = il = L) [S(ui,vj) — pijll A local self-intersection is defined as an inversion of a
. . ph— pij guadrangle in the internal mesh. Our proposed solu-
+Kij (H pfj —pijll — Lﬁj) Lji tion consists in detected the crossed quadrangles and to
I Pij— Pij I increase locally the mesh tension with the stiffness pa-

(2) rameters (their values do not go beyond a precalculated
threshold to prevent instability in the system). The de-
tection is achieved with oriented angles (see Figure 5).
Moreover, this tension is spread on the 2-neighborhood,
with a geometric decreasg (with g the proportion be-
tween two stiffness values, aedhe depth of the neigh-
borhood for the considered particle).

Anti-trigonometri
Figure 4: Lattice of the system.

4.1.2 Integration Scheme
The total force of the system applied By at timet is:

rigonometric

Ftot(P|,j )= F|nt(P|,j O+ Fdamp(Pl,j )+ Fect(R,j 0 (a) Well-oriented anglegb) Crossed quadrangle
(3) Figure 5: Oriented angles of crossed quadrangles.
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4.4 Resaults of high curvature of the surface, a proper offset can not
The input of the process is the external surface sark® built. Our method allows us to have a direct control
pling (coarse for the visualization). Figure 6(a) illus-OVer the forces and corrects the local self-intersections.
trates the use of the total force for a rectum, buildingt i not based on a priori knowledge (corpus, skeleton)
the internal mesh within the form. To improve the test@nd is performant in noisy data environments (due to
with the constitutive laws, the hexahedral mesh shouf@PProximation and tension management). Results are
be nearly uniform (they should look like as much ag/@lidated by medical experts on experimental data. The
possible to cubes). Since the thickness is not neglectdigxahedral resulting mesh can be defined by FEM ex-
several layers are generated by linear interpolation b@€'S in terms of points density or number of layers.
tween the two layers (see Figure 6(b)). Concerning the future works, a good asset would be to
detect the global intersections. However the empirical
dimension remains difficult to manage. A purely geo-
metric orientation will therefore be investigated.
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