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3D Physics-based Registration of Pelvic System Using 2D Dynamic
MRI Slices
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Brieu*® | S. Cotirt

1AVR/ICube Strasbourg, France, France
2Inria, Nancy, France
3Univ. Lille, UMR 9189 - CRIStAL - Centre | This paper introduces a method for dynamic 3D registration of female pelvic organs
de ReChe’ChZ en 'ITfOfma“que Signalet | ysing 2D dynamic magnetic-resonance images (MRI). The aim is to provide a better
Automatique de Lille, France . . -
4Centrale Lille, Villeneuve dAscq, France knowledge and understanding of pathologies such as prolapsus or abnormal mobility
5CNRS, Lille, France of tissues. 2D dynamic MRI sequences are commonly used in nowadays clinical
°CHU Lille, Service de Chirurgie routines in order to evaluate the dynamic of organs, but due to the limited view,
Gynécologique, France . . . . .
7Univ. Lille, Faculté de Médecine, France subjectivity related to human perception cannot be avoided in the diagnoses. A novel
c § method for 2D/3D registration is proposed combining 3D Finite Element models with
orrespondence L . . . .
*H. Courtecuisse, Email: a priori knowledge of boundary conditions, in order to provide a 3D extrapolation
hcourtecuisse@unistra.fr of the dynamic of the organs observed in a single 2D MRI slice. The method is
applied to the 4 main structures of the female pelvic oor (bladder, vagina, uterus
and rectum), providing a full 3D visualization of the organs' displacements. The
methodology is evaluated with two patient-speci ¢ data sets of volunteers presenting
no pelvic pathology, and a sensitivity study is performed using synthetic data. The
resulting simulations provide an estimation of the dynamic 3D shape of the organs
facilitating diagnosis compared to 2D sequences. Moreover, the method follows a
protocol compatible with current clinical constraints presenting this way potential
short term medical applications.
KEYWORDS:
2D-3D Registration; Pelvic system simulation; Constraint-Based Simulation; Augmented Reality
1 | INTRODUCTION are widely used in nowadays clinical routinesl|[30] to capture

the dynamic of organs' motion while the patient is breathing
Female genital prolapse is mainly characterized by excesstnepushing. However, the requirements of high image resolu-
mobility of organs resulting from the weakness of the pelvitgon limit the current dynamic MRI protocols to 2D slices with
oor. It is a common pathology related to the age of womera frequency of acquisition betwe@mand4 images per second.
over 60 years old, more thaB0~ of women su er from it, Due to the limited eld of view, subjectivity related to human
while the average percentage is fr@d~ to 30~ for women perception as well as medical experience cannot be avoided
of all ages combined [33,"34]. According to the severity aind causes variability in the diagnoses.
the symptoms, surgery may be necessary. Magnetic Resonanddoreover, some anatomical suspension structures (ex. fas-
Imaging (MRI) is often chosen for the evaluation of femaleiae and ligaments) are hardly observable in MRI, but play a
pelvic pathology because this technique provides high contrisy role in organs' mobility[[25]. As stated by recent publica-
resolution without any radiation [13]. Dynamic MRI imagegions [10,[25], the development of a mobility analysis tool is

a major challenge to better understand the complex behavior
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of organs, which is still not fully understood today, in order to As aforementioned, concerning the problems related to
provide relevant medical diagnosis and adapted surgery to cpedvic oor disorders, biomechanical FE models have also
the patient. been involved for a proper personalized cure for patholog-
The contribution of this work is an automatic image-basedal conditions, especially the POP (pelvic organ prolapse).
tracking method providing the outline of organs in a set denerally, applying a FE simulation requires principally the
2D dynamic MRI images acquired during the diagnosis, thfdllowing elements : medical images providing observations
is later combined with 3D biomechanical models in order tand ground truth data, geometries of pelvic organs and struc-
extrapolate the complete 3D dynamic motion of structuresires, characterization of mechanical properties and de nition
The ill-posed nature of the 2D/3D registration problem isf boundary conditions. Promising results have been made
reduced adding a priori knowledge of boundary conditioran each of these aspects. 1h_|[38], the study focused on the
in order to constrain o -plane motions around the image'mechanical properties of vaginal tissue of women. The sti -
plane. Although the location and the mechanical propertiasss was evaluated by using a scanning haptic microscope. A
of boundary conditions are generally not know accuratelgpmparison of tissue of women with and without POP was
the patient-speci c data extracted from the segmentation cérried out and the relation with collagen composition was
images are combined with generic models of suspension strabewn. [36] 3[7] provided useful preliminaries to the simula-
tures generated semi automatically thanks to previous wottksns of pelvic cavity behaviors. FE simulations were applied to
[25]. Contrary to pure image-based methods which generaflymulti-organ model of a patient, focusing on the ligamentous
provide information limited to images' plane, the proposedoundary conditions de nition. As in[12, 23, 26], more recent
approach allows to signi cantly reduce the 3D displacememtorks proposed a solution of the three-dimensional FE mod-
error, even where no data are available, allowing this way &iing of the pelvic oor towards the patient-speci c modeling.
estimate the complete kinematics of the pelvic system durif2g] demonstrated 3D FE simulation of the pelvic cavity under
the dynamic sequence. larger strain. Less complex pelvic organ models were involved
Finally, a strong consideration was given to follow the limiin these works[[12, 23], but a special attention has been paid
tations of current clinical routines in order to provide potentiab the patient-speci ¢ aspect and to the clinical application.
short term clinical applications. The resulting 3D analysis @ased on anatomical and surgical expertise, some important
motion allows for better identi cation of potential pathology. structures were turned into parameters that can be speci cally
de ned, including the presence of muscles, hiatus size, vagi-
nal dimension, fascia length, etc. Results were reported with
respect to pelvic organ prolapse quanti cation system (POP-
Q). In parallel with the previous contributions| | [3,/16, 15]
2 | RELATED WORKS dealt with the issue of geometric modeling of pelvic organs
that had not been treated in these contributions. [3] presented a
During the last decade, patient-speci ¢ models of the pelvigethod to reconstruct hollow organs with a thickness from pre-
system have been developed thanks to advances in eXpe””&"é@'mented points cloud. [A16], a more e cient approach was
tal tests on soft tissues, mathematical modeling and Comp%%posed to generate readily usable CAD (Computer Assisted
simulations [[25]. To evaluate pelvic organs' mobility Fi”itebesign) pelvic geometries for FE simulations. The geome-
Element (FE) simulations have been used [37, 20], providig, construction was validated by using a controlled physical
better understanding of the mechanisms involved in physiologiqel [15]. The idea is to reduce the gap in the processing
ical or pathological casesl|[7,124]. Organs' mobility is linked t%ipeline from MRI to FE simulations.
mechanical properties of soft tissues, material modeling andgeg)-time registration of biomechanical models have also
anatomical suspension structures of the pelvic system. Indeggen, used for intra-operative 3D registration with 2D dynamic
[36] shows the necessity to take into account the suspensigr| |n [0} 35], a model of a pig's liver is registered with
system, which is located out of the dynamic MRI plane and ig; gjices during breathing motion. Although the authors have
rarely observed on static MRI. To improve the bio- delity ofghown that the method allows for the estimation of o -plane
FE model Lecomte et al. [21] proposed a method for geomeftions, it is limited to a single organ and requires the syn-
rical reconstruction based on medical imaging using dynamigonization of 3 orthogonal slices which is not possible in a
MRI and digital image correlation, combined with anatomicghistic clinical scenario. The methods cited above perform
knowledge and analysis of the measured displacement eldge registration prescribing displacements which signi cantly

However, the validity domain of the models remains limited tR,q,,ces the importance of both mechanical parameters and
small deformations which prevent the method for the simula-

tion of pathology such as prolapses involving large abnormal
mobility of tissues.
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boundary conditions of biomechanical models in the neighbddata have been obtained with a 3-Tesla MR (Philips Achieva
hood of image's data[27]. Yet, in areas where no data are avadllOT TX) providing up to2 images per second in a dynamic
able models plays the role of a regularization term betweerode. Although this frequency is su cient to capture the
image-based constraints [32]. In this case, the mechanidghamic of tissues, the whole volume movement is not visible
parameters as well as boundary conditions can be at leastl its evaluation relies on the physician's experience.
as important as the constitutive law itselfl [4]. Mechanical TSE and DYN are already parts of standard clinical routines,
studies and rheological experiments can provide generic inforit a nal step (FFE) is added in order to evaluate the accuracy
mation about the mechanical action of boundary conditiow$ the registration method. The volunteers are asked to main-
[25]. Peterlik et al.[[31] showed that the mechanical actidiain a maximal contraction of pelvic muscles without moving
of boundary conditions can be directly extracted from theor breathing. This signi cantly limits the time allowed for the
biomechanical registration process. acquisition.15 sparse sagittal slices uniformly distributed in
This paper introduces a method for the registration of 3D REe volume have been acquired. Although FFE is not necessary
models with material points located on the contours of orgatsperform the registration, it provides the only available data
in dynamic 2D MRI images. Compared to the previous work# evaluate the accuracy of the method.
this work pays more attention to the pelvic motions, using
dynamic MRI as one of the ground truth data. An extensive
survey can be found in_[11] for 2D slices to 3D volume regé 2 |
istration problems. A constrained-based optimization problem
is solved using image features, biomechanical models, ahble pelvic oor is a complex system where multiple organs act
anatomical connection. The originality of the proposed soltegether during the deformation. In this paper 4 organs are con-
tion lies in the fact that the FE simulation is driven by imageidered (Vagina, Uterus, Bladder and Rectum), whose geome-
data in the plane coordinate of the 2D dynamic slices, whitges are obtained from the segmentation of TSE images (see
FE models provide an estimation of o -plane motions. Th&iguregZ]). Vagina and rectum are injected with gel to enhance
ill-posed nature of the problem is compensated by addingraage contrast and facilitate the segmentation procedure.
priori knowledge of boundary conditions (ligaments, contacts In addition to the geometries of organs, anatomical support-
between structures...) during the registration, providing thisg structures are added in order to constrain the mobility of
way a mechanical extrapolation of dynamic MRI data. Resultggans and thus provide a more realistic cinematic. The car-
show that adding a priori knowledge of the mechanical actigtinal and uterosacral ligaments represent the structures main-
of the tissues (ligaments, contacts...) allows to signi cantliaining the cervix and the uterus which are modeled as attached
reduce o -plane errors and provide additional informatiowonstraints to link the vagina and uterus. Paravaginal ligaments
than what is observed in 2D images. located on both sides of the vagina are also modeled to sustain
the model in position and xed at their extremities. Finally, fas-
ciae between pelvis and bladder and the one between rectum
3 | EXPERIMENTAL PROTOCOL and sacrum are taken into account. The ligaments and fas-
ciae are not visible in the clinical images. Their geometries are
gbtained from anatomic literature and an iterative optimization

Data and mesh generation

In this section the experimental protocol allowing for acquis _ _
tion of the necessary data for the simulation and the evaluatiBipcess described in [25].
of the method is detailed. Patient-speci ¢ data are generated
from two data sets of two volunteers (designed as T005 and

TOOQ7 in the rest of the paper), presenting no pelvic pathology.
The experimental data inputs have been acquired followingﬁlaI TRACKING IN DYNAMIC MR IMAGES

close protocol to a standard clinical routine (see Fifufe 1 )'The visible outline corresponding to each organ in the DYN

MR sequence will be used to impose displacements during
the simulation (Sectign §.1). Nevertheless, the semi-automatic
tracking of organs' outline in DYN MR images is di cult
Pelvic MRI requires betwee20 to 50 minutes to obtain static because it requires to nd tangential information that can-
volume images of organs (TSE) with su cient resolution. Thenot be obtained directly by using the image contrast. Recent
procedure is then immediately followed by a dynamic acquivorks introduced a method for multiple organs detection in
sition (DYN) while the patient is contracting and relaxing th&IR images based on B-spline model[18]. This method is used
pelvic muscles. DYN sequence is performed following thi t an initial B-spline model for each organ at the beginning
middle plane, the most representative of the organs' moticof.the sequence (see Kig|3 ).

3.1 | Dada acquisition
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FIGURE 1 Protocol for MRI data acquisition composed of three steps. TSE: Volume acquisition is performed providing the
geometry of organs. DYN: a dynamic 2D sequence is acquired during breathing and contraction of muscles. FFE: A sparse
volume acquisition is performed for the validation, while the volunteer maintains a maximal pressure of organs.

the selected points. Then, the contour is deformed to t the
‘ other images in the DYN sequence, by minimizing iteratively
an energy term (more details can be found.ind [17]).
\ § Figure[4] shows the semi-automatic tracking of four high-
lighted organs with material points: bladder (red), vagina
(blue), rectum (green) and uterus (light blue). Given the poor
contrast of the uterus in the image, its contour is roughly gener-
ated using optical ow. For each imaggethe2D points of the
contour are reconstructed 3D according to the slice coordi-
() Segmentation nates, providing a set of points-/ located on the surface of
(b) FE models each organ. With respect to the mobility of di erent areas, the

FIGURE 2 Initial segmentation and meshing. (left) the segqlsérl:t:;:]téo?hzf g;lr:;irgfzzizr:zg Otrk?émssef:?ieo.mg may

mentation is performed using TSE images. (right) FE models . ) ; . .
. .not necessarily be associated with the same material points
are generated from the segmentation and boundary condition ) :
on the3D surface of the models. Indeed, being located in a
are added to complete the FE model. . . i/ .
unique2D plane positionm" may represent the outline of
For each image, it is important to follow material points ogeveral cross section of the organ (in case of translations or
the contour over time with maximum precautions, especial[?tations of the tissues in the orthogonal direction of the image
to avoid drifting along the contour boundaries. Additionaslice). Thereforesliding constraintsare introduced in order to
feature-sensitive constraints are added in order to better tr@¢Rscribe displacements of biomechanical models in the plane
the material points and to ensure the plausibility of the corihile minimizing the mechanical energy of numerical models
puted motion[[17]. These constraints consist in the detecti@Ad to estimate the entiBD displacements.
of corner points of high curvature in order to impose normal
movements of the tracked points. Based on the initial B-spline
model [18], each organis then rede ned by a composite Bézier
curve (a series of segments attached end to end). The begin-
ning and ending points of Bézier segments are considered as
material points, selected automatically based on the criteria of
high curvature. As shown in Figufe|3[pfo; pf1;5 ;pf|] are
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FIGURE 3 The tracking principle: an organ contour de ned by a composite Bezier curve, the joined points (features) are
selected by high curvatures. For each segment, from imtaigets+ 1, the transformation of features is computed by Optical
Flow [22,[5] and the adjustment of free control points, (p,) is perpendicular to the segment. Such process is repeated until
the end of the sequence.

applied on these nodes. Whike, corresponds to the local
linear stiness matrix of the element, parametrized by the
Young's modulus E and the Poisson's ratipR, is a block
diagonal matrix de ned as:

R oa
r s
R
Re r R s )
FIGURE 4 Outline tracking with material points in the [)0 RCSJ

sequence of dynamic MR images. with R being the3 « 3 rotation matrix of the tetrahedral

5 | CONSTRAINT-BASED REGISTRATION element. The rotation matrices of each element are evalu-
OF BIOMECHANICAL MODELS ated independently using a polar decomposition of the strain
displacement, allowing this way for higher ranges of deforma-

FE models are meshed using linear tetrahedral elefjertd  tions.

internal forces are computed following a corotational formu- The local sti ness matrix<, can be written with the syn-

lation [2S]. The co-rotational model was mainly used in théhetic formulation:

eld of computer graphics[[28], but this formulation is more _ T

and more used for medical simulations due to its low com- Ke= ReE CeDeCe)Ve/R, (3)

putational cost. The corotational approach is used in order to Ve

enforce the stability of the simulation and maintain computa¢here C, and D, are respectively the strain-displacement

tion time compatible with clinical constraints, while allowingmatrix and the stress-strain matrix. While these matrices are

for the simulation of large deformations. constant during the simulatioR, needs to be updated at each
The corotational model is parametrized with the Poissdigration providing this way a geometrically nonlinear constitu-

ratio and the young modulug chosen for an average modelive model allowing the simulation of large displacements but

in the literature (se¢ [24] and [10] for details). The discrete fosmall deformations.

mulation of elastic forces applied on the nodes of a tetrahedral

elemente can be written as:

. 5.1 | Constraints de nition
fe= ReKeR G ™ 0o/ 1)

) o During the simulation 3 types of constraints are used to deform
whereq, andq, are respectively the initial and deformed posig,o models (see Figufels ):

tions of the nodes of the hexahedron dingthe elastic forces

Sliding Constraint ! :  Due to o -plan motions, control
- : pointsm cannot be associated with constant coordinates on
Note that the method is not dependent on the type of element nor the c%ans. surfaces. Therefore, to impose constraints, an Iterative

stitutive law. For instance, surface FE models such as Thin-Shell models & . . o
hyper-elasticity could be used as employedid [25]. Closest Point (ICP) method is used: at the beginning of each
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(a) Outline (b) Contact (c) Anatomical

FIGURE 5 Constraints set used in the simulation: Outline constraints (left), Contact Constraints (center), Anatomical
constraints (right).

simulation step, control points are associated with their respégiatomical Constraints :  Anatomical constraints are
tive nearest triangle on the surface of the segmented modelsatidled to limit the o -plane motion of organs (see Figure|5 c).
addition, the ICP method is modi ed to enforce that the normdlhe vagina is attached at each side by ligaments reconstructed
of the surface aim in the same direction as the normal of tsemi-automatically using the method introduced[inl [25] and
contour computed in the image. Formally, Sliding Constrainteeshed with regular hexahedral elements. Bilateral constraints
are described by the following equation: are added between the vagina and ligaments allowing the ver-
4) tical mobility but penalizing lateral motions. The uterus is
attached to the vagina with bilateral constraints (red), linking

wherem are the tracked points in the 2D image apdtheir the displacement of both structures. These constraints can be
respective closest point on the surface of FE modelare the formalized with:
associated normal of pointg that are projected in the image .9,;0,/=0 (6)
plane in order to impose displacements inthe 2D image's space . ,

and tthe outline in DYN MRI, while enforcing no orthogonal WN€redy anda, are the attached positions of the vagina and

forces in 3D. This formulation allows the FE modelstialein uterus. In addition, fasciae constrain lateral motions of the

the orthogonal direction and reduce the energy of the systgrlﬁdqe_r a”O_' the re_ctum on eac_h S'de'_ Since these structures are
to perform the registration (s€€ [9] for details). npt visible in the images, their precise chatlon and geome-
tries are not known and may change during the sequence. In

Contact Constraints :  Taking into account contacts isorder to avoid the generation of unsolvable problems where the
fundamental to avoid unnatural con gurations such as tratline of the organs overlaps the initial geometries of faciae
interpenetration of organs outside of DYN plane. Contacts prduring the dynamic motion, these structures are considered
vide additional constraints that prevents unrealistic rotatiodsformable with xed constraints on their extremity. Faciae are
of organs around the constraint DYN plane. When point coattached to the rectum and the bladder with bilateral constraints
tacts exist in the system, the contacts form separation distane@aining this way in contact with tissues while deformations
constraints: allow satisfying images constraints.

.q./ 90 (5) While ! are derived from visible images' data and used to

which means that positions in contagt of FE models must drive models, other constraints are instead added as a-priori
remains on the positive side of the surface normals. A volumgowledge of organs’ behavior to prevent unrealistic behaviors

based method relying on the computation of Layered Dep@pch as interpenetration) and reduce the number of solutions
Images (LDI) (see [1] for details) is used to perform the coff the ill-posed2D_3D registration problem.

lision detection between structures. Volume-based methods

are robust to deep intersections, which are unavoidable due_t .

data noise and approximations in the reconstruction proc:§5% | Solving Process

Friction is also added to prevent large lateral motion betwe&or each DYN MR image (ever®:25 sec in average), a

organs due to the presence of connective tissues. static problem is solved to nd equilibrium between internal

I.ng;q;m/ =0



H. Courtecuiss&T AL | 7

elastic forces and constraint forces applied to satisfy imagme step. It can be written as follows:
data. Nevertheless, a dynamic formulation is chosen to inte- L
grate the simulation models over time. Indeed, even if t e o _ . ... )H@ )H é )H %

o . L H .Qup*0/= ; withH= ; ;
motion is prescribed within the MRI plane (where dynamic )q gt )q )q
is already provided by images), o plane displacements are t 9)
entirely driven by the models where dynamic is necessary.WhereH is known as thelacobian of the constraintsThis
addition, dynamic integration allows stabilizing the problemmatrix includes both the direction in which the contact forces
and in the absence of external forces, it incrementally iteratesare applied and th®egrees of Freedonof the models

toward a static equilibrium solution. impacted by the constraints to cancel the penetratidrhese
FE's governing equation is given by the following dynamiclirections are obtained either from the ICP method (for
equations: constraints) or from the collision detection (for contact con-
Md+F.g/+ H.gm'/ =0 (7) straints).

The combination of the non-linear constraint equations,

where F.q/ are internal volume forces (given by the coprovides a KKT (Karush-Kuhn-Tucker) problem:
rotational formulation, which corresponds to equatiph (1).)

depending on positiong and velocitiesg of FE modelsM ) Ax + H
is the mass matrix used to integrate the dynamic of the sys- HTx
tem and numerically stabilize the system. The mass of organs

are parametrized according to the literafthitd .q;m// is a where ;x =.q.* g/ and are unknownp =* F.q,/ and
non-linear function gathering the set of constraints applied én= %M +h )P (seel[8] for details).

the models;  and . This function takes as inpuf and The Schir corﬁplement method is used to solve the aug-

Al whi i i
mh Whlc? arc_—:-, respecnve(ljy,fthe p05|_t|0r? of tge FE models Zr}gented linear system, involving the computation of toen-
the set of points extracted from an imagand reconstructe pliance matrixW = HA"LHT that relates the mechanical

in 3D. Its formulation is linearized at each simulation SteBoupIing between constraints. This matrix is computed in
(see below). Lagrange multipliers are used to impose thereal—time with GPU parallelization as detailsin [8].
constraints. The constraint problem is solved with an iterative Gauss-

F_o_r each simulation step, the nodal velocitipand noda_l _Seidel algorithm which allows for fast de nition of non-linear
positionsq are updated following a backward Euler Implicit

hod. Th dal lerati h d of the t contact forces (such as friction). More importantly the iter-
method. The nodal acceleratioist the end of the time stdp ative solver provides stable solutions even in case of non-

i = + = + . .
are given byth., = G + h G @nddy = G + N ey, where convergence of the solver. Indeed, since most of our constraints

his the simulation time step. Yet, since several images atﬁ'(fi‘pend either on image data or speci ¢ simulated positions

acquired per second in the DYN sequence, very small d'(“?ér the ICP); it is di cult to guarantee the well-posedness of

placements are observed between images, and dynamic e %ﬁ'i? constraint problems. This may result in redundant or even

in the image plane remains I|m|ted: 1S m_alnly used _as a. antagonist constraints which prevent the use of direct solvers.
parameter to control the number of iterations of the iterative

solver described below, and it does not in uence the converged
con gurations of the models.
Sinced,, andg,,, are unknown, the non-linear problem6 | RESULTS
de ned in equation[([7) is linearized (equivalent to a rst order
Taylor expansion). Assuming that no constraintre applied Based on patient-speci ¢ data, the evaluation of the method
at the beginning of each simulation stefpe. , = 0, seel[27] is limited to the fact there are no imaging modalities allow-

b

(10)

for detailslit gives: ing retrieving the complete 3D displacements of organs during
. the registration process. Therefore, after introducing the mesh
%M +h )_Fi O * a0/ =* F.q/ (8) generation procedure, a synthetic evaluation of the method is

)q described providing quantitative results of the dynamic 3D

In addition, constraint equations, are linearized at the begimotion. Then the method is applied to the patient specic
ning of each simulation step and assumed constant during ttega described above. Th& FFE Sagittal images have been
segmented manually providing a coarse representation of the
organs' geometries at maximal pressure state (see Figure 8 a).
The evaluation of the method is compared to the ground truth

2note that mass parameters do not have any in uence at equilibrium state sir(f}:tethe nal Statpf _Of th_e dynamic a_cqwsmon using manually
no gravity is applied segmented positions in the FFE slices.
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6.1 | Mesh generation play a key role in the organ's mobility [12]. The average dis-
. : lacement of the vagina wa&2 mm in the dynamic image

Real-time FE models have been generated and mtegrate(ﬁ)ln g. . y 9
. : lane. Although the displacement is small compared to med-
Sof|(see tablg 1 ). Since the considered organs are memira- e : ) :
Ica) data, this simulation provides the complete 3D motion of

nous structures, hollow tetrahedral FE models were generat : . . . :
] . i sfructures allowing this way to obtain quantitative evaluations

from an extrusion of a constant thickness of their surfac ) . . .

the accuracy of the registration during the dynamic process.

: . . o . . 0
allowing this way for compression with high resistance in elon- i . . .

9 y P 9 Nodal displacements of meshes in the Abaqus simulation
ve been exported fdi5 simulation steps, allowing this way

gation, except for the uterus which is discretized with a qu
Fo generate both the ground truth and similar input data as

volume of tetrahedral elements. In addition, the ligaments a
fascia, are notvisible in the clinicalimages. Speci c FE mode . . X
g P escribed in the experimental protocol of the sedfipn 3. Each

have been generated semi-automatically (s€le [24]) and meshe

. . .position is then successively played durigimulation steps
with regular grids of hexahedral elements. These SUpportllrQSofa while performing the registration. For this purpose,

structures are considered xed at their extremities, far from tl%ﬁ . . :
. . . e outline of organs was generated from the intersection of
interactions with the other organs. . : .
Abaqus' models and the image plane coordinates of the 2D
dynamic MRI sequence. These positions are used to impose

DoF (T005) | DoF (T007)| E (MPa) displacements of meshes in Sofa.

Vagina 928 1789 066 Figure[6] (top) reports the average distance between posi-
Uterus 740 523 06 tions extracted in Abaqus (uniformly sampled ev@rgm over
Bladder 806 772 0.24 the complete surface of organs) and the closest surface trian-
Rectum 894 2205 0.54 gle of the registered models for the complete process; while
Fascia Pelvis 170 352 0.03 taking into account or not (left/right) the boundary conditions.
Fascia Sacrun 588 326 0.03 Even if models are only driven by a set of constraints located
Ligaments 199 533 078 in a single plane, the registration procedure allows maintain-

ing an average error smaller thdnmm over the entire 3D

TABLE 1 Number of degrees of freedom (DoF) and Young'¥olume for any deformation step. In addition, the error of the
modulus E) of the FE models used for the registration. vagina is reduced by a fact@when taking into account the
suspension structures and boundary conditions, allowing this
The characterization of pelvic tissues has been extensivalgy for the complete 3D extrapolation of o -plane motion. In
studied[[2]. Yet, mechanical parameters in patient speci ¢ scaddition, Figurg 6 (bottom) shows the average error at the
narios are subject to variability. Therefore, all the followingnal state (step 45) measured as the intersection of organs' sur-
simulations have been ruto0 times, where the mechanicalfaces with the 15 FFE slices acquired in the medicaffiaa
parameters of each model have been randomized within a raggpected, the error is minimal at the location where constraints
of 10~ around the values given in the taplg 1 . The followingre imposed (index 0). However, the error remains small for
results include the average error and the standard deviatiorabbfthe other slices located both sides side of the constraint
this simulations set. slice (positive and negative indexes). In addition, although
the method provides similar accuracy results in the dynamic
plane, error increases signi cantly faster when boundary con-
6.2 | Synthetic evaluation ditions are not taken into account. This is because the o -plane

A numerical FE simulations have been performed on AbaqQotion results in non-realistic rotations of organs around the
software using the data of the patient T005. The convergerfi@nstrained plane.

of the FE simulation, as well as a mesh sensitivity, was car- 1he numerical simulation in Abaqus relies on small per-
ried out in order to guarantee the validity of the results. THErbations theory and only focuses on the movement at the
hyperelastic behavior of the soft tissues of the pelvic systdtfginning of motion to ensure numerical stability. In order to
is taken into account thanks to previous published wdrks [}valuate the accuracy of method with larger motion, FE models
We assume that the material is homogeneous. Based on hpke been registered with the set of tracked positions obtained
semi-automatic detection on MRI[16], a FE model is genel? the dynamic MRI slice (see sectipf 4). The accuracy of
ated thanks to shell elements for the organs (vagina, bladdBg registration with respect to medical data will be detailed
rectum) and pelvic oor([25]. Ligaments are also considerei the next section. Instead, the generated motion is rst used

with truss elements to mimic the sustainable structures, as they

“Note that the 3D geometry of organs does not necessarily cross all the val-
idation slices and does not necessarily have values for all the columns in the
https://www.sofa-framework.org graphs.
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(a) Surface distance (no BC) (b) Surface distance (a) Surface distance (no BC) (b) Surface distance

(c) Slice Error (no BC) (d) Slice Error (c) Slice Error (no BC) (d) Slice Error

FIGURE 6 Evaluation of the registration method using th&IGURE 7 Evaluation of the registration method using the
simulation generated with Abaqus. simulation generated with Sofa.

to perform a sensitivity study of the method with respect .3 | Patient-speci ¢ application

mechanical parameters. . . . .
. P . . . Trge method has been applied with the two patient-speci c data
During the dynamic sequence, the maximal displacement of . . .
of the volunteers. An overlapping with the organs' geome-

the vagina was m r m. Figur reports the _. . -
@ vagina was measured abds c gurg 7] reports © iries at the nal state is shown in Figufe]8 . Results show

errors of the proposed solution with this data set. As prevF : . .
o . that complex motion and deformations happened, enhancing

ously, the method allows maintaining a small distance betwegn : . . . .
the need for biomechanical models during the registration:

the simulated surfaces and the registered shapes. However . o .
. i . : 9 . P . _FOrT0OO05 the vagina has been signi cantly displaced and con-
in this scenario the importance of anatomical constraints is i . -
. . tracted, leading to the compression of the rectum and sliding
enhanced since it allows to reduce the average error by fat :
. of the uterus along the bladder. For TO07, the bladder is com-
factor 4« for the vagina an®e for the other organs. More

. - . ressed by surrounding tissues and the fasciae which result in
importantly, when boundary conditions are not simulated, ﬂll) y 9

e . S
- . . a_signi cant modi cation of the geometry of the organ. Our

standard deviation related to the uncertainty of mechanlcalSg . - g : y . 9
: : ._method provides realistic transitions including far from the
parameters is almost null because image-based constramtlf,n age plane

does not depend on the mechanical parameters but only 0 . . .
P P y L]’he average distance error according to FFE segmentation

the geometry of the models. Therefore, the resulting defom}g-reported in Figur 9 . Results show that our biomechanical

tions always converge to similar situations, providing higher . . o :

. o . > registration allows to signi cantly reduce the error in the 2D
errors, without taking into account the mechanical behavior Bi(N lane (index0) where constraints are applied, but it can
structures. When adding the boundary conditions, the meth%;j P pphed,

: . . ... also provide an accurate extrapolation for o -plane motion.
still provides reproducible results (small standard deviatio ; . .
. L e vagina undergoes the most important displacement where
independently of the chosen parameters within the range o

o . .. . . n average error between TSE and FFE surfaces are initiall
variability. Finally, similar conclusions are obtained at the naii 9 y

. ar?und15mn and reduced t@mmusing our method. A pos-
step when the errors are measured independently for each vab- : o
sible explanation of the remaining error can be related to the

idation slice (FFE), i.e. the error increase signi cantly faster.” . .
. : . signi cant amount of contrast gel expelled during the dynamic
with respect to the distance of the constraint plane, wherwr "~ i s
. . acquisition (due to compression of muscles) which is not taken

boundary conditions are not taken into account. . . : i
into account in current FE models. As observed with synthetic

data, boundary conditions allow not only to decrease the o -

plane errors far from the image constraint, but they also prevent
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() TOO5 FFE (b) TOO5 TSE (c) TOO5 FFE

(d) TOO7 FFE (e) TO07 TSE (f) TO07 FFE

FIGURE 8 Overlapping between sparse FFE segment (8 a) and organs' geometries for botl@ore (8 b) after (8 c)
the dynamic registration.

the simulated models to produce unrealistic and non-physicallite method has been validated with patient speci c data of
possible con gurations such as rotations of organs around ttveo volunteers. This approach allows moving towards the
constrained plane or inter-penetrations. patient-speci ¢ treatment. Indeed, this work based on medi-
Finally, despite the complex interactions and the high nuroal imaging and numerical simulation would make it possible
ber of degrees of freedom, all the above simulations achieviedbetter understand pelvic mobility and to study the poten-
a xed frame rate ofl4 frames per second with data TOORial defects related to the equilibrium of pelvic statics|[19].
and8 FPS with TOO7 on an Intel(R) Core(TM) i9-9900K CPUThe care can be adapted more precisely to the pathology in a
@ 3.60GHz and a GeForce RTX 2070. Each simulation stepeci ¢ way using a numerical FE model. The method leads
involves on averagB80 non-linear friction contact constraintsto interesting results linking medical imaging process to the
with 70 outline constraints. Given the acquisition time of théele nition of the pelvic organs mobility and the stress-strain
MRI, the frame rate it is su cient to perform real-time simu- equilibrium. Understanding the impact of surgical techniques
lation of the MRI sequence (i.e. 1 second can be simulated indlLtreat the patient is essential for the development of more
second). Therefore, apart from the segmentation and meshingctive surgical prolapse repair[ [14]. Numerical simula-
of TSE images, this method open the possibility of real-tim#&ons of the organ's mobility allow to advance our knowledge
diagnosis and planning of the future surgery. Indeed, the reah the impact of various surgical techniques and to improve
time computation o er the possibility to evaluate the in uencesurgical decision-making on the choice of techniques, by con-
of mechanical structures and the e ect of boundary conditiorssdering the mobility of organs with this method. Moreover,
for future planning assistance of the surgery. preoperative simulation could enable the results of a surgical
procedure to be predicted and the technique to be adapted to
the individual patient.
7 | CONCLUSION AND DISCUSSION Acknowledgement:This work was supported by French National Research Agency
(ANR) within the project SPERRY ANR-18-CE33-0007.
A method for semi-automatic registration of pelvic organs
has been proposed which is compatible with nowadays clini-
cal routines. The method relies on the registration of 3D Flgeferences
models to 2D dynamic MRI slices, providing a biomechan-

) . ) ? [1] Allard, J., F. Faure, H. Courtecuisse, F. Falipou, C. Duriez, and P. Kry, 2010:
ical extrapolation for o -plane dynamic motion of organs.  Volume Contact Constraints at Arbitrary ResolutiéCM Transactions on



H. CourtecuisseT AL

11

(a) TOO5 TSE error

(d) TOO7 TSE error

(b) TOO5 FFE error (no BC)

(e) TOO7 FFE error (no BC)

(c) TOO5 FFE error

(f) TOO7 FFE error

FIGURE 9 Average distance error (mm) according to the index of FFE Sagittal planes. Oraderesponds to the location of
DYN slices (i.e. where constraints are applied).
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