Int. J. Biomedical Engineering and Technology, ...

New techniques for computer-based simulation in
surgical training

Giuseppe Turini*

EndoCAS Center, Universita di Pisa

Ospedale di Cisanello, Via Paradisa 2, 1-56124,Rialy
E-mail: giuseppe.turini@crim.sssup.it
*Corresponding author

Nico Pietroni

Visual Computing Lab

ISTI Istituto di Scienza e Tecnologie dell'Informeize

Area della Ricerca CNR, Via G. Moruzzi 1, I-561P4sa, Italy
E-mail: nico.pietroni@isti.cnr.it

Giuseppe Megali

CRIM, Polo Sant’Anna Valdera, Scuola Superiore Pamia
Viale Rinaldo Piaggio 34, 1-56025, Pontedera (Rikaly
E-mail: peppe@crim.sssup.it

Fabio Ganovelli

Visual Computing Lab

ISTI Istituto di Scienza e Tecnologie dell'Informeize

Area della Ricerca CNR, Via G. Moruzzi 1, I-561P4sa, Italy
E-mail: fabio.ganovelli@isti.cnr.it

Andrea Pietrabissa

Centro EndoCAS, Dipartimento di Oncologia, dei Taag e delle
Nuove Tecnologie in Medicina, Universita di Pisa

Ospedale di Cisanello, Via Paradisa 2, 1-56124,Rialy

E-mail: a.pietrab@med.unipi.it




Int. J. Biomedical Engineering and Technology, ...

Franco Mosca

Centro EndoCAS, Dipartimento di Oncologia, dei Taag e delle
Nuove Tecnologie in Medicina, Universita di Pisa

Ospedale di Cisanello, Via Paradisa 2, 1-56124,Rialy

E-mail: f.mosca@med.unipi.it

Abstract: In the recent decades robotics and computer scieage been
gaining more and more relevance in all aspectsuofliges. In surgery, for
example, they gave birth to procedures, imposstlperform otherwise, like
the tele-surgery or the nano-surgery. On this ckgtirese applied sciences
already play an important role in assisting thegsan both in the operative
room and, as a support, in the education of youngesns, but much work has
still to be done.

In fact in these last years we have seen an extcbamage in the traditional
training in surgery and the computer-based simanias one of the main reason
of this shift. The spread of Minimally Invasive §ary (MIS) has brought
major improvements in the quality of healthcard, iblnas also increased the
complexity of the surgical procedures requiring awbed and highly
specialized training systems. Moreover these tigiprocedures need to be
reiterated during the operational life of surgeofserefore, considering the
limited availability of cadavers and the public cem with the non-ethical
treatment of animals, the traditional approachesstiogical training are
drastically limited encouraging the use of surggiatulators based on virtual
environments.

Healthcare industries and the scientific commumitymedicine agree
indicating the disruptive potential of the applioatof Virtual Reality (VR) to
the training in the medical field. Therefore thetnstep is the development of
surgical simulators with an high level of realismarder to practice complex
procedures in a safe environment. Moreover it mgike that this evolution is
done integrating advanced medical imaging and gsicg, allowing surgeons
to practice simulated interventions on patient gpedataset.

The increasing importance of MIS techniques willg@a drastic change in
pre-operation planning and basic surgical trainingfact, the features of this
kind of surgical approach (the workspace limitatitme 2D vision through a
laparoscopic camera and the indirect physicalaatén with the patient body)
make it possible to use a surgical simulator tantralan or simulate an
intervention, reproducing the visual and tactiledisack of the real surgical
procedure on a real patient.

This paper presents some research and applicasudts on Computer
Assisted Surgery (CAS) achieved in the frameworkEafloCAS, a newly
founded Center of Excellence in Pisa. The resedrab involved: the
development of segmentation algorithms for voluinetatasets, the simulation
of bone drilling procedures, the modeling of defahte object cuts and
deformations and the simulation of rope interastidaring a suture procedure
in MIS. All these projects were been developedgisimew open source library
to support the implementation of techniques forukiting deformable objects.

Our purpose is to enhance the surgical trainingh wiew improved
techniques applied both to the medical imaging #ndhe computer-based
simulation in order to carry the surgical trainboga next level of realism.

Keywords: surgical simulation; computer aided surgery.
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1 Introduction

The quality of life is strictly related to the pregs in various fields of applied sciences.
Usually these advancements are carried on by @s&arwith the same skills and in
these situations the results are directly availabkng applied sciences in medicine is
different, because there is a wide difference betwbe background of the developers of
technology and the background of the surgeons, heo researchers can hardly
communicate their needs correctly. Therefore toeltgy a simulator for non-invasive
surgery we need the guide of trained surgeons Hawvé develop a flight simulator we
need the help of trained pilots.

EndoCAS is a Center for Endoscopic Computer As$iStergery located inside the
Ospedale di Cisanello, in Pisa. The center was borput together researchers from
different scientific backgrounds that would not metherwise. It is the result of a joint
proposal of the University of Pisa, of Scuola SigrerSant’Anna (CRIM Lab) and the
Visual Computing Laboratory (ISTI-CNR) in the framark of MIUR funding for
centers of excellence. Its goals are to addresskkewledge, technology, and systems
design barriers that must be overcome in the dpustot of CAS systems.

In this paper we overview some of the results oleghin the first years of activity of
the center. In Section 2 we show a novel schemexXwacting anatomical organs from
noisy Computed Tomography (CT) data based on aciivéours and marching cubes
techniques. This approach was successfully usedcmnstruct the vena cava from CT
data where standard methods failed. In Sectiotegtanique for simulating bone drilling
is shown. The approach is very general and it @aadwpted by all the approaches using
tetrahedral meshes for representing the solid, livitied influence on the performance
of the rest of the simulation. In Section 4 weefbyi describe a fast and robust technique
to perform interactive virtual cutting on deformabbdbjects. Our algorithm is highly
general and does not use any assumption neithéroenthe deformation function is
computed nor on how the boundary of the objectnisoded. Then in Section 5 we
present a physically based model for real-time &tman of thread dynamics. Our
approach leads to a stable real time simulationti@e6 is dedicated to an open source
library called IdoLib, created to develop simulatiariented applications. Conclusions
are exposed in Section 7 that completes the paper.

2 Segmentation of noisy data

The reconstruction of the external surface of aganris an important task for 3D
visualization of medical datasets and it can alsogsed to support quantitative diagnostic
measurements. However, this assignment may beedgatlg even in the seemingly easy
cases of visually uniform regions. In fact segmiotamethods should provide a closed
smooth surface avoiding leakages but not missinfurdaitions with smaller
vascularizations. For these reasons these algaritheed topology control, robustness
against noise and an appropriate smoothing metrathé surface generation in order to
preserve small structures or local pathologiesdhatacterize the organ.

Many surface reconstruction methods can be founiitarature, each with specific
advantages and drawbacks. Simple isosurface emmgtiorensen and Cline, 1987) does
not guarantee topology control and it is quite #emesto noise. Holes and leakages are
also a relevant problem for more advanced leved setgeodesic surfaces methods
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(Mallardi and Sethian, 1995; Caselles and Kimm@85). To prevent irregularities, holes
and leakages the best approach is to use a pai@ameformable surface instead of an
implicit curve, with the same approach as the daasalloon snakes (Cohen and Cohen,
1993). These methods (see Mclnerney and Terzopoli96; for a review of the first
medical applications) are efficient and robust. €hastic forces avoid the surface block
near a noisy pixel and prevent leakages.

Figure 1  Different phases of extraction of vena cava (left)l aorta (right).

2.1 The balloon algorithm

The key idea is to place a very small deformablebleiinside the structure to be
segmented and then inflate it. We control the fidta force using the density values
stored in the voxels of the dataset, in this waycese drive automatically the inflation to
fit the borders of the structure to be segmentesl.tide bubble grows, the triangles
become bigger, but since the final goal of the @sads to fit the bubble over the surface
of the structure, it is self evident that the sifehe triangles must be of the order of the
size of the voxel. As a triangle grows more thdixed threshold, we perform a simple
mesh refinement, splitting the longest edge anihgdd/o new triangles.

2.2 Self intersection management

During the inflation, the bubble mesh can intersigstlf, because the anatomical
structure to be segmented is not always topoldgioadjuivalent to a sphere. The

detection of the intersections is needed to stefbtibble inflation. Therefore, to restore a
non self-intersecting surface our algorithm perferenperiodical collision detection in

order to find intersecting portions of the surfacel blocking the vertices belonging to
intersecting faces. Then we build a distance majgaisig to each voxel of the volume
the signed distance from the closest non interddet=, which is negative if the point is
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inside the volume enclosed by the surface andipesitherwise. Due to the use of the
part of the surface that is not self-intersectitige, result is that the isosurface of value 0
of the map is a surface defining the limits of tiegion of our interest with no self-
intersections and the correct topology.

24 /

Figure 2 Example of self intersection management: the ilelpansion generate a
self intersection (in red on the left) that is mgeth obtaining the final
connected mesh (in cyan on the right).

2.3 Results

We have tested our algorithm on synthetic imagestafctures to validate the self
collision detection/marching cubes method (see reig?). In all the tests, we have
obtained a closed smooth surface defining an iateregion close to the voxelized
volume of interest.

The algorithm was applied to CT scans of the abdoimerder to segment the aorta
and the vena cava. Figure 1 shows the resultsesktlest cases. The segmentation is
accurate and fast and no manual corrections atéreeq

3 Towards surgical simulator: bone drilling

The bone drilling procedure is an important taskmany surgical interventions as:
mastoidectomy, cochlear implantation or orbitalgeny. The procedure mainly consists
in the removal of part of the bone in contact witle surgical drill when the surgeon
exerts sufficient pressure. The fact that the hisnan almost rigid material make the
virtual bone object suitable for a regular disaation of the space, and therefore most of
the approaches proposed in literature use voxaebtechniques that allow an easy bone
material removal playing with the density in thexels. Some examples of these
techniques are: theoxmap-pointshelnethods (McNeely and Puterbaugh, 1999; Petersik
and Pflesser, 2002; Morris and Sewell, 2004), er @raphics Processing Unit (GPU)
voxel-based techniqugg\gus and Giachetti, 2002). Mesh based approaehesalso
widely used to perform cuts (Bielser and Maiwal899; Ganovelli and Cignoni, 2000;
Niehuys and van der Stappen, 2000) and to rendri@aemoval (Agus and Gobbetti,
2006; Cotin and Ayache, 1999) but their accuracpedes on the size of the mesh
elements. However, there are cases in which the looifling is only a part of the
surgical procedure, and the same bone object sarbel cut or, worse, slightly deformed
and therefore voxel-based techniques do not wotk we



Int. J. Biomedical Engineering and Technology, ...

We have developed a novel drilling method to odertthese drawbacks (Figure 3
left). Our algorithm is based on objects represkmeplicitly by means of tetrahedral
meshes that can be easily generated from CT (omBtagResonance) dataset. These
volumetric meshes can be used to perform physigallation of solids, they can be
easily visualized and can also be used to simutaterial with non uniform density.
Unfortunately, since the number of mesh elemematiedra) strongly influences the
performance of the physical simulation, we havéat® two opposite constraints: a high
number of tetrahedra to achieve a realistic viga#ibn of drilling and a low number of
elements to execute the physical simulation in-tiez.
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Figure 3 An example of drilling simulation (left) and thettahedral subdivision
scheme (right).

3.1 Ourdrilling approach

Develop a driling method that is independent frtme physical simulation, means to
decouple the drilling from the physical system. diiothis we have decided to represent
the drilling at sub-tetrahedral level defining eerairchical tetrahedral decomposition
scheme recursively splitting tetrahedra in 8 nevatedra (see Figure 3 right).

Moreover the algorithm manages the collisions betwthe tool and the bone mesh,
so when a tetrahedron come in contact with the thel decomposition scheme is applied
to adapt the mesh detail to the tool shape, inwlig we can easily perform the bone
material removal simply eliminating intersectingrabedra from the hierarchy. Hence the
subtraction of a region of a tetrahedron can beessmted computing a frontier in the
hierarchy and tagging the nodes of the hierarchidethe drilled region asrased(see
Figure 4 top).

To optimize the refinement step during the simatative have developed a pre-
processing step to compute some of the data needgply the decomposition scheme.
Then these data are stored in a sfatée Tableto ensure fast direct accesses. Moreover
we have used another data structure to implemepggal indexing technique essential
to speed up the collision detection. Then a listisible node faces_list was added to
each tetrahedron to reduce the rendering time.
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Tree table
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Figure 4 Data structures (top): a tetrahedron eroded @€p-lits hierarchy (top-
middle) and the associated entry in Tnee Tablgtop-right).
Results (bottom): data produced during a bastc tes

Our approach ensures two main advantages: firall @f is independent on the physical
simulation technique and secondly the collisiored&bn and the renderings (haptic and
visual) are modeled at sub-tetrahedral level enguaihigh detail level.

3.2 The simulation system

The simulation system is multi-threadedapplication formed by: the visual rendering
thread, the collision detection thread and theibaptead. The rendering thread simply
renders all the visible faces of tetrahedra. létaahedron has been eroded, then we run
through itsv_list and render each visible face of the nodes in igte The collision
handling thread manages the collision detectiomguss spatial hashing technique
(Teschner and Heidelberger, 2003). This phasaigaito determine all the actions to be
performed on the tetrahedrBegfineandErasg and the feedback to return to the haptic
interface. The haptic interaction thread updatestdbl position accordingly to the haptic
interface movements and ensure high rendering érexyu of force feedback that is
essential to simulate a realistic haptic interarctio
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Figure 5 A screenshot during the basic drilling test.

3.3 Results

We have tested the collision detection, the hagdiihgeometry and the updating rate of
the three threads. In the tests the object issstitic, even if this is not assumed anywhere
in the implementation. Figure 4 bottom shows thégpmance of the algorithm in a test
case while Figure 5 shows a snapshot of the cutheand of the process.

4 Deformable object modelling: a robust cuttingechnique

One of the most important task in surgical simofatis virtual cutting of deformable
objects. Most of the methods that can be foundenature, adopt mesh-based techniques
that allow dynamic modifications to animate topdtad changes (Ganovelli and
Cignoni, 2000). Unfortunately the main drawback thfese approaches is the
fragmentation. Moreover, if the mesh is also used gartition of the object in finite
elements for numerical simulation, the quality efmeshing directly influences the
stability of the computation.

In the last yearsnesh-freemethods IMs) (Muller and Keiser, 2004; Pauly and
Keiser, 2005; Steinemann and Otaduy, 2006), ofted un fluid simulation, have been
adopted in computer graphics to model deformable&lsoThe MMs approximate
physical quantities using freely sampled massesreMer they avoid re-meshing
providing the continuity of the physical quantiti€n the other hand MMs also pose the
problems regarding the representation of the sergaed the modifications needed to
represent discontinuities. Although the issue ofleiong cuts in MMs has been faced in
the context of applied mechanics, a solution to aganreal-time virtual cutting still
missing.
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Figure 6 Few screenshots from a test example showing Zirgthlades that cuts a
solid cube of flesh.

4.1 The splitting-cubes algorithm

The key idea of our method is to embed the objeatriegular grid and to define the
tessellation of its surface on the base of thesetgion of its boundary with the

edges of the grid. As a consequence, when a cutiohgntersects the edges of the grid,
the tessellation is implicitly adapted to show tieev surface created by the cut.

The Splitting Cubes algorithm is highly general alogs not use any assumption neither
on how the deformation function is computed nohow the boundary of the object is
encoded, as long as its intersection with the edft® grid can be computed.

We applied the Splitting Cubes to the case of theh¥free method proposed in (Muller
and Keiser, 2004), also introducing the Extendesibility criterion to modify the shape
functions to model the desired discontinuity of teformation.

Figure 7 Three steps during a cut show how Eheended Visibility Criterioris used
to update the phyxel connectivity.

1C
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4.2 The extended visibility criterion

Once the object is being cut and deformed we neetidnge the deformation function to
reflect the discontinuity introduced. This mainlgams to check the phyxel connectivity
in an appropriate manner. Our approach relies\osilaility criterion that ensures smooth

cuts and that can be implemented on the GPU optignithe performance of the

simulation.

4.2 Results

We have introduced th®plitting Cubesa new algorithm for dynamic tesselation of an
implicit surface interactively generated in respois cuts (Figure 6). Moreover we have
also implemented aixtended Visibility Criterion(Figure 7), a novel GPU friendly
solution to handle discontinuities in MMs takingvadtage of the graphics hardware.

It is important to evidence that the Splitting Csiladgorithm only relies on a generic
deformation function and on a description of thgeobs surface.

In order to have a exhaustive description of theolehalgorithm please look at
Pietroni and Ganovelli 2008.

5 Robust interactive rope simulation

The main use of a thread simulator is certainlyemdoscopic surgical simulation.
Handling the surgical thread to make knots is drteemost difficult tasks for a surgeon
because it requires ambidexterity with the endasdopceps.

Although the rope simulation can seem simpler ti@nsimulation of more complex
3D structures, the interaction with a thread ineshself-collision detection and contact
handling. Furthermore, the thread is almost inesitda, and from the point of view of
the simulation, this means that the methods mogedlasticity and using explicit time-
integration schemes are poorly conditioned.

Most of the approaches in literature are energedd¥/ang and Burdet, 2006) and
model the rope as a 1-dimensional chain of masaetpa@onnected by springs and
physically simulated. However there are also noergytbased models (Brown and
Latombe, 2004) that allow the making of complex tenin real-time even if the
perception of the lack of physical simulation isa!.

Our method for simulating surgical thread is basedosition Based Dynamics (Mdller
and Heidelberger, 2007), the collision detectiocaigied out by spatial hashing.

5.1 Our approach

We simulate rope dynamics by defining a set of m&sconstraints. The simulation
involves three steps: (1) moving the mass pointeraing to their velocity and external
action, (2) moving the mass points to satisfy threstraints and then (3) performing time
integration. Position Based Dynamics is particylankeful to handle collision and
contact, while it is hard to achieve stability usienergy based methods, and this is the
main reason for our choice.

The collision detection for the rope simulatioraisrucial process. For this reason we
have chosen to use a regular partition of the spagse the thread is divided in segments

11
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equally sized, so we have use&atial Hashingechnique (Teschner and Heidelberger,
2003) with temporal marks.

Figure 8  Four screenshots during the making of a complest &round two tubes.

5.2 Results

Our test has shown that the model was efficienttlier interactive thread simulation
(Figure 8). The physically-based model for ropeatyits produces more realistic effects
maintaining the stability and the controllability the original Position Based Dynamics
method.

6 IdoLib: Interactive Deformable Objects Library

IdoLib (http://idolib.sourceforge.net) is an opeusce C++ library initially developed at
the Visual Computing Laboratory and now also degvetbat EndoCAS. The goal of
IdoLib is to provide a set of basic tools and défins for supporting the developer of a
simulation-related application.

Figure 9 Deforming a mesh using IdoLib (MMs).

6.1 The core

IdoLib is specialized for explicit representatiof the objects, both of the surface
(triangular meshes, point based) and of the sdbtrahedral meshes, point sampled
volumes).

12
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The core of IdoLib is based on two main identitiparticles and relations. The
particle is intended as a one dimension samplingp@fvolume with a parametric set of
geometric and physical properties (position, vélgcacceleration, mass etc.) and the
relation is, as the name says, a relation amongt afsparticles. For example in the
simplest case of the mass spring system the maitidhe mass and the relation is the
spring. The relation does not have to correspond ¢eometric figure as for spring or
triangles of tetrahedra: for example in the impletagon of a point based method, the
relation binds together all the particles closamntla given radius to each other. Figure 9
and Figure 10 show few examples of an applicatfdh@methods described above.
Moreover IdoLib provides a number of common intéigra schemes and a callback-
based manner to add new schemes, so the user dah among different integration
schemes during the simulation. Similarly, the Irgris extendible and new methods can
be easily added to those already implemented ihilid¢refer to: Cotin and Ayache,
1999; O’Brien and Hodgins, 1999; Miiller and Heidetier, 2005; Costa and Balaniuk,
2001; Muller and Keiser, 2004; for the detailsht®lthat IdoLib does not take control of
the simulation loop and the main call only perforasingle step of simulation.

Dependencies:ldoLib is written in C++ with STL library and reBeonly on another
library, called VCG (Visualization and Computer @hnics — Library,
http://vcg.sourceforge.net), for the basic geomstiyctures and linear algebra.

6.2 Further work

IdoLib is still at an early stage. Although theusture is quite stable, further work is
needed to provide a simple way to visualize theesththe simulation which is always

essential in the debugging phase. Similarly, a ¢etaplocumentation and examples is
still to be done.

Figure 10 Deforming a virtual liver using IdoLib (masprsg).

7 Conclusions

This paper reports some recent results obtainethénframework of the center for
endoscopic computer-assisted surgery EndoCAS. We piesented some applications
of physical simulation to medicine: a method fortomoatic segmentation and
reconstruction of shapes from noisy 3D datasetechnique to simulate drilling over
quasi rigid objects, an approach for the interacsmulation of deformable objects
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allowing cuts and deformations and a method to kitawsurgical threads. The paper also
presents the library for physical simulation whistbeing developed and over which the
applications described above were built.

The objective of this part of the research is thalization of a simulator based on
dynamic virtual environments which allows the useacquire and improve the abilities
necessary to move the surgical tools coherentlinguhe intervention. The simulator
should allow the user to interact with dynamicuditenvironments by using real surgical
tools (or replica), which are sensorized so thit [itossible to reproduce their positions in
the virtual environment and to monitor all paramet@mecessary to evaluate the
performance. Interesting research topics in thea are related to the force feedback
interaction.
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