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  [bookmark: uid3] Section: 
      Overall Objectives
Introduction

The SHAMAN project-team can be seen as an evolution of the scientific activities of the ALCOVE project-team, but its genesis also derives from other initiatives such as the large scale initiative on medical simulation (INRIA AE SOFA InterMedS), started two years ago, and the development program for the SOFA framework. These different projects have helped to strengthen our expertise and refine our scientific objectives. A common element among these objectives is the notion of interaction. It implies that the simulations we develop are computed in real (or near real) time, and that the presence of a user in the loop is accounted for (through the use of dedicated hardware devices, haptic feedback and robust algorithms). This requires to develop accurate models, coupled with fast and robust computational strategies. The research directions we propose to follow essentially aim at improving the realism and fidelity of interactive simulations of medical procedures. This increase in realism will permit to address new clinical applications, in particular pre-operative planning and per-operative guidance, that currently rely on imaging techniques, but could greatly benefit from simulation techniques, thus enabling what we could call "simulation-guided therapy". To reach these clinical objectives (without forgetting training) we have identified several key areas where important improvements remain necessary. Most of these research areas are at the intersection between several scientific domains. They include real-time biophysical models (to define new models describing soft tissue deformation or physiological phenomena, and to develop computational strategies to enable real-time computation even with the increase in complexity of future models), models of therapy (to describe the action of medical devices on the anatomy whether this action is mechanical, electrical or chemical), and interaction models (to account for a variety of constraints between anatomical structures as well as tissue-tool interactions). The SOFA framework will be used to synthesize our various contributions and integrate them in a series of prototypes. These prototypes will span across several clinical areas and will serve as a basis for transitioning from training to planning to guidance.


[bookmark: uid4] Section: 
      Overall Objectives
Challenges

[bookmark: uid5] Real-Time Accurate Biophysical Models

The principal objective of this scientific challenge is the modeling of the operative field, i.e. the anatomy and physiology of the patient that will be directly or indirectly targeted by a medical intervention. This requires to describe various biophysical phenomena such as soft-tissue deformation, fluid dynamics, electrical propagation, or heat transfer. These models will help to simulate the reaction of the patient's anatomy to the procedure, but also represent the behavior of complex organs such as the brain, the liver or the heart. A common requirement across these developments is the need for (near) real-time computation.


[bookmark: uid6] Multi-Model Simulations

The notion of multi-model simulation encompasses two ideas. First, it captures the idea that organs are not isolated in the body and therefore are constantly interacting with the surrounding anatomy through various types or constraints. Second it translates the need to build complex models from "simpler" ones that interact with each other at a functional level, forming coupled systems (of which vascularized organs or an electro-mechanical model of the heart are good examples). As we start building larger simulations or models, computational efficiency will become of prime importance. That is why a part of our research consist in developing new strategies for parallel computing that will be adapted for multi-model simulations.


[bookmark: uid7] Simulation-guided Therapy

Image-guided therapy is a recent area of research that has the potential to bridge the gap between medical imaging and clinical routine by adapting pre-operative data to the time of the procedure. Several challenges are related to image-guided therapy (e.g. fusion of multi-modality images, registration, segmentation, reconstruction, ...) but the principal one consists in aligning pre-operative images onto the patient. As most procedures deal with soft-tissues, elastic registration techniques are necessary to perform this step. Recently, registration techniques started to account for soft tissue deformation using physically-based methods [36] . Yet, several limitations still hinder the use image-guided therapy in clinical routine. First, as registration methods become more complex, their computation times increase, thus lacking responsiveness. Second, as we have seen in previous sections, many factors influence the deformation of soft-tissues, from patient-specific material properties to boundary conditions with surrounding anatomy. A typical illustration of this problem, in the field of neurosurgery, is the brain shift that takes place when the skull is opened and the intracranial pressure drops [43] . It is clear that several of the techniques we are developing for interactive simulation could be applied to pre-operative images in order to provide added feedback during a procedure. In particular, several aspects, besides modeling brain tissue deformation, come into play during brain shift, such as contact between the brain and the skull, the influence of the vascular network, etc. We have already illustrated this potential in the context of coil embolization [34] .


[bookmark: uid8] Section: 
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Highlights


	[bookmark: uid9] This year has seen the publication of one full paper in the major conference in the field of Computer Graphics: ACM Siggraph (ERA's Ranking A+).



	[bookmark: uid10] A full paper has been published in the journal PBMB (Impact Factor: 3.99)



	[bookmark: uid11] One full paper has been accepted in the International Conference on Medical Image Computing and Computer Assisted Intervention (ERA's Ranking A). This paper deals with the biomechanical modeling of hollow structures such as blood vessels using the plate theory.



	[bookmark: uid12] Mid-term evaluation of SOFA InterMeds (INRIA AE) has taken place this year. A full day of demonstrations, presentations and discussions has been organized at Euratechnologies with a panel of international experts.



	[bookmark: uid13] For the inauguration of the INRIA demo space at Euratechnologies in Lille, we create a series of permanent demonstrations that illustrate most of the activities of the SHAMAN team.
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  [bookmark: uid15] Section: 
      Scientific Foundations
Biomechanical Modeling

[bookmark: uid16] Biomechanical modeling of solid structures

Soft tissue modeling holds a very important place in medical simulation. A large part of the realism of a simulation, in particular for surgery or laparoscopy simulation, relies upon the ability to describe soft tissue response during the simulated intervention. Several approaches have been proposed over the past ten years to model soft-tissue deformation in real-time (mainly for solid organs), usually based on elasticity theory and a finite element approach to solve the equations. We were among the first to propose such an approach [31] , [33]  using different computational strategies. Although significant improvements were obtained later on (for instance with the use of co-rotational methods to handle geometrical non-linearities) these works remain of limited clinical use as they rely on linearized constitutive laws.

[bookmark: uid17]Figure
	1. Biomechanical models of organs, based on the Finite Element Method and elasticity theory. Left: a model of the liver based on tetrahedral elements and small strain elasticity. Right: several organ models from a patient dataset combined to create a realistic abdominal anatomy.	[image: IMG/liver_mesh]	[image: IMG/sofa_laparo]



An important part of our research is dedicated to the development of new, more accurate models that remain compatible with real-time computation. Such advanced models will not only permit to increase the realism of future training systems, but they will act as a bridge toward the development of patient-specific preoperative planning as well as augmented reality tools for the operating room. Yet, patient-specific planning or per-operative guidance also requires the models to be parametrized with patient-specific biomechanical data. Very little work has been done in this area, in particular when tissue properties need to be measured in vivo non-invasively. New imaging techniques, such as Ultrasound Elastography or Magnetic Resonance Elastography, could be used to this end [30] . We are currently studying the impact of parametrized patient-specific models of the liver in the context of the PASSPORT european project. This will be used to provide information about the deformation, tissue stiffness and tumor location, for various liver pathologies.


[bookmark: uid18] Biomechanical modeling of hollow structures

A large number of anatomical structures in the human body are vascularized (brain, liver, heart, kidneys, ...) and recent interventions (such as interventional radiology) rely on the vascular network as a therapeutical pathway. It is therefore essential to model the shape and deformable behavior of blood vessels. This will be done at two levels. Global deformation of a vascular network: we have demonstrated previously [9]  that we could recover the shape of thousands of vessels from medical images by extracting the centerline of each vessel (see Figure 2). The resulting vascular skeleton can be modeled as a deformable (tree) structure which can capture the global aspects of the deformation. More local deformations can then be described by considering now the actual local shape of the vessel. Other structures such as aneurysms, the colon or stomach can also benefit from being modeled as deformable structures. For this we will rely on shell or thin plate theory. We have recently obtained very encouraging results in the context of the Ph.D. thesis of Olivier Comas [18] . Such local and global models of hollow structures will be particularly relevant for planning coil deployment or stent placement, but also in the context of a new laparoscopic technique called NOTES which uses a combination of a flexible endoscope and flexible instruments. Obtaining patient-specific models of vascular structures and associated pathologies remains a challenge from an image processing stand point, and this challenge is even greater once we require these models to be adapted to complex computational strategies. To this extend we will pursue our collaboration with the MAGRIT team at INRIA (through a PhD thesis starting in January 2010) and the Massachusetts General Hospital in Boston.


[bookmark: uid19] Blood Flow Simulation

Beyond biomechanical modeling of soft tissues, an essential component of a simulation is the modeling of the functional interactions occurring between the different elements of the anatomy. This involves for instance modeling physiological flows (blood flow, air flow within the lungs, ...). We particularly plan to study the problem of fluid flow in the context of vascular interventions, such as the simulation of three-dimensional turbulent flow around aneurysms to better model coil embolization procedures. Blood ßow dynamics is starting to play an increasingly important role in the assessment of vascular pathologies, as well as in the evaluation of pre- and post-operative status. While angiography has been an integral part of interventional radiology procedures for years, it is only recently that detailed analysis of blood ßow patterns has been studied as a mean to assess complex procedures, such as coil deployment. A few studies have focused on aneurysm-related hemodynamics before and after endovascular coil embolization. Groden et al. [37]  constructed a simple geometrical model to approximate an actual aneurysm, and evaluated the impact of different levels of coil packing on the ßow and wall pressure by solving Navier-Stokes equations, while Kakalis et al. [39]  relied on patient-specific data to get more realistic flow patterns, and modeled the coiled aneurysm as a porous medium. As these studies aimed at accurate Computational Fluid Dynamics simulation, they rely on commercial software, and the computation times (dozens of hours in general) are incompatible with interactive simulation or even clinical practice. Generally speaking, accuracy and efficiency are two significant pursuits in numerical calculation, but unfortunately very often contradictory.

[bookmark: uid20]Figure
	2. Blood flow and pressure distribution in the cerebrovascular system. The arterial vascular network is composed of more than 3,000 vessels, yet the computation is performed in real-time.	[image: IMG/eve_bloodflow]



With the Ph.D. thesis of Yiyi Wei, we have recently started the development of a new technique for accurately computing, in near real-time, the ßow of blood within an aneurysm, as well as the interaction between blood and coils. In this approach we rely on the Discrete Exterior Calculus method to obtain an ideal trade-off between accuracy and computational efficiency. Although still at an early stage, these results show that our approach can accurately capture the main characteristics of the complex blood flow patterns in and around an aneurism. The model also takes into account the influence of the coil on the blood flow within the aneurysm. The main difference between our approach and many other work done by internationally renowned teams (such as REO team at INRIA or the Computer Vision Laboratory at ETH) comes from the importance we place in the computational efficiency of the method. To some extent our approach is similar to what has been done to obtain real-time finite element methods. We are essentially trying to capture the key characteristics of the behavior for a particular application. This is well illustrated by the work we started on flow modeling, which received an award in September 2009 at the selective conference on Medical Image Computing and Computer Assisted Interventions [10] . We will pursue this direction to accurately model the local flow in a closed domain (blood vessel, aneurysm ventricle, ...) and combine it with some of our previous work describing laminar flow across a large number of vessels [44]  in order to define boundary conditions for the three-dimensional model.


[bookmark: uid21] Section: 
      Scientific Foundations
Biomechanical Systems

[bookmark: uid22] Constraint models and boundary conditions

To accurately model soft tissue deformations, the approach must account for the intrinsic behavior of the target organ, but also for its biomechanical interactions with surrounding tissues or with medical devices. While the biomechanical behavior of important organs (such as the brain or liver) has been well studied, few work exists regarding the mechanical interactions between the anatomical structures. For tissue-tool interactions, most approaches rely on a simple contact models, and rarely account for friction. While this simplification can produce plausible results in the case of an interaction between the end effector of a laparoscopic instrument and the surface of an organ, it is generally an incorrect approximation. As we move towards simulations for planning or rehearsal, accurately modeling contacts will take an increasingly important place. We have recently shown in [34]  and [35]  that we could compute, in real-time, complex interactions between a coil and an aneurysm, or between a flexible needle and soft-tissues. In laparoscopic surgery, the main challenge lies in the modeling of interactions between anatomical structures rather than between the instruments and the surface of an organ. During the different steps of a procedure organs slides against each other, while respiratory, cardiac and patient motion also generate contacts. Modeling these multiple interactions becomes even more complex when different biomechanical models are used to characterize the various soft tissues of the anatomy. Consequently, our objective is to accurately model resting contacts with friction, in a heterogeneous environment (spring-mass models, finite element models, particle systems, rigid objects, etc.). When different time integration strategies are used, a challenge lies in the computation of contact forces in a way that integrity and stability of the overall simulation are maintained. Our objective is to work on the definition of these various boundary conditions and on new resolution methods for such heterogeneous simulations. In particular we will investigate a simulation process in which each model continues to benefit from its own optimizations while taking into account the mechanical couplings due to interactions between objects.


[bookmark: uid23] Vascularized anatomy

From a clinical standpoint, several procedures involve vascularized anatomical structures such as the liver, the kidneys, or the brain. When a therapy needs to be applied on such structures, it is currently possible to perform a procedure surgically or to use an endovascular approach. This requires to characterize and model the behavior of vessels (arteries and veins) as well as the behavior of soft tissue (in particular the parenchyma). Another challenge of this research will be to model the interactions between the vascular network and the parenchyma where it is embedded. These interactions are key for both laparoscopic surgery and interventional radiology as they allow to describe the motion of the vessels in a vascularized organ during the procedure. This motion is either induced by the surgical manipulation of the parenchymal tissue during surgery or by respiratory, cardiac or patient motion during interventional radiology procedures. From a biomechanical standpoint, capillaries are responsible for the viscoelastic behavior of the vascularized structures, while larger vessels have a direct impact on the overall behavior of the anatomy. In the liver for instance, the apparent stiffness of the organ changes depending on the presence or absence of large vessels. Also, the relatively isotropic nature of the parenchyma is modified around blood vessels. We propose to model the coupling that exists between these two different anatomical structures to account for their respective influence. For this we will initially rely on the work done during the Ph.D. thesis of Christophe Gu�bert (see ( [38]  for instance) and we will also investigate coupling strategies based on degrees of freedom reduction to reduce the complexity of the problem (and therefore also computation times). Part of this work is already underway in the context of the PASSPORT european project with IRCAD and soft tissue measurements will be performed in collaboration with the biomechanics laboratory at Strasbourg University.


[bookmark: uid24] Parallel Computation

Although the past decade has seen a significant increase in complexity and performance of the algorithms used in medical simulation, major improvements are still required to enable patient-specific simulation and planning. Using parallel architectures to push the complexity of simulated environments further is clearly an approach to consider. However, interactive simulations introduce new constraints and evaluation criteria, such as latencies, multiple update frequencies and dynamic adaptation of precision levels, which require further investigation. New parallel architectures, such as multi-cores CPUs, are now ubiquitous as the performances achieved by sequential units (single core CPUs) stopped to regularly improve. At the same time, graphical processors (GPU) offer a massive computing power that is now accessible to non-graphical tasks thanks to new general-purposes API such as CUDA and OpenCL. GPUs are internally parallel processors, exploiting hundreds of computing units. These architectures can be exploited for more ambitious simulations, as we already have demonstrated in a first step by adding support for CUDA within the SOFA framework. Several preliminary results of GPU-based simulations have been obtained, permitting to reach speedup factors (compared to a single core GPU) ranging from 16x to 55x. Such improvements permit to consider simulations with finer details, or new algorithms modeling biomechanical behaviors more precisely. However, while the fast evolution of parallel architectures is useful to increase the realism of simulations, their varieties (multi-core CPUs, GPUs, clusters, grids) make the design of parallel algorithm challenging. An important effort needs to be made is to minimize the dependency between simulation algorithms and hardware architectures, allowing the reuse of parallelization efforts on all architecture, as well as simultaneously exploiting all available computing resources present in current and future computers. The largest gains could be achieved by combining parallelism and adaptive algorithms. The design and implementation of such a system is a challenging problem, as it is no longer possible to rely on pre-computed repartition of datas and computations. Thus, further research is required in highly adaptive parallel scheduling algorithms, and highly efficient implementation able to handle both large changes in computational loads due to user interactions and multi-level algorithms, and new massively parallel architectures such as GPUs. A direction that we are also investigating is to combine multi-level representations and locally adaptive meshes. Multi-level algorithms are useful not only to speedup computations, but also to describe different characteristics of the deformation at each level. Combined with local change of details of the mesh (possibly using hierarchical structures), the simulation can reach a high level of scalability.
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  [bookmark: uid26] Section: 
      Application Domains
Clinical Applications

Some of the scientific challenges described previously can be seen in a general context (such as solving constraints between different types of objects, parallel computing for interactive simulations, etc.) but often it is necessary to define a clinical context for the problem. This is required in particular for defining the appropriate assumptions in various stages of the biophysical modeling. It is also necessary to validate the results. This clinical context is a combination of two elements: the procedure we attempt to simulate and the objective of the simulation: training, planning or per-operative guidance. Below are a series of applications we plan to develop. The choice of these applications is not random: the clinical procedures we target are all technically challenging, they highlight various parts of our research, and often they represent an ideal testbed for transitioning from training to planning to guidance.
It is important also to note that developing these applications raises many challenges and as such this step should be seen as an integral part of our research. It is also through the development of these applications that we can communicate with physicians, and validate our results. SOFA will be used as a backbone for the integration of our research into clinical applications.

[bookmark: uid27] Interventional radiology

Over the past twenty years, interventional methods such as angioplasty, stenting, and catheter-based drug delivery have substantially improved the outcomes for patients with vascular disease. Pathologies that used to require a surgical procedure can now be treated in a much less invasive way. As a consequence, interventional radiology procedures represent an increasing part of the interventions currently performed, with more than 6 million patients treated every year in Europe and about 5 millions the United States. However, these techniques require an intricate combination of tactile and visual feedback, and extensive training periods to attain competency. To reinforce the need to reach and maintain proficiency, the FDA recently required that US physicians go through simulation-based training before using newly developed carotid stents. Besides simulation for training, interventional radiology is a perfect target to illustrate the potential of planning and rehearsal of procedures. As an initial step in this direction, Alcove and Magrit were partners in an ARC project (Simple) to develop a planning tool for the treatment of aneurysms using coils. This collaboration still goes on after the end of the ARC, and led to a series of papers in key conferences [4]  [34] , [40] , [28] .

[bookmark: uid28] Interventional neuro-radiology

We will continue the development of our simulation and planning system for interventional radiology, with two principal clinical partners: Massachusetts General Hospital in Boston and University Hospital in Nancy. We have completed the integration in SOFA of improved versions of algorithms for describing the behavior of catheters, guide-wires, coils, as well as the interactive simulation of fluoroscopic images, the modeling of complex contacts.
Our future efforts will focus on the development of an advanced planning system for interventional radiology, in particular for coil embolization. This will require the integration of new methods of reconstruction of vascular anatomy from medical images (in collaboration with the MAGRIT team). We will also add our recent results on blood flow simulation in aneurysms.


[bookmark: uid29] Interventional cardiology using radio-frequency ablation

Cardiac arrhythmias (or dysrhythmias) are problems that affect the electrical system of the heart muscle, producing abnormal heart rhythms, and causing the heart to pump less effectively. About 5% of people over 40 years old are affected by this pathology, with a rather high morbidity rate. Radio-frequency ablation is a non-surgical procedureÊthat has been used for about 15 years to treat tachyarrhythmias, i.e. rapid, uncoordinated heartbeats. The procedure is performed by guiding a catheter with an electrode at its tip to the area of heart muscle where there is an accessory pathway. The catheter is guided under fluoroscopic imaging. When the catheter is positioned at the site where cells give off the electrical signals that stimulate the abnormal heart rhythm, a low radio-frequency energy is transmitted to the pathway. This destroys heart muscle cells within a very small area near the tip of the catheter and stops the area from conducting the extra impulses that caused the arrhythmia.
In this context, a simulation system would be able to provide added value in two main areas: 1) to train physicians in the early stages of their apprenticeship and 2) to provide quantitative information during the planning phase of a complex procedure, using patient-specific data. Most aspects of this simulation will rely on components developed during our research program but we will also extend our collaboration with the ASCLEPIOS team and the CardioSense3D project on the modeling of the heart the Cadiosense3D project. This involves an important integration task, and it will also validate the reusability aspects of the code developed within SOFA.


[bookmark: uid30] Minimally-invasive surgery 

[bookmark: uid31] Laparoscopic hepathic resection

The liver is one of the major organs in the human body. It is in charge of more than 100 vital functions. Because of its many functions, its pathologies are also varied, numerous and unfortunately often lethal. This is for instance the case of hepatitides which today affect about 300,000 people in France for hepatitis B and 600,000 people for hepatitis C. The most advanced state of evolution of these pathologies is generally cirrhosis followed by cancer, which represents the third cause of cancer related death. In 2005, 14,267 liver cancer cases and 20,497 cirrhosis cases have been diagnosed in France. The surgical solution remains the option offering the best success rate for these pathologies. More than 7,000 surgical interventions have been carried out on the liver in 2005 and partial resection of the liver remains the most common approach.
In this context, the ability to train surgeons, and to be able to plan complex procedures using computer-based simulations, would be a formidable help to the current apprenticeship model: ÒSee One, Do One, Teach OneÓ. Right now, only a few commercial systems are available to the medical community, and they are limited to basic skills training. Developing a realistic simulation system that could be used to plan and rehearse procedures would be a very important step in the introduction of new training paradigms in medicine. This is the main objective of the PASSPORT european project in which we are actively contributing at two levels. First, our research results on biomechanical modeling of solid organs and on coupling will be used to propose a realistic model of the deformation of the liver and its vascular network. Second, SOFA has been chosen in this project as the software for integrating all results from the different partners. Both aspects will help validate our models, test SOFA and obtain feedback from the clinicians.


[bookmark: uid32] Ophathalomology and cataract surgery

A cataract is an opacity in the natural lens of the eye. It represents an important cause of visual impairment and, if not treated, can lead to blindness. It is actually the leading cause of blindness worldwide, and its development is related to aging, sunlight exposure, smoking, poor nutrition, eye trauma, and certain medications. The best treatment for this pathology remains surgery. Cataract surgery has made important advances over the past twenty years, and in 2005, more than 5 million people in the United States and in Europe underwent cataract surgery. Most cataract surgeries are performed using microscopic size incisions, advanced ultrasonic equipment to fragment cataracts into tiny fragments, and foldable intraocular lenses to minimize the size of the incision. All these advances benefit the patient, but increase training requirements for eye surgeons. At the end of 2007, we started the development of a new training system for cataract surgery. The main objectives of this simulation are to reproduce with great accuracy the three main steps of cataract surgery: 1) capsulorhexis 2) phacoemulsification and 3) implantation of an intraocular lens.
We have already started the development of this simulation. The main research effort went in the choice of appropriate deformable models for the lens and lens capsule. An important effort also went into the development of topological changes corresponding to the capsulorhexis and phacoemulsification [27] . The modeling of the intraocular implant and its deployment in the capsule has been published to the major conference in medical simulation [18] .


[bookmark: uid33] Neuro-surgery and deep brain stimulation

Deep brain stimulation (DBS) is a neurosurgical treatment which stimulates the brain with low electrical signals. The signals reorganize the brain's electrical impulses (similarly as what was presented above for radio-frequency ablation for cardiac problems). This results in major improvements in several pathologies such as Parkinson disease. The principle of the procedure is the following: a thin, insulated wire lead with several electrodes at the tip is surgically implanted into the affected area of the brain. A wire runs under the skin to a battery-operated pulse generator implanted near the collarbone. The generator is programmed to send continuous electrical pulses to the brain. To implant the electrodes, a neurosurgeon uses a stereotactic head frame and magnetic resonance or computed tomography imaging to map the brain and pinpoint the problem area.
The main difficulty in this procedure comes from the deformation of the brain (small brain shift when the skull is opened, and local deformation of the brain due to the insertion of the electrode) and the deflection of the electrode itself during and after the procedure. This results in a difference between the planned target and the location of the end effector of the electrode. Our main objective is to use our work on soft tissue deformation, vascularized structures, as well as our recent results on constraint solving between soft tissues and flexible devices [35] . This work will be done in collaboration with the VISAGES team and we will dedicate an important effort in validating our results, analyzing post-operative medical images, and interacting with surgeons. This project has a strong potential as DBS is being increasingly used yet most research groups only consider non deformable planning systems (geometrical planning). Our proposal could make a important difference in the accuracy of the planning as it takes into account the biophysics of the brain.
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  [bookmark: uid35] Section: 
      Software
SOFA

SOFA, the Simulation Open Framework Architecture, is an international, multi-institution, collaborative initiative, aimed at developing a flexible and open source framework for interactive simulations. This will eventually establish new grounds for a widely usable standard system for long-term research and product prototyping, ultimately shared by many academic and industrial sites. Over the last two years, the SOFA framework has evolved from an informal collaborative work between the Sim Group at CIMIT, the Alcove, Asclepios and Evasion teams at INRIA into a more structured development project. By proposing a unique architecture allowing the integration of the multiple competencies required for the development of a medical training system, we believe it will be possible to accelerate and foster research activities in the field of interactive medical simulation. The main objectives of the SOFA framework are:


	[bookmark: uid36] Simplify the development of medical simulation systems by improving interoperability



	[bookmark: uid37] Evaluate and validate new algorithms



	[bookmark: uid38] Accelerate the prototyping of simulation systems by promoting component reusability



	[bookmark: uid39] Promote collaboration between research groups



	[bookmark: uid40] Facilitate technology transfer between research and industry




Our activities around the SOFA framework will be twofold. We will remain one of the leading teams contributing to the design of SOFA, the development of its architecture and its distribution to research groups and industrial partners. In addition, we will use SOFA as a core element of most of our simulations, as a mean to facilitate the integration of results from partners of the national initiative, and to simplify the development of prototypes of simulation systems.
For the past few years, there have been a few attempts at designing software toolkits for medical simulation. Examples include [42] , GiPSi [32] , SPORE [41]  or SSTML [29] . These different solutions aim at the same goal: providing an answer (usually Open Source) to the various challenges of medical simulation research and development. Although our aim is similar, we propose a different approach, through a very modular and flexible software framework, while minimizing the impact of this flexibility on the computation overhead. To achieve these objectives, we have developed a new architecture that implements a series of innovative concepts. Also, by developing the SOFA framework collaboratively with scientific experts in the different areas of medical simulation, we believe we can provide state-of-the-art solutions that are generically applicable, yet computationally efficient. The following sections describe in more details our approach to the development of this framework, from a technical standpoint and from the perspective of a collaborative work.

[bookmark: uid41]Figure
	3. Multidisciplinary research and development of the SOFA framework need to take place simultaneously to quickly advance research in the field of computer-based interactive medical simulation	[image: IMG/sofa_framework]



[bookmark: uid42] SOFA architecture

Medical simulation relies on a variety of interacting physics-based models, such as rigid structures (e.g. bones), deformable structures (e.g. soft-tissues) and fluids. It also involves anatomical representations through geometrical models, used for visual rendering, collision detection or meshes that will support various computational models. Finally, interactions between these different models need to be efficient, accurate and capable of handling a variety of representations. In some instances, a hierarchy also exists between the various anatomical structures, and needs to be taken into account in the description of the simulated environment. The design of the SOFA architecture, by supporting these various requirements, brings the flexibility needed for academic research. Yet, its very efficient implementation makes it also suitable for professional applications and potentially for product development. This architecture relies on several innovative concepts, in particular the notion of multi-model representation. In SOFA, most simulation components (deformable models, collision models, medical devices, etc.) can have several representations, connected through a mechanism called mapping. Each representation is optimized for a particular task (e.g. collision detection, visualization) while at the same time improving interoperability by creating a clear separation between the functional aspects of the simulation components. As a consequence, it is possible to have models of very different nature interact together, for instance rigid bodies, deformable objects, and fluids. This is an essential aspect of SOFA, as it will help the integration of new research components. This modular design also facilitates the rapid prototyping of simulation systems, allowing various combinations of algorithms to be tested and compared against each other. At a finer level of granularity, we also propose a decomposition of physical models (i.e. any model that behaves according to the laws of physics) into a set of basic components. In the case of (bio)mechanical models, which are computationally expensive, many strategies have been used to improve computation times or to reduce the complexity of the original model: linear elastic models have often been used instead of more complex non-linear representations, mass-spring methods as an alternative to finite element methods, etc. Each of these simplifications induces drawbacks, yet the importance of these drawbacks depends largely on the context in which they are applied. It becomes then very difficult to choose which particular method is most likely to provide the best results for a given simulation. To address this issue in SOFA we have introduced a finer level of granularity which permits to independently test and compare each component, such as time integration schemes, to see the change in performance or robustness of the simulation, or to test different constitutive models. These changes can be made in a matter of seconds, without having to recompile any of the code, by simply editing an XML file.


[bookmark: uid43] Current Results

Version 1.0 beta 5 of SOFA was released in November 2010. More than 97,000 downloads of SOFA have been counted as of November 1st, 2010. More than 20 researchers, students, engineers have contributed at various degrees to SOFA, for a total of about 500,000 lines of code. Currently, thanks to its advanced architecture, SOFA allows to:


	[bookmark: uid44] Create complex and evolving simulations by combining new algorithms with existing algorithms



	[bookmark: uid45] Modify most parameters of the simulation by simply editing a XML file



	[bookmark: uid46] Build complex models from simpler ones using a scene-graph description



	[bookmark: uid47] Efficiently simulate the dynamics of interacting objects using abstract equation solvers



	[bookmark: uid48] Reuse and easily compare a variety of available methods



	[bookmark: uid49] Transparently parallelize complex computations using semantics based on data dependencies



	[bookmark: uid50] Use new generations of GPUs through the CUDA API to greatly improve computation times




Various results and information can be obtained on the SOFA website at http://www.sofa-framework.org . Most of the current results are generic and only aim at validating the different aspects of the SOFA framework. Developments of complex medical simulations have recently started, in particular in the areas of ophthalmic surgery and interventional radiology. We have also started a collaboration with a few companies (Digital Trainers, Didhaptics, B.K.) which are in the process of developing medical applications based on SOFA.

[bookmark: uid51]Figure
	4. Animation of a chain combining a FEM model, a mass-spring model, a FFD grid, and a rigid body. This example is a perfect illustration of the flexibility of SOFA. Not only several algorithms for rigid or deformable bodies can be part of the same simulation, but they can also interact in a physically correct manner. No constraints between links were pre-deÞned, instead we relied on collision detection and stiff contact forces to handle the contacts. Using implicit integrator handling dynamically-created groups of interacting objects resulted in a stable simulation	[image: IMG/sofa_chains]
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  [bookmark: uid53] Section: 
      New Results
Collision Detection and Response using GPUs

We introduce a new method for simulating frictional contact between volumetric objects using interpenetration volume constraints. When applied to complex geometries, our formulation results in dramatically simpler systems of equations than those of traditional mesh contact models. Contact between highly detailed meshes can be simplified to a single unilateral constraint equation, or accurately processed at arbitrary geometry-independent resolution with simultaneous sticking and sliding across contact patches. We exploit fast GPU methods for computing layered depth images, which provides us with the intersection volumes and gradients necessary to formulate the contact equations as linear complementarity problems. Straightforward and popular numerical methods, such as projected Gauss-Seidel, can be used to solve the system. We demonstrate our method in a number of scenarios and present results involving both rigid and deformable objects at interactive rates.


[bookmark: uid54] Section: 
      New Results
Shell models

[bookmark: uid55] Using shell models for cataract surgery

With 30 million interventions a year worldwide, cataract surgery is one of the most frequently performed procedures. Yet, no tool currently allows teaching all steps of the procedure without putting patients at risk. A particularly challenging stage of this surgery deals with the injection and deployment of the intraocular lens implant. In this work, we propose to rely on shell theory to accurately describe the complex deformations of the implant. Our approach extends the co-rotational method used in finite element analysis of in-plane deformations to incorporate a bending energy. This results in a relatively simple and computationally efficient approach which was applied to the simulation of the lens deployment. This simulation also accounts for the complex contacts that take place during the injection phase. This work was published at ISBMS 2010 [17] .


[bookmark: uid56] Shell Model for Reconstruction and Real-Time Simulation of Thin Anatomical Structures

This work is about a new modelling technique for the deformation of thin anatomical structures like membranes and hollow organs. We show that the behavior of this type of surface tissue can be abstracted with a modelling of their elastic resistance using shell theory. In order to apply the shell theory in the context of medical simulation, our method propose to base the geometrical reconstruction of the organ on the shape functions of the shell element 5 . Moreover, we also use these continuous shape functions to handle the contacts and the interactions with other types of deformable tissues. The technique is illustrated using several examples including the simulation of an angioplasty procedure. This work was published at MICCAI 2010 [18] 

[bookmark: uid57]Figure
	5. (a,b) We use polynomial triangles for the shell elements mechanics, for the collision detection and the rendering. (c) The shape function is used to distribute an external force F onto the triangle nodes	[image: IMG/shell_curvature]




[bookmark: uid58] Section: 
      New Results
Topology changes

Several works, showing new results about topology changes during real-time simulation were published this year. The first one is about drilling simulation for dental implantology 6 . We propose a new method adapted for Six Degree-of Freedom Haptic Rendering. This work was published at ISBMS 2010 [23] . In addition, we have proposed a new solution for haptic rendering on deformable objects undergoing topology changes that was published at Eurohaptics 2010 [22] . Finally, we propose a complete and coherent approach, GPU-based, for the real time simulation of soft tissue deformation with cutting and haptic feedback in PBMB journal [13] .

[bookmark: uid59]Figure
	6. Our surgery training simulator solution Virteasy: (a) global view - (b) haptic device - (c) Virtual environment - (d) Virtual working zone closeup	[image: IMG/drilling_simulator]
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  [bookmark: uid61] Section: 
      Contracts and Grants with Industry
Contracts with Industry

The company Digital Trainers has started a contract with our group to use our research on suture simulation.
More precisely, we proposed a 6 months licence to Digital trainers to get access to the suture module that we developed on SOFA.
This first agreement (15kEuros) was accompanied an assistance contract and the presence of Christophe Guebert (the PhD student who worked on the suture module) in the company for 2 months. The discussion for a non-exclusive permanent licence (about 20kEuros) and a research contract (about 30 kEuros) for the next years with this company are nearing conclusion.


[bookmark: uid62] Section: 
      Contracts and Grants with Industry
National Initiatives

[bookmark: uid63] Sofa, ADT

SOFA Large Scale Development Initiative (ADT) : the SOFA project (Simulation Open Framework Architecture) is an international, multi-institution, collaborative initiative, aimed at developing a flexible and open source framework for interactive simulations. This will eventually establish new grounds for a widely usable standard system for long-term research and product prototyping, ultimately shared by academic and industrial sites. The SOFA project involves 3 INRIA teams, SHAMAN, EVASION and ASCLEPIOS. The development program of the ADT started in 2007. After 3 years of development, more than 600,000 lines of code have been developed, 80,000 downloads of SOFA have been counted on the INRIA gForge, and we are about to finalize a new version of the public release.


[bookmark: uid64] Sofa Intermeds, AEN

SOFA Large Scale Initiative on Medical Simulation (AEN): The variety and complexity of Medicine, as well as its ethical importance in todayÕs society, have been a strong motivation in many scientific and technical disciplines. The medical field has already been a domain of application for computer science and several tools, such as image processing, are now an integral part of modern medicine. Yet, there is no question that the integration of new technologies in Medicine will continue to rise in the future. In this context, the simulation of medical procedures, whether it is targeted at education, planning of interventions, or even guidance during complex procedures, will be a major element of the Medicine of the twenty-first century. The main objective of this large scale initiative is to leverage expertise from a few research teams at INRIA to speed up the development of new ideas, models, algorithms in this very multi-disciplinary field. This initiative started in 2008, and involves several teams at INRIA: SHAMAN, EVASION, ASCLEPIOS, MOAIS, MAGRIT, and BUNRAKU. This program has been evaluated by a group of international experts in October 2010.


[bookmark: uid65] ANR Acoustic

The main objective of this project is to develop an innovative strategy based on models for helping decision-making process during surgical planning in Deep Brain Stimulation. Models will rely on different levels involved in the decision-making process; namely multimodal images, information, and knowledge. Two types of models will be made available to the surgeon: patient specific models and generic models. The project will develop methods for 1) building these models and 2) automatically computing optimal electrodes trajectories from these models taking into account possible simulated deformations occurring during surgery.

The project belongs to the multidisciplinary domain of computer-assisted surgery (CAS). Computer assisted surgery aims at helping the surgeon with methods, tools, data, and information all along the surgical workflow. More specifically, the project addresses surgical planning and surgical simulation in Image Guided Surgery. It is related to the exponentially growing surgical treatment of Deep Brain Stimulation (DBS), originally developed in France by Pr. Benabid (Grenoble Hospital). The key challenges for this research project are 1) to identify, extract, gather, and make available the information and knowledge required by the surgeon for targeting deep brain structures for stimulation and 2) to realistically simulate the possible trajectories.


[bookmark: uid66] Section: 
      Contracts and Grants with Industry
European Initiatives

PASSPORT (PAtient Specific Simulation and PreOperative Realistic Training for liver surgery), is a 3-year project that deals directly with the objectives of the "Virtual Physiological Human" ICT-2007.5.3 objective. Indeed, PASSPORT's aim is to develop patient-specific models of the liver which integrates anatomical, functional, mechanical, appearance, and biological modelling. To these static models, PASSPORT will add dynamics liver deformation modelling and deformation due to breathing, and regeneration modelling providing a patient specific minimal safety standardized FLR. These models, integrated in the Open Source framework SOFA, will culminate in generating the first multi-level and dynamic "Virtual patient-specific liver" allowing not only to accurately predict feasibility, results and the success rate of a surgical intervention, but also to improve surgeons' training via a fully realistic simulator, thus directly impacting upon definitive patient recovery suffering from liver diseases.
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  [bookmark: uid68] Section: 
      Dissemination
Animation of the scientific community

[bookmark: uid69] Examination Committees


	[bookmark: uid70] Stéphane Cotin was in the examination committee of


	[bookmark: uid71] Everton Hermann, June 2010 (chair)



	[bookmark: uid72] Tobias Jund, September 2010 (referee)



	[bookmark: uid73] Olivier Palombi, HDR Thesis, November 2010 (referee)






	[bookmark: uid74] Christian Duriez was in the examination committee of Christophe Guebert, July 2010, University of Lille (advisor)



	[bookmark: uid75] Shaman Team participated to the evaluation seminar for the Large Scale Initiative on Medical Simulation (SOFA InterMedS) and the evaluation seminar for the ALCOVE team (both in October 2010).





[bookmark: uid76] Section: 
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Journals, Conferences, Workshop


	[bookmark: uid77] Stéphane Cotin has been
organizer of the following conference


	[bookmark: uid78] International Symposium on Biomedical Simulation (ISBMS)




and member of the following committees:


	[bookmark: uid79] International Symposium on Biomedical Simulation (ISBMS 2010)




and reviewer for the following journals:


	[bookmark: uid80] Medical Image Analysis (3 times)



	[bookmark: uid81] Progress in Biophysics & Molecular Biology (5 times)



	[bookmark: uid82] IEEEE Transaction on Visualization and Computer Graphics (1 time)



	[bookmark: uid83] IEEE Transaction on Medical Imaging (1 time)



	[bookmark: uid84] Revue Electronique Francophone d'Informatique Graphique (1 time)






	[bookmark: uid85] Jérémie Dequidt has been
member of the following committees:


	[bookmark: uid86] International Symposium on Biomedical Simulation (ISBMS)



	[bookmark: uid87] Journées de l'Association Francaise d'Informatique Graphique (AFIG)




and reviewer for the following journals:


	[bookmark: uid88] Medical Image Analysis (MedIA)






	[bookmark: uid89] Christian Duriez has been
member of the following committees:


	[bookmark: uid90] International Symposium on Biomedical Simulation (ISBMS) 2010




and reviewer for the following conference and journals:


	[bookmark: uid91] Eurohaptics 2010, Iros 2010, ISBMS 2010,



	[bookmark: uid92] Progress in Biophysics and Molecular Biology journal,



	[bookmark: uid93] Computer Animation and Virtual Worlds journal,



	[bookmark: uid94] IEEE transaction on Haptics (ToH),



	[bookmark: uid95] Medical Image Analysis (MedIA), Elsevier.






	[bookmark: uid96] Jérémie Allard has been
member of the following committees:


	[bookmark: uid97] High Performance and Low Latency VR/AR Symposium 2010




and reviewer for the following conference and journals:


	[bookmark: uid98] IEEE ICRA 2011, IPDPS 2011, VRIC 2010, CGI 2010, Eurographics 2010, IEEE VR 2010



	[bookmark: uid99] Progress in Biophysics and Molecular Biology journal,



	[bookmark: uid100] Medical Image Analysis (MedIA),



	[bookmark: uid101] Simulation in Healthcare,



	[bookmark: uid102] Microprocessors and Microsystems.







[bookmark: uid103] Scientific and Administrative Responsibilities

Team members have several scientific and administrative responsibilities in the university, the INRIA institute and at the national level:


	[bookmark: uid104] Christian Duriez manages the launch of the colloquium POLARIS for scientists in computer-science and automation in Lille (http://www.colloquiumpolaris.fr/ )



	[bookmark: uid105] Christian Duriez was reviewer for the ANR Tecsan program



	[bookmark: uid106] Stéphane Cotin is vice-president of the CDT (Commission des Développements Technologiques)



	[bookmark: uid107] Stéphane Cotin was part of the recruiting committee for INRIA junior research scientists



	[bookmark: uid108] Stéphane Cotin was part of the recruiting committee for INRIA lawyer recruitment



	[bookmark: uid109] Stéphane Cotin is a member of the MICCAI Society and member of the Society for Simulation in Healthcare (SSH)





[bookmark: uid110] Teaching

Permanent members teach the following courses:


	[bookmark: uid111] Jérémie Dequidt heads the Communicating Systems track at Polytech'Lille engineering school where he teaches several courses on Computer Graphics, High Performance Computing, Numerical Analysis and Software Engineering.



	[bookmark: uid112] Christian Duriez teaches courses on finite element method at ICAM (Institut Catholique d'Arts et Métiers) in Lille (about 64h courses)



	[bookmark: uid113] Shaman Team teaches courses about medical simulation in the Master IVI (8h courses/ 8h tutorials)





[bookmark: uid114] Miscellaneous


	[bookmark: uid115] Fête de la Science (Science Days): the "Fête de la Science” is an annual national event (4 days long), intended to promote sharing of scientific knowledge with the general public, through open seminars or demonstrations. In October 2010 we demonstrated a virtual cataract surgery application (using the SOFA platform) and recent research results on cancer treatments, where flexible needles are inserted next to a tumour and used to deliver therapy (cryotherapy, radiotherapy, brachytherapy, ...).



	[bookmark: uid116] Euratechnologies, 2010: for the inauguration of the INRIA demo space at Euratechnologies in Lille, we create a series of permanent demonstrations. The first one is a recreation of an operating room with an operating table and a patient mannequin, with basic physiological functionalities. The mannequin is connected to other equipments, in particular a tracking device for catheters and guidewires and an operative microscope used for microsurgery. During the inauguration, the demonstration consisted of an improved version of our previous cataract surgery simulation. A series of other demonstrations are being added in this environment to illustrate most of the activities of the SHAMAN team.
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