Skull mechanics simulations with the prototype SimBio environment
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Abstract

The SimBio project will produce a generic simulation environment for advanced clinical practice designed for execution on parallel and distributed computing systems. This paper deals with the specific application of current SimBio software components for the study of a skull mechanics problem relating to maxillo-facial surgery. In addition to a demonstration of physical results, performance characteristics of the bio-mechanical finite element code on parallel platforms is given.
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1. Introduction

The objective of the SimBio project [1, 2] financed by the European Commission’s Information Societies Technology (IST) programme is the improvement of clinical and medical practices by the use of numerical simulation. This goal is achieved by developing a generic simulation environment that enables users to develop application specific tools for many medical areas. The potential impact is demonstrated for specific areas through the SimBio evaluation & validation applications. A key feature in the SimBio project is the possibility to use individual patient data as input to the modelling and simulation process - in contrast to simulation based on “generic” computational models. In order to meet the computational demands of the SimBio applications, the compute-intensive environment components is implemented on High Performance Computing (HPC) platforms. 

This paper presents an initial study for bio-numerical support of maxillo-facial surgery planning. The medical background to this study is discussed in Section 2. Selected software components under development within the SimBio project are discussed in Section 3. Section 4 of the paper illustrates preliminary results of numerical simulations and covers performance issues. Finally, steps towards a more accurate modelling are discussed. 

2. Bio-mechanical simulation supporting facial-surgery planning

One of the target applications of the SimBio framework deals with pre-surgical studies in the field of head biomechanics. In particular, this refers to the modelling of the deformations emerging during and/or induced by surgical interventions. Thus, simulation supports the optimisation of operation procedures and the planning of therapeutical strategies. 

/* insert Figure 1 about here */

Currently, a study is underway to investigate the mechanical consequences of the forces that occur during the sequence of interventions to remedy inborn deformations of the human face (mainly cleft lip and palate). In order to adjust deformed parts of the midface a metal frame (a so-called halo, see Figure 1) is tightly fixed to the head using screws. After cutting the midfacial bone along exactly defined lines, this device exerts forces on the bone structure to be relocated. The distraction path length governed by the externally applied forces amounts to a length of 10-30 mm (1mm/day), depending on the application site and duration, which is typically in the order of a few weeks. We divided the finite element (FE) modelling of this surgical intervention into two phases:

I. In a first step, skull deformations induced by the halo screws (see Figure 2) are calculated. Exact knowledge about the mechanical consequences of the surgical device is important for the surgeon mounting the halo.

II. The goal of the second phase of the modelling process is to gain pre-surgical knowledge about the relation between the magnitude and the direction of the applied distraction forces and the resulting rearrangement of the bone structures and the surrounding soft tissues

/* insert Figure 2 about here */

In this paper we present first results of phase I. Software tools used to model the skull response are described in the next section.
3. Overview of the software solutions
Pre-processing : segmentation & meshing

The geometric description of our model is based on 3D medical images of individual patients acquired with a computer tomograph (CT). Spiral CT scans achieve a spatial resolution of 0.5 mm. Raw data are pre-processed by registering time-series scans to the first time point and segmented into background, soft tissue, bone and halo. This segmentation forms the basis for mesh generation. A fast and high quality mesh generator creates hexahedral or tetrahedral meshes of user-defined spatial resolution [3] (see Figure 3).

HEAD-FEM

The finite element (FE) code for biomechanical problems (called HEAD-FEM) is based on linear solvers provided in the AZTEC library [4] and is parallelised using the Message Passing Interface (MPI) library. HEAD-FEM enables linear static and dynamic FE analyses [5]. Simulations presented here were carried out using the static version of HEAD-FEM. Input to the FE module is a distributed mesh partitioned by a modified recursive co-ordinate bisection (RCB) algorithm implemented in the DRAMA library [6] (see Figure 3). 

/* insert Figure 3 about here */

To overcome some of the restrictions imposed by sequential FE codes this FE tool enables simulations based on meshes with a spatial resolution about five times higher than that of previous models. The high spatial resolution guarantees

· a precise FE representation of head anatomy and

· a high numerical accuracy of the results obtained in reasonable calculation time.

Postprocessing

The nodal displacements for the whole head are calculated and mapped onto a triangular surface mesh of the skull and visualised using the BRIAN software package [7] (see Figure 4). A specific version of BRIAN will become the visualisation module of the final SimBio environment.

4. Results

HEAD-FEM has been installed on the 64 processor NEC Cenju-4 supercomputer (MIPS R10000 in a multi-stage inter-connection network). An example input is a distributed hexahedral head mesh whose elements have an edge length of 3mm (see Figure 3). The equation system based on this mesh has about half a million unknowns and is solved by a preconditioned conjugate gradient solver provided by the AZTEC library. Table 1 lists execution times for a full HEAD-FEM analysis (data input, matrix assembly, equation solving). These figures demonstrate that the code scales well and that a full FE problem is solved in less than a minute.

/* insert Table 1 about here */

Figure 4 depicts the skull deformation produced by the screws of the surgical frame. Besides the expected focal inward deformation at screw positions, an outward protrusion of the skull at peripheral concentric areas is observed (see arrows). This result is in full agreement with clinical findings.

/* insert Figure 4 about here */

5. Concluding Remarks

We presented a surgical application of the FE method using initial components of the generic SimBio environment. Results obtained in Phase I of our modelling process (see Chapter 2) are already considered to be clinically relevant. HEAD-FEM needs to be extended for phase II - surgical planning. That requires the implementation of

· geometrically nonlinear FE techniques such as the Newton-Raphson method,

· additional material models (e.g. visco-elastic material behaviour) and 

· a contact algorithm.

Another important aspect of the SimBio project, inevitable for performing clinically valid simulations, addresses the measurement of realistic material parameters. Combining highly resolved FE models based on individual scan data, efficient HPC-based solver technology, simulations using reliable material parameters, the SimBio project is expected to deliver a software environment that offers the chance to provide safe predictions in clinical routine.
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Figure 1: Halo frame for maxillo-facial surgery mounted to a skull model.
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Figure 2: A CT slice of the human head showing the halo fixed with screws.
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Figure 3: A hexahedral FE mesh of the human head divided into 16 partitions.
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Figure 4: Skull deformation as predicted by the simulation. Inward deformations correspond to yellow-red colours, outward deformations to green-blue colours.

Processor #
8
16
32
64

Time [s]
291
165
84
44

Speed-up
1.00
1.76
3.46
6.61

Table 1: HEAD-FEM execution times and speed-up factors on the NEC Cenju-4 for different numbers of processors.
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