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Abstract 
Needle insertion procedures are commonly used to treat and to diagnose prostate cancer. Surgical simulation 
systems can be used to estimate prostate deformation during pre- and intra-operative needle insertion planning. 
Such systems require a model that can accurately predict the prostate deformation in real time. In this study, we 
present a prostate model that incorporates the anatomy of the male pelvic region. The model is used to predict 
the prostate deformation during needle insertion and it is implemented in the Simulation Open Framework 
Architecture (SOFA). SOFA simulations are compared with experimental results for two scenarios: indentation 
and needle insertion. An experimental phantom is developed using anatomically accurate magnetic resonance 
images and populated with elasticity properties obtained from ultrasound-based Acoustic Radiation Force 
Impulse imaging technique. Markers are placed on the phantom surface to identify the deformation during 
indentation experiments. The root mean square error (RMSE) obtained in indentation experiments is 0.36 mm. 
During the needle insertion, the needle tip position is used to validate the model. The SOFA simulation resulted 
in a RMSE of 0.14 mm. The results of this study demonstrate that SOFA is a feasible option to be used in 
surgical simulations for pre-operative planning and training. 
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1. Introduction 
Prostate cancer is the second-leading cause of cancer death in men. In 2013, 238,000 new cases of prostate 
cancer will be diagnosed only in the United States (American Cancer Society, 2013). In order to decrease the 
mortality rate, efficient techniques for treating and diagnosing prostate cancer are essential. In this context, 
needle insertion plays an important role in both treating and diagnosing prostate cancer. Biopsy is already a 
common technique to diagnose cancer tumours, and brachytherapy is replacing radical prostatectomy as the 
treatment of choice for early-stage prostate cancer (Ragde et al., 2000). For both procedures, accurate needle 
insertions are essential. 

Misplacement of the needle tip may cause false diagnosis or impair the treatment effectiveness. One important 
issue during needle insertion is prostate deformation due to the needle-tissue interactions. This deformation can 
lead to misplacement of the needle tip. The information about the prostate deformation can help surgeons to 
accurately insert the needle. A biomechanical model of the pelvic region can be used in pre- and intra-operative 
planning to predict the prostate deformation and improve the accuracy of needle tip placement. Moreover, a 
real-time prostate deformation model can also be used as a control input for robotic systems designed to steer 
flexible needles (Reed et al., 2011; Abayazid et al., 2013; Bernardes et al., 2012). Therefore, an accurate model 
of the prostate and its surrounding area is important and can be helpful in surgical training, pre-operative 
planning and robotically-assisted needle insertion (Misra et al., 2010b). 

Extensive literature on soft tissue modelling already exists (Terzopoulos et al., 1987; Fung, 1993). Soft tissue 
models can be formulated using principles from continuum mechanics. These models can be broadly classified 
as linear elastic models, nonlinear elastic models (Misra et al., 2010) and viscoelastic models (Barbé et al., 2007; 
Yamamoto et al., 2009; Moreira et al., 2012). A comprehensive review of soft tissue models was presented by 
Misra et al. (2008). Some of those models have been already implemented in simulations based on Finite 
Element (FE) analysis for different applications, such as the prostate model (Crouch et al., 2007) and needle 
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insertion (DiMaio & Salcudean, 2003). Models based on FE analysis create a mesh dividing the tissue into a 
number of discrete elements. The mesh deformation is calculated by solving the interaction between each 
element. One common issue with FE models is the high computational cost. The computational time usually 
required by FE models limits their use in real-time simulations. 

Currently, Simulation Open Framework Architecture (SOFA) provides an environment for real-time modelling 
and simulation of soft tissues based on FE analysis. SOFA is primarily targeted at real-time simulation, with an 
emphasis on medical simulation (Faure et al., 2012). Graphics Processing Unit (GPU) can be used to allow 
real-time computation of complex deformable models with nonlinear geometry using implicit and explicit 
methods (Comas et al., 2008). SOFA has also been used to simulate needle insertions. The work presented by 
Durriez et al. (2009) simulates the insertion of bevel-tip needles using a constraint-based approach. However, the 
simulations presented by Durriez et al. (2009) do not account for anatomical details. Geometry and boundary 
conditions are important aspects for the FE simulation (Misra et al., 2009) and accuracy can be improved by 
designing a model based on anatomically accurate data. A model can be designed using Magnetic Resonance 
(MR) images to identify the geometry of organs. In addition, elastic properties of organs can be estimated using 
Acoustic Radiation Force Impulse (ARFI) imaging technique.  

This work presents a three-dimensional (3D) SOFA model of the male pelvic region based on MR images and 
evaluates its accuracy with respect to experimental results. The prostate deformation during indentation and 
needle insertion are analysed. An experimental phantom is designed based on MR images and allows us to 
perform experiments. Another novel aspect of this work is the use of non-invasive ultrasound-based ARFI 
imaging technique to estimate the elastic properties of organs. The relevance of this work is based on the 
combination of different aspects of the prostate modelling, such as, MR images to identify organ anatomy, the 
use of ARFI imaging technique to estimate elastic properties, phantom design to perform experiments, design of 
a FE model in SOFA to perform simulations and comparison between experimental and simulated results. 

The work is organized as follows: In Section 2, the experimental setup and the model design is presented. 
Section 3 shows and compares simulation results using the proposed model with experimental results obtained 
on a phantom, followed by Section 4, which concludes and provides directions for future work. 

2. Methods 
In this section, we present the methods used to predict and evaluate the prostate deformation. First, the 
experimental setup is presented, followed by the description of the SOFA model. 

2.1 Experimental Setup 

We first describe the experimental setup, which consists of the phantom design followed by the setup used to 
drive the needle guide and the needle. 

2.1.1 Phantom Design 

The phantom design uses anatomically accurate MR images to identify the organs present in the pelvic region. 
The MR images are post-processed using image triangulation within ScanIP (Simpleware, Exeter, United 
Kingdom) (Jahya et al., 2013). Each triangle side has an average length of 4.5 mm. The identified organs are: the 
prostate, the urinary bladder, the pubic bone, the rectal wall and the spine. The identified organ’s shapes are used 
to design a mould. The fabricated mould used to produce the phantom is shown in Figure 1a. 

The phantom is prepared using gelatine (Dr. Oetker, Amersfoort, The Netherlands). By varying the concentration 
of gelatine it is possible to obtain different stiffness values. Table 1 shows the details of concentration for each 
organ of the phantom. The experimental phantom is presented in Figure 1b. 

Table 1. Materials and concentration used to prepare the phantom. The Poisson’s ratio is assumed to be 0.495 for 
all organs 

Organ Gelatine Water Silica E[Kpa] 

Rectal wall 25.7% 74.3% 1.0% 172 

Urinary bladder 19.0% 81.0% 1.0% 98 

Prostate 17.0% 83.0% 1.0% 75 

Adipose tissue 5.3% 94.3% 1.0% 10 
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