Soft tissue characterization at large deformation using ultrasonic imaging and finite element modeling

Ajeethan ARULRAJAH, Michaël KUGLER, Laurence MEYLHEUC, Daniel GEORGE, Laurent BARBE, Jonathan VAPPOU and Simon CHATELIN ICube, Université de Strasbourg, CNRS -UMR 7357, Strasbourg, France. Tel : +33 (0) 3 88 11 91 11 Contact : schatelin@unistra.fr Finite element models (FEMs) are increasingly used in computer-assisted surgery, particularly for simulating liver surgical procedures [1]. Despite recent progress in 3D anatomical modeling, there is still a critical lack of knowledge of the in vivo non-linear mechanical properties of the hepatic tissue for implementation in the FEMs. Over the past decades, elasticity imaging methods have been proposed for characterizing liver biomechanical properties in vivo non-invasively [2,3]. However, such methods are still restricted to the linear response under small deformation. In this study, we propose an alternative method for in vivo quantification of the non-linear behavior of the hepatic tissue under large deformation. Mechanical parameters are identified on a FEM that simulates an indentation experiment. The internal displacement field is measured experimentally using ultrasound imaging and is compared to the simulated displacement field. This approach is validated on a hepatic tissue-mimicking hydrogel phantom.

Material and Methods

Experimental protocol

As shown in figure 1, the experimental setup is divided in two main parts:

(1) A displacement-controlled indenter. This part is mounted on a 2D robotized platform to ensure linear planetranslations. A hemispheric-shaped tip (diameter: 20 mm) indents the tissue with a maximum displacement amplitude of 38 mm and at constant velocities ranging from 0.76 mm.s -1 to 7.6 mm.s -1 (i.e. strain rate ranging from 0.01 s -1 to 0.1 s -1 ). The indentation force is acquired using a 1D force sensor.

(2) An ultrasonic imaging device. A 9 MHz linear probe (L12-5, Philips Healthcare, NL) is used combined with an acquisition system (Verasonics Inc., WA, USA). The images are acquired in the indentation plane (X,Z) at a frame rate of 10 Hz. A trigger pulse is generated by the imaging system to be synchronized with both the indenter and the force sensor.

The sample is placed in a cylindrical PVC tube (height: 110 mm, diameter: 90.6 mm). The indenter and the ultrasound probe are placed at opposite sides of the sample. The axial Z-displacement field of the sample is computed using a speckle tracking cross-correlation-based algorithm [4].

Validation on a gel phantom

The sample is prepared from a 5% PolyVinyl Alcohol (PVA) cryogel powder diluted in filtered water. After cooling at room temperature, 1% cellulose is added as scattering particles for ultrasound imaging and three freeze/thaw cycles are performed to solidify the sample in the cylindrical tube.

Besides, the non-linear mechanical properties of the PVA hydrogel have been previously characterized using uniaxial compression experiments performed on a rheometer. A 1st order Mooney-Rivlin constitutive law is identified and implemented in the FEM for the numerical simulations.

Numerical simulations

The next step consists in simulating numerically the experiment described above. The cylindrical sample is meshed in 3D model and the indenter is modeled as a rigid body using the Abaqus software (Dassault Systèmes, FR). The long-term objective is to identify the non-linear mechanical properties of this hyperelastic model. In the end, this identification process will be performed by comparing the experimental and the numerical displacement fields in the corresponding 2D plane. However, in a first step, this study aims at investigating the ability of the FEM to reproduce the proposed experiment. Simulated displacement fields are compared to experimental ones.

Results

The figure 2 shows the experimental axial Z-displacement map at 20% of strain indentation. Similar maps are obtained every 100 ms through the complete indentation process. The numerical displacement maps (figure 3) are obtained and compared frame by frame for each indentation time step. Experimental and numerical axial displacement maps were found to be similar.

Discussion

This preliminary study illustrates the feasibility of simulating an indentation protocol by finite element modeling in a hyperelastic medium. Internal displacements fields were compared to those measured experimentally using an ultrasound-imaging-based method in a tissuemimicking phantom. Although their spatial profiles were found to be highly similar, experimental ones were found to be slightly lower than numerical ones. FEM could also be improved by both refining locally the mesh and improving the boundary conditions. However, such refinements are not expected to have a major influence on the simulations since our region of interest is located close to the indenter.

The major perspective of this study is to propose an identification-dedicated process (e.g. surface response or gradient methods) to determine the non-linear mechanical properties of the tissue by comparing experimental and numerical axial displacement fields. The originality of the method relies on the particular combination between FEM in hyperelastic tissues and non-invasive, ultrasound-based indentation for mapping displacement fields.

Conclusion

The current study and its extension to the non-invasive characterization of the non-linear mechanical properties are of great importance in the understanding of the in vivo behavior of biological soft tissues, such as liver. In the long term, we expect this project to lead to major improvements in liver modeling for computer assisted surgery. This work was supported by the IHU Strasbourg (Institut Hospitalo-Universitaire, Institute of Image Guided Surgery, ANR-10-IAHU-02). 

  Figure 1: Experimental set-up
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 132 Figure 3: Numerical Z-displacement map from FEM during indentation process (axial strain: 20%, strain rate:0.01 s-1)