
 

 

 
 

École Doctorale Mathématiques, Sciences de 

l'Information et de l'Ingénieur 

UdS – INSA – ENGEES  
 
 

THESIS 
 

presented in order to obtain the grade of 
 

 

Doctor of University of Strasbourg 

Discipline: Mechanics 

Specialty: Biomechanics 

 
by 
 

Simon Chatelin 
 

 

Improvement of Traumatic Brain Injury understanding in 
case of Head Trauma: 

Heterogeneity and anisotropy inclusion using medical imaging 
 

 
 
 

(Temporary version) 
 
 

Members of jury 
Tutor : M. Rémy WILLINGER, Professor, UdS 

Co-Tutor : M. André CONSTANTINESCO, Professor, UdS 

External opponent : M. Narayan YOGANANDAN, Professor, Medical College of Wisconsin 

External opponent : M. Ralph SINKUS, Research Director, Hôpital Beaujon CNRS 

Guest : Mme. Caroline DECK, Research Engineer, UdS 

 

Fluid and Solid Mechanical Institute, CNRS-FRE 3240, Strasbourg 

 



 

 

 



 

3 

Table of contents 

Introduction ........................................................................................................................7 

CHAPTER 1   Bibliographical synthesis ...........................................................................11 

1 Introduction ..............................................................................................................12 

2 In vitro mechanical testing ........................................................................................13 

2.1 Creep and relaxation tests ...................................................................................... 14 

2.1.1 Creep tests in tensile/compression .................................................................................... 14 

2.1.2 Relaxation tests in tensile/compression ............................................................................ 14 

2.1.3 Relaxation tests in shear .................................................................................................... 15 

2.2 Constant strain rate tensile/compression tests .................................................. 18 

2.3 Dynamic frequency sweep tests ............................................................................ 20 

2.3.1 Dynamic mechanical analysis in tensile/compression...................................................... 23 

2.3.2 Dynamic mechanical analysis in shear.............................................................................. 23 

2.4 Non linearity investigation ...................................................................................... 25 

3 In vivo mechanical testing .........................................................................................26 

3.1 Indentation tests ....................................................................................................... 26 

3.2 Brain tissue Magnetic Resonance Elastography in vivo testing ..................... 27 

3.2.1 Magnetic resonance elastography methods ..................................................................... 28 

3.2.2 MRE applied to brain investigation .................................................................................... 29 

4 Discussion ..................................................................................................................33 

4.1 From in vitro to in vivo approach .......................................................................... 33 

4.2 Heterogeneity ............................................................................................................ 34 

4.3 Anisotropy .................................................................................................................. 34 

4.4 Inter-species variations ........................................................................................... 35 

4.5 Age-dependence ....................................................................................................... 35 

4.6 Post-mortem time ..................................................................................................... 35 

4.7 Experimental parameters ........................................................................................ 36 

5 Conclusions ................................................................................................................36 



 

4 

CHAPTER 2    Axons deformation in case of head trauma ..............................................37 

1 Introduction ..............................................................................................................38 

2 Materials and method ...............................................................................................40 

2.1 Human head FE model and related criteria ................................................................... 40 

2.2 Brain Diffusion Tensor Imaging atlas ............................................................................. 43 

3 Theory and calculation ..............................................................................................43 

3.1 Inclusion of axonal direction into the brain FEM ........................................................... 43 

3.2 Computation of axonal elongation under impact.......................................................... 48 

4 Results .......................................................................................................................50 

4.1 Introduction .................................................................................................................. 50 

4.2 Diffusion parameters calculation for the FEM ............................................................... 50 

4.3 Implementation of axonal directions into the brainstem FEM ...................................... 57 

4.4 Axonal deformation under impact ................................................................................ 58 

5 Discussion ..................................................................................................................63 

6 FA influence on post-computing ................................................................................66 

7 Conclusion .................................................................................................................68 

CHAPTER 3   Isotropic heterogeneous modeling of brain tissue ....................................71 

1 Introduction ..............................................................................................................72 

2 Heterogeneity inclusion in brain FEM........................................................................73 

2.1 Introduction .................................................................................................................. 73 

2.2 Experimental brain MRE data ....................................................................................... 73 

2.3 Heterogeneous viscoelastic law .................................................................................... 73 

2.3.1 Introduction .......................................................................................................................... 73 

2.3.2 Scaling of the MEF on the MRE data ....................................................................................... 74 

2.3.3 Viscoelastic parameters calculation ........................................................................................ 76 

2.3.4 Heterogeneous linear viscoelastic model ............................................................................... 77 

2.3.5 Conclusion ............................................................................................................................. 78 



 

5 

2.4 Conclusion ..................................................................................................................... 78 

3 Application to accident simulation ............................................................................79 

3.1 Introduction .................................................................................................................. 79 

3.2 Brain Finite Element Models ......................................................................................... 79 

3.3 Human brain heterogeneous models ............................................................................ 80 

3.3.1 Introduction .......................................................................................................................... 80 

3.3.2 Influence of heterogeneity with low stiff models .................................................................... 81 

3.3.3 Influence of heterogeneity with high stiff models ................................................................... 82 

3.3.4 Maximal values for the four models ....................................................................................... 83 

3.3.5 Axonal deformation of a brain heterogeneous model ............................................................. 83 

3.4 Conclusion ..................................................................................................................... 86 

4 Conclusion .................................................................................................................86 

CHAPTER 4  Non-linear visco-hyperelastic anisotropic constitutive model for brain 

tissue 89 

1 Introduction ..............................................................................................................90 

2 Evaluation of existing brain tissue FE constitutive models ........................................91 

2.1 Introduction .................................................................................................................. 91 

2.2 Description of the model .............................................................................................. 91 

2.2.1 Introduction .......................................................................................................................... 91 

2.2.2 Geometry and meshing .......................................................................................................... 92 

2.2.3 Mechanical properties ........................................................................................................... 92 

2.2.4 Boundary conditions and loadings .......................................................................................... 95 

2.2.5 Conclusion ............................................................................................................................. 97 

2.3 FE simulation of rheometric tests ................................................................................. 97 

2.3.1 Introduction .......................................................................................................................... 97 

2.3.2 Shear simulations .................................................................................................................. 98 

2.3.3 Tensile simulations .............................................................................................................. 100 

2.3.4 Compression simulations ..................................................................................................... 101 

2.3.5 Strain rate influence in compression .................................................................................... 102 

2.3.6 Conclusion ........................................................................................................................... 108 

2.4 Conclusion ................................................................................................................... 109 



 

6 

3 Brain anisotropic model .......................................................................................... 110 

3.1 Introduction ................................................................................................................ 110 

3.2 Anisotropic visco-hyperelastic law .............................................................................. 110 

3.2.1 Introduction ........................................................................................................................ 110 

3.2.2 Theoritical description ......................................................................................................... 110 

3.2.3 Identification of the parameters........................................................................................... 113 

3.2.4 Implementation under LS-DYNA® software .......................................................................... 114 

3.2.5 Evaluation of the anisotropic visco-hyperelastic law ............................................................. 116 

3.2.6 Conclusion ........................................................................................................................... 119 

4 Anisotropic brain Finite Element Model .................................................................. 119 

4.1 Introduction ................................................................................................................ 119 

4.2 Presentation of the model .......................................................................................... 119 

4.3 Illustration on a real accident case .............................................................................. 120 

4.3.1 Conclusion ........................................................................................................................... 122 

4.4 Conclusion ................................................................................................................... 123 

5 Conclusion ............................................................................................................... 123 

Conclusions and future developments............................................................................. 125 

References ....................................................................................................................... 131 

Appendix A    Bibliographical study .............................................................................. 145 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

 



 Introduction 

8 

The aim of this PhD Thesis is to improve understanding of brain injuries mechanisms in 

case of head impact, and also build an improved human brain mechanical model using 

medical imaging. This work is performed as part of biological soft tissue characterization for 

impact biomechanics within the Biomechanics department located at the Fluid and Solid 

Mechanics Institute in Strasbourg. 

Traumatic Brain Injury (TBI) is one of the most common causes of death and disability and 

it remains an important public health problem. Motor vehicle traffic is the second cause of 

TBI, just after injuries due to falling (Faul et al., 2010). According to the World Health 

Organization (WHO), 1.2 million people died of motor vehicle traffic injuries in 2002 all over 

the world. Annual incidence of TBI is estimated at 235/100,000 inhabitant in Europe, 

98/100,000 inhabitant in the US and 160/100,000 inhabitant in India by Tazarourte et al. 

(2008). In France, death rate caused by TBI is 22% (Tiret et al., 1990). Diffusion Axon 

Injuries (DAI) appear in almost half (48.2%) of TBI and is the second reason of death by TBI, 

according to Bain and Meaney (2000). 

Impact Biomechanics aims at linking brain loading to resulting brain injuries in case of head 

trauma. Dynamic brain response to an impact is characterized in terms of intracranial 

pressure, stress and strain fields. In this way, loading, mechanical response and brain 

mechanical properties can be linked to each other. Consequently, brain tissue mechanical 

properties have to be modeled in order to develop brain model that can simulate brain 

mechanical response and injuries in case of head trauma. Since 1970’, Finite Element 

human Head Models (FEHM) have been developed as predicting tools for head injury risk 

and eventually TBI location, notably concerning DAI. This technique enables to simulate 

injuries with the opportunity of evaluating many mechanical parameters and developing injury 

protection tool with reduced cost and time. In particular, finite element head modeling have 

been proposed within the Biomechanics department based on works of Kang et al. (1997) 

with the development of the Strasbourg University Element Head Model (SUFEHM). DAI 

criteria has been proposed from this model and a large number of detailed head impact 

injuries simulations in terms of Von Mises stress, maximal principal strain and Von Mises 

stress by Willinger and Baumgartner (2003), Marjoux et al. (2008) and Deck et al. (2008). 

However, in the same line as most of the head finite element models from the literature 

(Kang et al., 1997; King et al., 2003; Takhounts et al., 2003; Belingardi et al., 2005; Iwamoto 

et al., 2007; Takhounts et al., 2008), SUFEHM brain is considered as linear viscoelastic, 

homogeneous and isotropic with properties identified by in vitro experimental data. 

Work of this PhD thesis will concern this last observation. We will aim at including for the 

first time heterogeneity and anisotropy extracted from medical imaging based techniques 

within a brain finite element model. 
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In the first chapter different anatomical and mechanical properties of brain tissue will be 

explained within the framework of a detailed bibliographic study for human brain numerical 

modeling. Firstly axonal fibers distribution will be studied. Then, literature review on brain 

tissue mechanical properties will be proposed by focusing on the comparison of results 

between classical in vitro and recent in vivo experimental techniques. Different models from 

the literature for brain tissue will be then proposed. 

The first aim of this thesis is to take brain anisotropy into account for the first time for real-

world injuries reconstruction. From last ten years, a new imaging technique, call Diffusion 

Tensor Imaging (DTI), is used to observe the water molecules Brownian movement 

constrained by axonal fibers into the brain (Basser et al. 1994; LeBihan et al., 2001; Kraus et 

al., 2007). By imaging these displacements (diffusion) using Magnetic Resonance Imaging 

(MRI), a tridimensional map of main axonal fibers orientation can be obtained. The purpose 

of this work in chapter 2 is to develop a new method for DAI prediction and location based on 

the assumption of axons elongations by post-treating classical isotropic accident simulation. 

Information on axons fibers orientation and density will be taken into account in the post-

treatment of the simulations. Influence of taking anisotropy into account will then be 

illustrated on two well documented motorcyclist accident cases. 

Further, heterogeneity will be implemented into the brain from a three dimensional map of 

viscoelasticity obtained in vivo by Magnetic Resonance Elastography (MRE). For less than 

ten years, in vivo mechanical properties of the brain have been proposed using MRE by 

analyzing displacements induced by shear wave propagation into the brain. The study 

proposed in chapter 3 will concern the implementation of these in vivo MRE based 

heterogeneous data into the brain finite element model. Influence of heterogeneity inclusion 

on brain response will be then evaluated by reconstructing two well documented motorcyclist 

accident cases. 

Conclusions and observations from the three first chapters will be then for the first time 

synthesized for the development of an anisotropic, heterogeneous visco-hyperelastic law for 

brain finite element model behavior. The last chapter will begin by evaluating on numerical 

samples the different brain models from the literature. These laws will be tested on numerical 

simulation of classical rheological tests (tensile, compression and shear). Conclusion from 

these comparisons and from the chapters 1, 2 and 3 will then be used to propose a new 

anisotropic visco-hyperelastic law for brain tissue, identified by in vivo data from MRE and 

DTI. Then, this law will be implemented into the SUFEHM geometry. For the f irst time, a 

brain finite element model will be presented with all of the following properties: 

- Anisotropy due to local orientations of axonal fibers; 
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- Heterogeneity; 

- Dissociation of mechanical behavior between cerebral matrix and axons fibers; 

- In vivo mechanical parameters identified using MRE and DTI; 

- Viscosity; 

- Inclusion of non-linearities, involving rigidifying of brain tissue at high strain. 

Then, this new model will be used to reconstruct a well documented motorcyclist accident 

case. We will aim at estimating its capability to reproduce brain injury mechanisms, 

especially concerning DAI. 
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1 Introduction 

Aim of this chapter is to develop notions necessary to the development and understanding 

of the thesis. Following aspects have been developed in the French version of this 

manuscript: 

- Anatomy of the central nervous system. This part is an introduction to the main notions 

for brain traumatisms understanding. The emphasis is put on the anatomical description 

of main axons fibers fascicules of the brain white matter. For more details, readers can 

refer to the Gray’s Anatomy (Standring, 2005); 

 

- A second part is dedicated to the description of medical imaging techniques. The 

following techniques are successively described: Nuclear Magnetic Resonance (NMR), 

Magnetic Resonance Imaging (MRI), Diffusion Tensor Imaging (DTI) and Magnetic 

Resonance Elastography (MRE). More details about DTI and MRE can be respectively 

found in LeBihan et al. (2001) and Muthupillai et al. (1995); 

 

- Synthesis of literature brain tissue testing. The aim is to extract main mechanical 

properties of brain tissue. This part have been integrally translated in the English 

version of the manuscript and is proposed hereunder; 

 

- Main models applied in the literature for brain tissue. Linear viscoelastic (Generalized 

Maxell) as well as hyperelastic (Ogden, Mooney-Rivlin, and Eight Chains) or 

micro/macro (axon fiber, composite) models are detailed. 

 

Insofar as main conclusions of this chapter for the development of the thesis are extracted 

from the literature review on brain tissue experimental characterization, only this part is 

translated for the English version. 

 

In order to understand how an external mechanical load can create injuries in the case of 

brain trauma it is essential to characterize the mechanical behavior of brain. The detailed 

mechanical parameters of brain tissue are needed to deduce brain material constitutive laws 

that can then be implemented in finite elements models of the head. Investigations of brain 

mechanics can also be applied in other domains such as neuropathology or neurosurgery 

leading to better diagnosis and therapies in the future. Beginning at the end of the 1960’s, 
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most of the experimentation has been performed using vitro tests on excised samples that 

may be the source of alterations in brain properties. In spite of more than fifty years of 

research and a huge number of different studies on brain biomechanics, it remains difficult to 

accurately characterize and model brain tissue. These difficulties are illustrated by the large 

disparity in protocols and results reported in the literature. The present paper also suffers 

from this problem in that we have summarized and allowed comparisons to be made 

between studies on brain biomechanics. However, only the experimental aspects of studies 

will be presented without considering their approach to modeling. Recently, new techniques 

and protocols have been proposed in the literature to carry out in vivo investigations on 

healthy animal and human subjects in order to obtain more realistic results. In this context 

this study presents a review of in vivo-based techniques and compares their results with 

each other as well as with previously obtained in vitro work.  

 

An early literature review on brain mechanical properties was proposed by Ommaya et al. 

(1968). Thibault and Gennarelli (1985) proposed a review that concerned the whole central 

nervous system. Donnelly (1998) as well as Cheng et al. (2008) published literature reviews 

that concentrated on comparing brain and spinal cord properties. Also recently, Hrapko et al. 

(2008) proposed a literature review focusing on in vitro experimental protocols. In 2010, Di 

Iewa et al. presented a review that focused on imaging applications for the mechanical 

characterization of brain tissue. The present paper complements existing literature reviews 

on brain tissue mechanics by presenting more recent results and focusing on the comparison 

between results from in vitro and in vivo tests, greatly developed since 2005. The emphasis 

will therefore be put on comparisons between in vitro and in vivo results, especially those 

concerning Magnetic Resonance Elastography (MRE). After detailing the in vitro creep, 

relaxation and dynamic frequency sweep tests as well as the in vivo magnetic resonance 

elastography tests, the emphasis will be put on pointing out the results of both in vitro and in 

vivo experimental protocols.  

 

2 In vitro mechanical testing 

Most of the in vitro tests proposed in the literature were based on compression creep tests 

and on relaxation tests in compression and shear, or on dynamic frequency or strain sweep 

experiments. Both quasi-static and dynamic brain matter analysis will be dealt with in this 

article as they provide complementary information. 



Chapter 1 Bibliographical synthesis 

14 

2.1 Creep and relaxation tests 

2.1.1 Creep tests in tensile/compression 

The first in vitro brain tissue investigations were concerned with compression creep tests 

and performed on animal brain samples. Dodgson (1962) carried out creep tests on 2-mm 

diameter samples of mouse brain with the Hencky-von Mises energy hypothesis. From 

microscopic observations it was concluded there is a lack of free fluid in brain tissue, and a 

quasi-linear relation between logarithmic scaled time and compression strain was found.  

 

This last result was confirmed four years later by Koenman (1966) who performed 

compression creep tests on porcine, calf and rabbit defrosted brain samples for 0.2 to 200 s, 

at different temperatures. In addition to inter-species variations, compression results pointed 

to the effect of temperature on the proportionality coefficient between logarithmic scaled time 

and strain.  

2.1.2 Relaxation tests in tensile/compression 

Compression stress relaxation tests were first described by Galford and McElhaney (1970) 

on monkey and human brain samples at 37°C. The resulting curves showed a quick 

relaxation for less than 100 s, with an initial relaxation modulus of 6.65 kPa for human and 

10.3 kPa for monkey brain, and creep tests showed linearity between logarithmic scaled time 

and compliance. From the results, the brain tissue was considered as linear viscoelastic from 

0 to 30 ± 10% strain.  

 

These tests are completed in the work of McElhaney et al. (1973) by investigating the bulk 

modulus anisotropy and heterogeneity between white and gray matter. The next static 

compression tests were done 24 years later by Lin et al. (1997) by means of ultrasound tests 

on a lamb brain. The ultrasonic wave speed was obtained for the cortico-basal, antero-

posterior and medio-lateral directions, and was found much higher in the first than in the two 

other directions. In accord with previously mentioned tests of McElhaney et al. (1973), it was 

shown that bulk modulus has values of 2.41 and 2.28 GPa for white and gray matter, 

respectively. Most recently, relaxation tests were done in compression by Prange and 

Margulies (2002), Cheng and Bilston (2007) and Prevost et al. (2010) and confirm the 

decrease in the stress relaxation modulus.  
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2.1.3 Relaxation tests in shear 

Shearing relaxation tests were performed by Arbogast et al. (1995) in relaxation at 2.5%, 

5% and 7.5% strain levels on brain stem samples cut from 2 to 3 years old pigs. The 

samples were placed in an experimental device made of a fixed lower plate and a mobile 

upper plate measuring the displacement and the resulting force. The main investigation of 

this study concerned the anisotropy by selecting the samples cut parallel and perpendicular 

to the direction of fiber orientation. Relaxation times were observed to be independent of the 

direction and the stress. However, the relaxation modulus was observed to be two times 

higher for samples cut parallel to the direction of fiber orientation.  

 

Bilston et al. (1997) used relaxation shear tests to estimate the limit of a linear viscoelastic 

response of brain tissue. Tests were performed on bovine white matter with a 3000 s 

relaxation time at 0.01% to 7% strain levels. A significant increase of the relaxation modulus 

was found at > 0.1% strain level. This result was correlated with harmonic analysis from 1 to 

20 Hz showing a strain dependence of the complex shear modulus, G, defined by Eq. (1 - 1):  

' ² '' ²G G G   
(1 - 1) 

where G' and G" are the storage and loss moduli, from 0.1% strain level. In the following, 

the term “complex shear modulus” will be used to represent the complex modulus, following 

linear viscoelasticity theory, as well as its magnitude to make the link with the elastic 

Hookean theory. 

 

Long time (t > 100 s) relaxation modulus was also noted to be less than 100 Pa. Bilston et 

al. (2001) described an investigation based on relaxation tests of bovine brain tissue under 

high shear strain levels to complete the previously mentioned tests. The relaxation modulus 

was obtained was higher than most of other author’s values.  

 

As illustrated in Figure 1- 1, relaxation was found to be slower at higher strains, confirming 

the strain-time dependence of brain tissue. Such a decrease of relaxation modulus with 

increasing strain is observed by most of the authors. Only Takhounts et al. (2003) observed 

an opposite trend. 
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Figure 1- 1.In vitro relaxation modulus versus time from the literature. Curves are obtained from either 
compression or shear quasi-static experiments. 
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After isotherm shear tests in torsion, Peters et al. (1997) using calf brain, applied the time-

temperature superposition principle to extend the range of shear rates over which complex 

shear and the relaxation moduli can be measured. 

 

More shear relaxation tests were performed by Brands et al. (2000) on brain samples of 6 

months old pigs with 100s relaxation time for 5%, 10% and 20% strain levels. Normalized 

relaxation modulus was found to be from 0.367 ± 0.130 kPa at 0.1s to 0.173 ± 0.047 kPa at 

10s, which seems to be in accord with previously mentioned results.  

 

Using relaxation shear tests, the isoptropy of cortical gray matter as well as the anisotropy 

of white matter were shown in 2000 by Prange et al. and in 2006 by Ning et al.. An increase 

in the relaxation modulus with decreasing strain was also observed in most of the recent 

studies, such as Bilston et al. 2001, Prange and Margulies 2002, Nicolle et al. 2004, Hrapko 

et al. 2006 and Shen et al. 2006. 

 

Figure 1- 1 presents a superposition of relaxation moduli versus time from the literature 

under relaxation shear and compressive tests, assuming tissue incompressibility. The 

relaxation modulus obtained in compression load is compared with the shear relaxation 

modulus using Eq. (1 - 2) under the incompressibility hypothesis:  

* * 3G E  

' '' ' 3 '' 3G jG E j E    
(1 - 2) 

where G*, G' and G" and E*, E' and E" represent the complex, storage and loss shear and 

elastic moduli, respectively.  

 

According to the incompressibility hypothesis, compression relaxation results yield very 

different values from those of shear relaxation results. The main observation concerns the 

great influence of strain level.  
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2.2 Constant strain rate tensile/compression tests 

The strain rate influence on in vitro uniaxial compression was investigated by Miller and 

Chinzei (1997) on porcine brain samples. Non linear stress-strain relations were observed at 

0.64, 0.64  10-2 and 0.64  10-5 s-1 strain rates as it were seen that stress increases with 

strain rate. These results were very close and reported the same conclusions as those of 

Estes and McElhaney (1970) at a compression strain rate of 0.08, 0.8, 8 and 40 s-1 and 

expressed as Young’s modulus real and imaginary parts of 4.7 kPa and 0.28 to 2.8 kPa 

respectively. Compression tests of Miller and Chinzei were completed with uniaxial traction 

tests at 0.64 and 0.64  10-2 s-1 strain rates. Again a significant rigidifying of brain tissue with 

strain rate increase was observed. Uniaxial, quasi static and cyclic loading under tensile-

compression were performed on 86 human brain samples at 5 mm/min by Franceschini et al. 

(2006).In addition to a non linear mechanical behavior, hysteresis and dependence of the 

stress-strain response on pre-load were observed. Influence of preload is characterized by a 

reduction in stress after the initial extension, characteristic of filled elastomers. The existence 

of permanent deformations called “bio-plasticity” and a viscous component of the solid phase 

deformation were also shown.  

Most of the recent in vitro work on brain tissue describes constant strain rate tests, 

essentially in traction or compression, and hyperelastic materials and models are involved, 

which are usually used for elastomers. This is also observed in tensile studies of Velardi et 

al. (2006) or compression studies of Shen et al. (2006), Vappou (2007), Cheng et Bilston 

(2007) and Prevost et al. (2010). Sensitivity to, and increase of brain stiffness with strain rate 

is confirmed in 2009 by Pervin and Chen at very high strain rates (1000, 2000 and 3000 s -1). 

 

Results reported in the literature on in vitro compression and tensile studies are shown in 

Figure 1- 2 and Figure 1- 3, respectively, and appear to be relatively consistent. In particular 

the effect of strain rate can be seen. This indicates that brain has an important viscous 

component, which is confirmed through Dynamic Frequency Sweep tests.  

More recently, such in vitro results completed with Dynamic Frequency Sweep experiments 

made it possible to observe brain properties such as non linear behavior, anisotropy and 

strain rate dependence. These properties were compared to other well-described and non 

biological materials such as polymers by Franceschini et al. or composites by Arbogast and 

Margulies (1998). 
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Figure 1- 2. Literature review on quasi static in vitro compression strain sweep tests. Curves show a 
significant influence of strain rate. 
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Figure 1- 3. Literature review on quasi static in vitro tensile strain sweep tests. Curves show a 
significant influence of strain rate. 

 

2.3 Dynamic frequency sweep tests 

To characterize viscoelastic brain behavior at small strain, most of the in vitro experiments 

have been performed dynamically, commonly using a dynamic frequency sweep. Thus, most 

of the dynamic frequency sweep protocols have investigated tissues in the linear strain 

domain.  

Although most of the dynamic frequency sweep tests have been carried out in shear, some 

dynamic frequency sweep experiments have been done in tensile/compression mode.  

The results are shown plotted as storage and loss moduli against frequency in Figure 1- 4 

and Figure 1- 5, respectively. 
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Figure 1- 4. Storage modulus of brain tissue provided from the literature of in vitro dynamic frequency 
sweep tests in shear. 
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Figure 1- 5. Loss modulus of brain tissue provided from the literature of in vitro dynamic frequency 
sweep tests in shear. 



Chapter 1 Bibliographical synthesis 

23 

2.3.1 Dynamic mechanical analysis in tensile/compression 

While many in vitro dynamic tests have been performed in shear, a few dynamic oscillatory 

strain experiments with compression load can be found in the literature. Such tests were 

conducted by Koenman (1966) on cylindrical samples. Sinusoidal stress was applied on 

rabbit, calf and porcine defrosted brain samples. Assuming tissue incompressibility, the 

complex shear modulus G* can be obtained from the complex dynamic elastic modulus E* 

and decomposed in storage and loss moduli following Eq. (1 - 1). 

The respective storage and loss moduli values at frequencies from 80 to 350 Hz were 

found to be from 2.7 to 5 kPa and from 0.5 to 3.2 kPa. The complex shear modulus was seen 

as relatively constant with frequency, varying only from 2.7 to 5 kPa. This observation was 

also true of the dynamic viscosity that increased with compression strain only with forces in 

the sample radial direction. For instance the dynamic viscosity was found to be 4.35 Pa s at 

25% strain. 

2.3.2 Dynamic mechanical analysis in shear 

In vitro shear dynamic tests were first performed in shear by Fallenstein and Hulce (1969) 

on 8 adult human brains with 10 to 62 hours post-mortem time. Thireen moisturized white 

matter plan-parallel samples were used at 37°C. Shear strain levels from 7% to 24.5% were 

applied but no effect was observed on dynamic shear moduli. Frequency ranged from 9 to 10 

Hz, and storage and loss moduli varied with frequency from 0.6 to 1.1 kPa and 0.35 to 0.6 

kPa, respectively. The dynamic viscosity, defined by loss modulus divided by frequency, was 

evaluated between 5.6 and 9.6 Pa.s corresponding to approximately twice the value found by 

Koenman. This difference could be explained by the difference in experimental setups. 

These values have been confirmed by McElhaney et al. (1973). By comparing brain matter 

viscosities with the mechanical properties of other organs, Fallenstein et al. (1969) estimated 

that the rigidity of in vitro human brain tissue is a little less than that of in vivo human 

muscular tissue. The first in vitro studies of shear under dynamic torsion of tissue were 

carried out by Shuck and Advani (1970) on human brain samples from the callous corpus at 

frequencies from 5 to 350 Hz and different strain values and at a strain rate of 77 s-1. Storage 

and loss moduli varied from 7.6 to 33.9 kPa and 2.76 to 81.4 kPa for brain tissue considering 

it as isotropic and incompressible. These tests made it possible to evaluate a viscoelastic 

linearity limit at 2.6% strain. Shuck and Advani (1972) completed these tests and refined this 

linearity limit. It was also evaluated at 3.5% strain at frequencies less than 10 Hz. It was 

observed that, for a constant strain less than 1.3%, the viscoelastic properties were highly 

frequency dependant. Shuck and Advani observed that the tissue was ruined at frequencies 

higher than 60 Hz and at strains larger than 1.3%. The results of Arbogast and Margulies 
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(1997) were confirmed and completed over the same frequency range (20 to 200 Hz) by 

Thibault and Margulies (1998) and by Arbogast and Margulies (1998) who investigated brain 

tissue anisotropy and age mechanical dependence, respectively. 

An important aspect of dynamical mechanical testing is higher frequency range. According 

to Brands et al., this range should be increased to 1000 Hz. By applying the time-

temperature principle from 4 to 38°C with 1% strain, Brands et al. obtained dynamic shear 

moduli from 1.25 to 2 kPa over a frequency range of 260 to 1000 Hz. Also, Hrapko et al. 

(2008) and Nicolle et al. (2004) attested the so-called slipping effect, inducing a decrease of 

storage and loss moduli and an increase of viscosity when testing thinner samples. The 

problem could be solved by gluing each specimen to the plates with cyanoacrylate adhesive 

without creating a new coupling. After investigating the effects of post-mortem time 

degeneration and direction of measurement Nicolle et al. (2005) measured shear moduli on 

18 human brain glued samples over a frequency range from 0.1 to 6310 Hz. They found 

values of storage and loss moduli of 2.1 ± 0.9 to 16.8 ± 2.0 kPa and 0.4 ± 0.2 to 18.7 ± 2.3 

kPa, respectively, corresponding to a complex shear modulus from 16.9 ± 2.2 kPa to 18.7 ± 

2.3 kPa. The results were of the same order of magnitude as those reported by Bilston et al. 

(2001) or Brands et al. (2000) with, respectively, 20% and 45% variation of the shear 

mechanical properties. Results of Hrapko et al. (2006) from oscillatory shear tests with 1% 

strain and over a frequency range from 0.04 to 16Hz on corona radiata white matter samples 

gave storage and loss moduli around 0.248 to 0.801 kPa and 0.100 to 0.503 kPa 

respectively. These values correspond to a complex shear modulus that varied from 0.267 to 

0.946 kPa. Assuming the time-temperature superposition principle, tests at 1% strain on calf 

brain white matter samples between 7 and 37°C were tested from 0.16 - 16 Hz to 10 and 20 - 

100 Hz. The complex shear modulus at 10 Hz and from 20 to 100 Hz was found to be 

respectively 0.5 to 0.6 kPa and 0.6 to 0.9 kPa by Peters et al. These results were similar to 

those proposed by Fallenstein and Hulce (1969). However, Arbogast and Margulies (1997) 

showed limitations in applying such a time-temperature principle on low frequency and 

isothermal oscillatory tests. Arbogast and Margulies (1995) proposed similar results to those 

of Peters et al. (1997). 

The dependence of the dynamic shear modulus on strain level is a crucial point. 

Translational shear experiments were performed by Arbogast and Margulies (1997) on 

porcine samples from 20 to 200 Hz with 10-Hz steps and at 2.5% and 5% strain level. These 

strain values were higher than previously proposed linearity limits. The surroundings were 

kept highly moist at 25°C and in complex shear the brain storage and loss moduli were found 

to be 1.3 to 2.7 kPa, 1.25 to 1.65 kPa and 0.4 to 2.15 kPa respectively for 2.5% strain and 
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0.5 to 1.25 kPa, 0.3 to 1.25 kPa and 0.4 to 1.25 kPa for 5% strain. The complex shear 

modulus at 5% strain was 42% less than the shear modulus at 25% showing brain softening. 

Darvish and Crandall (2001) performed oscillatory dynamic shear experiments in adding 

Gaussian white noise in samples provided from corona radiata bovine brain and made up of 

white matter, with 12 days post mortem time. Over a 1 to 100 Hz frequency range the shear 

modulus decreased as the strain increased from 3 to 21%. The same trend with increasing 

strain had already been observed for the relaxation modulus by Bilston et al. (2001) in accord 

with most of the literature results. 

A comparison can be made between most of the results on storage and loss moduli for in 

vitro dynamic frequency sweep tests as presented in Figure 1- 4 and Figure 1- 5. Thanks to 

the previously mentioned mechanical similarities between human and porcine brain tissue 

this comparison is possible in spite of the fact that tests were performed on different species. 

The first observation concerns the significant disparity of the results at all strain levels. 

Nevertheless, the same trend for shear moduli increasing with increasing frequency is 

always noted, as well as higher storage than loss moduli. Concerning the comparison 

between shear storage and loss moduli, an inflection point around 150 Hz characterizing an 

inversion of the elastic and viscous components was proposed by Shuck and Advani (1972) 

and Thibault and Margulies (1998) and at more than 1000 Hz by Nicolle et al. (2004). In 

general two main results trends seems to come out of the plots of modulus vs. frequency: 

while Arbogast and Margulies (1997), Thibault and Margulies or Brands et al. (2000) 

proposed values between 100 and 1000 Pa, Shuck and Advani (1972) and Nicolle et al. 

(2005) obtained about 10 times higher shear moduli. In order to compare these results with 

other investigation techniques, a maximal resulting curve from Shuck et al., a mean curve 

from Nicolle et al. (2004) and a minimal curve from Brands et al. (2000) will be used in the 

following. Because DMA tests allow characterization of brain tissue only at low strains, very 

little recently published work was done in DMA, such as Shen et al. in 2006, Vappou et al. or 

Garo et al. in 2007. 

2.4 Non linearity investigation 

Knowing the limit of the linear response is critical for brain tissue characterization. Free 

dynamic drop experiments in compression were proposed by Galford and McElhaney (1970). 

These aimed at completing their previously mentioned relaxation results with more 

information for short times. The emphasis was put on comparing human and monkey brain 

tissue samples. Particularly human samples were cylindrical, of 1.27 cm diameter and 0.64 

mm height, and consisted of 95% white matter. 20% strain was applied at 34Hz. For human 

samples the complex elastic modulus and its real and imaginary parts were found to be 72.8, 
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67.8 and 26.6 kPa, respectively. Assuming brain tissue incompressibility it corresponded to a 

complex shear modulus of 24.2 kPa, which was higher than the values found in the same 

frequency range by Koenman (1966) or most recent authors. However it was close to values 

obtained in dynamic shear by Shuck and Advani (1972). Peters et al. showed that brain 

tissue had linear behavior under 1% strain and non linear behavior over this value, and today 

this is the most commonly adopted value. This result was further confirmed by Brands et al. 

(2000) and Nicolle et al. (2004). Most of the recent work has investigated large deformation 

mechanical investigation based on creep and relaxation tests of brain tissue with methods 

based on a linear hypothesis. 

3 In vivo mechanical testing 

3.1 Indentation tests 

First invasive in vivo tests were performed by Wang and Wineman (1972), in the 

continuation of work by Fallenstein and Hulce (1969). A hole was cut in the skull of an 

anesthetized monkey, close to the midline, over the frontal lobe. After removing the dura 

mater, a small dynamic probe with 0.1 cm2 areas was positioned vertically over the hole, 

harmonic vibrations of 80 Hz frequency were induced and force, displacement and phase 

angle between force and displacement were measured. Tests performed on 8 rhesus 

monkeys with blood pressure monitoring gave mean values of 19.6 kPa for the real and 11.2 

kPa for the complex part of the elastic modulus. These tests were extended by Miller et al. 

(2000) to indentation experiments on an anesthetized pig with an embedded head. In the 

frontal region part of scalp, skull and dura mater were removed. A 10mm diameter cylindrical 

indenter was used for uniaxial compression into the brain at 1 mm s-1 speed and 3.9 mm 

penetration depth to avoid irreversible damages. A signal processing was used to remove 

the effects of heart beats and animal breath. Even if only one animal was tested, results 

presented a force-displacement curve and, assuming brain tissue linearity, Young’s modulus 

and Poisson’s ratio respectively were obtained as 3.240 kPa and 0.499. This result 

supported the assumption of in vivo brain tissue incompressibility. These indentation tests at 

0.13 Hz showed results that were 2.3 times lower than those of Fallenstein and Hulce (1969) 

at 80 Hz. In 2010, van Dommelen et al. carried out indentation tests on porcine brain at 20 

Hz and 0.1s-1 and measured a shear modulus of 955 Pa. This value is very close to that 

obtained by Brands et al. (2000). The same year, indentation tests were made by Christ et al. 

at 1 Hz. Assuming the incompressibility of brain tissue, we can evaluate the shear modulus 

for white and gray matter at 74 and 114 Pa respectively. These values are much lower than 

all the previously presented results and show that gray matter is stiffer than white matter. 
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We performed a comparison between the main dynamic strain sweeps results that point to 

similarities with the values obtained from the indentation tests. Figure 1- 6 shows that the 

indentation results exhibit the same trend as the dynamic strain sweep results. Thus, the 

results of Gefen et al. (2003) were comparable to values reported by Brands et al. (2000) 

between 100 and 1000 Pa, and Wang and Wineman (1972) confirmed the results of Shuck 

and Advani (1972) with values over 10 kPa. 

 

Figure 1- 6. Shear modulus versus frequency for dynamic in vitro and in vivo indentation testing from 
the literature. 

 

3.2 Brain tissue Magnetic Resonance Elastography in vivo testing 

The limitations of the in vitro classical protocols have been pointed out above. New in vivo 

non invasive techniques based on magnetic resonance elastography (MRE) have now been 

developed to investigate biological soft tissue. These new protocols have made it possible to 

work under biologically realistic experimental conditions. 
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3.2.1 Magnetic resonance elastography methods 

Magnetic resonance elastography is a recently developed method aimed at measuring in 

vivo dynamic properties of biological soft tissues. Biomechanical parameters can be 

measured in a noninvasive way by coupling a mechanical excitation, which propagates 

waves in the soft medium, to a magnetic resonance imaging (MRI) device for visualizing the 

wave propagation, as illustrated in Figure 1- 7. The principle that differences in nuclear 

magnetic resonance (NMR) spectral frequencies are induced by harmonic wave propagation 

in a soft medium was first proposed in theory by Lewa et al. (1991). Muthupillai et al (1995) 

then applied this principle to calculate tissue stiffness by showing how MR wave propagation 

images can be processed with an inversion algorithm to generate the dynamic MR 

Elastography images. 

 

Figure 1- 7. Simplified schematic representation of a magnetic resonance elastography device with 
different possible directions for shear wave generation. 

It has been shown that the generated harmonic motion can be encoded by motion-

sensitizing gradients according to a principle proposed by Stejskal and Tanner (1965) that 

developed spin diffusion measurements. Displacements can be encoded by considering the 

following extension of Larmor’s relation in Eq. (1 - 3):  

0( , , , ) ( ( ). ( ))mx y z t B G t r t    
(1 - 3) 

where ω is the proton precession resonance pulsation, γ the gyromagnetic ratio of 

hydrogen, x, y and z the spatial coordinates, t the time and 
mG  the modified magnetic field 

gradient, and 
0r r    where r , 

0r and   are the position, at rest and during displacement 

of a spin. As a consequence it is possible to integrate over a period T to express this result in 

terms of a phase shift  as given by Eq. (1 - 4). 
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( ). ( )m

T

G t t dt     
(1 - 4) 

  can be expressed from the measurement of the phase shift  and the application 

of an appropriate time dependence of the motion sensitizing gradient ( )mG t . In the 

presence of cyclic motion encoding gradients at the same frequency as cyclic motion, 

phase shift NMR recorded induced displacement phase shift that can be given by Eq. 

(1 - 5): 
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(1 - 5) 

where N is the number of cycles, T the period of the gradient waveform, θ the phase 

difference induced between motion and motion encoding gradient and k  the shear wave 

number. First application of this technique was shown by Muthupillai et al. (1995). It was also 

proposed to measure the global shear modulus G of a soft medium from the shear wave 

propagation following Eq. (1 - 6): 

2 1( )² ( )²SG V f k         
(1 - 6) 

where Vs is the shear wave speed, ρ the medium density, f the wave frequency and λ the 

wave length. In most studies, brain tissue density was assumed to be 1000 kg/m3. Extension 

to viscoelastic rheological properties of considered soft tissue was made possible with the 

development of inverse approach proposed few years later by Romano et al. (1998), 

Oliphant et al. (2001) and Manduca et al. (2001). Among others, application of this technique 

for in vivo human tissue has been done by for breast by Sinkus et al. (2005) and more 

recently for brain tissue by Sack et al. (2007) and Vappou et al. (2008). The most recent 

advances in MRE studies of brain tissue include a three-dimensional analysis of shear wave 

propagation by Green et al. (2008). 

3.2.2 MRE applied to brain investigation 

Although in vivo MRE devices for brain were already studied in 2001 by Braun et al., the 

first brain tissue values from in vivo MRE studies were described by McCracken et al. (2005) 

based on their use of both transient and harmonic excitation. This wave was 

electromechanically induced on a living human subject through a bite bar, rotating the head 

in a left-to-right motion with the axis of rotation in the back of the head with 80-Hz sinusoidal 

motion or transient tests using a 6.25-ms rectangular impulse. A displacement magnitude of 
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about 120 μm was applied. After comparing harmonic and transient excitation on gels, tests 

were performed with both techniques on six healthy volunteers. By selecting regions of 

interest (ROI) on MR images, the shear modulus in harmonic and transient tests was found 

to be 5.3 ± 1.3 and 7.5 ± 1.6 kPa, respectively, for gray matter and 10.7 ± 4.4 and 11.6 ± 2.4 

kPa for white matter.. According to the authors, the results showed the feasibility of 

measuring brain stiffness using a transient mechanical excitation. The authors pointed out 

that the two techniques complemented each other. Transient magnetic resonance 

elastography seemed to be better at depicting the deeper structures of the brain. Similar 

tests using the same MRI device were proposed by Kruse et al. (2007). Two different 

harmonic motion generators were used at 100 Hz: the first one created vibration in the 

anterior-posterior direction via a cradle block and the second one in the right-left direction by 

a bite block. In both cases, the subject lay supine with the head on a cradle and blocks were 

attached to an electromechanical actuator. Tests were performed on 25 healthy adult 

volunteers aged from 23 to 79 years. The shear modulus was obtained separately on white 

and gray matter by selecting the ROI. White and gray matter had shear moduli of 13.6 ± 1.3 

and 5.22 ± 0.46 kPa, respectively. Uffmann et al. (2004) carried out similar tests. Mechanical 

waves were induced through a bite bar attached to a piezoelectric oscillator in the left-right 

direction. The derivative of spatial phase resulting from a sinusoidal fit gave information on 

wave vector and the shear modulus was also calculated using Eq. (1 - 6) above. Tests 

performed on seven healthy young volunteers yielded shear moduli of 15.2 ± 1.4 and 12.9 ± 

0.9 Pa for white and gray matter respectively.  

Hamhaber et al. (2007) obtained in the vivo brain shear modulus based on a three-

dimensional analysis of shear wave propagation. Shear waves at 83.33 Hz were generated 

by a remote motion generator based on a commercial loudspeaker. A carbon fiber rod 

transmitted vibrations from the loudspeaker membrane to a pin joint on top of a head rocker. 

The displacement magnitude was estimated to be 0.3 – 0.5 mm. In order to provide more 

information about wave propagation directions, 3-D MRE experiments were performed. An 

algorithm identifying minimal wave velocities along rays from the surface into the brain made 

it possible to determine the direction of wave propagation. Mechanical wave propagation at 

83.33 Hz into the brain of a healthy volunteer yielded a shear modulus about 3.5 kPa. This 

study was completed and published the same year by Sack et al. who carried out tests at 25 

Hz and 50Hz with the same MRE device. Tests were performed on six healthy volunteers 

that underwent a high number of MRE studies. Resulting data were expressed in assigning a 

shear modulus, μ, to the dynamic modulus and shear viscosity, η, to the loss modulus. A 

complex wave inversion was performed to obtain the complex modulus: 

' ''G G jG j     . As described by Klatt et al. (2006), these moduli were obtained 
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from the complex wave number. At 25 Hz in a selected ROI along the lower edge of the 

corpus callosum, authors measured interindividual shear moduli and shear viscosities at 1.17 

± 0.03 and 3.1 ± 0.4 Pa s, corresponding to a loss modulus of 0.487 ± 0.06 kPa at 50 Hz. 

Values were found to be 1.56 ± 0.07 and 3.4 ± 0.2 Pa s, respectively, that corresponded to a 

loss modulus of 0.534 ± 0.03 kPa. The main advantage of this technique was to provide not 

only elastic but also viscoelastic parameters for brain tissue in vivo. The authors completed 

this work one year later by investigating the impact of aging and gender on brain 

viscoelasticity with the same in vivo technique. A comparable algorithm was developed by 

Vappou et al. (2008) after performing experiments on seven anesthetized rats. Here, the 

technique was novel in the use of a dedicated low field MRI device (0.1T). This low field 

made it possible to move the excitation part closer to the MRI device and also to optimize the 

mechanical wave propagation to the animal head. By inverting the Helmholtz wave 

propagation equation, estimated storage and loss moduli were obtained from the complex 

wave number from Eq. (1 - 7):  
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Here, k is the wave number, i.e. k* with k' and k" for real and imaginary parts when 

considered as a complex number under the viscoelasticity hypothesis; Ω is the pulsation, u 

the displacement in the xy-plane and FT(u) its Fourier transform. 

Storage and loss values obtained were found to be 6.330 and 4.770 kPa, 8.450 kPa and 

7.140, and 8.650 and 8.150 kPa, at 150, 180 and 210 Hz respectively. The results indicated 

a measurement uncertainty of about 5% and 10% for the shear storage and loss moduli, 

respectively. Other investigations in an anesthetized mouse of brain mechanical properties 

by MRE were proposed the same year by Atay et al. (2008) who studied brain anisotropy. 

This study reported tests at a higher frequency (1200 Hz) measuring displacements in three 

different frontal planes using Eq. (1 - 6) where the imaginary parts of k* and G* are neglected. 

With such an algorithm, the shear modulus, obtained in the three planes, was 18.7, 15.3 and 

16.5 kPa, respectively. Other MRE tests were performed by Green et al. (2008). Vibrations 

were transmitted at 90 Hz through a bite bar to the head. A full three dimensional approach 

was used by removing contributions of the dilatational wave by applying a curl operator. As a 

consequence, the same equations from the Helmholtz equation wave propagation inversion 

were proposed.  Results were obtained from five healthy volunteers. These in vivo results 
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were the first that separated gray and white matter and were also expressed in terms of 

viscoelastic properties. For gray matter storage and loss moduli had been found to be 3.1 ± 

0.1 and 2.5 ± 0.2 kPa, while for white matter these moduli, characteristic for elasticity and 

viscosity, were 2.7 ± 0.1 and 2.5 ± 0.2kPa. Thus, gray matter appeared to be significantly 

stiffer than white matter, while loss moduli were not different in gray and white matters. 

Superposition of in vivo MRE tests from the literature is presented in Figure 1- 8. In spite of 

the many species tested, algorithm differences and a relative disparity, results appear to 

confirm the higher in vitro results. Brain tissue seems to present a shear modulus value of 

about 10 kPa at about 100 Hz. 

 

Figure 1- 8. Superposition of storage and loss moduli obtained in vivo by magnetic resonance 
elastography presented in the literature. In spite of many protocol and algorithm disparities between all 

the authors, a relative consistency in the results can be observed. 
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4 Discussion 

4.1 From in vitro to in vivo approach 

The comparison between in the vivo and in vitro mechanical behavior of brain tissue was 

already explored by Gefen and Margulies. However this study was published in 2004 and it 

appears interesting to compare their conclusions with more recent MRE results. Gefen and 

Margulies showed that in vitro protocols contribute to create a preconditioning and indeed an 

initial and long-term shear modulus underestimation of 30% and 50%, respectively. These 

observations were already found by Miller et al. (1999) showing an in vivo indentation shear 

modulus about 31% higher than the vitro modulus. From a comparison between the in vitro 

and in vivo shear modulus results shown in Figure 1- 9 it is evident that the MRE values 

appear to agree with the intermediate in vitro values. In particular this is true of the “mean 

results” of Bilston et al. (1997), Nicolle et al. (2004) or Shuck and Advani (1972). These 

mean results would also be confirmed by the indentation module from Wang and Wineman 

(1972) and the MRE values from Kruse et al. 

 

Figure 1- 9. Comparison of shear modulus obtained in vitro by dynamical mechanical analysis, or in 
vivo by indentation and magnetic resonance elastography 

After having detailed both in vitro and in vivo tests from the literature, comparison of 

rheometric, indentation and MRE dynamic results seems to be relevant in terms of shear 



Chapter 1 Bibliographical synthesis 

34 

modulus as presented in Figure 1- 9. The same disparity appears for all the protocols and it 

is difficult to bring referent values to light. Nevertheless a “mean curve” can be highlighted by 

associating results from Nicolle et al.. These curves are correlated with MRE results of 

McCracken et al. Globally MRE results contribute to confirm the intermediate in vitro results, 

of which results from Nicolle et al. (2004) seem to be the closest. For MRE most commonly 

used frequency range, i.e. between 70 and 120 Hz, the assumption of about 10 kPa for 

shear modulus seems to be confirmed. With in vitro protocols, alterations in mechanical 

properties may exist, because of the absence of vascular network pressurization and 

autolytic processes. In vivo MRE seems to be the best solution to avoid these difficulties and 

approximations for more biorealistic experimental conditions.Many difficulties inherent to 

brain tissue anatomy and neuroarchitecture are pointed out in the literature and are 

discussed below. 

4.2 Heterogeneity 

The local differences in brain mechanical behavior are directly linked to the composition of 

individual components of the organ. Using dynamic translational shear tests, Arbogast et al. 

(1997) showed that the brain stem is from 20% to 100% stiffer than the cortex. In dynamic 

and relaxation shear tests Prange and Margulies (2002) observed that the corona radiata is 

significantly stiffer than the corpus callosum, but Velardi et al. (2006) observed opposite 

results from tensile/compression tests. However, investigations of tissue heterogeneity are 

mainly concerned with comparisons between the mechanical properties white and gray 

matter. This difference can be explained from a neuroarchitectural point of view. According to 

Prange et al. (2000), Prange and Margulies (2002) or Nicolle et al. (2004), white matter was 

also shown to be 1.3 times stiffer than grey matter at large strains. Most of the MRE results 

tend to validate this observation with white matter shear modulus 1.2 to 2.6 times higher than 

of gray matter. Moreover, MRE can embark on new perspectives; for instance, this method is 

able to express the complex shear modulus as a function of location, as shown by Atay et al. 

(2008). 

4.3 Anisotropy 

Brain anisotropy was first observed by Shuck et al. Brain stem anisotropy and isotropy 

transversally to the axons’ main orientation were highlighted by Arbogast and Margulies 

(1998). According to Prange and Margulies (2002), white matter showed more anisotropy 

than gray matter. To the best of our knowledge, to date, no data is available on brain 

anisotropy using MRE. Indeed, anisotropic MRE by taking wave propagation in different 
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directions into account could presumably be one of the next improvements for brain tissue 

investigations. 

4.4 Inter-species variations 

Owing to the difficulty of obtaining human brain tissue for testing, experiments are usually 

performed either on human or animal brain samples (monkey, porcine, bovine, rabbit, calf, 

rat or mouse). Galford and McElhaney showed that shear, storage and loss moduli are 1.5, 

1.4 and 2 times higher for monkeys than for humans. Differences between human and 

porcine brain properties were pointed out by Prange et al. (2000) who demonstrated that 

human brain tissue stiffness was 1.3 times higher than that of porcine brain. However Nicolle 

et al. observed no significant difference between the mechanical properties of human and 

porcine brain matter. These inter species differences of rigidity are difficult to characterize as 

only few MRE tests have been carried out on animals: those reported by Atay et al. (2008) 

on mouse and by Vappou et al. (2008) on rats showing no significant differences. In addition, 

the literature reports differences such as 2 times higher shear moduli. It should be mentioned 

that general dispersion of results can be as high as 10 to 20 times. However, the non 

invasive nature of MRE confines its use essentially to human subjects. Pervin and Chen 

found no difference between the in vitro dynamic mechanical responses of brain matter to 

compression at high strain rate in four bovine species. 

4.5 Age-dependence 

Very few studies deal with the influence of age on brain mechanical properties. The first 

one was described in 1998 on developing porcine subjects by Thibault and Margulies who 

showed that storage, loss and complex shear moduli seem to increase with age. It was 

concluded that shear modulus of young brain tissue is independent of strain level whereas 

shear modulus of adult brain tissue decreases when strain increases. To the best of our 

knowledge no in vivo investigation is available that compares young and adult brain 

mechanical properties. Sack et al. (2009) showed by MRE that brain tissue undergoes 

steady parenchymal “liquefaction” between the ages of 18 and 88. 

4.6 Post-mortem time 

Metz and Weber (1970) inflated a balloon inserted into the brain tissue and monitored its 

volume increase as a function of its pressure. Compared to the elastic modulus of the living 

brain they found about a 35% change 5 minutes after death and a 70% change 45 minutes 

after death. At far longer post-mortem time, Darvish and Crandall (2001) found no link 
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between storage times from 3 to 16 days and variations in mechanical parameters. Vappou 

et al. made a first attempt to measure changes in shear storage and loss moduli of rat brain 

tissue before and after death using the same MRE protocol. The result showed no significant 

difference in shear loss modulus in vivo and just after death, but a 50% decrease at 24 hr 

post mortem. In contrast, the shear storage modulus increased a 100% just after death but at 

24 hr post mortem this increase had disappeared. In earlier work, Fallenstein and Hulce 

(1969) reported that freezing Rhesus monkey brain resulted in gross changes in shear 

moduli: lowering the storage modulus by an order of magnitude and the loss modulus by a 

factor of 3. 

4.7 Experimental parameters 

One can notice that some other parameters, such as temperature, sliding or preload, linked 

with experimental protocols and devices can be observed and may exercise influence of 

results obtained.  In addition, the temperature of the samples being tested tests or the 

sample shape, preconditioning and attachment methods between samples and lastly the 

experimental device itself can be mentioned as parameters to be considered in the vitro 

tests. 

5 Conclusions 

In this paper the problems associated with in vitro studies that came to light through in vivo 

experimental protocols have been pointed out. In addition, it is especially noticeable that 

brain incompressibility and anisotropy are brain region specific. White matter exhibits higher 

anisotropy due to its different neuroarchitecture. It can be seen that, no matter what 

experimental protocol is used, inter-species differences are important whereas age only has 

an effect between infants or children and adults. These points have necessarily to be taken 

into account for bio-realistic brain tissue modeling. In this way, more recently developed non 

invasive protocols seem to be really efficient. Indeed these protocols are able to minimize 

some alterations in mechanical parameters due to in vitro testing, such as brain samples 

cutting, post mortem time, testing temperature or moisturizing. However, taking together the 

fifty years brain tissue investigation, the main observation concerns the huge disparities in 

the results, essentially linked with variations in the protocols. Thus, when selecting one of the 

existing experimental protocols and its results, it has to be oriented towards the objectives in 

brain tissue modeling, such as brain injury reconstruction or simulation of a surgical 

operation. All these results have to be taken into account for the development of this thesis. 
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1 Introduction 

Traumatic Brain injury (TBI) is one of the most common causes of death or disability and it 

remains an important public health problem. In the United States, The Centers of Disease 

Control and Prevention (CDC) (2010) estimate that TBI involves annually about 1,365,000 

emergency department visits, 275,000 hospitalizations and 52,000 deaths. According to Faul 

et al. (2010), 1.7 million people would sustain a TBI annually in the US. It contributes to 

about a third (31.8 %) of all injury related deaths in the US. According to the authors, motor 

vehicle traffic is the leading cause of TBI death and represents 17.3 % of all the related TBI 

between 2002 and 2006 in the US, just after falls injuries (35.2 %). Direct medical and 

indirect costs of TBI were estimated to $60 billion in the US in 2000, according to Finkelstein 

et al. (2006). 

One of the most frequent types of closed head injury is Diffuse Axonal Injury (DAI). DAI 

occurs in almost half (48.2 %) of primary intra-axial lesions of brain, according to Gentry et 

al. (1988), and is the second cause of death by TBI, according to Bain and Meaney (2000). 

DAI results from rapid tensile elongation of the axons, with eventually axon fibers rupture 

called “first axotomy" (Thibault et al., 1990; Aldrich et al., 1992). The axons rupture leads to 

retraction of the cutted axon to its cellular nucleus, giving birth to retraction balls with about 

30 µm diameters, as described by Arfanakis et al. (2002). This process is followed by axon 

degeneracy. According to Smith and Meaney (2000), rapid axon elongations resulting to 

head injury involve a decrease of brain tissue elasticity. Even if no DAI has been diagnosed, 

local axonal ruptures could appear until seventy-two hours after TBI, according to some 

authors (Gennarelli, 1997; Pettus and Povlishock, 1996; Kelley et al. 2006). In the most 

severe TBI cases, DAI is the main cause of prolong coma, without presenting obvious marks, 

pressure increase or blood flow decrease. The only observable marks are many associated 

microscopic hemorrhages in cerebral white matter. According to various epidemiological 

studies (Gennarelli et al., 1982; Gentry et al., 1988; Ng et al., 1994; Graham and Gennarelli, 

1997; Arfanakis et al., 2002), axonal injuries are mainly concentrated in the white matter or 

gray/white matter interface (corticomedullary junction). Unlike cerebral contusions and 

hematomas, DAI diagnosis and location remain difficult and sometimes not visible with usual 

medical imaging techniques. One of the main ways proposed in the literature in terms of 

injury is to identify the adequate intra-cerebral mechanical parameters which could act as a 

DAI prediction metric. 

Various experimental studies evaluate the limit for DAI in terms of maximal principal strain 

(Gennarelli et al., 1982, Thibault et al., 1990, Bain et al., 1996) either around 0.10 (Thibault 
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et al. 1993) or between 0.18 and 0.21 (Bain and Meaney, 2000). These values are reported 

in Table 2 - 1. 

 Authors and proposed criteria DAI 

L
im
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s

 d
e
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Thibault (1993) (in vivo giant squid nerves)  

Maximum Principal Strain [%] 10 

Bain & Meaney (2000) (in vivo guinea pig optic nerve)  

Maximum Principal Strain [%] 18 

Morrison et al. (2003) (cell culture)  

Maximum Principal Strain [%] 21 

Table 2 - 1. Experimental strain values limits for axons rupture and DAI appearance. 

 

Since seventieth, Finite Element Human Head Models (FEHM) have been developed as 

tools to assess head injury risk and eventually injury location, notably concerning DAI. In last 

decades, about twenty FEHM have been reported in the literature (Shugar, 1977; Ward et 

al., 1980; Hosey et al., 1980; Ruan et al., 1991; Di Masi et al., 1991; Mendis et al., 1992; 

Bandak et al., 1994; Zhou et al., 1995; Al-Bsharat et al., 1999; Kang et al., 1997; Zhang et 

al., 2001; Kleiven et al., 2002; Brands et al., 2002; Takhounts et al., 2003; King et al., 2003; 

Horgan et al., 2005; Kleiven, 2007; Iwamoto et al., 2007; Takhounts et al., 2008). Based on 

these models and well documented head trauma simulations, brain shear stress and strain 

rate have been shown as pertinent parameters for DAI prediction (King et al., 2003, Kleiven, 

2007, Deck et al., 2008). These criteria are reported in Table 2 - 2. 

For about ten years, a new imaging technique, called Diffusion Tensor Imaging (DTI), has 

been developed (Basser et al. 1994; LeBihan et al., 2001; Kraus et al., 2007). By imaging the 

tridimensional Brownian movement of water molecules using Magnetic Resonance Imaging 

(MRI), a tridimensional map of main axonal fibers orientation can be obtained. In the present 

study it is proposed to couple structural information from DTI with a classical FEHM 

mechanical analysis in order to compute tensile elongation of axons during TBI, which is 

thought to be the most realistic mechanism of DAI according to most of the authors (Thibault 

and Gennarelli (1990), Bain and Meaney (2000), Meythaler et al. (2001), Morrison et 

al.(2003), Takhounts et al. (2003), Takhounts et al.(2008), Deck et al.(2008)). Based on the 

assumption of a correlation between axonal structural anisotropy and mechanical response, 

according to Tamura et al. (2007) the purpose of this work is to develop a new method for 

DAI prediction and location based on the assumption of axons elongations. 
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Authors and proposed criteria Mild DAI Severe DAI 

N
u
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e

ri
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a
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Anderson et al. (1999)   

VonMises’s stress [kPa] 27 43 

Kleiven et al. (2007)   

Maximum Principal Strain [%] - 10 

CSDM [%] - 47 

WSU criteria (King et al., 2003)   

Strain rate [s-1] - 60 

Strain * Strain rate [s-1] - 19 

SIMon DAI criteria (Takhounts et al., 2003)   

Maximum Principal Strain [%] - 15 

CSDM [%] - 55 

SIMon DAI criteria (Takhounst et al., 2008)   

Maximum Principal Strain [%] - 25 

CSDM [%] - 54 

SUFEHM DAI criteria (Deck et al., 2008)   

Brain Von Mises stress [kPa] 28 53 

Brain Von Mises strain [%] 30 57 

Brain First principal strain [%] 33 67 

Table 2 - 2. Numerical DAI criteria from the literature 

After a presentation of the brain finite element model and DTI data used for this study, the 

method of coupling these two modalities as well as the axonal elongation calculation is 

presented. The novel axon elongation computation technique is then applied to real world 

head trauma cases as a first attempt to investigate axon elongation based DAI mechanism. 

The methodology as well as the obtained results is finally discussed before concluding.  

2 Materials and method 

2.1 Human head FE model and related criteria 

The finite element head model used in this study was developed at the University of 

Strasbourg under Radioss software by Kang et al. (1997). As shown in Figure 2- 1, the 

Strasbourg University Finite Element Head Model (SUFEHM) includes the scalp, the brain, 

the brainstem and the cerebrospinal fluid (CSF) modeled with brick elements as well as the 

skull, the face and two membranes (the falx and the tentorium) modeled with shell elements. 
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The geometry is a feature of an adult human head with a 4.7 kg mass. To insure anatomical 

accuracy, the geometry of inner and outer surfaces of the skull was digitized from a healthy 

human adult male skull. At least, the SUFEHM presents a continuous mesh that is made up 

with 13208 elements, 5320 of which are dedicated to the brain. 

 

Figure 2- 1. Detailes Strasbourg University Finite Element Head Model developed by Kang et al. (1997). 

Mechanical models applied to each of the SUFEHM parts are supposed to be isotropic, 

homogeneous and elastic, except the brain that is assumed to be visco-elastic and the skull 

modeled by a rigid body. These parameters were proposed and implemented under Radioss 

software by Willinger et al. (1995) and LS-DYNA software by Deck and Willinger (2008). 

Mechanical properties and element characteristics used for the SUFEHM are summarized in 

Table 2 - 3. The skull was modeled by a rigid body. The skull was modeled by a rigid body. 

This modeling was chosen because only simulation inputs were implemented as 

accelerations. 

 Density 
[kg/m3] 

Young’s 
modulus [Pa] 

Poisso
n ratio 

Element 
type 

Shell 
thickness [m] 

Face 2,500 5.109 0.23 Shell 1.10-2 

Scalp 1,000 1.67.107 0.42 Brick - 

Brain 1,040 Viscoelastic Brick - 

Brain stem 1,040 Viscoelastic Brick - 

CSF 1,040 1.2.104 0.49 Brick - 

Falx 1,140 3.15.107 0.45 Shell 1.10-3 

Tentorium 1,140 3.15.107 0.45 Shell 2.10-3 

Table 2 - 3. Mechanical properties implemented into the Strasbourg University Finite Element Head 
Model. These parameters were first proposed under Radioss software (Willinger et al., 1995) and used in 

this study under LS-DYNA® software (Deck et al., 2008). 
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A linear visco-elastic and isotropic law is affected to the whole brain. This law was 

described by Herrmann and Peterson (1968) in terms of relaxation shear modulus, in 

accordance with expression (2 - 1). 

 0( ) tG t G G G e 

     (2 - 1) 

 

where G0, G∞ and β represent the short-time modulus, the long-time modulus and the 

decay constant respectively. Parameters were identified from experimental data on human 

brain tissue, i.e. in vitro results proposed by Shuck and Advani (1972) as well as in vivo 

based values from Magnetic Resonance Elastography (MRE) published by Kruse et al. 

(2007), with following values: G0 = 49.103 Pa, G∞ = 1.62.104 Pa, β = 145 s-1. 

Validation of this FEHM was proposed by Kang et al. (1997), Willinger et al. (2003), Deck 

et al. (2004) under Radioss code and by Deck and Willinger (2008) under LS-Dyna code. 

Validation consisted by reproducing experimental cadaver impact tests coming from the 

literature. This validation includes skull deformation and rupture according to Yoganandan 

tests (1994) as well as intra-cranial pressure in conformity with Nahum (1977) and Trosseille 

(1992) data and brain deformation by considering experimental data reported by Hardy et al. 

(2001). In order to prove finite element head model performance, Deck and Willinger (2009) 

proposed a rational approach in order to evaluate the ability of head model to provide 

predicted brain pressures and brain displacements by using statistical approach. The main 

conclusion of this study is that finite element modelling is a good method for assessing head 

injury risk. All models can reproduce experimental results with good agreement and could be 

used to predict some lesions. 

Tolerance limits to specific injury mechanisms derived from extensive real world head 

trauma simulations by Deck and Willinger (2008). These criteria for Diffuse Axonal Injuries 

(DAI) reported in Table 2 - 4 results from a methodology proposed by Deck et al. (2008). 

Values corresponding to a 50 % risk of injuries were obtained by simulating 11 motorcycle, 

20 American football and 28 pedestrian real world accident cases. 

SUFEHM DAI criteria (Deck et al., 2008) Mild DAI Severe DAI 

Brain Von Mises stress [kPa] 28 53 

Brain Von Mises strain [%] 30 57 

Brain First principal strain [%] 33 67 

Table 2 - 4. DAI criteria proposed in 2008 by Deck et al. using the Strasbourg University Finite Element 
Head Model. 
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2.2 Brain Diffusion Tensor Imaging atlas 

Concerning Diffusion Tensor Imaging (DTI), all Magnetic Resonance acquisitions were 

performed on a 1.5-T scanner (Magnetom Vision; Siemens Medical Systems, Erlangen, 

Germany) using a 60 gradients sequence with two b0 images for 12 controls. Acquisition 

parameters were a repetition time (TR) of 6.8 s, a time to echo of 100 ms, a b-value of 

1000 s.mm-2 and resolution of 1.7 by 1.7 by 3.5 mm for an image size of 182 by 182 by 

218 mm. Imaging was performed on 12 healthy volunteers with the approval of the local 

ethics committee. From the diffusion data, diffusion tensors are estimated with a standard 

least square algorithm. A scalar measurement describing the diffusion anisotropy, called 

Fractional Anisotropy (FA) (Pierpaoli and Basser, 1996), is computed for each patient. The 

affine transformations are calculated between each FA map and the International Consortium 

or Brain Mapping (ICBM)-DTI template (Mori et al., 2008) and then performed using the 

Mutual Information criterion (Horsfield, 1999). Each component of the diffusion tensor is 

registered in the template space using a sinus cardinal interpolation strategy, according to 

Nikou et al. (2003). The orientation and shape information of tensor imaging are preserved 

using the Preservation of Principal Direction (PPD) reorientation strategy defined by 

Alexander et al. (2001). At least the Euclidian mean values for the diffusion tensor are 

calculated for all the directions at the same spatial location. At least voxels and pictures size 

are 1 by 1 by 1 mm and 181 by 181 by 217 mm respectively. 

3 Theory and calculation 

3.1 Inclusion of axonal direction into the brain FEM 

Aim of this part is to obtain, from 3D DTI picture and FE model meshing, a 3D map of 

axons fibers directions and diffusion anisotropy at FE model scale and resolution. This 

protocol is described by the Figure 2- 2. As further explained later, this map will never been 

implemented in the brain material of the FE model but will only be used in post-treatment of 

classical isotropic FE simulations. 

Correspondence between DTI data and the brain FEM involves a fitting between imaging 

and numerical extern geometries. This was performed using rigid transformations, i.e. only 

rotation and translation, with a linear scaling of all the nodes from the Strasbourg University 

Finite Element Head Model (SUFEHM). It permitted to fit the finite elements outlines to the 

twelve patients-based DTI mask. The correspondence between DTI voxels and the FEM has 

been performed using the Matlab 7.4 software (The Mathworks, Inc., Natick, MA, USA). 



Chapter 2 Axons deformation in case of head trauma 

44 

 

Figure 2- 2. Description of the global protocol for diffusion information mapping at FE model 
resolution. 

 

Figure 2- 3. Rigid transformation application to ensure correspondence between extern geometries 
(mask) of diffusion data (in red) and brain FEM (in blue), with associated frames. 
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(2 - 2) 

To implement information from the tridimensional diffusion image into the FEM, the next 

step consists in selecting voxels from DTI for each element. While DTI brain are brought into 

line with a regular plan-parallel meshing characterized by 1 by 1 by 1 mm voxel size, 

elements have different local orientation with a characteristic element size from 1.14 to 

7.73 mm. To compensate this difference in resolution, the voxels included into the smallest 

parallelepiped lined with the regular DTI meshing and incorporating the considered finite 

element are selected for each element, as illustrated in Figure 2- 4. 

 

Figure 2- 4. Illustration of the correspondence between the SUFEHM and the DTI 3D picture on a single 
element. Selected voxels (red points) are all included into the smallest cube (orange) including the finite 

element (blue parallelepiped). 

For each element, four different volume have been tested in order to select DTI voxels: 

- The smallest cube including the element, with the same center than the element and 

with edges lined with DTI frame (Figure 2- 5 – A); 

- The sphere with the same center than the element and diameter chosen to be half the 

diagonal of the element (Figure 2- 5 – B); 
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- The sphere with the same center than the element and diameter chosen to be 2/3 of the 

diagonal of the element (Figure 2- 5 – C); 

- The highest ellipsoid included into and with the same center than the element (Figure 

2- 5 – D); 

Choice of one of these methods has been performed using mean diffusion parameters 

calculation for each element. 

 

Figure 2- 5. Illustration on a finite element of the 4 DTI voxels selections: cubic (A), Internal spherical 
(B), external spherical (C) or ellipsoidal (D). 

For each finite element, two parameters are investigated for each of the selected DTI 

voxels. Firstly the three component of the and the Fractional Anisotropy (FA) coefficient, 

obtained from the eigenvalues λ1, λ2 et λ3 of the diffusion tensor and expressed in Equation 

(2 - 3) (Pierpaoli and Basser, 1996). While a FA value of zero means that the corresponded 

voxel is perfectly isotropic, a FA value of 1 corresponds to a totally anisotropic voxel, with all 

the axons included in the voxel oriented along one direction. Second parameter is the 

anisotropy vector l , indicating the main axons orientation for the voxel volume, and 

corresponds to the eigenvector associated with the diffusion tensor maximal Eigen value. By 

definition, the norm of the vector l  is FA . 

        2 2 2 2 2 2

1 2 3 1 2 33 2FA         
             

 
(2 - 3) 

where: 

 1 2 3 3       
 

The resulting diffusion parameters are calculated for each finite element as the mean 

values of all the selected voxels. In order to reinforce the diffusion parameters influence 

close to the center of the element, these are weighted by the distance D (center of the 

element to center of the voxel). The half length of the element diagonal is noted Le. This 
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weighting is illustrated in Figure 2- 6 and the weighting function is given in equation (2 - 4). 

This weighting method corresponds to the exponentially weighted moving average proposed 

in 1959 by Roberts for economics statistics. 

 

Figure 2- 6. Exponential weighting function depending on the distance from the selected voxels to the 
element center. The more the voxel is far from the center of the element, the lower its weight for mean 

parameters calculation is. 
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Anisotropy coefficients are expressed in terms of mean weighted anisotropy vector 
el

l

and Fractional Anisotropy 
el

FA  as exposed in Equations (2 - 5) and (2 - 6). 
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(2 - 6) 

In Equations ( 3 ) and ( 4 ), N refers to the number of selected voxels for the considered 

finite element and FAi, il , Di respectively to the FA value, the anisotropy vector and the 

distance to the center of the element for each selected voxel. 
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3.2 Computation of axonal elongation under impact 

For the computation of the axonal elongation in case of head impact, the impact is firstly 

simulated with the SUFEHM in a classical way and with an isotropic brain constitutive law. 

Results are expressed for each element in terms of strain tensor from which maximal 

principal strain and Von Mises strain are calculated, according to Equation (2 - 7) where d
 , 

  and 
3I  are the deviatoric, the Left Green-Lagrange strain and the unit tensor respectively. 

The diffusion anisotropy for each element is never integrated in the brain FE material but is 

used as a tridimensional map of axons adapted to finite elements dimensions. 

3
:

2

d d

VM    (2 - 7) 

where:  

  3 31 3 ( . ).
d

I I     

 

Maximal principal strain and Von Mises strain will be noted I  and VM  respectively. 

Computation of the strain along axonal direction occurs in a second step, by calculating 

strain along the main anisotropy direction of the element implemented in the previous 

section. This axonal strain value, noted
axon , is oriented along anisotropy direction 

el
l  

according to Equation (2 - 8) and includes information about axons elongation and fractional 

anisotropy of the element. 

  el
axon

el
el

l
l

FA
    

(2 - 8) 

According to van Dommelen et al. (2010), there are significant differences in stiffness 

between white and gray matter. This parameter induces by FA value higher strains in white 

matter regions. It integrates brain heterogeneity in post-treatment, while simulations were 

performed with mechanically homogeneous brain. 

As an illustration of this axon elongation computation method, two well documented 

motorcyclist accidents were simulated. The cases were extracted from the database 

described by Chinn et al. (1999) and reconstructed in collaboration with Transport Research 

Laboratory (TRL) and the Glasgow Southern Hospital within the framework of the COST 327 

project. Accident scenarios were analyzed by accidentologists and the helmets collected on 
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the scene. Information related to the two male victims is summarized in table 3 by exposing 

the medical reports in terms of Diffuse Axonal Injury (DAI), Subdural Hematoma (SDH), 

contusions and skull fracture. 6D head acceleration (three linear and three rotational 

accelerations) was obtained experimentally using helmeted Hybrid III dummy head dropped 

from various heights to anvils at required velocity, as described by Willinger et al. (2000). The 

aim was to replicate head impact sustained during the real world accidents while measuring 

the dynamics of the head. From experimental values, the Head Injury Criterion (HIC), criteria 

proposed in 1972 by the National Highway Traffic Safety Administration (NHTSA) and based 

on the work of Gadd (1966), is calculated using Equations (2 - 9) where a stands for linear 

acceleration at time t, t1 the initial and t2 the end time of the contact. The results for HIC 

criteria are exposed in Table 2 - 5. 

 

 
Age 

[years] 
Impact 

location 
DAI SDH Contusion Fracture 

Deat
h 

HIC 
value 

C
a

s
e
 1

 

34 Lateral 0 0 0 0 0 578 

C
a

s
e
 2

 

23 Lateral severe 1 0 0 1 2934 

Table 2 - 5. Detailed information from medical report for the two motorcyclist cases used in this study. 
While case 1 has no severe injury, case 2 presents severe Diffuse Axonal Injury (DAI) as well as Subdural 

Hematoma (SDH). 
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(2 - 9) 

 

From the experimental 6D acceleration time histories provided, the velocity was calculated 

as a function of time at three points on the skull FE model. This was used as input to the FE 

accident simulation. Intra-cranial response was then computed with the LS-Dyna FE code in 

terms of strain tensor as a function of time. It is finally these data which will constitute the 

input information of the developed methodology designed for the computation of the axonal 

elongation. 
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Figure 2- 7. Courbes d’accélération en translation et en rotation implémentées en entrée pour les deux 
simulations d’accidents considérées. 

4 Results 

4.1 Introduction 

The aim of this part is to present the results from the calculation of a mean FA parameter 

and a mean anisotropy vector for each of 5320 FEM element. Results are then proposed for 

the use of this information in accident simulation post-computing, with the previously 

presented method. 

4.2 Diffusion parameters calculation for the FEM 

First part concerns choice of one of the four methods presented in Figure 2- 5 for voxels 

selection. Therefore, the mean number of selected voxels N and standard deviation 
el

ES  

(equation (2 - 10)) on 
el

FA  calculation are presented in Table 2 - 6. Considering these 
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results, cubic selection has been chosen and will be systematically the only one used for the 

rest of this study. 

  1

1 1
( )²
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iel el
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ES FA FA
N N 

  



 

(2 - 10) 

Method of voxels 

selection 

(A) 

Cubic 

(B) 

Internal sphere 

(C) 

External sphere 

(D) 

Ellispsoid 

Number of selected 

voxels N 
899 183,9 432,94 178,1 

Standard deviationd ES 0,004 0,006 0,005 0,006 

Table 2 - 6. Number of selected voxels and standard deviation on FA calculation by the four voxels selection 
methods (cubic, internal sphere, external sphere, ellipsoid). 

The previously exposed method of correspondence between finite elements and DTI 

voxels leads to consider from 70 to 4096 voxels for each of the 5320 brain finite elements 

with a mean number of voxel selected by finite element of 899 ± 449. At least 0.5 % of the 

finite elements include less than 150 voxels. At the opposite 0.8 % of the elements are linked 

with more than 2500 voxels as shown in Figure 2- 8. 

The DTI voxels selection for each brain element has to be firstly observed on a single finite 

element for illustration purpose. This particular element has been arbitrarily chosen in the 

middle of a cerebral hemisphere, into the corona radiata white matter. With the previously 

proposed technique of voxel selection, this element is related with 910 DTI voxels. Figure 2- 

9 illustrates the three Eigen values for each of the selected DTI voxels. A systematic 

predominance of the first Eigen value can be noted, characteristic for a relatively constant 

anisotropy degree of the selected voxels. It emphasizes the consistence of the selected 

voxels anisotropy properties. Figure 2- 9 is proposed as illustration for a characteristic 

element. It illustrates in the same time: 

- The relative homogeneity of all the voxels diffusion properties that are selected for this 

element; 

- The difference between first eigenvalue and others eigenvalues is characteristic for 

voxel anisotropy. The systematic predominance of the first eigenvalue can be observed 

in this picture that leads to conclude to homogeneity of diffusion degree of all the 

selected voxels in this element. 
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Figure 2- 8. Number of DTI voxels selected for each of the 5320 elements of the SUFEHM. Each element 
is characterized by considering from 70 to 4096 voxels. Extreme configuration elements are represented: 

those selecting either more 2500 voxels (A) or less than 150 voxels (B). 

 

It contributes to illustrate the pertinence of our voxel selection method for all the finite 

elements. For this element as well as for all the others, one other critical aspect concerns the 

anisotropy mean parameters. Concerning 
el

FA  calculation, while classical algebraic mean 

value (0.53) and weighted mean value (0.56) are not significantly different, the weighting of 

voxel parameters by the distance to the center of the element decreases the standard 

deviation (0.26 and 0.03 with and without weighting respectively). This aspect is reported in 

figure 6 that shows mean weighted Fractional Anisotropy values obtained for the 5320 brain 

elements. Figure 2- 10 shows FA value with standard deviation obtained for all of the finite 

elements, associated with the illustration maximum and minimum FA values location. It leads 

first to observe the low values for standard deviation that contribute to validate our method 

for mean diffusion parameters calculation. On top of that, representation of maximum and 

minimum FA value elements seems to correspond to white and grey matter repartition into 

the brain. 
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Figure 2- 9. Eigenvalues of diffusion tensor for 2 elements. While 816 voxels with similar eigenvalues 
are selected for the element 1200 (A) (located close to the extern part of the brain), the 600 voxels 

selected for the element 2600 (B) (located in the middle of the brain) show a higher first eigenvalue. 
Consequently, FA value will be higher for the element 2600 (B) than for the element 1200 (A). 

 

Figure 2- 11 proposes a comparison of fractional anisotropy values between DTI data and 

the SUFEHM on a hemisphere sagittal cut of the right cerebral hemisphere. Highest FA 

values point out the main axonal fibers within the brain:  

- the corpus callosum and cingulum in the middle of the hemisphere; 

- the superior longitudinal fascia between the occipital and frontal lobes; 

- white matter fibers in the middle of the cerebellum; 
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Figure 2- 10. Mean weighted Fractional Anisotropy (FA) values obtained for each of the 5320 brain 
elements of the SUFEHM. Values vary as a function of element location in the brain. While maximum FA 

over 0.32 (4.5 % of the elements) are essentially located in the middle of white matter, in the corona 
radiata and corpus callosum (A), minimum FA under 0.002 (4.1 % of the elements) are at the periphery of 

the brain and cerebellum, in the cerebral and cerebellum cortex (B). 

 DTI Slice SUFEHM Slice 

Fractional 

Anisotropy 

(FA) 

 

Figure 2- 11. Fractional Anisotropy (FA) values of DTI data and in the finite element brain model 
illustrated in a sagittal slice. The diffusion anisotropy for each element is not integrated in the brain FE 
material but is used as a tridimensional map of axons adapted to finite elements dimensions. Highest 

anisotropy is observed in brain stem and corpus callosum. 
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The mean square error is evaluated between initial DTI and FEM calculated FA values. 

Visualization of this error is proposed in a sagittal slice in Figure 2- 12.  

 SUFEHM Slice 

Relative 

error on 

Fractional 

Anisotropy 

 

Figure 2- 12. Erreur relative sur une coupe sagittale entre les valeurs de FA du DTI et calculées pour le 
SUFEHM. Les valeurs les plus élevées se situent sur l’extérieur du cerveau ainsi qu’au niveau des zones 

de forte variation spatiale du FA. 

The tridimensional correlation coefficient is calculated using the equation (2 - 11) where the 

tridimensional picture, the mean FA values and the associated standard deviations for DTI 

and Fem diffusion data are noted FADTI, FASUFEHM. 
DTIFA , 

SUFEHMFA ,  DTIstd FA  and 

 SUFEHMstd FA  respectively. This correlation coefficient is evaluated at 0.9 for the whole brain. 

It indicates a good correlation between initial DTI and FEM calculated diffusion data.  
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(2 - 11) 

For DTI as for the SUFEHM, highest FA values correspond to anatomical white matter 

location. Dissociation can be made using FA values for the SUFEHM insofar as white matter 

is much more anisotropic as grey matter, according to Pierpaoli and Basser (1996).  

In order to evaluate the correspondence between DTI data and SUFEHM axonal directions, 

anisotropy vectors  l  and 
el

l  have to be considered for DTI pictures and SUFEHM 

respectively. Figure 2- 13 presents projection 
xl  and 

x el
l , along transverse direction, yl  

and y el
l ,along antero-posterior direction,  

zl  and 
z el

l ,along vertical direction of DTI voxels 

and SUFEHM elements anisotropy vector respectively. To homogenize and simplify the 

visualization, vectors are normalized for these illustrations only. Visualization is proposed in 

Figure 2- 13 on a hemispherical sagittal cut of the right cerebral hemisphere. In the whole 

study, letters x,y and z will be used to design lateral, antero-posterior and vertical directions 
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of the brain respectively. These directions are encoded in the present figures as usually by 

the red, green and blue colors respectively. 

 DTI Slice SUFEHM Slice 

Main 

anisotropy 

direction  

 

Figure 2- 13. Anisotropy vectors encoded in colors along transverse (red), antero-posterior (green) and 
vertical (blue) directions for the finite element brain model illustrated in a sagittal slice. 

 Coupe du SUFEHM  
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Figure 2- 14. Erreur relative sur une coupe sagittale entre les composantes du vecteur d’anisotropie du 
DTI et calculées pour le SUFEHM selon les axes transverse (X), vertical (Y) et antéropostérieur (Z). Les 

valeurs les plus élevées se situent quasiment exclusivement sur l’extérieur du cerveau. 
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Even if it is not visible in Figure 2- 11 and Figure 2- 13, a very good correspondence 

between DTI anisotropy information and brainstem elements is obtained, in agreement with 

anatomical organization of axonal fibers. Anisotropy is higher in brainstem than in brain 

hemispheres and brainstem fibers are almost exclusively oriented along vertical direction, 

except for the cerebella peduncles. 

4.3 Implementation of axonal directions into the brainstem 

FEM 

A similar procedure is applied for the brain stem Finite Element Model. Figure 2- 15 shows 

the FA values calculated for each of the 188 brain stem elements. 

Highest FA elements for brain stem are presented in Figure 2- 15 (A). They are essentially 

located into the internal part of the brain stem pons. These locations are validated on FA 

map sagittal cuts in Figure 2- 16. An illustration of fibers orientation in Figure 2- 17 shows 

that medulla is essentially oriented along the vertical direction. Pons fibers are oriented all 

around the brain stem medulla with a horseshoe shape. This comments are conform to the 

anatomy. 

 

Figure 2- 15. Mean weighted Fractional Anisotropy (FA) values obtained for each of the 188 brain stem 
elements of the SUFEHM. Values vary as a function of element location in the brain. While maximum FA 

over 0.32 (18.6 % of the elements) are essentially located along the medulla (A), minimum FA under 0.002 
(9.0 % of the elements) are at the periphery of the pons (B). 
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 DTI Slice SUFEHM Slice 

Fractional 

Anisotropy 

(FA) 

 

Figure 2- 16. Fractional Anisotropy (FA) values of DTI data and in the brain stem finite element brain 
model illustrated in a sagittal slice. The diffusion anisotropy for each element is not integrated in the 

brain stem FE material but is used as a tridimensional map of axons adapted to finite elements 
dimensions. Highest anisotropy is observed along the medulla. 
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Figure 2- 17. Anisotropy vectors encoded in colors along transverse (red), antero-posterior (green) and 
vertical (blue) directions for the finite element brain stem model illustrated in a sagittal slice. 

4.4 Axonal deformation under impact 

According to the above presented methodology, the two real world head impacts are 

simulated in a classical way with the SUFEHM and results are expressed in terms of axonal 

elongation. Maximal principal strain 
I , Von Mises 

VM

 

and axonal 
axon

 

strain values are 

calculated according the equations (2 - 7) and (2 - 8) for each element and at each time step 

of the classical numerical simulation performed with homogeneous and isotropic brain 

material. Only the maximal values for all the time steps are stored and will be noted 
I , 

VM  

and 
axon . Finally, for a given simulation, only one maximal principal 

I , one Von Mises 
VM  
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and one axonal 
axon  maximum strain values are calculated for each of the 5320 brain 

elements. Results are represented in histograms in Figure 2- 18. For maximal principal, Von 

Mises and axonal strain, values are significantly higher for case 2, in accordance with its 

medical report. However, if maximum values are randomly spread out for  
I  and 

VM , they 

are more located on specific elements when 
axon  is concentrated. Variations in time of 

strains have also to be taken into account to insure that maximum value shown in figure 9 is 

not only due to an artifact in the modeling process. 

 

 

Figure 2- 18. Maximum first principal εI, Von Mises εVM and Axonal εAxon strain values obtained during 
the simulation and for each brain element for the two considered head impact cases. 
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Figure 10 proposes a representation of results focusing on 
axon  by representing six sagittal 

cuts of the cerebral hemisphere. Maximum axonal strain values are mainly located in the 

corona radiata, in the corpus callosum and all around the brain stem. In terms of maximum 

values, a same trend between cases 1 and 2 can be underlined concerning the maximum 

strain values for all the elements as shown in table 4. If it is obvious that case 2 presents 

higher values than case 1, it should be mentioned that maximum axonal elongations are 

significantly lower than maximum first principal and Von Mises strains. 

 

Figure 2- 19. Axonal strain values obtained into the brain for impact case 2. Results are presented 
through six sagittal cuts from an external to a median cut (from Up-Left to Down-Right). Highest values 

are located in the corona radiata, in the corpus callosum and all around the brain stem. 

 

 max(εI) [%]
 

max(εVM) [%] max(εAxon) [%] 

Case 1 17.17 18.14 5.77 

Case 2 54.42 48.05 13.32 

Table 2 - 7. Maximal first principal, Von Mises and Axonal strain values obtained during all the 
simulation and for the brain elements for the two considered head trauma cases reconstructed using 

homogeneous and isotropic brain material. 
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Figure 2- 20. Comparison of the 100 elements presenting maximal first principal εI, Von Mises εVM and 
axonal εAxon strain values obtained from the simulation of case 1 (severe DAI). Results are presented in a 

global view and in three different views: sagittal, frontal and Coronal. 

Figure 2- 21 shows arbitrarily 1.9 % of the brain elements (100 elements) presenting the 

maximum first principal strain (
I , left column), Von Mises strain (

VM , middle column) and 

axonal strain (
axon , right column) values for case 2. Results are presented in a 3D view as 

well as in a sagittal, frontal and coronal plane. It permits to visualize elements sustaining the 

highest DAI risk. All these 100 elements have an axonal strain value over 2.8 %. While 

highest first principal and Von Mises strain values, that do not take axonal direction into 

account, concern exclusively elements located in brain periphery, axonal strain values bring 

elements to light, which are located in commonly injured area, in accordance with previously 

related epidemiological studies. These elements are essentially located in the middle of the 

white matter and along the main axonal fibers of the brain, i.e. in the corpus callosum, the 

cingulum, the superior longitudinal fascia between the occipital and frontal lobes and on the 
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brain stem. Same observations concerning maxima location can be done for case 1 with 

lower strain values. 

 

Figure 2- 21. Comparison of the 100 elements presenting maximal first principal εI, Von Mises εVM and 
axonal εAxon strain values obtained from the simulation of case 2 (severe DAI). Results are presented in a 

global view and in three different views: sagittal, frontal and Coronal. 

All along the simulations, stability of the model was investigated. For each of the numerical 

simulations, hourglass, internal and kinetic energies were registered. Hourglass energy was 

survey to be always less than five percent of the total energy of the model. Elements with 

most skew in warpage were identified during each of the simulations. Results show that none 

of these elements correspond to the most strained elements. 

By considering the 100 elements selected in Figure 2- 21, their mean values in terms of 
I , 

VM  and 
axon  respectively are 0.105 ± 0.017, 0.105 ± 0.017, 0.105 ± 0.017 for case 1 and 

0.105 ± 0.017, 0.105 ± 0.017, 0.105 ± 0.017 for case 2. First observation can be made on 

standard deviation. While mean on the 100 maximal values varies for 
I  and 

VM  from 16% 
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to 22%, it is about 33% to 40% for 
axon . It leads to conclude to a larger disparity of results 

with axonal strain. Then this aspect is reinforced by comparison between maximum (in table 

4) and mean on the 100 maximal 
I , 

VM  and 
axon  values. While maximum values are 1.6 to 

1.9 times than mean values on the 100 maximal values for 
I  and 

VM , this difference 

increase to 3.8 times for 
axon . It contributes to reinforce the assumption that axonal strain 

increases significantly the disparities between highly and few deformed elements. Last 

observation concerns magnitude of maximal values. Maximum strain values are 3 to 4 times 

lower and mean strain values on the 100 maxima are 7 to 8 times lower for 
axon  than for 

I  

and 
VM . This observation can be explained by two parameters: projection of strain along a 

direction and FA value between 0 and 1 decreases automatically axonal strain value. 

5 Discussion 

Discussion of the present paper involves different levels such as the implementation of 

axonal direction into the FEM which is the bases of axonal elongation computation; then the 

interest and limitation of considering axonal elongation as a candidate parameter for DAI 

prediction; or the bases of the preserved head trauma simulation. 

Investigating the number of selected DTI voxels for each of the finite elements shows that 

on average 899 and 70 to 4096 voxels are selected by element, according to Figure 2- 8.  

The main problematic appears with finite elements selecting no or not enough DTI voxels 

of the brain to be considered as significant. These point results directly from the rigid 

transformation that could involve errors in scaling the FEM on the DTI brain shape data. At 

least, results show that only 6 elements (i.e. 0.11 % of the elements) select individually less 

than 100 DTI voxels. They are essentially located close to the membranes and are relatively 

thin elements. This aspect contributes to validate the morphological rigid adaptation between 

DTI and FEM geometry without need to take non-rigid transformation into account. On the 

other hand, the high numbers of selected voxels per element led to the necessity of 

weighting diffusion parameters of the selected voxels as a function of its distance to the 

center of the element. The influence of diffusion parameters related to the voxels close to the 

edges of the element is decreased. From this protocol, two main observations can be made. 

The first one constitutes a limit case. If an element presents in its center diffusion parameters 

locally different than in all the rest of the area, the diffusion parameters influence of these 

concentrated voxels will be significantly and maybe excessively increased. Since DAI 

appears in the most anisotropic parts of the brain, it would yet not affect the efficiency of the 
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method proposed in this study for DAI prediction. The second aspect involved by such a 

voxel mean diffusion parameters calculation is a smoothing of diffusion parameters values 

between elements. This is particularly notable in FA map comparison between DTI and FEM 

in Figure 2- 11. Weighting to the center of the element attenuates this smoothing. It appears 

that essentially main contrasts zone are therefore conserved, for instance at the interface 

between white and grey matter or at the claustrum, sections with the higher DAI risk 

according to the epidemiological literature. 

Another critical aspect consists in the scaling from DTI voxels (1 by 1 by 1 mm of 

resolution) to the finite element brain model (element characteristic size from 1.14 to 

7.73 mm). Indeed a scaling leads systematically to a loose of information. This observation is 

valid all the more so DTI constitutes itself a scaling from axons (characteristic size about 

10 µm) to voxels size. Local thinner meshing of FEM geometry would be possible to get 

closer to DTI dimensions for the most heterogeneous parts of the brain. However it would not 

be possible with the existing DTI data to access to a small enough meshing at the axon size 

for the whole brain. Nevertheless only the mean diffusion parameters seem to be satisfying 

to obtain a realistic orientation and an anatomical anisotropy degree for each of the finite 

elements. This aspect is confirmed by the comparison between DTI pictures and SUFEHM 

values in terms of FA values and normalized anisotropy vector projections along main brain 

axes, as shown in Figure 2- 11 and Figure 2- 13. Even if model used in this study was 

already validated, changes in meshing size could influence strain calculation. Further 

developments of this work could consist in investigating meshing influence on diffusion 

parameters calculation. 

Changes in the FE model meshing could also affect its robustness. As for most of the 

existing and validated head FE models, the effect of different mesh densities on strain results 

was not evaluated. Even if it seems that all models can reproduce experimental results even 

if meshing density was totally different, according to Deck and Willinger (2009), this step 

would be fundamental for further development of this study. 

By computing axonal elongation after the FE simulation of head impact, it was possible, 

with the developed method, to evaluate the influence of structural anisotropy in DAI 

prediction. Comparison between maximal principal and Von Mises strain, actually currently 

used as injury criteria, and new proposed axonal strain, characteristic for axon elongation 

and axonal fiber density, put in light the efficiency of axonal strain for DAI prediction. 

Anisotropy was not implemented for anisotropic FEM simulation due to the today difficulty to 

obtain from in vivo experimental protocols enough accurate mechanical parameters for brain 

material both, in terms of heterogeneity (white vs. gray matter) and in terms of anisotropy 
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(longitudinal and transverse behavior). According to further development in this domain, it 

could constitute one of the next developments of the method proposed in this study as long 

as new relevant mechanical parameters are identified. As shown in Figure 2- 20 and Figure 

2- 21 for the severely injured case, axonal strain is first of all efficient for DAI location. 

Elements notified by first principal as well as Von Mises strains are essentially located in the 

cerebral cortex, which does not represent common location of DAI, according to the 

epidemiological studies. Location of the elements with the highest axonal strain values 

correspond to the most important axonal fibers of white matter and agreed with the 

epidemiological studies. These locations are in good agreement with results of a clinical 

study proposed by Gentry et al. (1988) and with DAI locations listed from various 

epidemiological studies in the introduction of this study. Figure 2- 22 illustrates main DAI 

locations listed in various epidemiological studies (Gennarelli et al., 1982; Gentry et al., 1988; 

Ng et al., 1994; Graham and Gennarelli, 1997; Arfanakis et al., 2002) compared with axonal 

strain locations. Axonal injuries are represented on the brain slices by stars. 

 

Figure 2- 22. Comparison in terms of location between the 100 elements (2 %) with the highest axonal 
strain values and the most common DAI regions. 

In the here presented results, some elements, all around the upper part of the brainstem, 

are common to the maximum first principal,Von Mises and axonal strain selection. For these 
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reasons, concerning locations and at the opposite of maximum first principal and Von Mises 

strain elements, maximum axonal strain elements are in good agreement for DAI location 

prediction. On top of that, the fact that not all the parts of brain with high values results in 

high axonal deformation lead to consider that this parameter is able to take the axons 

elongation as much as the fiber density into account. Axonal strain seems to be consistent 

with DAI mechanism, in contrast to previously proposed DAI metrics. Indeed maximal 

principal strain and Von Mises give relatively few different results one from the other without 

seeming to correlate DAI physics during accident numerical reconstruction. 

Moreover, axonal strain seems not only to be efficient to determine DAI location, but also 

as DAI predictor. The two cases are presented only as illustration. Even if this study 

contributes to consider axons tensile elongation as a possible brain injury metric for DAI 

prediction, it does not allow proposing threshold values as DAI criterion at this stage. To 

evaluate the capability of axonal strain to become a DAI predictor criterion, a statistical study 

should be extended to a significant number of head trauma simulations including a detailed 

description of DAI location. However, this work proposes a new tool to compute anatomical 

parameters with a head FEM as special dedicated post-processor permits to take into 

account the structural anisotropy into the FEM. It makes it possible to couple classical finite 

element simulation with axonal structure anisotropy in order to address axonal elongation 

under head impact. Next perspective for this study could consist in integrating the diffusion 

anisotropy map in the brain material. Uniaxial composite laws that take fiber ratio into 

account could be investigated for each finite element. Structural anisotropy would also be 

directly integrated in the FE model as mechanical anisotropy. 

6 FA influence on post-computing 

Axonal strain εaxon previously presented takes in the same time the anisotropy direction and 

the fractional anisotropy (FA) coefficient into account. The objective of this part is to evaluate 

the influence of FA coefficient in axonal deformation calculation. Aim is to ensure that results 

showed in Figure 2- 22 are not only a FA map illustration. 

A new axonal strain, noted ε’axon, is calculated in this part. This new value is defined in 

equation (2 - 12) and does not take FA value into account. It is only a projection of strain 

along anisotropy direction. 

el el
axon

el el

l l

FA FA
 

 
   
 
 

 
(2 - 12) 
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Results on the two accident reconstructions are presented in terms of maximum ε’axon 

values in Table 2 - 8.  

 max(εVM/FA) [%] 

Cas 1 13.9 

Cas 2 31.5 

Table 2 - 8. Valeurs maximales d’élongation axonale obtenues pour l’ensemble du cerveau sur les deux 
cas d’accidents motocyclistes reconstruits avec le SUFEHM. Le modèle possède un cerveau isotrope et 

l’anisotropie de diffusion n’est intégrée qu’en post-traitement des résultats de simulation 

Same trend is significant for both simulations: ε’axon values correspond to εaxon values 

multiplied by a factor between 36 and 4 for each of the 5320 brain finite element.  It confirms 

that results in terms of εaxon are not only due to FA distribution but is first due to strain 

projection along main anisotropy direction. 

Maximal values in Table 2 - 8 shows significantly different values between cases 1 and 2. 

ε’axon are 3 times higher than εaxon, in accordance with previous observations. Otherwise 

maximum ε’axon values of 16.5% and 51.84% for cases 1 and 2 respectively are very close to 

maximum principal strain values presented in Table 2 - 7 (17.17% and 54.52% for cases 1 

and 2 respectively). These similarities show that maximal strains are oriented along a 

direction which is very close to anisotropy direction. 

 

Locations of the 100 elements with highest εaxon and ε’axon are presented in Figure 2- 23 for 

the accident case 2. Comparison is made with most common DAI locations in accordance 

with the epidemiological study. Following observations can be done: 

- In sagittal view, elements from the claustrum and located at the interface between 

brain and brain stem are highlighted. While maximum εaxon elements are located in 

the superior longitudinal fasciculus and the internal capsule, maximum ε’axon elements 

highlight not only the cerebellum but also about 20 element in the cortical gray matter; 

- In frontal view, maximum εaxon are located in the corpus callosum, at the interface 

brain and brain stem and all along the internal capsule. ε’axon are located at the 

interface between brain, brain stem and cerebellum; 

- In coronal view, both strains highlight corpus callosum. 

These locations reinforce the assumption of structural anisotropy influence on brain tissue 

mechanical anisotropy and DAI appearance. However ε’axon (that takes not FA value into 

account) does not allow to remove a part of the elements with low FA value when subjected 

to high strains. FA inclusion in axonal strain εaxon makes it possible to conserve locations from 
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ε’axon by removing low anisotropy parts. Indeed εaxon distribution highlight common DAI 

location parts of the brain by coupling in the same time fibers density and orientation. 

 

Figure 2- 23. Comparison of the 100 elements (2 %) presenting the highest axonal elongation values for 
the case 1 (left column) and the case 2 (central column). Results are presented in a global view and in 

three different views: sagittal, frontal and Coronal. They are compared with common DAI locations 
coming from epidemiological study (Right column). 

7 Conclusion 

In this paper a methodology is presented which permits it to compute axonal elongation in 

case of head impact based on head FE simulation and axons direction determined by 

medical imaging technique. A twelve healthy patients-based DTI database was integrated 

into the finite element brain meshing. The brain response in terms of stress and strain tensor 

with a classical isotropic finite element approach was then calculated and used for the 

elongation computation along the above defined “axonal direction” in each element.  

The approach based on the computation of this novel injury metric has finally been applied 

to the simulation of two real world head trauma for a demonstrative purpose. Results in terms 

of location and maximum axonal elongation contribute to validate the assumption of axons 
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elongation as main cause of DAI as elements sustaining maximum axonal strain are located 

where this injury is typically observed. This study has demonstrated the feasibility of 

implementing in a realistic way anisotropic brain structure into an existing brain finite element 

model. It constitutes an easily implemented post-processing tool for existing isotropic head 

FEM. In a next step a number of well documented real world head trauma simulations will 

permit the development of a threshold for this new metric of DAI.  

Further development of this study could concern also anisotropic and heterogeneous brain 

constitutive laws implementation for the brain FEM as soon as relevant parameters can be 

established in the future. Indeed this study initiates innovative and promising possibilities to 

improve biofidelity of finite element simulations and thus to extract more realistic injury 

criteria for DAI. 
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1 Introduction 

Most of the brain Finite Element Models (FEM) proposed in the literature have 

homogeneous mechanical laws identified from in vitro brain tissue experiments. However 

bibliographic study on brain tissue experiments in the first chapter has highlighted signif icant 

heterogeneities. For instance white matter is 2.6 times stiffer than gray matter (Kruse et al., 

2007) and white matter from corona radiata 30% stiffer than corpus callosum (Prange et al., 

2000). These disparities are not taken into account into the existing brain FEM. At the very 

most, white matter is dissociated from gray matter. The assumption of homogeneity in the 

model does not allow predicting injuries location within the brain with classical parameters 

(Von Mises stress, strain, maximal principal strain and pressure). 

This chapter aims at including heterogeneity into the brain FEM. The here developed 

methodology is exposed in Figure 3 - 1. Only the protocol, main results and conclusions are 

presented in this version. The reader can refer to the French version for more details about 

this work. 

 

Figure 3 - 1. Illustration of the protocol developed in this chapter. Heterogeneity and stiffness are 
evaluated using four different brain models. While parts with a homogeneous model are shown in blue, 

parts including heterogeneity are illustrated in red. 
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In a first time a heterogeneous brain tissue law will be developed from a three dimensional 

in vivo map of viscoelasticity and included into the SUFEHM brain geometry. Next step will 

consist in studying brain tissue heterogeneity influence on accident reconstructions in 

function of brain stiffness. Simulations on four different brains FEM will be analyzed: 

- A stiff homogeneous brain FEM (SUFEHM in its actual version); 

- A soft heterogeneous brain FEM (corresponding to the MRE 3D map); 

- A soft homogeneous brain FEM; 

- A stiff homogeneous brain FEM (obtained by rigidifying the MRE 3D map). 

Results are analyzed in terms of stress, pressure and strain to evaluate the heterogeneity 

influence in the brain FEM. 

2 Heterogeneity inclusion in brain FEM 

2.1 Introduction 

Brain FEM used in this study is the SUFEHM presented in chapter 2. This model has a 

homogeneous isotropic viscoelastic law identified on in vitro experiments (Shuck and Advani, 

1972). Objective of this chapter is not only to identify parameters based on in vivo 

experiments but also to include the anisotropy into the brain FEM. As presented in the 

chapter 1, Magnetic Resonance Elastography (MRE) is the only one experimental modality 

which can correspond to both characteristics. In the framework of collaboration with the 

INSERM Paris, tridimensional viscoelastic MRE data have been obtained and used in order 

to identify a viscoelastic law proper to each of the 5320 elements of the brain FEM. 

2.2 Experimental brain MRE data 

MRE data have been provided by the INSERM Paris from a single healthy volunteer (39 

years old). Values are obtained at 50Hz. At least two three dimensional (96 x 96 x 43) maps 

(one for the storage modulus G’, one for the loss modulus G’’) have been used with 

3 x 3 x 3mm resolution. 

2.3 Heterogeneous viscoelastic law 

2.3.1 Introduction 

The aim of this part is to integrate the MRE data into the geometry of the brain FEM 

(SUFEHM). First step consists in determining only one storage and one loss modulus from 
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MRE data for each of the 5320 brain elements. Then a viscoelastic model proper to each of 

the elements is proposed and integrated into the FEM. 

2.3.2 Scaling of the MEF on the MRE data 

Correspondence between DTI data and the brain FEM involves a fitting between imaging 

(MRE) and numerical (SUFEHM) extern geometries. This was performed using rigid 

transformations (matrix in (2 - 2), i.e. only rotation and translation, with a linear scaling of all 

the nodes from the SUFEHM. It permitted to fit the finite elements outlines to the twelve 

patients-based DTI mask. The correspondence between DTI voxels and the FEM has been 

performed using the Matlab 7.4 software (The Mathworks, Inc., Natick, MA, USA). This step 

is illustrated in Figure 3 - 2. 

 

(3 - 1) 

 

Figure 3 - 2. Rigid transformation application to ensure correspondence between extern geometries 
(mask) of MRE data (in orange) and brain FEM (in blue), with associated frames. 
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To implement information from the tridimensional diffusion image into the FEM, the next 

step consists in selecting voxels from DTI for each element. While DTI brain are brought into 

line with a regular plan-parallel meshing characterized by 1 by 1 by 1 mm voxel size, 

elements have different local orientation with a characteristic element size from 1.14 to 

7.73 mm. To compensate this difference in resolution, the voxels included into the smallest 

parallelepiped lined with the regular DTI meshing and incorporating the considered finite 

element are selected for each element, as illustrated in Figure 3 - 3. 

 

 

Figure 3 - 3. Illustration of the correspondence between the SUFEHM and the MRE 3D picture on a 
single element. Selected voxels (red points) are all included into the smallest cube (red) including the 

finite element (blue parallelepiped). 

 

The method of correspondence between finite elements and MRE voxels leads to consider 

from 2 to 168 voxels for each of the 5320 brain finite elements with a mean number of voxel 

selected for each finite element of 31 ± 17. At least 1.1 % of the finite elements include less 

than 4 voxels. At the opposite 0.7 % of the elements are linked with more than 100 voxels as 

shown in Figure 3 - 4. 
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Figure 3 - 4. Number of MRE voxels selected for each of the 5320 elements of the SUFEHM. Each 
element is characterized by considering from 2 to 168 voxels. 

2.3.3 Viscoelastic parameters calculation 

For each element, one storage and one loss modulus are calculated as the mean values of 

all the selected voxels. In order to reinforce the diffusion parameters influence close to the 

center of the element, these are weighted by the distance D (center of the element to center 

of the voxel). The half length of the element diagonal is noted Le. 
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N is the number of selected voxels, G’i, G’’i and Di  the storage modulus, the loss modulus 

and the distance from the center of the element to the voxel respectively for each selected 

voxel.  

Shear, storage and loss moduli values obtained for each of the 5320 brain finite elements 

are presented in Figure 3 - 5. The mean values for these three parameters are 

1,47 ± 0,62 kPa, 1,35 ± 0,56 kPa et 0,54 ± 0,32 kPa respectively. These mean values are 

close to values proposed in vitro using DMA by Thibault and Margulies (1998) or in vivo 

using ERM by Sack et al. (2007). 
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Figure 3 - 5. Shear, storage and loss moduli calculated for each of the 5320 elements of the brain FEM. 

 

Figure 3 - 6. Comparison on a sagittal slice between MRE (left) and SUFEHM (right) data for G*, G’, G’’. 

Calculation and location of relative error and 3D correlation coefficient between MRE data 

and calculated moduli for the SUFEHM has been performed. Error values contribute to 

validate our method. 

2.3.4 Heterogeneous linear viscoelastic model 

For each element un first order Generalized Maxwell model is calculated from the G’ and 

G’’ using equations (3 - 4) et (3 - 5) where G0, G∞ and β are the model parameters and 

2 f   the pulsation for a frequency f of 50 Hz. Obtained values are shown on a sagittal 

slice in Figure 3 - 7, element with maximal values are shown in Figure 3 - 8. Because MRE 

data are available at only one frequency, β values are the same for the whole brain model. 
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Figure 3 - 7. Comparison on a sagittal slice between MRE (left) and SUFEHM (right) data for G0 and G∞. 

 

Figure 3 - 8. Maximal G0 (>3 kPa, 1.6 % of the elements) and G∞  (>1.3 kPa, 1.4 % of the elements). 

These values are implemented into the brain FEM using LS-DYNA® software. 

2.3.5 Conclusion 

Each element of the brain has now a particular value of G0, G∞ and β.  

2.4 Conclusion 

We have developed in this part a complete heterogeneous model with a mean shear 

modulus of 1.47kPa. This model will be named “MRE FE model” in the next parts. 
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3 Application to accident simulation 

3.1 Introduction 

We propose in this part to illustrate the modifying induced by heterogeneity of the brain 

FEM on two accident cases. Comparison is done between homogeneous and 

heterogeneous models with the same mean rigidity values. This comparison is done with stiff 

and soft models. 

3.2 Brain Finite Element Models 

The following models have been used for this study: 

- Model 1: This model is homogeneous with high stiffness. This model is the SUFEHM in 

its actual version. The parameters are presented in Table 3 - 1. This model have been 

validated under LS-DYNA® by Deck et al. (2008) and will be named “Stiff 

Homogeneous” in the following parts of this chapter. 

 ρ [kg.dm-3] K [MPa] G0 [kPa] G∞ [kPa] β [s-1] 

Model 1 1,040 1125 49 16,2 145 

Table 3 - 1. Parameters implemented in the Model1. 

- Modèle 2: This model is homogeneous with low stiffness. The parameters correspond 

to the MRE data mean values and are presented in Table 3 - 1. This model will be 

named “Soft Homogeneous” in the following parts of this chapter. 

 ρ [kg.dm-3] K [MPa] G0 [kPa] G∞ [kPa] β [s-1] 

Model 2 1,040 1125 1,87 0,80 300 

Table 3 - 2. Table 3 - 3. Parameters implemented in the Model1. 

- Model 3: This model is heterogeneous with low stiffness and corresponds to the MRE 

FE model. This model will be named “Soft Heterogeneous” in the following parts of this 

chapter. 

 

- Model 4: This model is heterogeneous with high stiffness and corresponds to the MRE 

FE model scaled to have a mean rigidity value similar to the SUFEHM. This model will 

be named “Stiff Heterogeneous” in the following parts of this chapter. 
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3.3 Human brain heterogeneous models 

3.3.1 Introduction 

The aim of this part is to simulate accident cases with the four models previously 

presented. We will investigate heterogeneity influence in case of stiff or soft brain model. The 

four models are used to simulate the two real world accident cases presented in chapter 2. 

Locations and maximal values are proposed for the following parameters: 

- Intra-cranial pressure P; 

- Von Mises stress σVM defined, with the incompressibility assumption, by the equation (3 

- 6), where σii et τij are the coefficients of stress tensor; 

       
2 2 2 2 2 21

6
2

VM xx yy yy zz zz xx xy yz xzt t t                
(3 - 6) 

- Maximal principal strain εI ; 

- Von mises stress ε’VM defined, with the incompressibility assumption, by the equation (3 

- 7), where   is the Green Lagrange strain tensor. 

3
:

2
VM    

(3 - 7) 

 

Firstly, the 100 elements with maximal values are presented in terms of pressure, Von 

Mises stress, maximal principal strain and Von Mises strain. 

Following comparisons are successively done: 

- Influence of heterogeneity on models with low stiffness. Comparison is made between 

models 2 and 3; 

- Influence of heterogeneity on models with high stiffness. Comparison is made between 

models 1 and 4; 

- General comparison on results with the 4 FEM; 

 

In a last part, we propose to analyze the influence of the model characteristics 

(heterogeneity and stiffness) on the anisotropic post-processing proposed in chapter 2. The 

post-processing proposed in chapter 2 for axons elongation calculation is applied to the 4 

models and for the two accident cases. 
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3.3.2 Influence of heterogeneity with low stiff models 

This first comparison concerns influence of heterogeneity on models with lowest stiffness. 

Models 2 and 3 are tested on the two accident cases. Comparison is done on maxima 

locations. Figure 3 - 9 shows locations of 100 elements with highest parameters for case 1. 

 

Figure 3 - 9. Location of the 100 elements with highest stress and strain values for case 1 simulation. 
Comparison is done on softest brain models (Models 2 and 3). 

Same results are proposed in Figure 3 - 10 for the case 1. 

 

Figure 3 - 10. Location of the 100 elements with highest stress and strain values for case 2 simulation. 
Comparison is done on softest brain models (Models 2 and 3). 
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3.3.3 Influence of heterogeneity with high stiff models 

This first comparison concerns influence of heterogeneity on models with highest stiffness. 

Models 1 and 4 are tested on the two accident cases. Comparison is done on maxima 

locations.  Figure 3 - 11 shows locations of 100 elements with highest parameters for case 1. 

 

Figure 3 - 11. Location of the 100 elements with highest stress and strain values for case 1 simulation. 
Comparison is done on the stiffest brain models (Models 1 and 4). 

Same results are proposed in Figure 3 - 12 for the case 1. 

 

Figure 3 - 12. Location of the 100 elements with highest stress and strain values for case 2 simulation. 
Comparison is done on the stiffest brain models (Models 1 and 4). 
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3.3.4 Maximal values for the four models 

Table 3 - 4 and Table 3 - 5 synthesize maximal values from simulation with the four brain 

models for case 1 and case 2 respectively. 

  Homogeneous models Heterogeneous models 

  Model 1 Model 2 Model 3 Model 4 

C
a

s
e
 1

 

P [kPa] 129,9 133,4 133,5 131,4 

σVM [kPa] 22,74 3,75 2,62 10,01 

εI 0,18 1,91 2,29 0,95 

εVM 0,17 1,43 1,68 0,77 

Table 3 - 4. Maximal values obtained for the simulation of case 1 with the four brain FEM. 

  Homogeneous models Heterogeneous models 

  Model 1 Model 2 Model 3 Model 4 

C
a

s
e
 2

 

P [kPa] 318,2 339,3 338,7 329,3 

σVM [kPa] 57,40 4,27 4,93 23,88 

εI 0,54 3,22 3,91 1,52 

εVM 0,48 2,31 2,78 1,16 

Table 3 - 5. Maximal values obtained for the simulation of case 1 with the four brain FEM. 

Maximum of pressure is independent of the model, with maximal values of 130kPa and 

330kPa for case 1 and case 2 respectively. This aspect is reinforced by considering the 

location of the 100 elements with maximal pressure. These elements are similar for both 

cases as presented in Figure 3 - 13. 

 

Figure 3 - 13. Location of the 100 elements with highest pressure values. 

3.3.5 Axonal deformation of a brain heterogeneous model 

In this section we will study the influence of heterogeneity on the inclusion of anisotropy 

brain in post-processing of simulation, using the methodology presented in Chapter 2. In 
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addition to the quantities supplied by the LS-DYNA® software, axonal deformation will be 

calculated from the equation (3 - 8) 
el

l  and 
el

FA  are the anisotropy direction and 

Fractional Anisotropie respectively. 

  el
axon

el
el

l
l

FA
     (3 - 8) 

Post-processing of anisotropy is applied to both simulated motorcycle accidents for each of 

the four proposed models. The maximum values of axonal strain are presented in Table 3 - 6 

for the case 1 and in Table 3 - 7 for the case 2. 

 

εAxon (Case 1) Homogeneous brain Heterogeneous brain 

Low stiffness 
Model 2 

1.60 

Model 3 

1.91 

High stiffness 
Model 1 

0.17 

Model 4 

0.80 

Table 3 - 6. Maximal axonal strain values obtained for the simulation of case 1 with the four brain FEM. 

 

 

εAxon (Case 2) Homogeneous brain Heterogeneous brain 

Low stiffness 
Model 2 

2.68 

Model 3 

3.25 

High stiffness 
Model 1 

0.52 

Model 4 

1.26 

Table 3 - 7. Maximal axonal strain values obtained for the simulation of case 2 with the four brain FEM. 

 

 

We propose to consider the location of maximal axonal strain values for the case 2. Figure 3 

- 14, Figure 3 - 15 and Figure 3 - 16 show locations of the 100 elements with highest 

parameters for case 2 in coronal, frontal and sagittal views respectively. 
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Figure 3 - 14. Location of the 100 elements with highest axonal strain values in coronal view. 

 

 

 

 

Figure 3 - 15. Location of the 100 elements with highest axonal strain values in frontal view. 
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Figure 3 - 16. Location of the 100 elements with highest axonal strain values in sagittal view. 

3.4 Conclusion 

The study showed the influence of stiffness and heterogeneity on the constitutive brain 

during accident reconstruction. Intracranial pressure seems to be independent of the model 

used, depending only on the simulation itself. On the other hand, while heterogeneity has 

influence for highly stiff models only, heterogeneity changes the location of maxima for the 

mechanical parameters that are commonly used as brain injury criteria. 

4 Conclusion 

We have seen in this chapter how the in vivo viscoelastic information from the MRE could 

be implemented in numerical models of the human brain. Same accident cases were 

simulated with four different models of the brain to develop a parametric study on two 

properties of the brain: heterogeneity and rigidity. In accordance with the protocol illustrated 

in Figure 3 - 1, the following four models were used: 

- A stiff homogeneous brain FEM (SUFEHM in its actual version); 

- A soft heterogeneous brain FEM (corresponding to the MRE 3D map); 

- A soft homogeneous brain FEM; 

- A stiff homogeneous brain FEM (obtained by rigidifying the MRE 3D map). 

These models would require validation to be used for the establishment of injury criteria 

and prediction of brain damage.  
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However results make it possible to conclude that the maxima and distribution of 

intracranial pressure are independent of the model used, whatever their heterogeneity or 

stiffness. This observation could justifies that all the brain visco-elastic FEM proposed to date 

are validated in terms of intra-cerebral pressure in accordance with the data of Nahum et 

al. (1977) and Trosseille et al. (1992). 

It was also concluded that the heterogeneity has influence on accident simulations for 

highly stiff brain models only (shear modulus of at least 10 kPa). According to conclusions on 

literature review in Chapter 1, brain model must have a high stiffness to better simulate in 

vivo brain tissu. Consequently it is essential to take heterogeneity into account for the 

numerical simulation of accidents in a realistic way. 

Next conclusions concern the anisotropic post-processing of the simulations with 

heterogeneous brain. Locations of maximal axonal strains agreed with the most common DAI 

locations for the stiffest brain only. No influence of heterogeneity was observed for these 

locations. Only the maximal axonal strain values differ on simulations between homogeneous 

and heterogeneous brains.  

In conclusion of this chapter, one of the most realistic way to develop a isotropic visco-

elastic brain FEM for accident simulation is to implement heterogeneous data with high mean 

stiffness (shear modulus of at least 10 kPa). At the end of this chapter we have developped 

such a model based on in vivo MRE data. This is a first step to integration of heterogeneity 

by coupling with anisotropy information in a more realistic brain FEM. 
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1 Introduction 

The previous chapters have highlighted a significant influence of axons fibers on DAI 

appearance in case of head impact. The possibility of taking this information from DTI in FE 

accident simulation in a dedicated post-processing has also been proposed. At present time, 

no one of the existing brain FEM integrate anisotropy information in its brain material. In the 

same way heterogeneity is at best only partially integrated by dissociated white and gray 

matter mechanical behavior. These remarks concern notably brain FEM associated with 

criteria for DAI prediction. 

 

The aim of this last chapter is to use the conclusion from the previous chapter on brain 

mechanical properties in order to develop a new constitutive model for brain tissue including 

following properties: 

- Anisotropy of the mechanical law by separating the behavior of axon fibers from brain 

matrix; 

- A viscoelastic linear behavior at small strain that is based on experimental in vivo MRE 

results; 

- Non linearities generating stiffness increase at high strains. 

 

Firstly we will try to bring out the main characteristics and limits of brain materials proposed 

for FEM in the literature. This investigation will be performed numerically on cylindrical 

samples simulating classical rheological tests (in tensile, compression and shear). From 

these observations and using DTI information from chapter 2, a new anisotropic non linear 

visco-hyperelastic constitutive law will be proposed, that insure stability for implementation 

under LS-DYNA® FE software. Next step consists in implementing this new law in the 

SUFEHM geometry. The use of this new anisotropic model will be illustrated on simulation of 

two motorcyclist accident cases. At least comparison from this model mechanical response 

will be compared with the anisotropic post-processing method proposed in chapter 2 for DAI 

prediction and location. 

 

The aim of this new model is simulate brain behavior in more realistic way in case of head 

trauma and to evaluate the influence of axon fibers on brain mechanical anisotropy in this 

situation. 
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2 Evaluation of existing brain tissue FE constitutive 

models  

2.1 Introduction 

Constitutive models for brain tissue used for FEM have been detailed in the French version 

of the chapter 1. 8 brain models actually used for accident simulation will be compared in this 

study: 

- The Strasbourg University Finite Element Head Model (SUFEHM) (Kang et al., 1997) ; 

- The Wayne State University Brain Injury Model (WSUBIM) (King et al., 2003) ; 

- The Toyota model (THUMS) (Iwamoto et al., 2007) ; 

- The SIMulator Monitoring model, developed in 2003 by the NHTSA (SIMon 2003) 

(Takhounts et al., 2003) ; 

- The SIMulator Monitoring model, developed in 2008 by the NHTSA (SIMon 2008) 

(Takhounts et al., 2008) ; 

- The Torino University model (Belingardi et al., 2005) ; 

- The Stockholm University model (KTH) (Kleiven, 2007), reused by the University of 

Dublin (Horgan et al., 2005) ; 

Even if studies have already been proposed to compare the response of these integral 

models in case of impact, no comparison has been done on the brain constitutive models.  

 

To overcome effects due to FEM geometry or complex kinematics, we propose in this part 

to compare the different laws by simulating classical rheological tests (in compression, 

tensile and shear) on cylindrical shape samples. By comparison of the results with the 

bibliographic study of chapter 1, the aim is to bring properties to light that insure numerical 

stability of the law in the most realistic way. 

 

2.2 Description of the model 

2.2.1 Introduction 

We will first describe the model used for this comparative study: its geometry, the 

implemented laws as well as boundary conditions and loads of the numerical simulations in 

shear, tensile and compression. 



Chapter 4   Non linear visco-hyperelastic anisotropic constitutive model for brain tissue 

92 

2.2.2 Geometry and meshing 

The model has a cylindrical shape (24mm in height, 32mm in diameter), is composed by 

17472 elements divided in 24 horizontal layers. Elements are hexagonal with 1mm 

characteristic size. This model has been meshed under LS-DYNA® software and is shown in 

Figure 4 - 1. While symmetry axis of the cylinder is noted Z, axis in the transverse horizontal 

plane are noted X and Y. These characteristics correspond to compromise between sizes of 

all the samples experimentally tested (in vitro) in the literature. A preliminary study that is not 

presented in this part showed the independence of sample behavior with shape and meshing 

size. 

 

Figure 4 - 1. Illustration of the cylindrical shape sample for numerical simulation of experimental 
rheological tests. 

2.2.3 Mechanical properties 

6 linear viscoelastic laws are successively evaluated in this study. Material parameters are 

implemented under LS-DYNA® using the MAT_006 (*MAT_GENERAL_VISCOELASTIC) 

law. It corresponds to a generalized Maxwell model at first order. Parameters are detailed in 

Table 4 - 1 and values are given in Table 4 - 2. 

 Parameters Units Meaning 

 ρ [kg.m-3] Density 

 K [Pa] Bulk modulus 

 G0 [Pa] Short term shear modulus 

 G∞ [Pa] Long term shear modulus 

 β [s-1] Time constant 

Table 4 - 1. Mechanical parameters for the LS-DYNA® MAT_006 law. 
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Models Authors 
ρ  

[kg.m-3] 

K 
[GPa] 

G0  

[kPa] 

G∞  

[kPa] 

β  

[s-1] 

Turin  
(Belingardi et al. 

2005) 
1140 5,625 49 16,2 145 

SUFEHM  (Kang et al. 1997) 1040 1,125 49 16,2 145 

THUMS  
(Iwamoto et al. 

2007) 
1000 2,16 12,5 6,1 100 

SIMon  
(Takhounts et al. 

2003) 
1040 0,56 10,34 5,2 100 

WSUBIM  (King et al. 2003) 1060 2,19 12,5 2,5 80 

SIMon  
(Takhounts et al. 

2008) 
1040 0,56 1,66 0,928 16,95 

Table 4 - 2. Mechanical parameters implemented under LS-DYNA® for the MAT_006 law. 

 

Only two models have a different law for brain tissue: model called “KTH and model from 

the University of Dublin. These models are similar and will be called « KTH » in the following 

parts. It consists in a non linear hyperelastic model (Ogden model) including viscosity effects. 

Material parameters are implemented under LS-DYNA® using the MAT_O77 

(*MAT_OGDEN_RUBBER) law. Parameters are detailed in Table 4 - 3 and implemented 

values in Table 4 - 4. 

 

 Parameters Units Meaning 

 ρ [kg.m-3] Density 

 ν - Poisson’s ratoi 

 αi - 

Ogden parameters 

 βi - 

 Gi [Pa] Long term shear moduli 

 βi [s-1] Time constants 

Table 4 - 3. Mechanical parameters for the LS-DYNA® MAT_077 law. 
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  ρ [kg.m-3] 1040 ν 0.499999  

 Hyperelasticity 

(order n=2) 

μ1 [Pa] 26,9 α1 10,1  

 μ2 [Pa] -60,2 α2 -12,9  

 

Viscosity 

(order N=6) 

G1 [Pa] 160 β1 [s-1] 106  

 G2 [Pa] 39 β2 [s-1] 105  

 G3 [Pa] 3,1 β3 [s-1] 104  

 G4 [Pa] 4,0 β4 [s-1] 103  

 G5 [Pa] 0,05 β5 [s-1] 102  

 G6 [Pa] 1,5 β6 [s-1] 101  

Table 4 - 4. . Mechanical parameters implemented under LS-DYNA® for the MAT_006 law 

Comparison of these eight theoretical models is proposed with experimental data from 

literature in Figure 4 - 2 in terms of relaxation modulus (for 200ms relaxation time). 

 

 

Figure 4 - 2. Theoretical comparison of the investigated models in terms of shear relaxation modulus 
(200ms relaxation time). 

 

While there are only three different short term moduli, each model present a particular long 

term modulus. 
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Il apparaît clairement que les modèles ne correspondent que localement aux courbes 

expérimentales, essentiellement pour des temps inférieurs à 0,1s. Ceci est en partie lié aux 

ordres de grandeurs des tests dynamiques ou  en relaxation dont sont déduites ces lois 

numériques. 

 

 

2.2.4 Boundary conditions and loadings 

 

Numerical simulations are performed on cylindrical shape samples with following 

conditions: 

 

- In shear, a displacement at constant speed (1m. s-1) of upper plate nodes along X axis 

until γmax = 35% shear strain as shown in Table 4 - 5. Stress relaxation is then observed 

during 30ms. Upper plate nodes are constrained in translation along Z direction only. 

Lower plates are constrained for all the degrees of freedom except rotation along Y and 

Z axis; 

 

- In tensile, a displacement at constant speed (1m. s-1) of upper plate nodes along Z axis 

until εmax = 50% strain as shown in Table 4 - 5. Stress relaxation is then observed during 

33ms. Lower plates are constrained in translation along Z direction only; 

 

- In compression, displacement is not imposed to cylinder nodes but to two plates 

meshed with shell elements. These plates have 1000 kg.m-3 density, a Young modulus 

of 210GPa and a Poisson ratio of 0.285 to correspond to the rheometer steel plates 

properties (Ashby et Jones, 2008). Two interfaces are developed between each of the 

plates and the cylinder (AUTOMATIC_NODES_TO_SURFACE under LS-DYNA®). To 

reproduce contact between biological soft tissue and steel, a friction coefficient of 0.3 is 

implemented, in accordance with Zhang et Mak (1997) and El-Shimi (1977). 

Displacements are registered at the upper interface and force along Z axis at the lower 

interface. Displacements are imposed to the upper plate at constant speed (1m. s-1) 

along Z axis until εmax = 50% strain as shown in Table 4 - 5. Stress relaxation is then 

observed during 33ms. 
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Table 4 - 5. Illustration of the numerical simulations with the cylindrical shape sample. 

 

 

Results are observed in terms of: 

- Von Mises stress σVM, expressed in equation (4 - 1), and pressure P in time for the 

central element. 

   2 2 2 2 2 22 3 3

3 2 4
VM xx yy zz xy yz xzs s s t t t        

(4 - 1) 

sii and tij are the deviatoric stresses defined in equation (4 - 2) from the coefficients σii 

and τij of stress tensor. 
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(4 - 2) 

With incompressibility assumption, equation (4 - 3) become equation (4 - 3); 

       
2 2 2 2 2 21
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VM xx yy yy zz zz xx xy yz xzt t t                
(4 - 3) 

- Values and location of maxima for Von Mises stress, pressure, Von Mises strain, 

maximum principal strain as well as strains εX, εY and εZ along X, Y and Z axis; 

- For compression tests only, force in time along Z direction FZ and displacement UZ in 

time are registered and allow to express relationship between stress σ and stretch ratio 

λ using equations (4 - 4) and  (4 - 5) (L0 and S0 are the initial height and upper surface 

of the cylinder). 

 

0

( )
ZF t

t
S

   
(4 - 4) 

   
 

0

1 1
ZU t

t t
L

      
(4 - 5) 

All the results are filtered using a law pass filter at 1000Hz, according to the SAE (Society 

of Automotive Engineer) norms. 

2.2.5 Conclusion 

These simulations will make it possible to compare the response of the different models 

from the literature on simple tests. By comparing with experimental data from the literature, 

we will then try to extract the most realistic properties that should be taken into account to 

simulate brain FEM in the most realistic way. 

 

2.3 FE simulation of rheometric tests 

2.3.1 Introduction 

Results are here presented for the constant strain rate and relaxation simulations on 

cylindrical shape elements for the considered models (successively in shear, tensile and 
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compression). Loading speed influence will then be investigated by simulating compression 

tests different constant strain rates. 

 

2.3.2 Shear simulations 

Results in shear are presented in this part in terms of Von Mises stress in Figure 4 - 3, 

pressure in Figure 4 - 4 of the central element and displacements along X axis for central 

node in Figure 4 - 5. 

 

 

Figure 4 - 3. Comparison in shear of the models in terms of Von Mises stress at central element. 

 

 

Figure 4 - 4. Comparison in shear of the models in terms of pressure at central element. 
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Figure 4 - 5. Comparison in shear of the models in terms of displacement along X direction at central 
node. 

 

From the last figure, shear wave propagation is observed. With the assumption of purely 

elastic medium and incompressibility, periods Ts of waves are measured to calculate 

frequency fs, wave speed cS and wave length λs with equations (4 - 6) to (4 - 8). G and ρ are 

the equivalent shear modulus and the density of brain tissue for the considered model. 

Calculated values are detailed in Figure 4 - 6. 
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Figure 4 - 6. Wave length, frequency and wave speed values calculated for the evaluated models by 
considering shear wave propagation in shear simulation. 

 

2.3.3 Tensile simulations 

 

Results in tensile are presented in this part in terms of Von Mises stress in Figure 4 - 7 and 

pressure in Figure 4 - 8. 

 

 

Figure 4 - 7. Comparison in Tensile of the models in terms of Von Mises stress at central element. 
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Figure 4 - 8. Comparison in tensile of the models in terms of pressure at central element. 

 

Calculated values for shear wave propagation are detailed in Figure 4 - 9.  

 

 

Figure 4 - 9. Wave length, frequency and wave speed values calculated for the evaluated models by 
considering shear wave propagation in tensile simulation. 

 

2.3.4 Compression simulations 

 

Results in compression are presented in this part in terms of Von Mises stress in Figure 4 - 

10 and pressure in Figure 4 - 11. 
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Figure 4 - 10. Comparison in compression of the models in terms of Von Mises stress at central 
element. 

 

 

Figure 4 - 11. Comparison in compression of the models in terms of pressure at central element. 

 

2.3.5 Strain rate influence in compression 

In order to evaluate sensitivity of the models to strain rate, compression tests are proposed 

until 50% strain in compression with 3 different strain rates: 

- 42s-1 (equivalent to compression speed of 1m.s-1). This value correspond to the order of 

magnitude for accidentology; 
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- 1000s-1 (equivalent to compression speed of 24m.s-1) to estimate response at high 

speed. This speed is similar to experimental data proposed by Pervin and Chen (2009) 

with Hopkinson device; 

- 1s-1 (equivalent to compression speed of 0.024m.s-1) to estimate response at low 

speed. This value corresponds to the order of magnitude for some in vitro rheological 

experimental tests on brain tissue from the literature. 

Results are expressed with the help of force and displacement in terms relationship 

between stress and stretch ratio. Slope at small strain (10%, according to bibliographic study 

of chapter 1 – Nicolle et al.,2004) correspond to Young modulus value for the considered 

speed. 

Results at 42s-1, 1000s-1 and 1s-1 are presented in Figure 4 - 12, Figure 4 - 13 and Figure 4 

- 14 respectively. KTH appears only for 42s-1 because of the lack of stability with strain rate 

changes for this model. 

 

 

Figure 4 - 12. Comparison at 42 s-1 constant strain rate in compression in terms of stress / stretch ratio 
for simulations on cylinder models. Curves are compared with data from the literature provided from 

experimental tests at similar strain rate. 
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Figure 4 - 13. Comparison at 1000 s-1 constant strain rate in compression in terms of stress / stretch 
ratio for simulations on cylinder models. Curves are compared with data from the literature provided 

from experimental tests at similar strain rate. 

 

Figure 4 - 14. Comparison at 1 s-1 constant strain rate in compression in terms of stress / stretch ratio 
for simulations on cylinder models. Curves are compared with data from the literature provided from 

experimental tests at similar strain rate. 

At 1s-1 strain rate, Young moduli are calculated from the slopes at small strain. Values are 

reported in  
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 SUFEHM Turin THUMS 
SIMon 
2003 

WSUBIM SIMon 
2008 

Young 
modulus 

[kPa] 
73 73 26 20 11 5 

Table 4 - 6. Young modulus calculated as slope at small strain from the stress/stretch ratio at 1s-1 strain 
rate for the simulated brain models. 

To extend the strain rate range, the SUFEHM is evaluated at five strain rates: 0.1 s-1 

(2.4 mm.s-1), 1 s-1 (24 mm.s-1), 10 s-1 (0.24 m.s-1), 42 s-1 (1 m.s-1) et 1000 s-1 (24 m.s-1). The 

stress/stretch ratio curves are related in Figure 4 - 15 and compared with experimental data 

at same strain rates (in vitro data from Estes and McElhaney, 1970, Miller and Chinzei, 1997, 

Prévost et al., 2010 and Pervin and Chen, 2010). 

 

Figure 4 - 15. Comparison at 5 different constant strain rates in compression in terms of stress / stretch 
ratio for simulations on cylinder model for the SUFEM law. Curves are compared with data from the 

literature provided from experimental tests at similar strain rate. 
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From this figure, Young moduli are calculated from the slopes at small strains. Values are 

related in Figure 4 - 16. 

 

 

Figure 4 - 16. Young moduli calculated as slope at small strain from the stress/stretch ratio for each 
strain rate for the SUFEHM. 

 

We propose to compare the results of constant strain rate compression tests for all the 

considered FEM with experimental data from the literature. For FEM simulations values as 

well as results from the literature will be expressed by Young modulus versus strain rate. 

Values for each of the four following modalities are compared: 

- Results from FEM simulations; 

- In vitro compression tests at constant strain rate; 

- In vivo indentation tests; 

- MRE tests. 

 

Main difficulty is to find a same manner to express results from all the modalities. 

Assumptions have to be considered to calculate the strain rate imposed for each of these 

modalities: 

- For FEM simulations, the strain rate is assumed to be constant all along the test; 
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- For in vitro constant strain rate compression tests, compression speed V0 is generally 

mentioned in the publications. Strain rate ε0 is deduced from compression speed by 

equation (1 – 38) where L0 is the initial height of the sample; 

0

0

V

L
   

(4 - 9) 

- For indentation tests, compression speed V0 is generally mentioned in the publications. 

Strain rate ε0 is then estimated using equation (1 – 38) by considering brain as a 

cylinder with symmetry axis lined up with indentation direction. L0 is assumed to be to 

be height of this “brain equivalent” cylinder; 

- For MRE tests, mechanical waves are assumed to be perfectly sinusoidal, with 

unidirectional propagation and integrally transmitted to the brain tissue. By assuming a 

sinusoidal global displacement, speed ( )t  is expressed by equation (4 - 10) where 0  

, Φ, ω, t are maximum displacement, phase offset, pulsation and time. Maximal strain 

rate is deduced by considering brain as a cylinder with symmetry axis lined up with 

wave propagation direction. Strain rate is expressed by equation (4 - 11) where L0 is 

assumed to be to be height of this “brain equivalent” cylinder; 

 0( ) sint t      
(4 - 10) 

0

0L


   

(4 - 11) 

In the same way, assumptions have to be taken for Young modulus determination: 

- For FEM simulations, Young Modulus is deduced from stress/stretch ratio curves by 

considering the slope at small strains (<10%); 

- For in vitro constant strain rate compression tests, Young Modulus is deduced from 

stress/stretch ratio or stress/strain curves by considering the slope at small strains 

(<10%); 

- For indentation tests, Young Modulus value is directly mentioned in the publications; 

- For MRE tests, Young Modulus is deduced from shear modulus proposed in the 

publications by assuming incompressibility of brain tissue. 

Results in terms of Young modulus versus strain rate are presented in Figure 4 - 17.  
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Figure 4 - 17. Comparison of Young modulus versus strain rate from our FEM simulations compared 
with literature experimental data (from in vitro, indentation and MRE tests). 

 

2.3.6 Conclusion 

In this section the behavior of each brain FEM model from the literature have been studied 

on numerical replication of experimental rheological tests in tensile, compression and shear. 

We observed that only one of these models (KTH) takes non linearities at high stran into 

account but is not consistent when strain rate varies.  
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The first conclusions of this section concern pressure. This is independent of the FEM in 

shear and very few dependants on the model properties in tensile and compression. In that 

case, pressure will depends on model compressibility as well as long term stiffness. 

Whatever the test (tensile, compression or shear) at 1 m.s-1 speed, shear wave propagation 

is observed. The stiffer the FEM, the higher frequency and speed of this wave propagation. 

Last observations concern high sensitivity of brain FEM with strain rate. By comparing with 

literature data the stiffness measured versus strain rate from each model simulation, In terms 

of dependence on strain rate, the stiffest models best reproduce the in vivo behavior of brain 

matter.  

All these aspects have to be taken into account for a more realistic modeling of human 

brain tissue. 

 

2.4 Conclusion 

Numerical simulation on cylindrical numerical samples allowed comparing response of the 

different brain FEM from the literature. Three main categories of brain FEM are highlighted in 

function of their stiffness. By comparing results of these simulations with similar experimental 

tests from the literature, two main observations have been made about properties that have 

to be conserved for further brain FE modeling: 

- An important viscosity, which causes strain rate influence of the model stiffness; 

- High stiffness. Indeed stiffest brain FEM are the most able to reproduced in vivo brain 

behavior. 

 

From this study, it seems to be necessary to consider other aspects that have today not be 

taken into account in existing brain FEM: 

- Non linearities, which are cause of increase in stiffness at high strain. Main difficulty for 

non linear modeling is to ensure stability for a wide velocity range; 

- Different mechanical properties in tensile and compression; 

- Anisotropy involved by axons fibers, especially in tensile. 

These conclusions will underlie a new FE brain tissue model in the continuation of this 

chapter. 
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3 Brain anisotropic model 

3.1 Introduction 

None of the previously presented mechanical laws for brain tissue takes axons and 

resulting anisotropy into account. The objective of this part is to develop a new constitutive 

law for brain tissue including the following properties: 

- Linearity at small strain; 

- Non linearities at high strain; 

- Viscosity for strain rate dependence; 

- Stability with strain rate; 

- Anisotropy, especially in tensile. 

According to the conclusions of chapter 2, we assume that mechanical anisotropy is 

essentially due to axons fibers orientation into the brain. DTI information presented in chapter 

2 and the SUFEHM geometry will be coupled with a new anisotropic visco-hyperelastic law in 

order to propose a new brain FEM implemented under LS-DYNA®. Properties of this new 

brain FEM model will be illustrated on the simulation of a real-world motorcyclist accident 

simulation. 

3.2 Anisotropic visco-hyperelastic law  

3.2.1 Introduction 

The aim of this part is to describe the anisotropic visco-hyperelastic law developed for brain 

tissue and the identifying of its parameters. 

3.2.2 Theoritical description 

The model developed in this study has been developed by Weiss et al. (1996) et Weiss 

(1998) to include collagen fibers in human tendon model. This material behavior is defined 

from strain energy function in three components: 2 deviatoric and 1 volumetric as expressed 

in equation (4 - 12) where 1 3

C C CI III I  and 
2 3

C C CII III II  are the 2 first invariants of the 

deviatoric part 
1 3

CC III C  of right Cauchy-Green strain tensor C. 

The soft tissue is considered as a composite material which consists of axon fibers 

embedded in a softer isotropic (brain matrix) material. The strain energy function of the soft 

tissue material has three terms, as expressed by equation (4 - 12). 
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     ,d d

Matrix C C Fibers CW W I II W W III    
(4 - 12) 

IC, IIC, IIIC and   are the 3 invariants of the right Cauchy-Green strain tensor C and the 

projection of C along the main orientation of fiber for the considered element, as defined in 

equation (4 - 13). λi are main dilatations and l0 fibers orientation with lAX, lAY  et lAZ 

coordinates. 

2 2 2
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 (4 - 13) 

- 
d

MatrixW  The first term models the ground substance matrix as a Mooney-Rivlin material: 

 
d

MatrixW  is defines in equation (4 - 14). 

     10 01, 3 3d

Matrix C C C CW I II C I C II     
(4 - 14) 

C01 et C10, représent elastic long term response of the material. 

- 
d

FibersW  is defined to capture the behavior of crimped collagen in tension and it works 

only in the fiber direction defined in the model. Its derivative (i.e., stress) has an 

exponential function which describes the straightening of the fibers and a linear function 

once they are straightened past a critical stretch level   (projection of deformation along 

fibers orientation)  

    4* 1

3

0 0 1

1 1

d

Fibers
FA C

W

C e



 

 


  
 

 
  



 (4 - 15) 

The tissu is isotropic in compression and anisotropic in tensile, due to the presence of 

the fibers. This result is in accordance with the observation of Miller and Chinzei (2002) 

and Franceschini et al. (2006). 

- The role of the last term in the strain energy function is to ensure nearly-incompressible 

material behavior, as presented in equation (4 - 16) where K is the bulk modulus. 
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2

1 21
ln

2

v

C CW III K III  
(4 - 16) 

Viscosity inclusion is done by dissociating  the second Piola-Kirchoff stress tensor S(C,t) in 

an hyperelastic Se(C) and a viscous Sv(C,t), depending on time, according to the equation (4 

- 17). 

     , ,e vS C t S C S C t   
(4 - 17) 

-  eS C  is defined under incompressibility assumption by equation (4 - 18) where p is 

an hydrostatic pressure. 

d d
e Matrix Fibers
i i i

i i

W W
p  

 

 
  

 
 

(4 - 18) 

For tensile ( 1  ) and compression ( 0 1  ) long the fiber orientation axis (  ), 

the maximal principal hyperelastic stress σ is given by equation (4 - 19). 
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 (4 - 19) 

Fractional Anisotropy coefficient weights principal stretch projection along fiber axis. In 

case of purely isotropic material (FA=0), the term for fiber will be equal to zero.  

In case tensile / compression orthogonal to fiber orientation ( 1  ), σ is given by 

equation (4 - 20) 

  2 01
10

1
2e C

C  
 

  
    

  
 

(4 - 20) 

C10 and C01, are related to hyperelastic behavior of brain matrix; C3 and C4 correspond 

to the fibers behavior, including an increase in stiffness for brain tissue. 

-  vS C  is givn by equation (4 - 21). G(t-s) is the reduced relaxation function, 

decomposed in Prony series, as expressed in equation (4 - 22). 
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(4 - 22) 

Si and Ti parameters include viscosity in the model. 

 

3.2.3 Identification of the parameters 

Anisotropic visco-hyperelastic parameters for the new law have been identified from in vitro 

and in vivo experimental data on brain tissue from a purely anisotropic material (FA=1). 

Steps for parameters identifying are detailed in the French version of the thesis. These 

identifications have successively been performed on stress / stretch ratio experimental 

curves using following data: 

- Compression curves obtained in vitro by constant strain rate (40s-1) tests by Estes and 

McElhaney (1970) are applied to brain matrix; 

 

- Parameters at small strain by in vivo MRE from Kruse et al. (2007) are applied to brain 

matrix stiffness at small strain; 

 

- Non linearities at high strain in compression for brain matrix on in vitro tests from 

Prevost et al. (2010); 

 

- Results of in vitro DMA tests from Arbogast et al. (1995) and Velardi et al. (2006) for 

fibers 1.8 to 2 times stiffer than brain matrix at small strain; 

 

- Results of in vitro DMA tests from Ning et al. (2006) for fibers about 9.5 times stiffer 

than brain matrix at 50% strain. 

 

Theoretical model is presented in Figure 4 - 18. Yellow curve is for global brain matter, blue 

curve for brain matrix and purple curve for fibers. In compression, fibers have no influence 

and model curve corresponds to the yellow one. In tensile, depending on fibers orientation 

and FA value, model curve will be intermediate between blue and yellow curve. Viscosity 

information completes the model by keeping time relaxation constants similar to the 

SUFEHM. 
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Figure 4 - 18. Courbes de contrainte / dilatation en traction / compression illustrant la loi de 
comportement développée (en orange). Celle-ci se décompose en traction en une loi pour la matrice 

cérébral et une loi pour les fibres axonales. Le comportement en traction va se situer entre les courbes 
caractéristiques de la matrice et des fibres selon l’orientation de ces dernières dans le plan de traction. 

 

3.2.4 Implementation under LS-DYNA® software 

 

Implementation of this new law has been done under LS-DYNA® software. Information 

about anisotropy (anisotropy vector and FA) is defined for each element from DTI map at 

FEM scale as presented in chapter 2. Anisotropy vector l0 is defined for each element in a 

local frame defined from axis A (corrdinates Ax, Ay and Az in FEM global frame) and B 

(corrdinates Bx, By and Bz in FEM global frame).  

 

Parameters implemented for the lax *MAT_092_SOFT_TISSUE_VISCO under LS-DYNA® 

are summarized in Table 4 - 7. Values previously identified are presented in Table 4 - 8. 

 

The same law but with different l0 and FA parameters was implemented successively for 

each of the 5320 SUFEHM brain elements. 
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 LS-DYNA 
parameters 

Theoritical 
parameters 

Units Meaning 

 ρ ρ [kg.m-3] Density 

 K K [Pa] Bulk modulus 

 C1 C10 [Pa] 

Mooney Rivlin parameters  

 C2 C01 [Pa] 

 C3 C3 [Pa] 

Fibers influence parameters 

 C4 C4 - 

 Si Si [Pa] Long term shear moduli 

 Ti Ti [s] Time constants 

 AX, AY, AZ 

- - Local frame R(element) definition 

 BX, BY, BZ 

 LAX, LAY, 
LAZ 

LAX, LAY, 
LAZ 

- 
Main anisotropy vector l0 defined in 

the local frame 

Table 4 - 7 Parameters implemented for the *MAT_092_SOFT_TISSUE_VISCO law under LS-DYNA® 
software. 

 

 

  ρ [kg.m-3] 1040 K [MPa] 1125  

 Matrix C1 [kPa] -1,034 C2 [kPa] 7,809  

 Fibers C3 [kPa] 13,646 C4 4,64  

 

Viscosity 

S1 [kPa] 4,5 T1 [s-1] 1.109  

S2 [kPa] 9,11 T2 [s-1] 6,8966 

Table 4 - 8. Numerical values of parameters implemented for the *MAT_092_SOFT_TISSUE_VISCO law 
under LS-DYNA® software.  
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3.2.5 Evaluation of the anisotropic visco-hyperelastic law 

This new law has been evaluated on numerical samples with protocols defined in Table 4 - 

5. More details and results are available in the French version of this work. 

To extend the strain rate range, the SUFEHM is evaluated at five strain rates: 1 s-1 

(24 mm.s-1), 10 s-1 (0.24 m.s-1), 42 s-1 (1 m.s-1) et 1000 s-1 (24 m.s-1). The stress/stretch ratio 

curves are related in Figure 4 - 15 and compared with experimental data at same strain rates 

(in vitro data from Estes and McElhaney, 1970, Miller and Chinzei, 1997, Prévost et al., 

2010, Pervin and Chen, 2010 and Rashid et al., 2010).  

The objective is to investigate stability of the new law with strain rate in different fiber 

configurations. Results are presented in terms of stress/stretch ratio curves. The simulations 

are done with three different configurations: 

- With fibers along Z axis (along the compression axis) in Figure 4 - 19 ; 

- With fibers along X axis (orthogonal to compression axis) in Figure 4 - 20 ; 

- With « oblique » fibers (fibers oriented at (45°, 45°) in the global frame) in Figure 4 - 22. 

 

Figure 4 - 19. Comparison at 4 different constant strain rates in compression in terms of stress / stretch 
ratio for simulations on cylinder model for the new law. Fibers are oriented along Z direction. Curves are 

compared with data from the literature provided from experimental tests at similar strain rate. 
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Figure 4 - 20. Comparison at 4 different constant strain rates in compression in terms of stress / stretch 
ratio for simulations on cylinder model for the new law. Fibers are oriented along X direction. Curves are 

compared with data from the literature provided from experimental tests at similar strain rate. 

Figure 4 - 21 show the Von Mises stresses distribution at 50% strain with fibers oriented 

along X direction (orthogonal to compression direction) for the new FE model. Model fibers 

and nearly incompressibility results in tensile and indeed anisotropy in transverse plane 

(X,Y). 

 

Figure 4 - 21. Illustration of Von Mises stresses distribution at 50% strain with fibers oriented along X 
direction (orthogonal to compression direction) for the new FE model. Model fibers and nearly 

incompressibility results in tensile and indeed anisotropy in transverse plane (X,Y). 
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Figure 4 - 22. Comparison at 4 different constant strain rates in compression in terms of stress / stretch 
ratio for simulations on cylinder model for the new law. Fibers are oriented along “oblique” direction. 

Curves are compared with data from the literature provided from experimental tests at similar strain rate. 

Young modulus is calculated by considering slopes at small strain from Figure 4 - 19, 

Figure 4 - 20 and Figure 4 - 22. Results are shown in Figure 4 - 23. This figure confirms that, 

while in tensile fibers have influence when oriented along tensile direction, in compression 

fibers have influence when oriented in the plane transverse to compression direction. 

 

Figure 4 - 23. Young moduli calculated at small strain from the slopes of previous figures, for 
four different strain rates and in the three fibers configurations.  
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3.2.6 Conclusion 

In this part, a new anisotropic visco-hyperelastic law has been proposed to modeled brain 

tissue. This model takes fibers density and orientation into account. Following characteristics 

have been observed on simple simulations of this law implemented under LS-DYNA® 

software: 

- Une grande rigidification du tissu en grandes déformations, d’autant plus grande que la 

déformation est alignée avec l’orientation des fibres ; 

- En traction, une grande influence des fibres sur la rigidité du tissu lorsque celles sont 

alignées avec l’axe de traction ; 

- En compression, une grande influence des fibres sur la rigidité du tissu lorsque celles 

sont orthogonales à l’axe de compression ; 

- Une forte dépendance de la rigidité du tissu avec la vitesse de chargement ; 

- Une influence des fibres sur cette dépendance d’autant plus importante que la vitesse 

est faible. 

 

4 Anisotropic brain Finite Element Model 

4.1 Introduction 

Next step consists in implementing the new law in the SUFEHM brain geometry. The 

anisotropic visco-hyperelastic Finite Element Model will be then used as illustration on a 

motorcyclist accident simulation. Post-processing proposed in Chapter 2 will be then applied 

to simulation results. The aim is to compare influence of integrating anisotropy in post-

processing and by direct inclusion in brain mechanical properties. 

4.2 Presentation of the model 

The new brain model is obtained by coupling three modalities: 

- Brain meshing from the SUFEHM ; 

- DTI ma pat FEM scale, as presented in Chapter 2; 

- The anisotropic visco-hyperelastic law previously developed in this chapter. 

Coupling between these modalities is illustrated in Figure 4 - 24. In sagittal, coronal and 

frontal views, the brain SUFEHM meshing and the anisotropy vectors are represented.  
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Figure 4 - 24. Illustration of the coupling between anisotropy information and brain FEM meshing. 
Anisotropy vectors are shown (Red: transverse direction; Green: antero-posterior direction; Blue: 

vertical direction). 

For each element a particular law is implemented, with the parameters exposed in Table 4 - 

8 as well as a fractional anisotropy and an anisotropy direction from DTI information. 

4.3 Illustration on a real accident case 

The developed model was applied to two cases of accidents reported in Chapter 2.The 

results are analyzed in terms of stress, pressure and strain. The objective is to evaluate the 

model response in terms of Von Mises stress, pressure, maximum principal strain, von Mises 

strain, and axonal elongation. 

The objective is to successively compare these different values from the simulation of the 

accident for three models of brain: 

- An isotropic homogeneous model (SUFEHM in its actual version). Anisotropy is 

included in post-processing only for this model (as proposed in chapter 2) to calculate 

axonale strain εaxon; 
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- An isotropic heterogeneous model, corresponding to the MRE map with increase of 

stiffness, as presented in chapter 3. Anisotropy is included in post-processing only for 

this model to calculate axonale strain εaxon; 

- The new anisotropic visco-hyperelastic model developed in this chapter. Axons 

deformation is also evaluated with this model. However, since FA value is already 

included in the law, axonal strain will be calculated as strain projection only (ε’axon value 

as defined in chapter 2). 

To concentrate investigations on heterogeneity and anisotropy, these three models have 

similar stiffness (between 13.5 and 49kPa).  

These models are used to simulate the case 2 of motorcyclist accident (presented in 

chapter 2). Maximal values obtained are presented in Table 4 - 9 for the three models in 

terms of classical stress, pressure and strains as well as axonal strain. 

 
max(σVM) 
[kPa] 

max(P) 
[kPa] 

max(εI) 
[%]

 

max(εVM) 
[%] 

max(εaxon) 
[%] 

max(ε’axon) 
[%] 

Isotropic 
Homogeneous 

brain (SUFEHM) 
57,40 318,2 54 48 52 - 

Isotropic 
Heterogeneous 

brain (MRE) 
23,88 329,3 152 116 126 - 

Anisotropic 
brain 

47,64 333,0 85 70 - 64 

Table 4 - 9. Maximal values obtained in terms of Von Mises stress, pressure, maximal principal strain, Von 
Mises strain, and axonal strains. 

Results are detailed for classical parameters in the French version, especially in terms of 

resulting parameters distribution. 

Figure 4 - 25 show results from simulations for the new parameters developed in this thesis. 

It compares locations for the 100 elements sustaining maximal: 

- Axonal strain εaxon including FA value for the SUFEHM (isotropic); 

- Axonal strain ε’axon as strain projection only for the new anisotropic brain FEM; 

Comparison is made with the epidemiological study on common DAI locations from first 

chapter. 
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Figure 4 - 25. Location of the 100 elements with maximal axonal strain values for two simulations, 
between post-processing inclusion and inclusion of anisotropy in brain mechanical law. Comparison is 

done with the most common locations of DAI. 

4.3.1 Conclusion 

Although our new anisotropic model has not yet been validated, the previous part tends to 

confirm the pertinence of post-processing approach developed in Chapter 2 as well as the 

new associated parameters (axonal strains). According to these results, the two developed 

approaches seem relevant to the location of DAI: 

- With the method of post-processing proposed in chapter 2; 

- With the anisotropic brain model developed in this chapter. 

Future developments for this work could first concern validation of the new anisotropic 

visco-hyperelastic model on cadavers impact replications, such as those proposed by Hardy 

et al. (2001), Yoganandan et al. (1994), Nahum et al. (1977) or Trosseille et al. (1992). In a 

second step, it would be necessary to reconstruct with this model a great number of 

accidents to validate axonal elongation εaxon as a pertinent criterion for DAI prediction and 

location and to propose tolerance limits for this value. 
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4.4 Conclusion 

Application of a new law has been proposed to develop a new anisotropic visco-

hyperelastic brain FEM. Following conclusions have been done: 

- While the behavior defined for the brain glia remains homogeneous, including different 

anisotropy degree for each element can take into account mechanical heterogeneity 

due to the distribution of axonal fibers in the brain; 

- Stress and strain parameters (σVM, εI et εVM) usually used as DAI criteria are located in 

low anisotropy parts of the brain ; 

- In contrast, the axonal elongation resulting from this law can account for areas with high 

DAI risk. The similarity of the results of axonal elongation by the anisotropic model with 

those obtained by the method developed in Chapter 2 on isotropic brain confirms the 

relevance of post-processing method proposed.  

The application to the reconstruction of accidents has highlighted significant influence of 

structural anisotropy due to the presence of axons, on the mechanical behavior of brain 

tissue and the formation of DAI, despite the change of scale from the different modalities. 

5 Conclusion 

In this chapter, most finite element models of the human brain used to simulate accidents 

were compared by numerical simulation of classical rheological tests. The objective is to 

compare these models to identify key properties required for numerical modeling of the 

human brain. Based on the findings of this study, an anisotropic visco-hyperelastic model 

brain tissue was identified and then implemented in a finite element model of the human 

brain. The properties of this new anisotropic visco-hyperelastic model were then observed on 

the reconstruction of a motorcycle accident.  

The first conclusions of this chapter show the properties of different brain models from 

literature. While the stiffness of these models is very sensitive to loading rate, the 

measurement of intracranial pressure is independent of the model and linked to the 

conditions of loading only. The propagation of shear waves has been characterized for loads 

similar to the accident conditions. However, the main finding of this study was to observe that 

the most rigid models better reflect in vivo properties of human brain tissue.  

From these observations and conclusions of previous chapters, the constitutive law 

developed and implemented in the geometry of the SUFEHM has following properties: 
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- Consideration of the anisotropy as a stiffening of the brain tissue by the presence of 

fibers in a preferred direction. This feature leads to different properties of brain tissue in 

tension and compression;  

- Inclusion of non linearities as a strong stiffening of brain tissue at large strain. 

The study of this new law has shown that this model is able to be used on a wide range of 

loading speeds, covering in particular those used in traffic accident. The application of this 

new model on simulated accident showed that insertion of the fiber density distribution in the 

constitutive law can include heterogeneity in the brain, without change in the behavior law of 

the homogeneous brain matrix. The axonal elongation, similar to post-processing proposed 

in Chapter 2, makes it possible not only to strengthen this tool but also to show that our 

model anisotropic visco-hyperelastic was likely to assess areas with the highest axonal 

elongation and the highest DAI risk.  

Following this study, we have a new and original anisotropic visco-hyperelastic human brain 

model, which include brain matrix as well as axons fibers in its mechanical law.  
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This PhD thesis contributes to impact Biomechanics for a better understanding of 

Traumatic Brain Injuries (TBI). This work aims at optimizing human brain mechanical 

modeling by integrating in vivo information obtained by recent medical imaging techniques. 

Phenomena and factors linked with the main brain injuries are highlighted by studying 

human brain anatomy as well as physiological consequences of TBI. Explanation and 

comparison for experimental results between in vitro and in vivo protocols were proposed 

from bibliographic study on brain tissue mechanical properties. In spite of the huge 

disparities of experimental results in the literature, it was concluded that in vivo protocols, 

using MRE, are the most able to describe deep brain matter in physiological conditions. It 

can be observed that, due to in vivo vascularization, brain tissue stiffness under physiological 

conditions is in accordance with the highest values proposed by in vitro protocols. 

Since 1970’, Finite Element human brain models have been developed as pred icting tools 

for brain injury understanding in case of head trauma. Models of brain tissue that takes 

microstructures into account or are used in numerical simulations have been presented. 

However, a significant number of simplifying assumptions are used by most of the brain 

Finite Element Models (FEM) related in the literature: 

- Linearity of the constitutive law for brain tissue, even at high strain level; 

- Brain tissue mechanical parameters identified from in vitro experimental data; 

- Isotropy of brain material; 

- Homogeneity of brain material. 

Consequently, first step consisted of developing a new post-processing tool that can be 

applied on accident simulations performed under LS-DYNA® software with the isotropic 

SUFEHM. The development of this post-processing tool has been done in two steps: first the 

inclusion of axons distribution from Diffusion Tensor Imaging (DTI) to the brain FEM and, 

secondly, the calculation of the deformation sustained by axons during head trauma 

simulation. 

In addition to classical mechanical parameters (pressure, stresses and “classical” strains), 

calculation of strain sustained by axons during impact has been proposed. Diffusion images 

provided from 12 healthy patients were used. A three dimensional map of diffusion data at 

FEM scale was developed. At least, one principal diffusion direction (correlated with a 

“mean” orientation of the axons) and one anisotropy degree (relative to axons density) were 

allocated to each brain element of the Strasbourg University Finite Element Head Model 

(SUFEHM). 
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A new mechanical parameter was calculated as strain projection along principal diffusion 

direction. This new parameter, named axonal strain (
axon ) takes not only anisotropy direction 

but also fractional anisotropy of the element into account. This strain has been evaluated in 

post-processing of two motorcyclist accident simulations for prediction and location of Diffuse 

Axonal Injuries (DAI). 

Application of this post-processing for anisotropy inclusion in two accident cases lead to 

conclude that structural anisotropy, due to axons fibers distribution, is directly source of 

mechanical anisotropy and also play an important role in DAI appearance. By including a 

fiber density peculiar to each of the elements, heterogeneity has been induced in axonal 

strain calculation. This new tool has the advantage of predicting high DAI risk area without 

modifying brain FEM. 

Second part of this work concerns brain heterogeneity. Almost all the existing brain FEM, 

like SUFEHM, has homogeneous mechanical laws with parameters identified from in vitro 

experimental protocols. However huge disparities can be observed in terms of brain 

mechanical properties. The aim of this part was to evaluate the influence of brain mechanical 

parameters on the FEM response in case of impact simulation. Therefore, a heterogeneous 

law was for the first time applied to brain FEM model by including a three dimensional 

heterogeneous map obtained by in vivo Magnetic Resonance Elastography (MRE). SUFEHM 

geometry was used to develop an in vivo MRE-based heterogeneous viscoelastic linear 

model of the brain. One elastic and one viscous parameters were implemented in each 

element. Heterogeneity was obtained by the definition of a viscoelastic model peculiar to 

each of the elements. In order to attest influence of stiffness as well as of heterogeneity of 

brain material, four brain FEM models have been successively developed: 

- A stiff homogeneous brain FEM (SUFEHM in its actual version); 

- A soft heterogeneous brain FEM (corresponding to the MRE 3D map); 

- A soft homogeneous brain FEM; 

- A stiff homogeneous brain FEM (obtained by rigidifying the MRE 3D map). 

Results obtained by simulating two motorcyclist accidents showed that maxima and 

distribution of intracranial pressure are independent of brain FEM, irrespective of 

heterogeneity and stiffness. It can be concluded that heterogeneity has influence on accident 

simulation results only with highly stiff brain material (shear modulus of at least 10kPa). 

Post-processing developed in chapter 2 was applied to these heterogeneous simulations in 

order to couple anisotropy and heterogeneity information. The best correlation between 
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highest axonal strain and most common DAI locations was observed for the stiffest brain 

models. Otherwise, while heterogeneity influence response for the stiffest brain models only, 

it does not influence distribution of the parameters that are commonly used as DAI criteria. 

Consequently, an anisotropic heterogeneous brain FEM with high stiffness seems to be a 

realistic solution for head trauma simulation. 

Last part of this work is dedicated to the comparison of brain FEM actually used for 

accident simulation (SUFEHM, KTH, Dublin, WSU, SIMon 2003, SIMon 2008, Turin). 

Therefore, finite elements simulations of classical rheological tests were performed in shear, 

tensile and compression. It has been observed that model stiffness is highly sensitive to 

loading speed. However, pressure was observed to be independent of the brain FEM, 

depending only on loading. The main conclusion of this study was that the stiffest brain FEM 

best reproduces in vivo mechanical properties of brain tissue during simulations at high 

strains and high strain rates.  

Based on observations and conclusions of the previous chapters, a new original dedicated 

law for brain tissue was developed and implemented into the SUFEHM geometry under LS-

DYNA® software. This new anisotropic visco-hyperelastic law, based in the same time on in 

vitro and in vivo results, can be used in a wide speed range and takes the following 

properties into account: 

- Anisotropy due to axon fibers orientation and distribution, which causes increase in 

brain tissue stiffness. This contributes to makes mechanical properties of the matter 

different in tensile and in compression; 

- The inclusion of non linearities, which causes increase in stiffness at high strain levels; 

- Differentiation of axon fibers and brain matrix mechanical behavior. 

This new anisotropic visco-hyperelastic model has been used for accident simulation. It has 

been shown that inclusion of fiber density into the law results in brain heterogeneity, without 

modifying brain matrix. Axonal elongations calculated from this model in accident simulation 

give an estimate of brain areas that are most likely to sustain DAI. 

At least, we have developed an anisotropic visco-hyperelastic model of brain matter that 

takes into account time brain matrix and axons fibers at the same time. 

This work can be enhanced in a lot of ways. It would be necessary to apply the post-

processing method developed in chapter 2 to a high number of accident reconstructions in 

order to validate “axonal strain” as a relevant criterion for prediction, locations and also 

proposing tolerance limits for DAI. Moreover, well documented accidents simulations 
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including medical imaging diagnosis would make it possible to improve relevance of this 

criterion and to identify precisely DAI locations. 

Concerning the heterogeneous model based on MRE map, it would be interesting to 

include a three dimensional map based on more subjects. Concerning brain modeling, it 

could be interesting to implement heterogeneity in the viscoelastic component of the new 

law. 

Also remeshing of the brain FEM including ventricles would permit to include anisotropy 

more precisely in the brain. 
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Appexdix A. 1. Relaxation modulus from in vitro compression tests. 
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Appexdix A. 2. Relaxation modulus from in vitro shear tests. 
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Appexdix A. 3. Stress / stretch ratio curves from in vitro tensile tests. 
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Appexdix A. 4. Stress / stretch ratio curves from in vitro compression tests at constant strain rate (close to 1000s-1). 
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Appexdix A. 5. Stress / stretch ratio curves from in vitro compression tests at constant strain rate (close to 10s-1). 

  



  Appendix A : Bibliographical study 

151 

 

 

Appexdix A. 6. Stress / stretch ratio curves from in vitro compression tests at constant strain rate (close to 1s-1). 

  



  Appendix A : Bibliographical study 

152 

 

 

Appexdix A. 7. Stress / strain curves from in vitro shear tests at constant strain rate. 
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Appexdix A. 8. Shear modulus for in vitro DMA tests between 0.01 and 10000Hz. 
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Appexdix A. 9. Shear modulus for in vitro DMA tests between 0.1 and 1000Hz. 
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Appexdix A. 10. Shear storage modulus for in vitro DMA tests between 0.01 and 10000Hz. 
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Appexdix A. 11. Shear loss modulus for in vitro DMA tests between 0.01 and 10000Hz. 
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Appexdix A. 12. Shear modulus from in vivo MRE tests.  
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oAuthors Subject Frequency G [kPa] G’ [kPa] G’ [kPa] 

McCraken et al. 2005 

Human 

(WM)  

(GM) 

 

80 Hz 

80 Hz 

 

10,7 ± 4,4 

5,3 ± 1,3 

 

- 

- 

 

- 

- 

 (WM) 200 Hz 11,6 ± 2,4 - - 

 (GM) 200 Hz 7,5 ± 1,6 - - 

Kruse et al. 2007 

Human 

 (WM) 

(GM) 

 

100 Hz 

100 Hz 

 

13,6 ± 1,3 

5,2 ± 0,5 

 

- 

- 

 

- 

- 

Uffmann et al. 2004 

Human 

 (WM) 

(GM) 

 

80 Hz 

80 Hz 

 

15,2 ± 1,4 

12,9 ± 0,9 

 

- 

- 

 

- 

- 

Hamhaber et al. 2007 Human 83,33 Hz 3,5 - - 

Sack et al. 2007 Human 
25 Hz 

50 Hz 

1,27 

1,62 

1,17 ± 0,03 

1,56 ± 0,07 

0,49 ± 0,06 

0,43 ± 0,03 

Vappou et al. 2008 Rat 

150 Hz 

180 Hz 

210 Hz 

9,5 

9,88 

11,7 

6,33 

7,6 

8,45 

4,8 

7,5 

8,15 

Atay et al. 2008 Mouse 1200  Hz 16,8 - - 

Green et al. 2008 

Human 

(WM) 

(GM) 

 

90 Hz 

90 Hz 

 

3,7 

4,0 

 

2,7 ± 0,1 

3,1 ± 0,1 

 

2,5 ± 0,2 

2,5 ± 0,2 

Table A - 1. Shear, storage and loss modulus from in vivo MRE tests. 
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Models Authors 
G0 

[kPa] 

G∞ 

[kPa] 

β 

[s-1] 

K 

[MPa] 

ρ 

[kg.m-3] 
Experimental data 

SUFEHM 
Kang et al. 

1997 
49 16,2 145 1125 1040 

Shuck et Advani 1972 

(DMA in shear) 

WSUBIM 

(White matter) Zhang et al. 

2001 

12,5 2,5 80 2190 1060 
Arbogast et Margulies 1998 

(DMA in shear) WSUBIM 

(Gray matter) 
10 2 80 2190 1060 

SIMon 
Thakhounts et 

al. 2003 
10,34 5,2 100 560 1040 

Arbogast et al. 1995 

(Relaxation in shear) 

Turin 
Belingardi et 

al. 2005 
49 16,7 145 5625 1140 

Shuck et Advani 1972 

(DMA in shear) 

THUMS 
Iwamoto et al. 

2007 
12,5 6,1 100 2,16 1000 

Galford et McElhaney 1970  

(Relaxation in compression) 

SIMon 
Thakhounts et 

al. 2008 
1,66 0,928 

16,9

5 
558,47 1040 

Takhounts et al. 2003 

(Relaxation in shear) 

Table A - 2. Mechanical properties of main brain FEM using viscoelastic linear law. 

 


