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Abstract- This paper presents the modeling and simulation of brain displacement, known as brain shift, present in 

neurosurgery operations. A simplified geometry was used from parallelepipeds which represent a portion of the deformable 

tissue. A physical model associated with the calculation of brain shift was used and its elastic behavior was simulated using 

the Comsol® multiphysics software. The presented approach allows to obtain more realistic results in the calculations of the 

brain shift, and may be used in the future in the simulation of the whole brain composed of multiple geometric bodies, which 

will be of great help to the surgeon in this type of surgical interventions. 
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I. INTRODUCTION 

 

Neurosurgery deals with the diagnosis, treatment 

(intervention) and post-surgical rehabilitation of 

patients with lesions in the central nervous system[1]. 

Recent improvements in medical imaging techniques 

have produced great advances in neurosurgery. The 

combination of new imaging modalities and 

neuronavigation systems provides neurosurgeons 

with the ability to visualize the surgical anatomy, 

being able to locate the pathology during a procedure 

[2], [3]. However, there are still challenges to be 

solved due to the deformable nature of living tissue, 

especially due to the phenomenon of brain 

displacement, commonly known as brain shift[4]. In 

this phenomenon, all the structures of this organ are 

displaced completely and consequently, the cerebral 

locations that must be treated in the intervention, 

causing reference losses between the pre-operative 

images and the volumes to be treated during the 

surgery[5].Thus, the spatial and planning 

relationships of neurosurgery using pre-operative 

images are altered[6]–[8]. Therefore, the accuracy of 

navigation during the procedure is reduced and the 

surgeon can not fully rely on the spatial information 

provided by the neuronavigation system[9]. 

There are two main reasons that cause brain shift, the 

first of which is due to the opening of the dura mater 

(a membrane that covers and protects the brain), since 

the pressure change and the losses of the 

cerebrospinal fluid cause large 

nonlineardeformations[10], [11]. The second reason 

is due to the surgical procedures of resection, cuts or 

extirpation[12].The brain surface can be deformed up 

to 20 mm after the skull opens, also the resection of 

large lesions can increase the deformation of brain 

structures, even up to 50 mm[13]. Different authors 

state that brain shift is one of the causes of greater 

failure in neurosurgeryprocedures that use neuro-

navigation systems[9], [14]. The intra-operative 

imaging equipment that uses magnetic resonance 

imaging (iMRI)[15], computed tomography[16] and 

the ultrasound[17], have been shown to be beneficial 

for the control of resection, as well as the detection of 

brain change[18]. Specifically, the iMRI offers a very 

convenient solution to obtain several surgically 

relevant parameters, such as the location and edge of 

the tumor, as well as the functional parameters of the 

brain, such as blood flow perfusion and chemical 

composition[19]. 

Currently, the main way to deal with the problem of 

brain shift during neurosurgery is the use of intra-

operative magnetic resonance imaging.However, 

neurosurgery  rooms that have iMRI are not very 

common in the vast majority of hospitals, due to their 

high cost and because all surgical instruments and 

anesthesia equipment must be suitable for use in that 

environment[2].Another aspect to keep in mind is that 

with the use of iMRI the time in each scan lasts about 

20 min, being able to interrupt the flow of 

information within neurosurgery[5]. 

Several authors have proposed solutions to address 

the problem of brain shift. In[20], Letteboer and his 

group propose the use of a 3D ultrasound system to 

obtain an image of the volume of the brain. This work 

uses a 3D sonographic probe, superimposing the 

information of the ultrasonic waves on a rigid pre-

operative model obtained by means of magnetic 

resonance images. The differences between 

hyperechogenic structures and solid tissues have also 

been used to study the phenomenon of brain shift[21]. 

Uff and his team[22] extend the use of ultrasound 

signals for the generation of elastograms that allow to 

visualize the differences in the biomechanical 

characteristics of the tissues, so as to distinguish 

between healthy tissue and damaged tissue, although 

they do not show the details of the process of 

acquiring ultrasound data. Other approaches have 

made use of optical systems[23]to follow the 

anatomical points, although this approach has the 
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limitation that the marker must be visible. More 

interesting are the approximations that make use of a 

mathematical physical model of deformations to 

predict the displacements of all points of the 

brain[24]. But these require a validation process of 

the model that is often not easy to perform, due to the 

difficulty of measuring the real displacements to 

check the generated model. Other authors use a 

method to integrate retraction modeling in 

neurosurgery, using a framework based on atlas 

deformations (set of possible deformations predicted 

by a biomechanical model) to compensate for the 

brain shift effect[11]. 

In general, computational modeling methods, such as 

finite element analysis[25], they are often used and 

combined with intra-operative image data to provide 

a brain shift compensation strategy. Efforts are also 

being made to address the complex issue of living 

tissue (brain) modeling and toobtain information 

about the response of these before different load 

conditions[26]. Despite all the advances made in the 

last decades with respect to the field of brain imaging, 

brain shift still causes a significant decrease in the 

accuracy of commercially available neuronavigation 

systems, which record preoperative images to 

perform the intra-operative localization of tumors or 

other lesions[27], [28].     

The objective of this article is to present a calculation 

model of brain shift prediction (brain displacement) 

and its respective results in simulation, using a 

simplified geometry composed by parallelepipeds and 

representing a portion of the deformable tissue. The 

geometric model used in this study allows that each 

parallelepiped can be associated with the mechanical 

behavior (independent of time) corresponding to gray 

or white brain matter. 

This article begins with the description of the 

physical model associated with the calculation of 

brain displacement. Subsequently, the results on the 

geometric model composed from parallelepipeds are 

shown, the mentioned physical models are applied 

and the results obtained from the simulations of the 

displacements of the brain tissue are calculated and 

analyzed using a multiphysics software.The article 

ends with the mention of a series of challenges and 

future works that are involved so that the calculation 

of the brain shift is more accurate. 

 

II. PHYSICAL MODEL ASSOCIATED WITH 

THE CALCULATION OF BRAIN 

DISPLACEMENT 

 

According to[29], the brain can be modeled on a 

macroscopic scale adopting a continuity approach. In 

this scale, the constitutive models for the brain tissue 

relate the deformations of the tissue with the stress in 

this. A constitutive model for brain tissue has to 

explain the experimental data with one or more 

material parameters, each material parameter that has 

been reported in the literature is related, explicitly or 

implicitly, with the choice of the constitutive model.  

At scales of time of the order of milliseconds or 

seconds, the brain behaves like an elastic poro-visco 

material and is highly sensitive to the charge rate[30]. 

In instants of time of the order of minutes and hours 

(characteristic of a surgical procedure) it seems 

advisable to first approximate the brain as a purely 

hyper elastic material[31]. A hyper elastic material or 

elastic Green material is a type of elastic material for 

which the constitutive equation that relates stress and 

strain can be obtained from the deformation energy. 

Thus, the chosen constitutive model of brain tissue in 

this study is based on a hyper elastic and isotropic 

formulation. 

To characterize the behavior of the brain tissue 

through small deformations and taking into account 

the quasi-incompressibility of the tissue, the tensor is 

used as the primary measure of deformation F [32], 

which is called strain gradient tensor, this is defined: 

 

( , )
( , ) ( , )

X t
F X t Gradx X t

X


 


          (1) 

 

Another important variable to use within the physical 

model is the Jacobian J and is related to the 

deformation gradient. Thus:     

  

det ( , )J F X t           (2) 

 

Assuming the quasi-incompressibility of the material, 

the deformation gradient can be decomposed into an 

identified volumetric contribution through J and an 

isochoric contribution associated with F . Now: 

 
1

3F J F


           (3) 

 

As another characteristicmeasure of deformation in 

terms of the gradient F , the left strain tensor of 

Cauchy-Green b  is presentedand this is in terms of 

spatial coordinates: 

 
T

b FF           (4) 

 

Considering the decomposition, we can write the 

tensor b modified as b  and this represents the 

isochoric contribution of b . 

T

b FF 
2

3b J b            (5) 

 

The model associated with the material of interest 

(brain tissue) is considered as isotropic. Thus, it is 

valid to write the modified invariants 1I , 2I and 3I in 

terms of the tensor b and in turn, these in terms of the 

isochoric principal stretches 1 , 2  and 3 . 

Theseinvariants are: 
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With

1

3 


a aJ   and 1,2 3 a . 

 

Introducing the deformation energy density function

 , in terms of the energy functions of isochoric 

contribution
iso and volumetric contribution

vol

.And taking as reference the general model of Ogden 

[59]. We have: 
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Where the constitutive parameters p
   correspond to 

the strain-magnitudesensitive nonlinearcharacteristics 

of the tissue and 
p

 is related to the shear modulus as 

presented below. 

 

In this case, the deformation energy function (10) fits 

with 2p ,
1 22 2     . Thus, the deformation 

energy density function corresponds to the Mooney-

Rivlin model and is presented as: 

 

 1 2 3

1 2 3

2 2 2
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Using modified invariants, associated with 

expressions (6), (7) and the restriction condition 

given by the equation (8), we have: 

 

   1 1 2 2

1 1
3 3 ( )

2 2
m r vol
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Where
1c  and

2c the material parameters and 

represents the shear modulus. Theseare related 

through the following expression: 

 

1 2 1 22( )c c               (13) 

 

Remembering the function ( )vol J  referred to the 

volumetric contribution, we have: 
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2
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Where k  represents the bulk modulus. 

 

Now, as we already know the shape of the 

deformation energy densityfunction
m r , we 

calculate the stress ofCauchy denoted  and the 

stress ofPiola-Kirchhoff denoted by P , using the 

expressions: 

1 1T Tm rJ F J PF
F

  
 


          (15) 

 

m rP
F





          (16) 

 

It is important to remember that for this case of study, 

the brain tissue model is chosen, under the Mooney-

Rivlin model for a hyper elastic, quasi-

incompressible and isotropic material. Thus, we make 

use of the values of the material parameters for 

different brain structures that have been reported 

by[33] and mentioned in table 1. 
 

BRAIN 
PARAMETER 

1( )c kPa  

PARAMETER

2( )c kPa  

Gray matter 0.28 333.0 

White matter 0.56 666.0 
Table 1. Material parameters associated with the Mooney-

Rivlin model for gray and white brain matter. 

 

III. SIMULATIONS AND DISCUSSION  

 

Once the mathematical physical model associated 

with the behavior of a portion of brain tissue (gray 

and white matter) is presented, it must be associated 

with a geometric model. 

As a geometric representation of the portion of the 

brain tissue, a representation has been chosen by 

layers, formed through various parallelepipeds (the 

dimensions associated with each parallelepiped are 10 

mm x 4 mm x 4 mm, see the skeleton representation 

of figure 1a), with the purpose that these can be 

assigned the constitutive parameters of gray or white 

brain matter, and thus have a more realistic brain 

composition. 

With the integration of the physical model and the 

aforementioned geometric model, stress can be 

calculated in the material (brain tissue) and inferred 

in the COMSOL® multiphysics simulation 

software[34](where the models are prescribed), the 

field of displacements in the tissue (brain shift), as 

well as visualizing the deformations in the material. 

About the general model the followinghave been 

defined as inputs: charges per unit area and some 

restrictions of tissue mobility. We proceed with the 

calculation of the deformation of the parallelepipeds 

composed of gray brain matter (lower layer) and 

white brain matter (upper layer), observing the 

behavior of the material if a uniaxial load is exerted 

on compression of 10N in the direction of the axis x. 
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Figure 1 shows the response of the material in terms 

of stress. 

a) 

 
b) 

 
Figure 1: Deformation and stress in the material under a 

uniaxial load in compression a) Isometric view. b) Top view. 

 

As seen in Figure 1, brain material has been 

compressed mainly in the direction of the x axis by 

the application of a load in the normal direction to the 

yz plane, with a maximum and minimum stress value 

of 4.85x10
5
Pa and 6.90x10

2
 Pa, respectively. 

Therefore, a displacement field will be presented in 

the material. This field of displacements in the quasi-

incompressible solid is presented in figure 2.  

a) 

 

b) 

 
Figure 2: Field of displacements in the quasi-incompressible 

solid. a) Isometric view. b) Top view. 

 

According to the calculations made and the 

deformation suffered by the material, it is inferred 

that the magnitude of the maximum displacement in 

the solid is 2.62890 mm (in the direction of the x 

axis). Thus, the x component of the simulated steady 

state shift field is presented in figure 3. 

a) 

 
b) 

 
c) 

 
Figure3:Component in x of the displacement field in the quasi-

incompressible solid. a) Isometric view. b) Top view. c) Right 

side view. 
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Analyzing the figures 1, 2 and 3 (observe the curves 

of deformation in the surfaces), and according to the 

results obtained in simulation, it can be established 

that the model used presents coherent and 

approximate results in predicting the behavior of the 

material in steady state (effective elastic response 

under low deformation rates). Thus, our results are 

consistent with other studies reported in the 

literature[35].  

It is essentialto remember that the material 

parameters should not be adjusted in simulation to 

trial and error to try to obtain results similar to those 

reported in the literature, because they would treat the 

software as a black box. These parameters of the 

material in the simulation related to the hyper elastic 

behavior must be provided as an input to the model. 

Generally, the material parameters are calculated by 

adjusting experimental data against analytical 

expressions that represent stress versus strain. 

A disadvantage for the use of these mathematical 

physics models lies in thatthe values associated with 

the material parameters obtained in the experimental 

load discharge tests (and according to the different 

directions in which these are applied) reported in the 

literature differ, with variations up to some orders of 

magnitude[26], [36]. However, in recent years 

various research groups continue to join efforts and 

present studies that seek to characterize the brain 

tissue mechanically in different areas, with special 

protocols (improved through numerous studies and 

with advanced instrumentation) and using very in-

depthexperiments[26], [31], [37], establishing that the 

gray matter cutoff module is in the magnitude that 

converges in the order of kPa . 

Another limitation in this study refers to the use of 

material parameters obtained by other research 

groups under a compression test at low speed, and 

these may not be representative of the behavior of the 

material at high deformation rates[38]. 

With the new approach presented on the geometry, 

the complex contour condition of the cerebral cortex 

and the skull can be established with more detail, 

since these could be defined according to the 

components (points, edges and faces) of each 

parallelepiped. Likewise, the physical properties of 

the tissue can be considered, such as the difference in 

stiffness between different parts of the brain (it is 

shown that even gray matter has a different 

mechanical behavior according to the brain region 

where it is located). Also, we could define the types 

of contact between the brain structures and establish 

the possible restrictions to be taken into account 

during part of the neurosurgery procedure.  

 

IV. CONCLUSIONS 

 

This article presents the calculation model of brain 

shift prediction and its respective results in 

simulation, using a simplified geometry from 

parallelepipeds representing a portion of the 

deformable tissue.  

The physical model associated with the calculation of 

brain shift was presented to later simulate the elastic 

behavior of a part of the brain tissue in the Comsol® 

multiphysics software. 

In this article, a new approach was presented to 

obtain more realistic results in brain shift calculations 

according to the composition of the brain tissue and 

to the division of the geometric model in several 

parallelepipeds.  

Future works will test the brain shift calculation 

model with a more complete and realistic brain 

model. Such model will be constructed from n 

parallelepipeds, on which the values of the 

appropriate material parameters will be assigned in 

order to define the complicated boundary conditions 

as well as the possible restrictions. All of the above 

for a specific type of procedure in neurosurgery. 
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