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Abstract.  During stereotactic neurosurgery, the brain shift could af-
fect the accuracy of the procedure. However, this deformation of the
brain is not often considered in the pre-operative planning step or intra-
operatively, and may lead to surgical complications, side e e cts or in-
e ectiveness. In this paper, we present a method to update the pre-
operative planning based on a physical simulation of the brain shift.
Because the simulation requires unknown input parameters, the method
relies on a parameter estimation process to compute the intracranial
state that matches the partial data taken from intra-operative mo dali-
ties. The simulation is based on a biomechanical model of the brain and
the cerebro-spinal uid. In this paper, we show on an anatomical atlas
that the method is numerically sound.

1 Introduction

Stereotactic neurosurgery requires a high precision for target locatin and target
de nition. For example, one of the main targets in deep brain stimulation, the

subthalamic nucleus, is about 9 millimeters long. However, a combinabn of
deformation and motion of the brain, known as brain shift, can occur durirg the

procedure, depending on the surgical technique and the patient'drain anatomy

and pathology. In stereotactic procedures, it may cause a displacemerf the

target or other structures. Elias et al.|4] reported an anterior commissue shift

up to 5.67 mm with a mean of 0.98 mm, and higher shift values for the frontal
pole.

Because brain shift is a major source of errors when applying the plared
strategy intra-operatively, several groups have studied the problenof brain shift
compensation using a deformable model, instead of using a fully intesity-based
method. Skrinjar et al. [8] presented a method to deform pre-operave data ac-
cording to a partial intra-operative brain surface, captured by a stereo camera,
while Chen et al. [3] and Audette et al.[1] used a laser range scanner. Hower
the equipment is not standard and requires a large working space witbut occlu-
sion, which is not always the case in neurosurgery. The work of Wittek tal. [L0O]
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Fig.1: Pre-operative (left) MR image without brain shift, and post-operative
(right) MRI showing asymmetric brain shift. The green and pink contours is a
segmentation of the pneumocephalus (air inside skull). The pink e represents
the surface of the brain in contact with air.

is very similar to [8] but they used intra-operative MRI to guide the deformable
model and took extra care on the complex model of the brain tissue defara-
tion. However [8] and [10] do not model physically the brain shift phenonenon,
because they include arti cial forces by adding virtual springs or corstraints be-
tween pre- and intra-operative control points. None of these methods a@unts
for the e ects of gravity, interaction of CSF and brain tissue and loss of CSF. On
the contrary, Chen et al. [3] used a computational model which accountsdr CSF
loss and gravity. They pre-operatively built a statistical atlas of deformation to
solve the inverse problem intra-operatively.

We propose a hew method to take into account brain shift during a steeo-
tactic neurosurgical procedure. It relies on high resolution pre-opeative MR
image and intra-operative image (CT scan) of the patient's brain, acquiredonce
the brain has shifted, but the method could be extended to other madalities
such as intra-operative MRI. The pre-operative data are deformed accorlidg to
a physical model of brain shift, mainly based on a cerebro-spinal uid(CSF)
interaction with the brain tissue, gravity and brain-skull interac tions. To best t
the intra-operative con guration, the input parameters of the brain shi ft model
are estimated intra-operatively with a measure of similarity with a series of pre-
computed deformed con gurations. The output of this inverse problem gves
parameters used to compute the intra-operative con guration, as detail@ as the
pre-operative data. With this information, the surgeon is able to update the
pre-operative planning data (target coordinates, trajectory angles et).

The following section describes the brain shift simulation and howwe use it to
solve the intra-operative registration based on a physical parameters émation.
Section[3 presents the results and the numerical validation on an anatoroal
atlas. Section[4 concludes and addresses future steps for the method



2 Materials & Methods

The overall pipeline of our method is detailed in the gure [2. This section
presents the model of brain shift used in the simulations and the pameters
estimation (the highlighted steps in the gure @ The other aspects ae not
treated in this paper as we focus on the numerical validation.

Pre-operative Intra-operative
MRI acquisition CT acquisition
. Z‘ Registration
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Fig. 2: Steps of our method (read from left to right, then from top to bottom):
the acquired pre-operative MRI enables to generate a simulation. A deof defor-
mation is pre-computed. During the surgery, the pneumocephaluss extracted
from the intra-operative CT, rigidly registered to the pre-operativ e data to be in
the same space and compared to the set of pre-computed deformation. Firgl
the displacement of the structures of interest is deduced. Amongttese steps, the
most time consuming processes are done before the surgery.

2.1 Presentation of the model

The brain shift simulation relies on a physics-based model of the kain tissue
deformation, the contact response with the skull and the falx cerebri and the
interaction with the CSF. It is based on the work of [2].

The brain deformation is computed using a non-linear geometric nite de-
ment method, with a linear constitutive law[5]. This allows for rot ation in the



model, while relying on a linear expression of the stress-strainefationship. The
viscous part of the brain behavior is omitted, because we focus on thetatic
equilibrium after the brain has shifted. The equation relating the external forces
f to the nodal displacementsu can be written asf = K (u)u, with K the sti -
ness matrix depending onu. Both hemispheres are meshed independently with
linear tetrahedrons.

When the brain deforms, the simulation algorithm solves the contacts wih
the skull and the falx cerebri, considered as rigid. Unilateral intepenetration
constraints are created when a collision is detected. The area near ¢hbrainsterm
is assigned xed Dirichlet boundary conditions to impose a null dispacement
constraint. The contacts are solved with Lagrangian multipliers. Figure[3 shows
the boundary conditions of the model.

The main cause of brain shift is a CSF loss[]9]. The resulting force of ¢
surrounding uid acting on the brain tissue acts against the weight, sothat the
brain is balanced. A CSF loss causes a uid forces decrease, breakirigetbalance
and leading to a brain shift. In order to cause a brain shift in our simuation, we
include a model of CSF forces:

YAVA

fcse = gh(P)dS
s

where is the density of CSF (1000kg=m?), g is the norm of the gravity and

h is the distance between a pointP on the mesh and the uid surface. The
forcefcsk is applied onto every immersed triangleS of the brain surface mesh.
Asymmetric brain shift is observed on post-operative images (see Fid.| 1)To

handle this property, two independent models of uid forces are pesent in the
simulation, each acting independently on each hemispheres. Withiis model, the
deformation depends also on the patient's head orientation compared to graty

direction, mechanical properties of the tissue and patient variabilty.

To recover the true rest con guration of the brain before applying gravity
and external forces on the nite element model, we solve an inverserpblem
using an iterative geometric algorithm [4]. The algorithm is used with a gatic
solver. The iterations are smoothed to handle the geometrical non-linarities of
the deformation model.

2.2 Non-rigid registration based on physical parameters estimation

Parameters to estimate As explained in section[2.1, the brain shift model
depends on the following parameters: patient's head orientation compad to
gravity direction, patient variability (geometry), mechanical prope rties of the
tissue and the amount of CSF lost during the procedure. The two rst param-
eters are known: we can measure the orientation of the patient's head anthe
geometry is acquired by the segmentation of patient images. The mecharat
parameters of the brain tissue have been estimated by several groupsiag dif-
ferent techniques, but there is no consensus and there is no @ict measurement
technique personalized for a patient. Although it would be interestng to add
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