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Abstract. Brain deformation is a factor of inaccuracy during stereo-
tactic neurosurgeries. If this phenomenon is not considered in the pre-
operative planning or intra-operatively, it could lead to surgical com-
plications, side effects or ineffectiveness. In this paper, we present a
patient-specific method to update the pre-operative planning based on a
physical simulation of the brain shift. A minimization process estimates
parameters of the simulation in order to compute the brain tissue defor-
mation matching the partial data taken from intra-operative modalities.
The simulation is based on a patient-specific biomechanical model of the
brain and the cerebro-spinal fluid. We validate the method on a patient
with a post-operative MRI.

1 Introduction

Targeting structures in sterotactic neurosurgery requires a high precision for the
location and definition of the target. For instance, in deep brain stimulation
(DBS), one of the main targets to stimulate is a 3 millimeters thick structure,
the subthalamic nucleus. However, a combination of deformation and motion of
the brain, known as brain shift, can occur during the procedure, depending on
the surgical technique and the patient’s brain anatomy and pathology. Because
of this phenomenon, the target or other structures can be displaced, compared to
the pre-operative location. Elias et al.[4] reported an anterior commissure 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 planned
strategy intra-operatively, several groups have studied the problem of brain shift
compensation using a deformable model, instead of using a fully intensity-based
method. Skrinjar et al. [7] presented a method to deform pre-operative data
according to a partial intra-operative brain surface, captured by a stereo camera,
while Chen et al. [2] and Audette et al.[I] used a laser range scanner. However the
equipment is not standard and requires a large working space without occlusion,



which is not the case in DBS procedures. The work of Wittek et al. [9] is very
similar to [7] but they used intra-operative MRI to guide the deformable model
and took extra care on the complex model of the brain tissue deformation.
However [7] and [9] do not model physically the brain shift phenomenon, because
they include artificial forces by adding virtual springs or constraints between
pre- and intra-operative control points. None of these methods accounts for the
effects of gravity, interaction of cerbro-spinal fluid (CSF) and brain tissue and
loss of CSF. On the contrary, Chen et al. [2] used a computational model which
accounts for CSF loss and gravity. They pre-operatively built a statistical atlas
of deformation to solve the inverse problem intra-operatively.

We propose a new method to take into account brain shift during a stereo-
tactic neurosurgical procedure. Because brain shift amount depends on many
causes, such as the operating protocol or the mechanical parameters of the brain
tissue, this variability leads us to deal with patient-specific data. It relies on
high resolution pre-operative MR, image and intra-operative image (CT scan) of
the patient’s brain, acquired once the brain has shifted, but the method could
be extended to other modalities such as intra-operative MRI. The pre-operative
data are deformed according to a physical model of brain shift, mainly based on
a (CSF) interaction with the brain tissue, gravity and brain-skull interactions.
The input parameters of the brain shift model are estimated intra-operatively
with a measure of similarity between a series of pre-computed deformed configu-
rations and the data from the intra-operative image. The deformed configuration
that best fits the intra-operative data enables to compute the displacement and
deformation of internal structures. With this information, the surgeon is able
to update the pre-operative planning data (target coordinates, trajectory angles
ete).

The following section describes the brain shift simulation and how we use it to
solve the intra-operative registration based on a physical parameters estimation.
Section [3] presents the results and the validation on a post-operative MR image
of one patient. Section [4] concludes and addresses future steps for the method.

2 Materials & Methods

2.1 Data

Patient data consisted of pre-operative Gadolinium enhanced T1-weighted MRI
acquired with a GER 1.5T scanner. Targeting of the basal ganglia follows a
pipeline that is similar to the inclusion protocol described in [3]. In summary, pre-
operative 1.5T T1-weighted MRI data from a DBS-eligible patient goes through
the following steps: first the AC-PC coordinates are interactively defined; then,
the scalp, gray/white matter, and sulci are segmented from the T1-weighted
MRI; finally, spatial normalization of the patient data in the atlas space is per-
formed.



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 line represents
the surface of the brain in contact with air.

2.2 Presentation of the model

The patient data are used in a brain shift simulation, relying on a physics-based
model of the brain tissue deformation, the contact response with the skull and the
falx cerebri, and the interaction with the CSF. All these simulation components
are linked together with a mechanism to propagate forces and displacements to
the other models. The deformation model imposes its displacements to the oth-
ers, and forces created with these models (contact for instance) are propagated
back to the deformation model. The different models used in our simulation for
the brain hemispheres are: deformation, collision, buoyancy, mass and visual.

The brain deformation is computed using a non-linear geometric finite el-
ement method, with a linear constitutive law. This allows for rotation in the
model, while relying on a linear expression of the stress-strain relationship. De-
tails of the computation method could be found in [5]. The viscous part of the
brain behavior is omitted, because we focus on the static equilibrium after the
brain has shifted. The equation relating the external forces f to node positions
x can be written as f(z + dz) = f(a) + K(x)dz, with K the stiffness matrix
depending on x. Both hemispheres are meshed independently with linear hex-
ahedral elements for the FEM model. The forces produced by the mass model
are computed on a volumic mesh made of linear tetrahedral elements, and prop-
agated to the deformation model.

When the brain deforms, the simulation algorithm solves the contacts with
the skull and the falx cerebri, considered as rigid. Unilateral interpenetration
constraints are created when a collision is detected. The area near the brainsterm
is assigned fixed Dirichlet boundary conditions to impose a null displacement
constraint. The constraints are solved with Lagrangian multipliers. Figure
shows the boundary conditions and the different models.

The main cause of brain shift is a CSF loss [§]. The resulting force of the
surrounding fluid acting on the brain tissue acts against the weight, so that the
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Fig.2: Schematic representation of the brain model and the set of constraints
describing its interactions with the environment. The hexahedral FEM model for
deformation is represented by the purple grid and the tetrahedral model for the
mass by the pink triangles. In this pre-operative configuration, the patient is in
the supine position (see the gravity vector direction g). The cerebro-spinal fluid
surrounds the brain tissue and acts on it with pressure forces. The resultant force
balances the weight (see the fogr compared to the weight force mg). The brain
is under a null displacement constraint near the brainstem area. The illustration
also shows the contacts between the brain and the skull.

brain is balanced. A CSF loss causes a fluid forces decrease, breaking the balance
and leading to a brain shift. In order to cause a brain shift in our simulation, we
include a model of CSF forces:

fCSF://Spgh(P)dS

where p is the density of CSF (1000 kg/m?), g is the norm of the gravity and
h is the distance between a point P on the mesh and the fluid surface. The
force fogr is applied onto every immersed triangle S of the brain surface mesh.
Asymmetric brain shift is observed on post-operative images (see Fig. . To
handle this property, two independent models of fluid forces are present in the
simulation, each acting independently on each hemispheres. With this model, the
deformation depends also on the patient’s head orientation compared to gravity
direction, mechanical properties of the tissue and patient variability.

To recover the true rest configuration of the brain before applying gravity
and external forces on the finite element model, we solve an inverse problem
using an iterative geometric algorithm [6]. The algorithm is used with a static
solver. The iterations are smoothed to handle the geometrical non-linearities of
the deformation model.

2.3 Non-rigid registration based on physical parameters estimation



Parameters to estimate As explained in section 2.2] the brain shift model
depends on the following parameters: patient’s head orientation compared to
gravity direction, patient variability (geometry), mechanical properties of the
tissue and the amount of CSF lost during the procedure. The two first param-
eters are known: we can measure the orientation of the patient’s head and the
geometry is acquired by the segmentation of patient images. The mechanical
parameters of the brain tissue have been estimated by several groups using dif-
ferent techniques, but there is no consensus and there is no direct measurement
technique personalized for a patient. Although it would be interesting to add
the mechanical properties to the parameters to estimate, the deformation is also
controlled by the CSF volume lost, meaning that these two parameters cannot
be dissociated: the displacement of a material particle, as a function of the ma-
terial properties and CSF volume lost, can have more than one fiber. We fix
the mechanical properties to estimate a unique parameter type, the CSF volume
lost. Moreover, the mechanical parameters are not the physical cause of the brain
shift phenomenon. Finally, only the CSF volume lost is estimated. As we model
both hemispheres independently, two quantities have to be estimated.

Error minimization In our algorithm, the only unknown input parameters
are two volumes of CSF lost during the surgery. To estimate these parameters,
we introduce a measure of similarity, to compare the final deformed geometry of
the brain, obtained at equilibrium after applying a CSF loss in a simulation, and
the visible surface of the brain, extracted from an intra-operative modality. The
similarity between these two objects is defined with a least-squares approach:

d(S,M) =) |los - p(ws, M)| (1)

xs€S

with 2g a point on the surface S of the intra-operative brain, p(xg, M) is the
projection of the point xg on the surface M of the simulated brain. To compute
the projection of a point P on a triangular mesh, we first find the closest point
of the surface. P is projected on every triangles around the closest point. We
consider only the projections that are inside the corresponding triangle and
take the one with minimal distance. If none of the projections are inside the
corresponding triangle, we perform this same step on the edges around the closest
point. If none of the projections are inside the corresponding edge, we consider
the projection is the closest point. The measure is normalized by dividing by the
number of points in S, and represents the average distance between both surfaces.
The figure [3| shows a representation of such a projection in image space.

Our model is consistent with the correlation between the CSF loss and the
amount of deformation, studied by [4]. The displacement norm of a point in the
brain is an increasing function of the CSF volume lost. This property guarantees
the convexity of the error as a function of the two CSF volume losses: a local
minimum is a global minimum.

Even an efficient optimization method for our problem would require at least
several tens of iterations to converge to an estimation of the parameters. Each



Fig. 3: Measure of similarity to be minimized: the triangular surface extracted
intra-operatively, represented by a pink contour in this pre-operative axial MRI,
is projected on the simulated brain surface (yellow contour). In this example,
some points and their projection are depicted with an arrow. The measure is the
average distance of projection.

iteration requires to compute a direct simulation, which takes time (more than 5
minutes) and therefore is not compatible with an application during a neurosur-
gical procedure. To speed up the intra-operative computation, we pre-compute
before the surgery a set of brain configurations, deformed by a simulated brain
shift for a regular sampling of the parameters domain. Then, during the proce-
dure, a mesh is extracted from an intra-operative image with a snake evolution
based semi-automatic segmentation of the pneumocephalus, and compared to all
the pre-computed deformed configurations. The configuration with the smallest
error corresponds to the registered brain.

Finally, the displacement field enables to compute rapidly the displacement
and deformation of other structures such as the ventricles, the target or the
blood vessels. A summary of the whole process is available in the figure [

3 Results

In this section, we compare the result of our registration method to the pre-
operative configuration, through a comparison of the blood vessels network.
However, the quality of an intra-operative image does not allow to extract a
ground truth. To get around this issue, we consider using a post-operative im-
age instead. In the days following the procedure, intracranial air is replaced by
the CSF produced and brain tissue shift back to its original configuration. We
can consider the displacement has not yet started just after the operation. For
this reason, for the validation of our method, we chose to use a post-operative
MR image of the patient, where we can segment the structures of interest and
compare them with the registered structures. We assume the intra-operative
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Fig. 4: 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 set of deforma-
tion is pre-computed. During the surgery, the pneumocephalus is extracted from
the intra-operative CT, registered to the pre-operative data and compared to
the set of pre-computed deformation. Finally, the displacement of the structures
of interest is deduced. Among these steps, the most time consuming processes
are done before the surgery.

configuration to register and the post-operative configuration of the brain are
equivalent. With this assumption, in this section, the intra-operative data of our
method are taken from the post-operative image: we only extract air from the
image, in the same way as in the intra-operative image. Our method, presented
to be applied on CT scans, does not differ with an MRI because air appears as
a volume with no intensity in both imaging modalities CT and MRI. In both
cases, the pneumocephalus is segmented semi-automatically with an active con-
tour model. Other details from the post-operative image, and not visible in the
intra-operative image, are not taken into account in the registration process.
However, some structures of interest are segmented in the post-operative image
for a comparison purpose (not used during the registration process): the post-
operative data follow the same preprocessing pipeline that the preoperative one
and is registered on the pre-operative space by a rigid method (FLIRT 6 DoF).

The pre-operative segmented patient brain is used to generate several mod-
els for the simulation: the mechanical model is made of 7538 linear hexahedral



elements, the model used for mass with 14671 linear tetrahedral elements, the
collision model with 2940 triangles, and the model for buoyancy with 2772 tri-
angles. In this study, the Young’s modulus F is set to 6 kPa and Poisson’s ratio
to 0.45.

To estimate the CSF volumes parameters, a set of 169 brain configurations is
pre-computed, with parameters varying from 0 cm? to 24 cm?®. A higher number
of configurations would result in more precision, but given the computation time,
169 configurations (on a laptop i7-4800MQ CPU) is a maximum for a global
time compatible with a clinical use. We believe we can increase this number by
optimizing our method. The different configurations are then compared to the
intra-operative data, i.e. the brain surface in contact with intracranial air. A
score of similarity is computed for each configuration according to the measure
described in section [2.3] The minimum score corresponds to the parameters to
estimate. The corresponding configuration is a registration of the whole brain.
The comparison process on the complete set is almost instantaneous and does
not requires any optimization.

The patient used for the validation of the method presents an asymmetric
brain shift (See Fig. . We notice the right hemisphere has shifted more than
the left. This phenomenon is found in the estimated parameters: we estimated
that the right hemisphere needed a CSF loss of 18 cm?® to deform and match the
intra-operative data, whereas the left hemisphere needed 12 cm?. The average
distance computed with these parameters is 2.5 mm for the right hemisphere
and 1.8 mm for the left. The following results are based on these estimated
parameters.

The displacement field and the shape functions of the FEM model is used
to compute the displacement and deformation of internal brain structures. Most
of the blood vessels are located in the sulci and if a blood vessel shifts on the
trajectory of a stimulating electrode during a DBS procedure, it could lead to
an hemorrhage. For this reason, we focus the tests of our method on the sulci.

To compare the different configurations, we use the following measure:

1 1
X.Y) = — N7 inf N7 inf
d(X,Y) = max |X|;{;gyd(ﬂc,y)7|Y|§mlgxd(w,y)

for two meshes X and Y and d the euclidean distance between two vertices.
A smaller distance indicates more similarity. The distance between sulci in pre-
operative configuration and post-operative configuration is 2.7 mm. The distance
between sulci in the registered configuration and post-operative configuration is
1.3 mm. We conclude our registration method gives a better estimation of the
sulci location than using the pre-operative data.

4 Conclusion

In this paper, we presented a method to register the pre-operative configuration
of the brain onto the intra-operative state. The registration is entirely based



on physics and handle patient-specific geometry, patient’s head orientation and
asymmetry in the deformation. The algorithm provides also the physical dis-
placement and deformation of other structures such as the blood vessels or
the target. We showed on one patient with an asymmetric brain shift that our
method is more efficient that simply assuming the pre-operative location : we
compared the registered sulci with their post-operative location.

The method is independent from the constitutive law of the brain, and could
be improved using a more accurate law. We believe the method precision will
strongly depend on the accuracy of the geometries and the models. The next
step of this work is to strengthen the validation on a larger series of patients and
perform tests on the basal ganglia.
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