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Abstract. We present a new algorithm for the non-rigid registration of 3D Mag-
netic Resonance (MR) intraoperative image sequences showing brain shift. The
algorithm tracks key surfaces (cortical surface and the lateral ventricles) in the
image sequence using an active surface algorithm. The volumetric deformation
field of the objects the surfaces are embedded in is then inferred from the dis-
placements at the boundary surfaces using a biomechanical finite element model
of these objects. The biomechanical model allows us to analyse characteristics
of the deformed tissues, such as stress measures. Initial experiments on an intra-
operative sequence of brain shift show a good correlation of the internal brain
structures after deformation using our algorithm, and a good capability of mea-
suring surface as well as subsurface shift. We measured distances between land-
marks in the deformed initial image and the corresponding landmarks in the target
scan. The surface shift was recovered from up to lcm down to less than Imm, and
subsurface shift from up to 6mm down to 3mm or less.

1 Introduction

The increased use of image guided surgery systems for neurosurgery has brought to
prominence the problem of brain shift, the deformation the brain undergoes after cran-
iotomy, as well as deformations due to tumor resection. These deformations can signif-
icantly diminish the accuracy of neuronavigation systems, and it is therefore of great
importance to be able to quantify and analyse these phenomena. The subject has re-
cently lead to considerable interest in the medical image analysis community [1, 2, 3,
4,5,6,7,8,9].

Most of the work that has been done in the field of intraoperative volumetric image
alignment is mainly based on image related criteria [10, 8, 4] . Physical deformation
models have also been proposed to constrain a deformation field computed from image
data using elastic [11, 12] or even viscous fluid deformation models [13, 14]. However,
these models do not account for the actual material characteristics of the brain, because
the matching is done minimizing an energy measure that consists of a weighted sum
of an image similarity term and a relaxation term representing the potential energy of
a physical body (e.g. elastic). Therefore, the actual physics of the phenomenon cannot
not be properly captured by these models.

There has also been a significant amount of work directed towards simulation us-
ing models driven by physics-based forces such as gravity. Skrinjar et al. [15, 7] have
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proposed a model consisting of mass nodes interconnected by Kelvin models to simu-
late the behavior of brain tissue under gravity, with boundary conditions to model the
interaction of the brain with the skull. Miga et al. [3, 5, 6] proposed a Finite Element
(FE) model based on consolidation theory where the brain is modeled as an elastic body
with an intersticial fluid. They also use gravity induced forces, as well as experimentally
determined boundary conditions.

Even though these models are very promising, it remains difficult to accurately es-
timate all the forces and boundary conditions that interact with the model.

It is only recently that biomechanical models have been explicitly proposed to con-
strain the deformation of images [16, 9]. Currently, the drawback of such methods is
that they either require user intervention, or another means to compute the forces (or
correspondances) applied to the model. Another drawback is that these later methods
have only been applied to 2D images thereby limiting the clinical utility and the possi-
bility to efficiently assess the accuracy of the method.

Our ultimate goal is to be able to do prediction of deformation during surgery with
the goal of improving intraoperative navigation and tumor resection, and of reducing
the amount of intraoperative imaging that is necessary. To be able to do this, one first
needs to validate the non-rigid deformation model. Intraoperative MRI provides excel-
lent contrast and spatial resolution, which makes it an ideal testbed for developing and
validating nonrigid deformation methods.

We propose a new integrated approach that uses surface-based correspondences to
drive a biomechanical model of the brain instead of using estimates of forces that are
often difficult to accurately determine. The correspondances are computed using one or
multiple active surfaces that are deformed onto the target image. The correspondances
between landmark surfaces in the preoperative and intraoperative scans provide an im-
plicit way to compute the forces the model has undergone.

2 Theory

So far, we have limited our model to linear elasticity, as it has been shown that soft
tissue deformation can be modeled quite accurately using linear elasticity in the case of
small strains [17, 18]. However, our algorithm can easily be used with other constitutive
materials such as viscous fluids, etc. The following sections will successively review the
theory of finite element modeling and address the FE meshing issue, explain how we
have used these principles to solve active surface problems, as well as the way we use
it for computing a biomechanical volumetric deformation field.

2.1 Finite Element Model

Assuming a linear elastic continuum with no initial stresses or strains, the potential
energy of an elastic body submitted to externally applied forces can be expressed as
[19] "

1
FE = /aTedQ+/FudQ (1)
2 2 (9]

! Superscript T designs the transpose of a vector or a matrix
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where u = u(z, y, z) is the displacement vector, F = F(z, y, z) the vector representing
the forces applied to the elastic body (forces per unit volume, surface forces, or forces
concentrated at the nodes), and {2 the body on which one is working. € is the strain
vector, defined as

Ju Ju Ou 8u+8u 8u+8u 8u+8u r L
€= I ) ) ) ) = u

dxr’ Oy 0z O0x Jy dy 0z Oxr 0z
and o the stress vector, linked to the strain vector by the constitutive equations of the

material. In the case of linear elasticity, with no initial stresses or strains, this relation is
described as

2

T
o= <J$70y7gzyTa:y7Tyz7Ta;z) = De (3)

where D is the elasticity matrix characterizing the properties of the material [19].

This equation is valid whether one is working with a surface or a volume. We model
our active surfaces, which represent the boundaries of the objects in the image, as elas-
tic membranes, and the surrounding and inner volumes as 3D volumetric elastic bodies.

Within a finite element discretization framework, an elastic body is approximated
as an assemblage of discrete finite elements interconnected at nodal points on the ele-
ment boundaries. This means that the volumes to be modeled need to be meshed, i.e.,
divided into elements. In [9], Hagemann et al. propose to use the pixels of the image as
basic elements of his FE mesh. This approach does not take advantage of the intrinsic
formulation of FE modeling, which assumes that the mechanical properties are constant
over the element, suggesting that one can use elements covering several image pixels.
Also, when performing computations in 3D, which is eventually what is needed for
medical applications, the amount of degrees of freedom will be far too large (for a typ-
ical 256x256x60 intraoperative MRI, this means about 12 million degrees of freedom
!) to perform efficient computations in a reasonable time, even on high performance
computing equipment.

Most available meshing software packages do not allow meshing of multiple ob-
jects [20, 21], and are usually designed for regular and convex objects, which is often
not the case for anatomical structures. Therefore, we have implemented a tetrahedral
mesh generator specifically suited for labeled 3D medical images. The mesher can be
seen as the volumetric counterpart of a marching tetrahedra surface generation algo-
rithm. A detailed description of the algorithm can be found in [22]. The resulting mesh
structure is built such that for images containing multiple objects, a fully connected and
consistent tetrahedral mesh is obtained with for every cell, a given label correspond-
ing to the object the cell belongs to. Therefore, different biomechanical properties and
parameters can easily be assigned to the different cells or objects composing the mesh.
Boundary surfaces of objects represented in the mesh can be extracted from the mesh as
triangulated surfaces, which is very convenient for running an active surface algorithm.

The continuous displacement field u within each element is a function of the dis-
placement at the nodal points of the element u¢’ weighted by its shape functions Nf! =
N (z,y,2) .

Nnodes
u= ) Nu “

i=1
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The elements we use are tetrahedra (N, 04cs = 4) for the volumes and triangles
for the membranes (N, o4es = 3), with linear interpolation of the displacement field.
Hence, the shape function of node i of element el is defined as: N = K(af + bz +
'y + df'z), where K = 1., for a tetrahedron, and K = .., for a triangle. The
computation of Vel Sel (volume, surface of el) and other constants is detailed in [19].

For every node i of each element el, we define the matrix B¢! = L; N, The func-
tion to be minimized at every node 7 of each element el can thus be expressed as :

nodec
uf!) / ngBngDB;lu;l +FN{ug do 5)
We seek the minimum of this function by solving for dggﬁ; D= 0. Equation (5) then

becomes :

Nrodes Nrodes
/ Z B¢ DB d2 = — / Z FN{' df2 ©)

This last expression can be written as a matrix system for each finite element:
Keluel _ 7Fel (7)

Matrices K and vector F are defined as follows: K¢, = [, BflTDle A, kg =
( f o FNfl d{2; where every element ¢, j refers to pairs of nodes of the element el (¢ and j
range from 1 to 4 for a tetrahedron — 1 to 3 for a triangle). Kel and are 3 by 3 matrices,
F;l isa3 by 1 vector. The 12 by 12 (9 by 9 for a triangle) matrlx K¢, and the vector F¢!
are computed for each element and are then assembled in a global system Ku = —F,
the solution of which will provide us with the deformation field corresponding to the
global minimum of the total energy.

We now have constitutive equations that model surfaces as elastic membranes and
volumes as elastic bodies.

2.2 Active Surface Algorithm
The active surface algorithm deforms the boundary surface of an object in one image
of the sequence towards the boundary of the same object in the next image of the se-
quence. The surface is modeled as an elastic membrane, which we deform iteratively
onto the target scan by applying image-derived forces. As proposed in [23], the tempo-
ral variation of the surface can be discretized using finite differences, provided the time
step 7 is small enough. Using the previously obtained relation for elastic bodies (see eq.
7), this yields the following semi-implicit iterative equation *:
t t—1
u —u + Kut _ _Fut—l (8)

-
Classically, the image force F' is computed as a decreasing function of the gradient
so as to be minimized at the edges of the image. To increase the robustness and the
convergence rate of the process, we have computed the forces as a steepest gradient
descent on a euclidean distance map we efficiently compute from the target object [24].
More details about our active surface algorithm can be found in [25].

2 Superscript t refers to the current temporal iteration.
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2.3 Inferring Volumetric Deformations from Surface Deformations

The deformation field obtained for the boundary surfaces is then used in conjunction
with the volumetric model to infer the deformation field inside and outside the boundary
surfaces. The idea is to apply forces to the boundary surfaces that will produce the same
displacement field at the boundary surfaces that was obtained with the active surface
algorithm. The volumetric biomechanical model will then compute the deformation of
the surrounding nodes in the mesh.

Let u be the vector representing the displacement to be imposed at the boundary
nodes. Hence, the forces (see eq. 7) needed to impose these displacements to the volume
can be expressed as :

F =Ku C))

The solution of the equilibrium equations with these forces will provide us with
the displacement at all the nodes in the volumetric mesh with the imposed displace-
ments at the nodes of the boundary surfaces delimiting the objects represented in the
mesh. Biomechanical parameters such as the stress tensors can then be derived from the
displacements at the nodes using the stress-strain relationship (eq. 3) for every node i:

oi= Y De= Y DLNw (10)

ellicel ellicel

3 Experiments

3.1 FE Model Generation

To build our brain model, we segmented the brain out of the initial intraoperative MRI
using our directional watershed algorithm [26]. The volume was further simplified using
mathematical morphology to obtain a smooth surface. Figure 1 shows cuts through a
sample tetrahedral mesh of the brain overlayed on the corresponding initial image. Note
that the mesh has been adaptively refined in the neighborhood of the lateral ventricles,
so as to ensure sufficient resolution of the surfaces for the active surface algorithm.

Fig. 1. Axial (a), sagittal (b), and coronal (c) cuts through tetrahedral mesh of the brain overlayed
on corresponding cuts through preoperative image.

An isotropic linear elastic material is characterized by two parameters: Young’s
elasticity modulus £ and Poisson’s ratio v [19]. They determine the elastic behavior of
the object. The choice of these values is of course critical to the reliability of a physics
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based deformation model. Their determination has not been addressed very consistently
in the literature as the coefficients used often differ significantly from study to study and
do not always include the physical units of the values. Recently, Hagemann et. al.[9]
published a comparative study of brain elasticity coefficients proposed by different au-
thors, and came to the conclusion that for their application, the only comparable and
meaningful values presented by other authors are the ratios of the coefficients for brain
and skull. Since we are only interested in modeling the brain, and not the skull, we have
chosen to use the parameters Miga et al. [6] obtained with in-vivo experiments instead
(E =3kPa,v =0.4).

We have implemented our own FE algorithm, both for the active surface matching
and for the volumetric biomechanical deformation. The assembly and solving of the
linear matrix systems have been parallelized using the PETSc library [27]. The entire
deformation algorithm, using a mesh with approximately one hundred thousand tetra-
hedra, only takes about 30 minutes on a Sun Ultra 10 440MHz workstation. Using 4
CPUs, the computation time can be reduced to 10 minutes. The average size of the
edges of the larger tetrahedra was approximately 15 mm, while the smallest tetrahe-
dra (in the neighborhood of the ventricles) had edges of 1.5 mm. However, it must be
noted that the meshing algorithm yields even smaller tetrahedra in the neighborhood of
boundary edges. Before we applied our algorithm, the images have been aligned using
our rigid registration algorithm based upon maximization of mutual information [28]
so as to account for patient movement within the magnet during the operation.

3.2 Active Surface Matching

The active surfaces are extracted from the intraoperative scan at the start of surgery,
before opening the dura mater (see Figure 2a), and deformed towards the brain in a later
intraoperative image (see Figure 2b). One can very clearly observe that the deformation
of the cortical surface is happening in the direction of gravity and is mainly located
where the dura was removed. Also, one can observe a shift, as well as a contraction of
the lateral ventricles. Figure 4 shows the 3D surface deformation field the brain and the
ventricles have undergone. One can very well observe that the shift is mainly affecting
the left part of the ventricles, while the displacement of the lower parts is mostly due to
volume loss.

a)

Fig. 2. Axial cut through initial (a and b) and deformed (c) active surfaces overlayed on corre-
sponding slice of (a)initial; b,c)target) intraoperative MR image
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3.3 Volumetric FE Deformation

The deformation field obtained with the active surface algorithm is then used as input
for our biomechanical FE model. The algorithm yields a deformation vector for every
node of the mesh. These displacements can then be interpolated back onto the image
grid using the shape functions within every element of the FE mesh (see eq. 4). Figure
3 shows a slice of the deformed image as well as the image of the difference with the
target. One can observe that the algorithm captured the surface shift and the ventricular
thinning very accurately. The gray-level mean square difference between the target scan
and the deformed original scan on the image regions covered by the mesh went down
from 15 to 3. However, one can also notice that the left ventricle (lower one on the
Figure) was not able to fully capture the thinning. This is due to the approximate model
of the lateral ventricles we used in this experiment.

Fig. 3. Slice 29 of a) initial scan b) target scan c)initial scan deformed using our algorithm
d)difference between target scan and deformed initial scan.

Figure 6 shows orthogonal cuts through the target intraoperative scan with transpar-
ently overlayed color-coding of the intensity of the deformation field. The arrows show
the actual displacement of the nodes of the mesh. The extremely dense vector field in
the neighborhood of the lateral ventricles is due to the adaptive refinement of the mesh
at these locations.

Figure 5a shows the obtained deformation field overlayed on a slice of the initial
scan, and Figure 5b shows the same slice of the initial scan deformed with the ob-
tained deformation field. Several landmarks have also been placed on the initial scan
(green crosses) and deformed onto the target scan (red crosses), and these last landmarks
have also been overlayed on the target scan for comparison with the actual deformed
anatomy.

Similar landmarks as those shown on Figure 5 have been placed on 4 different slices
where the shift was most visible, and the distance between deformed landmarks and tar-
get landmarks (not represented here for better visibility) have been measured. The sur-
face based landmarks on the deformed scan were within Imm of the landmarks on the
target intraoperative scan. The errors between the landmarks placed in between the mid-
sagittal plane and the cortical surface were within 2-3mm from the actual landmarks.
The largest errors were observed at the level of the mid-sagittal plane and ventricles,
which can be explained by the fact that the surface matching of the ventricles was not
perfect. Nevertheless, the algorithm reduced the distance between landmarks in the ini-
tial and the target scans from up to almost lcm to less than 1mm for the surface-based
landmarks, and from up to 6mm to 3mm or less for the sub-surface landmarks.
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4 Discussion and Conclusion

We have presented a biomechanical FE deformable model for the registration of image
sequences showing brain shift. The biomechanical model is driven by imposing dis-
placements to key boundary surfaces. The displacements at the boundary surfaces are
computed using an active surface algorithm.

The algorithm provides us with a physically realistic deformation field and also
allows us to inspect the characteristics of the deformed objects. This can be very useful
for the inspection of stresses induced by the deformation of certain objects on their
surroundings.

Our algorithm was able to track the surface shift the brain undergoes very accu-
rately and partially correct for the subsurface shift. In the experiment we presented, the
brain was considered to be an homogeneous elastic body. Further improvements of the
algorithm include the modeling of different intracranial structures, and the assignment
of the corresponding material properties. Also, we plan to investigate if changing the
elasticity coefficients and introducing anisotropy (by modifying the elasticity matrix D
appropriately) can improve the non-rigid registration.
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Fig. 4. 3D surface renderings of active surfaces(a) brain surface, b)lateral ventricles) with color-
coded intensity of deformation field

Fig. 5. a)Volumetric deformation field and initial landmarks (green) overlayed on initial intra-
operative image slice, b) Same slice of deformed initial image with deformed initial landmarks
(red), c) Same slice of target image with deformed landmarks

a). b)

Fig. 6. 3D Volumetric Deformation field (downsampled 12x, scaled 2x) with orthogonal cuts
through target intraoperative MR image and transparently overlayed color coded intensity of the
deformation field a)Axial view, gravity is downwards. b)Coronal view, gravity goes from left to

right




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice




