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Abstract. In this paper, initial clinical data from an intraoperative MR
system are compared to calculations made by a three-dimensional finite
element model of brain deformation. The preoperative and intraoperative
MR data was collected on a patient undergoing a resection of an astro-
cytoma, grade 3 with non-enhancing and enhancing regions. The image
volumes were co-registered and cortical displacements as well as sub-
surface structure movements were measured retrospectively. These data
were then compared to model predictions undergoing intraoperative con-
ditions of gravity and simulated tumor decompression. Computed results
demonstrate that gravity and decompression effects account for approx-
imately 40% and 30%, respectively, totaling a 70% recovery of shifting
structures with the model. The results also suggest that a non-uniform
decompressive stress distribution may be present during tumor resection.
Based on this preliminary experience, model predictions constrained by
intraoperative surface data appear to be a promising avenue for correct-
ing brain shift during surgery. However, additional clinical cases where
volumetric intraoperative MR data is available are needed to improve
the understanding of tissue mechanics during resection.

Keywords: finite element modeling and simulation, image guided therapy,
intraoperative image registration techniques

1 Introduction

Over the past 10 years, there has been a signficant effort to understand the na-
ture and extent of brain deformations during neurosurgery. The results of these
investigations have suggested that intraoperative tissue movement may compro-
mise the fidelity of preoperative-based image guidance if left unchecked [1], [2].
Recently, there has been a concerted effort by many investigators to augment
existing neuronavigation systems to account for intraoperative brain deforma-
tion. Several medical centers have adopted the strategy of using intraoperative
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magnetic resonance (MR) imaging [3], [4]. Recent reports by Knauth et al. have
systematically demonstrated in a thirty-eight patient study that intraoperatively
updated image guidance significantly increased the amount of complete tumor
removal from 37% to nearly 76% [5]. They have also illustrated potential prob-
lems with intraoperative MR imaging related to surgically-induced contrast en-
hancement which can be confused with contrast-enhancing residual tumor [6].
Others continue to question the use of intraoperative MR citing the fate of past
experiences with intraoperative computed tomography in the 1980’s. Moreover,
intraoperative computed tomography did not face the OR-compatibility chal-
lenges of MR, yet it has not become a standard component of today’s surgical
“armamentarium” [7]. In addition, there is significant concern that the tumor-
defining boundary shown in MR is not representative of the complete tumor
infiltration [7]. Appropriately, investigators are still determining the efficacy of
intraoperative MR in order to identify its most important uses [8], [9].

Nonetheless, the need for intraoperative updating seems clear although the
paradigm to provide such intraoperative data is somewhat more elusive. As an
alternative to full volume imaging in the OR, we are developing a strategy that
uses sparse intraoperative data (i.e. cortical shift tracking, coregistered intraop-
erative ultrasound) to drive a computational model that serves as the source for
intraoperative image updates [10]. In vivo studies in controlled animal experi-
ments have demonstrated the quantitative feasibility of this approach [11]. Pre-
liminary experiments with humans experiencing intraoperative gravity-induced
deformation suggest the model accuracy is comparable to that obtained in ani-
mal studies [12]. The advantages of such a strategy are its low cost and minimal
impact into an already overcrowded OR environment. Additional impetus for
exploiting computational models in the operating room (OR) is provided by
the abundance of preoperative data that cannot be updated practically during
surgery (i.e. positron emission tomography, electroencephalography, functional
MR imaging, and MR spectroscopy). Computational models would be a natural
choice to register this data with the updated image database.

A critical step in establishing the utility of computational models for image
updating in the OR is to assess model predictions in light of full volume intra-
operative image data when available. In this paper, preliminary results are pre-
sented from a clinical case having coregistered MR images pre- and immediately-
post tumor resection. Results demonstrate the potential predictive capability of
models and provide valuable insight regarding the tumor-induced deformation
arising from excision.

2 Methods

2.1 Experimental Methods

The patient’s history reflected an astrocytoma grade 3 with non-enhancing and
enhancing regions in the left pre-central region of the brain. For surgical plan-
ning and intraoperative neuronavigation, a preoperative MRI-data set was ac-
quired (T1-FLASH 3D-seq., TR=34.0ms, TE=12.0ms, No.Acq.=1, TA=13:59,
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Fig. 1. Subsurface (left) and surface (right) point distribution for deformation
tracking. Subsurface points (1,2,3,4) are located more superior at higher eleva-
tions relative to the direction of gravity (designated with white arrow in left
image), (5,8,9) are located in-plane with tumor and (6,7) are inferior to tumor.

FOV=260, matrix=256*256, No.Sl.=128, Sl.Thk. 1.4 mm) using an open low-
field MRI-scanner (Magnetom OPEN 0.2T, Siemens, Erlangen, Germany). The
patient was brought to the OR and the patient’s head was fixed in a dedi-
cated head-holder coil for intraoperative MRI with head rotated to the right
approximately 55 degrees. For neuronavigation the MKM-microscope (Zeiss,
Oberkochen, Germany) was used, and the accuracy of patient registration with
the preoperative MRI-data set was 1.7 mm. The tumor was resected to the
planned extent using the preoperative information. Of note, the margins of the
pathologic structure were not clearly recognizable to the surgeon during resec-
tion. After total resection according to neuronavigation, the patient was trans-
ferred to the intraoperative MRI scanner adjacent to the OR using a dedicated
patient transport system [13]. Intraoperative imaging in the Magnetom OPEN
was performed using T1- and T2- weighted SE-sequences for diagnostic pur-
poses and a T1-FLASH 3D-sequence (see above) for an intraoperative neuron-
avigational update [14],[4]. Intraoperatively, no residual enhancing regions of the
tumor were found in the post-contrast media T1 images. Qualitative comparison
of pre- and intraoperative images also indicated a complete tumor resection, but
absolute quantitative estimations were not possible due to a regular brain-shift
of approximately 1 cm around the resection cavity. The patient was transferred
back to the OR, and the surgical access was closed using standard neurosurgical
techniques.

Using this series of scans, we were able to identify 9 subsurface points and
9 cortical surface locations which could be tracked in both preoperative and
intraoperative MR scans. Figure 1 illustrates the distribution of subsurface (left)
and surface (right) points. We note that the subsurface distribution shown in
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# Descr. dx dy dz D # Descr. dx dy dz D

1 Ant. Cortex -4.0 -6.0 -1.3 7.3 10 Ant. Sulcus -5.0 -7.0 0.0 8.6

2 Ant. Midln Cortex -1.0 -1.0 -2.6 3.0 11 Ant. Sulcus -5.0 -8.0 0.0 9.4

3 Ant. L. Lat. Horn -1.0 -2.0 -1.3 2.6 12 Ant. Sulcus -3.0 -6.0 1.3 6.8

4 Ant. R. Lat. Horn -2.0 -1.0 -1.3 2.6 13 Ant. Sulcus -5.0 -10.0 -2.6 11.5

5 3rd Vent. -1.0 0.0 0.0 1.0 14 Ant. Sulcus -4.0 -6.0 0.0 7.2

6 Post. Insular 1.0 2.0 2.6 3.4 15 Post. Sulcus 2.0 3.0 2.6 4.4

7 Post. Insular -2.0 1.0 2.6 3.4 16 Post. Sulcus 0.0 2.0 2.6 3.3

8 Post. R. Lat. Horn -1.0 1.0 0.0 1.4 17 Post. Sulcus 1.0 1.0 -1.3 1.9

9 Post. L. Lat. Horn 0.0 -1.0 -1.3 1.6 18 Post. Sulcus 0.0 1.0 0.0 1.0

Table 1. Measured brain feature displacement in millimeters in cartesian co-
ordinates. D is the total displacement magnitude.

Figure 1 is not coplanar but in fact the points are distributed superior, in-plane,
and inferior to the tumor location. Table 1 quantifies the deformations of these
points as tracked between preoperative and intraoperative MR.

2.2 Computational Methods

We have chosen consolidation physics to represent deformation characteristics
of the brain [15]. The governing equation describing mechanical equilibrium is,

∇ · G∇u +
G

1 − 2ν
∇ε − α∇p + (ρt − ρf )g = 0. (1)

The description is completed by a mass conservation equation relating volumetric
strain to fluid drainage shown here,

∇ · k∇p − α
∂ε

∂t
− 1

S

∂p

∂t
= 0, (2)

The mathematical framework of coupled equations (1) and (2) has been previ-
ously reported in detail [16], [17]. In previous work, material property studies
have been reported [18], [19]. In the model’s current form, the brain is treated as
a homogeneous structure with respect to stiffness properties and heterogeneous
with respect to its hydraulic behavior (i.e. Gw = Gg = 725 Pa, νw = νg = 0.45,
αw = αg = 1.0, 1

S w
= 1

S g
= 0.0, kw = 1.0 × 10−10 m3s

kg , kg = 5.0 × 10−12 m3s
kg ,

and ρw = ρg = 1020 kg
m3 where w and g refer to white matter and gray matter,

respectively).
Figure 2a-c illustrate the assumptions regarding boundary conditions and

surgical forces. Figure 2a shows the computational geometry which consisted
of 21,452 nodes and 113,044 elements. The exterior brain boundary conditions
(Figure 2b) are of two types: stress-free (above dashed line) and slippage (be-
low dashed line). Figure 2b also shows the approximate intraoperative brain
rotation with gravitational forces represented by a change in surrounding fluid
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b c

Fig. 2. Shown is the (a) computational geometry with boundary conditions for
(b) brain exterior and (c) zoomed view of tumor cavity region designated in (a).
In (b), head tilt with respect to gravity shown with solid and dashed line rep-
resenting air/CSF and free/sliding surfaces respectively. In (c), the subcortical
base of the cavity (central area in light grey) has a prescribed normal stress with
the walls (dark grey vertical wall perimeter of region) given a larger radially
in-plane driving stress distribution.
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density for elements above the air/cerebrospinal fluid (CSF) line (solid line).
In Figure 2c, we have designated a new boundary condition to simulate the
decompression of tissue following the removal of a tumor. Based on the preoper-
ative/intraoperative data, we have approximated the removed tumor mass and
deleted this tissue from our model. To simulate decompression, we have applied
a non-uniform stress distribution to account for the relaxation of compressive
forces previously induced by tumor growth. At the subcortical base of the cav-
ity, the decompressive stress is directed normally and is approximately 5 mmHg.
Along the perimeter walls of the cavity, stress has been directed radially inward
towards the center of the cavity in a plane approximately tangent to the brain
suface. The stress distribution values ranged from 5 to 17.5 mmHg. The impetus
for this non-uniform stress profile is from extensive numerical parameter studies
aimed at reproducing the tissue motion observed in the pre/post resection MR
scans. We found that a nonuniform distribution characterized by the above de-
scription was necessary to explain deformation trajectories seen in measurement
data.

3 Results

Fig. 3. Co-registered preoperative, intraoperative, and model-based intraoper-
ative update.

Figure 3 is an example of a preoperative image (left), an intraoperative MR
update (middle), and a model-based intraoperative update (right). Figure 3 also
demonstrates the robustness of the registration algorithm used intraoperatively.
Figure 4a.1-a.4 illustrates a point-by-point comparison of anatomic trajectories
in Table 1 when subjected to only gravity. Referring to the coordinate system
labeled in Figure 1 (right), the largest gravitational component is in the x dis-
placement direction which is also the most satisfying comparison in Figure 4a.1.
The most substantial errors occur in surface points along the y displacement
direction which corresponds to anterior/posterior movement. In Figure 4b.1-
b.4 we have included tumor decompression forces which results in a substantial
improvement along the y displacement direction. We see better agreement of
surface points both anterior and posterior to the decompressed region.
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Fig. 4. Tissue trajectory displacements (from Table 1) compared to model cal-
cuations with (a) gravitational forces alone and (b) gravitational forces plus de-
compression (i.e. indices 1,2,3,4 represent Dx, Dy, Dz, and Total displacements
respectively). A good correspondence is achieved when the distance between
measured displacement (X) and predicted displacement (O) is small (i.e. line
connecting (X) and (O) at each point is small).
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4 Discussion

Valuable insight can be gained by observing the measurements reported in Table
1. We see that brain shift is largely limited to the hemisphere of resection in this
particular case. Deep seated points such as the third ventricle and the posterior
lateral horns move little while the largest subsurface deformation occurs at the
highest elevation, point (1). Interestingly we also observe significantly less move-
ment at point (2) which is in close proximity to the falx. A dramatic increase in
motion with the largest occurring closest to the resection area is recorded at the
surface points (10-18). Here locations both anterior and posterior to the resec-
tion move inward toward that region. This is an important observation because
given the patient’s orientation (Figure 2b) during surgery, the posterior points
are moving against the direction of gravity.

In Figure 3, the model-based update is observed to be qualitatively similar
to the intraoperative update with the brain surface deforming in the direction of
gravity. A different shape and size of the decompressed cavity appears which we
attribute to errors in estimating the resection cavity. To estimate the resected
tissue volume, the intraoperative cavity was segmented, dilated and positioned
centrally over the preoperative MR tumor in AnalyzeAVW - Version 2.5
but ultimately this is an unknown in the current calculation. The trajectories
in Figure 4a.1-a.4 show the influence of gravity which is most notably in the x
direction. The proportion of gravity-induced motion in the y direction (Figure
4a.2) is less than in the x direction which makes intuitive sense since the pre-
dominant component of gravity is in the x direction. When tumor decompression
is added to the calculation in Figure 4b, we see a dramatic improvement in y
displacement (Figure 4b.2) with little effect on displacements in the x direction
(Figure 4b.1). With respect to the boundary conditions, this agrees with a radial
in-plane decompression of the cavity largely restricted to a plane tangent to the
brain surface. We note that many numerical simulations were analyzed regarding
the distribution of decompressive forces on the cavity boundary with the appor-
tionment presented here capturing the motion best. To our knowledge, this is the
first work to correlate tumor-induced stress distributions with in vivo measure-
ment data. Further analysis of Figure 4a-b suggests that gravitational forces are
responsible for approximately 40% of the intraoperative motion while decom-
pressive forces can account for another 30% (i.e. percentage is based on total
displacement comparisons). Assumptions made regarding excision mass, decom-
pression directionality, other intraoperative loads (i.e. retractors) and non-linear
effects undoubtedly comprise the remaining motion.

5 Conclusions

There is little question that the assumptions made in this analysis need to be in-
vestigated further. However, given these limitations, the model shows significant
potential in predicting decompression effects from tumor resection. The clinical
data, albeit sparse, highlight intraoperative volume deformations and provide in-
teresting insight to the complexity of tissue movement during surgery. The most
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Computational Operation Time (min)

Problem loading & B.C. deployment 2

Build Preconditioner & 1 Solution 5-6

Successive Solutions w/o Rebuilding Preconditioner 3-4

Output Solutions 0.5

Table 2. Computational burden of FEM for a problem with approximately
21,452 nodes and 113,044 elements.

remarkable implication of these results is that with only two temporally-spaced
image volumes and with limited knowledge of the actual intraoperative events,
a model calculation can predict approximately 70% of the measured intraopera-
tive motion. However, we must temper this enthusiasm with the realization that
we are still uncertain as to the quantity and quality of intraoperative data that
can be successfully integrated into a model-updating paradigm. In addition, the
computational burdens which accompany finite elements must be considered.
Table 2 presents the run times associated with different stages of solution evolu-
tion for the problem shown in Figures 1-4 on a Pentium III - 550 MHz PC. On
the scale of a several hour neurosurgical procedure, we estimate that effective
updates need to be performed every 15-20 minutes which appear feasible given
the times reported in Table 2. This implies that the remaining steps (i.e. intra-
operative data acquisition, data processing, and image updating) would have to
be performed in 7-15 minutes which would also seem to be an attainable goal.
Acknowledgments: This work was supported by National Institutes of Health
grant R01-NS33900 awarded by the National Institute of Neurological Disorders
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