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Abstract. The correct visualization of anatomical structures is a critical component of neurosurgical navigation systems, to guide the surgeon
to the areas of interest as well as to avoid brain damage. A major challenge for neuronavigation systems is the brain shift, or deformation of
the exposed brain in comparison to preoperative Magnetic Resonance
(MR) image sets. In this work paper, a non-rigid deformation pipeline is
proposed for brain shift compensation of preoperative imaging datasets
using superﬁcial blood vessels as landmarks. The input was preoperative
and intraoperative 3D image sets of superﬁcial vessel centerlines. The intraoperative vessels (obtained using 3 Near-Infrared cameras) were registered and aligned with preoperative Magnetic Resonance Angiography
vessel centerlines using manual interaction for the rigid transformation
and, for the non-rigid transformation, the non-rigid point set registration method Coherent Point Drift. The rigid registration transforms the
intraoperative points from the camera coordinate system to the preoperative MR coordinate system, and the non-rigid registration deals with
local transformations in the MR coordinate system. Finally, the generation of a new deformed volume is achieved with the Thin-Plate Spline
(TPS) method using as control points the matches in the MR coordinate
system found in the previous step. The method was tested in a rabbit
brain exposed via craniotomy, where deformations were produced by a
balloon inserted into the brain. There was a good correlation between
the real state of the brain and the deformed volume obtained using the
pipeline. Maximum displacements were approximately 4.0 mm for the
exposed brain alone, and 6.7 mm after balloon inﬂation.

1

Introduction

Precise visualization of anatomical structures is an essential component of neurosurgical navigation systems to avoid damage to eloquent cortical brain areas
(motor, sensory, visual, and cognitive functions), white matter ﬁber systems,
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and blood vessels, as well as to guide the surgeon to the region of interest, for
example a tumor. A main challenge in neuronavigation systems is the so-called
”brain shift”, i.e. the deformation of the exposed brain once craniotomy is performed, making the preoperative Magnetic Resonance (MR) image set no longer
a geometrically correct map of the area where the operation is carried out. Realtime brain shift correction in imaging datasets is a major challenge in the future
development of neuronavigation systems.
In this paper we present a technique to produce a new deformed volume reﬂecting the deformation required for the preoperative MR volume to correspond
to the actual form of the brain, using superﬁcial blood vessels as anatomical landmarks. In previous work [1], we have presented a method to track and obtain 3D
points of vessel centerlines. In this work we extend the previous framework and
introduce the non-rigid deformation component. The method was evaluated in
an animal model (the rabbit brain).
1.1

Related Work

The problem of brain shift correction has been approached using diﬀerent landmarks and computer vision systems. D’Apuzzo et al. [2] used a 3D monitoring
system to track points in a phantom model of brain shift, with reference points
painted on the phantom for tracking. In the work by Hsieh et al. [3], points on the
brain surface were tracked, but in this case automatically extracted. Methods using manual extraction of brain sulci lines were reported in two studies: DeLorenzo
et al. [4] modelled the brain shift problem in a game theoretic formulation using
tracked stereo images to extract the sulci lines, and Chui et al. [5] extracted the
sulci lines from 3D surfaces of two diﬀerent subjects, and performed non-rigid
registration. Substantial work was performed to track the cortical surface [6].
Some authors also analyze cortical displacements [7] or perform non-rigid registration using intra-operative MR imaging [8]. The most similar works using
vessel tracking are by Reinertsen et al. [9] using ultrasound and by Ding et al.
[10] using a laser range scanner.

2

Material and Methods

The framework for tracking of superﬁcial brain vessels has been described in a
previous publication [1]. 3D points along the vessels centerlines were obtained
for reference. In order to perform a non-rigid volume deformation, the vessel
centerlines were also extracted in the preoperative MR images. The blocks of
deformation pipeline presented in this work are:
1. Extraction of vessel centerlines points (preoperative MR, intraoperative
multi-view near IR images)
2. Rigid registration
3. Non-rigid registration and matching
4. Brain segmentation and deformation
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The methods were tested on a rabbit brain. The experiment is described below
followed by the presentation of the pipeline blocks.
2.1

Animal Experiment

The experimental and animal handling procedures were carried out with approval of the local Ethical Committee. The experiment was carried out in two
New Zealand white rabbits. The rabbit was chosen as subject because the rabbit
brain was considered to be large enough for the experiment, and the cerebrovascular anatomy of the rabbit is closely similar to that of the primate [11].
MR imaging was performed with a 3T Philips Ingenia clinical scanner (Philips
Medical Systems, Best, The Netherlands) using a circular two elements surface
coil, each element with a diameter of 110 mm. The sequence used was a 3D
phase-contrast MR angiography sequence (TR = 10.7 ms, TE = 7.9 ms, ﬂip
angle 12◦ , 120 slices of thickness 1.0 mm with 0.5 mm overlap, ﬁeld of view 89
mm, pixel size 0.4 mm, velocity encoding 5 cm/s) after intravenous injection of
0.1 ml per weight of 100 gram tissue of 50% diluted gadofosveset trisodium 0.25
mmol/ml (Vasovist, Bayer Healthcare AG, Berlin, Germany). The morphological
images were used for describing anatomy and the angiographic phase-contrast
images (PCA/M) for identifying the vessels.
The rabbit was anesthesized with Hypnorm (fentanyl citrate 0.315 mg/mL
and ﬂuanozone 10 mg/mL) 0.3 mL/kg i.m. An ear vein was catheterized for
intravenous anesthesia, and a dose Midazolam 2.0 mg/kg was given i.v. Supplementary doses of Hypnorm 0.1 mL/kg i.v. were given at intervals of 30-40
minutes. During the surgical procedure the animal was lying prone, breathing
spontaneously. After local injection of Lidocaine the skull bone was exposed and
a hemicraniectomy performed on the right side.
Multi-view near infrared (NIR) intraoperative images of the brain were acquired after craniotomy. The brain was deformed by inserting and inﬂating a
small balloon into the brain. The balloon system used was the microcathetermounted latex occlusion balloon Baltacci-B1 with maximum size 6x9 mm (Balt
Extrusion, Montmorency, France). After the experiment the rabbit was killed
using an anesthesia overdose.
2.2

Extraction of Vessel Centerlines Points

The preoperative vessel centerlines were extracted manually with the CTA Plugin of OsiriX (http://www.osirix-viewer.com). The intraoperative multi-view
NIR images were used to extract the vessel centerlines with an inﬂated and
non-inﬂated balloon. The source images used were the same as in our previous
communication [1].
2.3

Rigid Registration

Commercial neuronavigation systems are usually equipped with methods to perform rigid registration. These make use of ﬁducial markers and optical tracking
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Fig. 1. Manual rigid registration. Intraoperative centerline points of the brain with the
balloon uninﬂated (left) and inﬂated (right). The intraoperative centerline points were
registered to the preoperative coordinate system (blue), the preoperative centerline
points (red) suﬀer no transformation.

systems to rigidly register the current position of the patient’s head in the coordinate system of the tracking system to the MR image in its own coordinate
system. A drawback is that the ﬁducials for several reasons can move between
MRI acquisition and the operation. In the present experiment, ﬁducial markers were not used. Instead, a manual transformation was performed using the
MeshLab to align the sets of points. The result of the rigid alignment of the intraoperative inﬂated and non-inﬂated points to the preoperative MR can be seen
in Fig. 1. The same transformation matrix is applied to transform the inﬂated
and non-inﬂated intraoperative points to an approximation of the preoperative
MRI coordinate system. In the ideal case the transformation would align the
two coordinate systems perfectly.
2.4

Non-rigid Registration and Matching

After rigidly transforming the intraoperative points to the MRI coordinate system, the next step is to register the non-rigid component of the transformation.
The method by Myronenko et al. [12], that permits non-rigid registration of 3D
points even in the presence of outliers, was used. The Matlab implementation
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Fig. 2. Non-rigid registration. Intraoperative centerline points of the brain with the
balloon uninﬂated (left) and inﬂated (right). The intraoperative centerline points (blue)
are registered to the preoperative centerline points (red).
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Fig. 3. Centerline point matching. Intraoperative centerline points of the brain with
the balloon uninﬂated (left) and inﬂated (right). The intraoperative centerline points
(blue) are matched to the preoperative centerline points (red). The green lines show
the matching between corresponding points.

(https://sites.google.com/site/myronenko/research/cpd) was used with the following non-default parameters: (outliers = 0.8, beta = 2, lambda = 10, max
iter = 100). The input datasets correspond to the preoperative vessel centerline
points and the intraoperative vessel centerline points.
After the registration (Fig. 2), the method produces a list of correspondences
between the two sets of points. A selection has to be performed to obtain only
one-to-one correspondences. If multiple transformed intraoperative points correspond to one preoperative point, the closest one is selected. If the distance
between a transformed intraoperative point and its corresponding preoperative
point exceeds to 0.2 mm, then this correspondence is discarded. This will discard
incorrect matches in the bifurcation area where the intraoperative centerlines are
poorly covered. The results can be seen in Fig. 3.
2.5

Brain Segmentation and Deformation

For visualization purposes the brain is segmented using a threshold based level
set method reported in [13]. A binary volume mask is generated to exclude
regions outside of the brain.
After establishing the correspondence between the preoperative and the intraoperative points rigidly transformed to the preoperative MRI coordinate system,
a non-rigid volume deformation method was applied, in this case the thin-plate
spline [14] [15] (Fig. 4). In this way, a new deformed volume was created by
transforming each new voxel position back to the preoperative MR image and
checking the corresponding intensity, a process known as backwards mapping.
Since TPS is a global transformation, 30 extra points were added in regions
where no deformation is expected to take place.

3

Results

The experiment provided surface images of the exposed rabbit brain in a baseline
view and after deformation induced by inﬂation of the balloon inside the brain,
that were compared to the imaging acquisitions and virtual reconstructions to
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Fig. 4. Brain deformation. Left images: brain before deformation with the selected
corresponding points of the preoperative centerlines shown in red. Right images: brain
after deformation with the corresponding points of the intraoperative centerlines shown
in blue. Top row: uninﬂated balloon; bottom row: inﬂated balloon.

evaluate where the main deformations occurred and whether the virtual images
were in accordance with the real situation (Fig. 5). The maximum color intensity
255 corresponds to a displacement of 10 mm and it linearly drops to 0 mm or
no displacement.

Fig. 5. Surface displacement and histograms with an orange lookup table with the
balloon uninﬂated (left) and inﬂated (right)

Histograms of these images were generated to quantity the degree of deformation. Analyzing the displacement images one can see a good correlation to
the location where the balloon was inserted. Clearly, the deformation is larger in
the inﬂated case. The histogram also illustrates the fact that a larger area was
aﬀected by the inﬂated deformation. In the images with an uninﬂated balloon,
non-zero histogram values were found until 102 or approximately 4.0 mm and in
the inﬂated case 172 or approximately 6.7 mm. The deformation has an ellipsoid
shape (balloon) and maximum displacement constrained by the dimension of the
balloon. The maximum value obtained by the inﬂated case is within the size of
the balloon 6x9 mm. Finally, the smoothness of the deformation could also be
visualized, with most values concentrated in the lower displacements and slowly
decreasing to the larger displacements.
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Discussion

The present study has introduced a new non-rigid deformation pipeline for compensation of superﬁcial brain shift for neuronavigation purposes, using superﬁcial
vessel centerlines points to follow the brain deformation. The method was tested
in a rabbit brain where an expansible balloon was inserted. A good correlation
was obtained between the current form of the brain and the virtual volume.
Compared to earlier solutions, the present work uses blood vessel centerlines
instead of isolated points. This approach resembles the work of Reinertsen et al.
[9] using ultrasound and Ding et al. [10] using a laser range scanner. Both use
the same non-rigid method that seems to produce similar results to the method
selected in this work; a comparison can be found in the article by Myronenko et
al. [12].
In order to guide our deformation method (TPS) we need reliable landmarks
with a one-to-one correspondence. Blood vessels centerlines are good candidates
because their geometric representation can be robustly matched between preoperative and intraoperative datasets. This process is more prone to errors if
we consider the entire surface of the brain (more robust to register lines then
surfaces). Even if a good matching is possible, using ﬁne resolution, the number
of points used would be much higher making the algorithm slower and possibly run out of memory. The main disadvantage of our method is that it can
not compensate the deformation in areas where blood vessels are not present or
occluded.
In the ideal case the rigid registration would align the cameras and MRI
coordinate systems perfectly. In reality there is a slight misalignment due to
several sources of errors. The small misalignments are usually neglected as long
as they are within tolerance values.
The preoperative centerline extraction was carried out manually because of
the high noise level of the images due to the small brain size. In future studies in
humans, an automatic or semi-automatic centerline extraction algorithm should
be tested for this purpose.
The proposed method requires further improvements. In particular real-time
rigid registration will require the use of ﬁducial markers. The next stage of our
work is to apply this method in neurosurgical operations in human subjects using
a commercial neuronavigation system that can track ﬁducial markers.
Acknowledgments. This work was funded by the Visualization programme of
the Swedish Foundation for Strategic Research, the KK Foundation, Vinnova,
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