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Abstract

Background: Unreliable neuro-navigation due to inaccurate patient-to-image registration and
brain-shift is a major problem in conventional MR guided neurosurgery.

Objective: Perform a prospective intra-operative validation of a system for fully automatic
correction of this inaccuracy based on intra-operative 3D ultrasound (US) and MR-to-US
registration.

Methods: The system has been tested intra-operatively in thirteen tumor resection cases and the
performance has been evaluated intra-operatively and post-operatively.

Results: Intra-operatively, the system was evaluated to be accurate enough for tumor resection
guidance in 9 of 13 cases. Manually placed anatomical landmarks showed an improvement of the
alignment from 5.12 mm to 2.72 mm (median) after intra-operative correction. Post-operatively,
the limitations of the current system were identified and modified for the system to be
sufficiently accurate in all cases.

Conclusion: We have shown that automatic and accurate correction of spatially unreliable neuro-
navigation is feasible within the constraints of surgery. We have also identified and addressed the

current limitations of the system.
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1. Introduction
Accurate mapping between pre-operative MR images and the patient is key to reliable neuro-
navigation. This mapping is often established using fiducial markers, anatomical landmarks,
surface points or a combination of these. The accuracy of this initial mapping is limited by
possible movement of markers, movement of skin and inaccurate sampling of points or surfaces.
Still, this mapping is usually sufficiently accurate for positioning the patient’s head and planning
the craniotomy. Opening the skull and dura will result in brain-shift due to leakage of
cerebrospinal fluid (CSF), gravity and administration of drugs. A thorough review of the extent
and causes of brain-shift was presented by Gerard et al'. Both inaccurate image-to-patient
registration and brain-shift contribute to unreliable neuro-navigation, and the pre-operative MR
images can thus no longer be trusted for resection guidance. To correct for these effects, intra-

operative imaging is an attractive solution. Intra-operative MR imaging can provide decent
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quality images and has the advantage of full head coverage. However, the image quality is lower
than in conventional pre-operative MR imaging, and the high cost combined with the need for
specially adapted operating rooms limits the widespread use of this solution. Furthermore, the
time requirements for scanning often limit the use to a single scan towards the end of surgery.
Intra-operative ultrasound on the other hand presents several advantages in this context.
Ultrasound is cheap, portable, provides real time imaging and is available in most neurosurgical
departments. Commercial neuro-navigation systems that support intraoperative ultrasound
imaging include the widely used BrainLab and Medtronic systems.

In general, navigated intra-operative ultrasound images are acquired directly in the patient
frame of reference using a tracked ultrasound probe. Consequently, the spatial accuracy of the
ultrasound images is independent of the initial mapping between MR images and the patient The
overall navigation accuracy using a recently acquired 3D ultrasound volume has been shown to
be less than 2mm’. However, the interpretation of the ultrasound images may present an
important obstacle in the efficient use of this modality. Proper and dedicated training of
neurosurgeons in ultrasound anatomy of the brain is needed. To take full advantage of the high
quality pre-operative MR images, we propose a framework for intra-operative correction of the
pre-operative MR volumes based on intra-operative ultrasound. Using MR-to-ultrasound image
registration the MR images can be corrected for inaccuracies due to initial mapping and brain-
shift and thus be updated according to the current surgical situation. Following this MR-to-US
registration, the MR images can be trusted and used actively during tumor resection. This can be
particularly important in cases where the tumor borders are diffuse and difficult to assess in the
ultrasound images. Several methods for MR-to-ultrasound registration have been proposed over
the last years. De Nigris et al.” proposed a method based on alignment of gradient orientations
and validated their method on retrospective data. Rivaz et al.* introduced a patch-based
correlation ratio technique to perform deformable registration of the same retrospective data’.
Methods for correction of brain-shift using biomechanical models have been proposed by Chen
et al.® and Morin et al.”. None of these methods have been tested and evaluated in the operating
room by neurosurgeons.

In our previous work, we have presented the use of a vessel based method for intra-operative
correction of brain shift®. While this method produced accurate results in cases where

corresponding vessels could be imaged both with MR angiography (MRA) and power Doppler



ultrasound, some important limitations remained. First, the method requires pre-operative MRA
which is not part of the standard imaging protocol for brain tumor surgery. Second, imaging of
corresponding vessels is not trivial as the vessels most easily imaged with MRA (major vessels
close to the skull base) are often located too deep for high quality ultrasound imaging and are not
significantly affected by brain-shift. Vessels close to the surface are more easily imaged with
power Doppler ultrasound, but often invisible in MR angiography. In addition, vessel
segmentation and centerline extraction add to the processing steps and computation time intra-
operatively. To address these limitations and have a fully automatic setup, we combined the
open-source intra-operative navigation platform CustusX ? with the commercially available
image registration software ImFusion Suite (ImFusion GmbH, Munich, Germany) to test the
hypothesis that correction for brain-shift can be automatically performed in the operating room
during surgery and be accurate enough for brain tumor resection guidance. We have tested the
method intra-operatively in 13 cases of gliomas resection. The results were evaluated both intra-

operatively and post-operatively.

2. Methods
2.1 Patients and pre-operative MR data

Thirteen patients with primary or recurring gliomas were prospectively included in the study.
Patient selection was based on availability of personnel and equipment rather than patient
characteristics. The study was approved by the Regional committee for medical and health
research ethics and all patients provided written informed consent. Patient characteristics are
detailed in Table 1.

Pre-operative MR data were acquired the day before surgery and included Gd-enhanced
T1 weighted images and FLAIR images, both with 256x256x192 voxels and a voxel size of
1 mm’. These MR sequences are part of the routine clinical preparations for brain tumor surgery.
Following the fixation of the patient’s head in the Mayfield clamp on the operating table, the pre-
operative MR images were registered to the patient using five fiducial markers glued to the skin
prior to MR imaging. However, for patient #10 anatomical points (eyes, ears, nasion) were used
instead of fiducials. In all cases, except for patient #8, 10 and 12 where Gd-enhanced MR T1
were used, pre-operative MR FLAIR were registered to the first B-mode acquisition acquired

before any resection.



2.2 Intraoperative setup and workflow
The intraoperative setup used in the operating room is shown in Figure 1. The research neuro-
navigation system was run in parallel with the commercial system (Sonowand Invite, Sonowand
AS, Trondheim, Norway). The research system consisted of a navigation rack with our open-
source platform CustusX’. The navigation system was connected to an optical position tracker
(NDI Polaris Spectra; Northern Digital, Waterloo, Canada) and a GE Vingmed E9 ultrasound
scanner with a GE 11L linear array transducer (GE Vingmed Ultrasound, Horten, Norway). The
optical tracker was used to acquire the position and orientation of the ultrasound probe and
surgical tools including the navigation pointer, ultrasonic aspirator and the biopsy forceps. All
navigated tools were visualized relative to both pre-operative and intra-operative images on the
navigation screen. A screenshot from the navigation system is shown in Figure 2. Two-
dimensional (2D) ultrasound images were obtained by free-hand scanning over the region of
interest. The ultrasound scanner transmitted 2D ultrasound frames to the navigation system via a
digital research interface and the position and orientation of each 2D frame were stored during
acquisition. Further, three-dimensional (3D) ultrasound volumes were generated by
reconstructing the 2D ultrasound frames into a single volume'’. Following 3D reconstruction, the
pre-operative MR images were automatically registered to the newly acquired US volume using
the registration method described in Section 2.3 The image registration software was run as an
independent package called from the navigation system interface, and the result was

automatically loaded in the navigation system.

2.3 Registration method

An image-based registration algorithm'"'?

, which is part of the ImFusion Suite software
environment, is used in this study. At its core is a similarity measure which assesses the
alignment of 3D ultrasound and MR volumes directly using statistics on the voxel intensities
within 3D-patch neighborhoods. It is therefore invariant to the brightness and contrast of
anatomical structures throughout the data set. More importantly, the used model allows a
correlation of ultrasound intensities to both MR intensities or their border structures (gradients),
respectively. This is an important physical consideration when dealing with ultrasound image

data, since strong echoes might either correspond to hyperechoic tissue, or borders between



different anatomical structures. As opposed to related intensity-based algorithms that use a higher
abstraction from the intensities such as gradients' or self-similarity'*, this method is hence able
to utilize more of the original image data throughout the volumes. This similarity measure is
evaluated repeatedly while re-sampling the MR data with a different transformation, where a
non-linear optimization algorithm optimizes its value with respect to the rigid transformation
parameters. The initial transformation parameters are given by the tracked neurosurgical setup,
and the optimization terminates once the similarity measure does not improve any more up to a
numerical limit. The final result of the algorithm is hence a transformed pre-operative MR scan

aligning well with the intra-operative US scan and the live patient anatomy.

2.4 Evaluation of registration accuracy
24.1 Evaluation of intra-operative results

Immediately following image registration, the surgeon performed an evaluation of the
registration result and decided whether the result was accurate enough for guidance of the
resection. The neurosurgeon identified a structure of interest such as a sulcus or the wall of a
ventricle in the ultrasound image with the virtual extension of the navigated pointer (“offset”).
We then used the “registration history” feature in CustusX that enables easy toggling between the
“before registration” and “after registration” while the surgeon evaluated the correspondence
between the MR images and, the ultrasound image and the patient using the navigated pointer.
This procedure was repeated for several structures for each patient until the surgeon felt that he
had sufficiently examined the quality of the registration. Screenshots from the navigation system
illustrating this feature are shown in Figure 3. All included patients were operated by the same
surgeon (GU).

If the registration was judged insufficient for resection guidance, the resection was guided by the
ultrasound volume alone. The surgeon did not evaluate the standard neuronavigation in this
context. Post-operatively, the intra-operative registration results were evaluated by placing ten
homologous anatomical landmarks in the MR and ultrasound image volumes and computing the
Euclidean distance between points before and after registration. A Wilcoxon test for paired
samples was used to compare the landmark distances before and after intra-operative rigid

registration.



2.4.2 Retrospective optimization of the registration pipeline
We considered the cases where intra-operative registration was defined insufficient, and
optimized the registration algorithm to succeed on those cases as well. Improvements included
parameter tuning of the similarity measure, changing the optimization scheme for increased
capture range in case with large initial displacement, and using different transformation models
in certain cases. To assess the precision, i.e. the repeatability with which the automatic brain-shift
correction finds the same results, we have performed a study where we randomly perturbed the
landmark-based reference registrations. We translated the MRI between 0 and 20 mm in x, y and
z directions and rotated between 0 and 20 degrees around each axis. The registration algorithm
was executed from 100 such randomly perturbed starting positions for each of the patient data
sets. We then separated wrong registrations (outliers) from correctly converged results. This
retrospective evaluation is required in order to obtain the likelihood of an accurate brain-shift
correction given different imaging circumstances, initial errors, and actual patient anatomy.
Wilcoxon tests for paired samples were used to compare intra-operative rigid registration versus

retrospective rigid registration and retrospective rigid versus affine registration.

3. Results

3.1 Intra-operative evaluation of registration accuracy
The results of the surgeon’s evaluation in each surgical case is shown in Table 2. Nine out of
thirteen cases were evaluated as accurate enough for resection guidance by the surgeon
immediately following registration. The corrected MR images were presented within a few
minutes following ultrasound acquisition, and the surgeon evaluated the accuracy before any
further tumor resection. For patient #1, there was a problem with the navigation setup in the
operating room resulting in movement of the reference frame relative to the patient’s head after
MR-to-patient registration. Consequently, the initial misalignment was larger than the capture
range of the registration algorithm. Patient #7 was a re-operation of a low-grade tumor.
Consequently, there was already a considerable resection cavity present from the beginning of
the procedure. After opening of the dura, there was a large surface shift with non-rigid
deformation of the tissue due to leakage of CSF. The deeper structures such as the ventricles
were well aligned after registration, but the rigid transformation was not able to correct for the

deformation that occurred close to the surface. Patient #9 had a large craniotomy and the sinking



of the surface in the direction of gravity was considerable. The rigid registration was not able to
fully recover this deformation as could be expected. Patient #10 did not have fiducial markers
glued to the skin before MR scanning. MR-to-patient registration was therefore done using
anatomical landmarks such as the nose and the ears. This resulted in a less accurate registration
than usual and consequently a large initial misalignment. In addition, the tumor was a large and
soft cystic tumor. After opening of the dura there was considerable deformation close to the
surface. As for patient #7 and #9, the registration algorithm was unable to account for the
deformation. The registration greatly improved the alignment, but the error was still too large for
resection guidance.

Post-operatively, the intra-operative results were evaluated by placing homologous
anatomical landmarks in the MR and US images. The Euclidean distances between these
landmarks before and after registration are shown in Table 2. The median distance was reduced
from 5.12 mm before registration to 2.72 mm after registration. Using the Wilcoxon test for

paired samples, the result was statistically significant with p=0.0047.

3.2 Retrospective optimization of registration pipeline and robustness evaluation
The final registration results after retrospective optimization are shown in Table 3 are presented
using both rigid and affine transformation models. The latter includes non-uniform scaling and
shearing of the MR scan, hence compensating for some of the deformations which might have
occurred intra-operatively. The column “ground truth” denotes the landmark error when the best
possible rigid transformation is defined on the landmark correspondences themselves, and
therefore represents the lower bound of the error that registration with a rigid transformation can
achieve. Following this optimization, the median Euclidian distance between corresponding
landmarks was reduced to 1.80 mm after rigid registration and 1.70 mm after affine registration.
Using the Wilcoxon test for paired samples, the distances after retrospective rigid registration
were significantly smaller than after intra-operative rigid registration (p=0.0159), and the
distances after retrospective affine registration were significantly smaller than after retrospective

rigid registration (p=0.0340).



In the retrospective evaluation of the capture range and robustness of the algorithm between
53% and 87% of the registrations succeeded, on average 71%. The maximum landmark error for
the converged results was 2.87 mm on average. On 11 of the patients, the cluster of correct
registrations was clearly separated from the outliers, with very little variation within those
results. Patient 9 however did have a seamless transition from good to bad registration, because
the recorded ultrasound volume was too large for a single rigid transformation to yield a good fit;
patient 10 exhibits a cavity with structural mismatch or compression, where there was no single

good alignment that could be identified as part of the randomized trial.

4 Discussion

In this paper, we have demonstrated the use of intra-operative MR-to-US registration in thirteen
prospective glioma cases. We have shown that automatic intra-operative image registration for
updated neuro-navigation can be sufficiently accurate for guidance of brain tumor resections and
fast enough to provide results within a minute after acquisition of the ultrasound volume. The
presented system is based on both open source and commercially available software, and requires
no manual pre-processing of the image data such as segmentation of structures or identification
of points. The cases presented include both high grade and low-grade gliomas, and both primary
operations and re-operations for removal of recurrent tumor. The imaging characteristics of these
tumors are difficult to predict and present significant variability. In addition to variable imaging
characteristics due to heterogeneous tumors, the system could handle large anatomical variation
due to previous surgeries including large resection cavities. These results are promising even
tough thirteen patients is not sufficient to conclude on the overall robustness of the approach.

The most important result in this context is whether the surgeon consider the registration
result to be accurate enough for surgical guidance. This assessment depends obviously on the
registration result, but also on the situation before registration. If the mismatch between the
images was large before registration, the result after registration might still be significantly better
even if the alignment is not judged perfect in all regions. As the registration used in this study
was limited to a rigid transformation intra-operatively, there were cases where the method was

unable to fully recover the mismatch. For the surgeon to trust the registration result, the visual



assessment of the alignment between the images is essential. We argue that the visual feedback is
as powerful as a quantitative error measure in this context. In the navigation platform CustusX,
this issue is solved with the “registration history” feature which makes it possible to toggle
between the different registration steps and visualize the corresponding images. We find this
feature indispensable for intra-operative evaluation of the registration results.

In four patients, the intra-operative registration failed to produce accurate results in its
first version. In patient #1, the initial misalignment was larger than the capture range of the
registration algorithm. This issue was corrected in the post-operative optimization and resulted in
greatly improved results. For patients #7, #9 and #10 there were large surface shifts with
considerable non-rigid deformation. As expected, the rigid transformation was not able to correct
for this deformation. The distance between manually placed anatomical landmarks in the two
images to be registered is a widely used error metric. However, in patient #7, there was a large
cavity from an earlier procedure. As the region of the cavity didn’t have any features suitable for
reliable anatomical landmarks, the failure to correct for the deformation close to the surface is not
well reflected by the landmark error measure. This situation is shown in Figure 4, where the
region closer to the surface is subject to larger deformation than the deeper regions.

The quantitative evaluation using homologous anatomical landmarks show results

" and . As stated in '?, applying deformable registration to a mainly rigid

comparable to
misalignment will not improve the accuracy. However, patients #7 and #10 present considerable
deformation due to very soft tumor tissue, and in these cases deformable registration would be
helpful. Post-operatively, the registration pipeline was optimized to produce accurate results in
all cases. Homologous landmarks identified in MR and ultrasound were used to quantify the
registration error. Landmarks are widely used in the literature to validate registration results as an
approximation of the ground truth®'">. In patient #7 the registration error as measured with
homologous landmarks is 1.94 mm. This shows that the alignment of the features in the images is
good after registration. Close to the surface, however, there are few reliable landmarks and the
misalignment in this region is not well captured by the landmark metric. In an additional
robustness study, 71% of registrations succeeded from far displaced initializations with very

good precision in 11 out of the 13 patients, which suggests a high likelihood that the method will

succeed in general in arbitrary surgical scenarios.



The rigid registration presented in this study improves the alignment of the MR and
ultrasound image volumes, but as brain shift is a highly non-linear process, affine and fully
deformable registration have the potential to further improve the results. Newer versions of the
registration software include both affine and fully deformable registration, which could greatly
improve the accuracy in some of the cases presented here. Future developments will also include
registration after the resection has started considering the resected tissue, more complex
deformations and the resection cavity. Accurate registration throughout surgery will be needed in
order to have a fully functional and useful tool for resection guidance. More extensive testing and
validation is also required, ideally as part of a commercial neuronavigation system with

ultrasound capabilities.

5 Conclusion

In summary, accuracy, robustness and computation time of the used automatic preoperative
MR to intraoperative US registration algorithm, can be regarded as acceptable for regular clinical
use, and therefore greatly increase the accuracy of neuro-navigation after opening the dura. . The
registration does not require any user interaction, and was retrospectively improved to succeed on
all presented cases. Nevertheless, it is still mandatory to have a validation step where the surgeon
visually assesses the quality of the alignment after registration, because due to the dependence of
the algorithm on anatomical structures, it might be impossible to ever perform a full proof that
the method would always succeed in general. To further increase the value of intra-operative
algorithms, the presented software algorithms should be further extended to allow for a regular
registration even during and after resection. This comes with the additional challenge of having
to distinguish resected areas (which should not be subject to a re-alignment) from anatomical
regions which should still match to the pre-operative MRI. Using combinations of advanced
segmentation, classification and image-based registration methodology, such automatic
algorithms are however in reach. They could lead to even more confidence in the resected

anatomy and therefore smaller safety margins and tumor recurrence.
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Figure legends:

Figure 1: The experimental setup in the operating room showing the research rack with the
navigation software, the ultrasound scanner and the commercial neuronavigation system
Sonowand Invite.

Figure 2: Screenshot from the navigation system CustusX showing a 3D rendering of the pre-
operative MRI and the navigation pointer (left), axial/coronal/sagittal slices of the pre-operative
MRI FLAIR (middle) and axial/coronal/sagittal slices of the intra-operative ultrasound volume
(right).

Figure 3: Screenshots from the navigation system illustrating the toggling between the situation
before registration (left) and after registration (right). If the situation shown in the display panels
is not the current situation, the registration history button is red to warn the user (see the red
circle in the top middle of the screenshots). This feature enables easy visual evaluation of the
registration result.

Figure 4: Example of two landmarks in the same patient that experience different types of brain-
shift. Left: Example of a landmark close to resection cavity (point A) that is subject to large
deformation and where rigid registration alone is unable to recover the misalignment. Right:



Example of a landmark (point B) where the rigid registration is successful in correcting the
misalignment.



Table(s)

Click here to download Table(s): Tables_revision.docx

Patient no Tumor type | Anatomical location Re-operation/primary
1 HGG Right parietal lobe Primary
2 HGG Right insula Re-operation
3 LGG Left frontal lobe Primary
4 HGG Left temporal lobe Re-operation
5 LGG Right temporal lobe Re-operation
6 HGG Right insula Re-operation
7 LGG Left frontal lobe Re-operation
8 LGG Right frontal lobe Re-operation
9 LGG Right frontal lobe Primary
10 HGG Left temporal lobe Primary
11 HGG Left frontal/parietal lobe | Primary
12 HGG Right limbic/parietal lobe | Primary
13 LGG Left insula Re-operation

Table 1: Patient data (HGG: High-grade glioma, WHO grade III or IV, LGG: Low-grade glioma, WHO

grade II)

Table 2: Intra-operative evaluation of success and distances (mm) between landmarks before and

Patient no Intra-op Before(mm) | After(mm)
success

1 No 23.30 18.47

2 Yes 4.82 3.40

3 Yes 10.19 2.74

4 Yes 5.83 3.66

5 Yes 10.24 2.05

6 Yes 5.12 1.97

7 No 5.24 1.97

8 Yes 4.02 2.72

9 No 4.73 6.33

10 No 17.53 9.31

11 Yes 4.02 1.93

12 Yes 2.52 2.09

13 Yes 2.65 1.52

Mean 7.71 447

Median 5.12 2.72

after image registration.



http://ees.elsevier.com/worldneurosurgery/download.aspx?id=872862&guid=8815c6be-1ea8-401f-87c5-aef232758227&scheme=1

Patient no Before Rigid I0) | Rigid (RO) | Affine (RO) | Ground truth
1 23.30 18.47 5.90 4.90 5.40

2 4.82 3.40 3.80 2.20 2.30

3 10.19 2.74 1.70 1.20 1.50

4 5.83 3.66 1.80 2.50 1.50

5 10.24 2.05 2.30 2.30 1.80

6 5.12 1.97 1.90 1.50 1.30

7 5.24 1.97 1.50 1.70 1.30

8 4.02 2.72 1.80 1.70 1.70

9 4.73 6.33 3.70 2.60 3.10

10 17.53 9.31 5.60 5.40 2.40
11 4.02 1.93 1.60 1.30 1.30
12 2.52 2.09 1.70 1.40 1.50
13 2.65 1.52 1.80 1.50 1.20
Mean 7.71 447 2.70 2.32 2.02
Median 512 2.72 1.80 1.70 1.50

Table 3: Distances (mm) before and after intraoperative (IO) and retrospective optimization
(RO) of the registration pipeline. The columns show the distance before registration, after
intraoperative registration, after retrospective optimized rigid registration, after retrospective
optimized affine registration and the lower bound for the rigid registration (left to right).
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