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Abstract

Purpose: In brain tumor surgeries, maximum removal of cancerous tissue without compromising
normal brain functions can improve the patient’s survival rate and therapeutic benefits. To achieve
this, diffusion MRI and intra-operative ultrasound (iUS) can be highly instrumental. While
diffusion MRI allows the visualization of white matter tracts and helps define the resection plan to
best preserve the eloquent areas, iUS can effectively track the brain shift after craniotomy that
often renders the pre-surgical plan invalid, ensuring the accuracy and safety of the intervention.
Unfortunately, brain shift correction using iUS and automatic registration has never been shown
for brain tractography so far despite of its rising significance in brain tumor resection.

Methods: We employed a correlation-ratio-based nonlinear registration algorithm to account for
brain shift through MRI-iUS registration, and used the recovered deformations to warp both the
brain anatomy and tractography seen in pre-surgical plans. The overall technique was
demonstrated retrospectively on four patients who underwent iUS-guided low-grade brain gliomas
resection.

Results: Through qualitative and quantitative evaluations, the pre-operative MRI and iUS scans
were well re-aligned after nonlinear registration, and the deformed brain tumor volumes and white
matter tracts showed large displacements away from the pre-surgical plans.

Conclusions: We are the first to demonstrate the technique to track nonlinear deformation of brain
tractography using real clinical MRI and iUS data, and the results confirm the need for updating
white matter tracts due to tissue shift during surgery.

Key words: intra-operative ultrasound, MRI, brain tumor, registration, tractography, neurosurgery,
brain shift



Introduction

Gliomas are the most common central nervous system (CNS) tumors in adults [1], accounting for
80% of primary malignant brain tumors [2]. The World Health Organization (WHO) [3] divides
gliomas into four grades based on their histological characters. High-grade gliomas are composed
of various rapidly growing glial tumors of grade III and IV pathologies, with glioblastoma
multiforme (grade IV) being the most malignant. Low-grade gliomas (grade I and II) are less
aggressive, but without proper management, they will progress to high grade tumors and
eventually lead to death. Currently, surgery is the most common initial treatment choice for brain

tumors, and resection at early stages has shown positive influence on the patients’ survival rate [4-
6].

Modern brain tumor resections aim to remove the maximum amount of cancerous tissue while
keeping the brain functions intact. Nevertheless, to achieve this, two main challenges remain. First,
many tumors contain or are right adjacent to eloquent areas that are closely associated with the
patient’s normal functions [7, 8]. Ideal surgical plans should carefully balance the extent of tumor
removal and the risk of damaging surrounding functional regions. Second, after craniotomy, brain
tissue deformation (called brain shift) [9-11] can often move the anatomy of the tumor and other
vital structures, such as blood vessels, due to intracranial pressure change, drug administration,
tissue removal, and so on. Unfortunately, this displacement is usually not directly visible to the
surgeons, and can render the pre-surgical plan invalid, potentially compromising the safety and
quality of the procedure.

Routine structural MR images (i.e., T1w or T2w FLAIR images) can depict the extents of brain
tumors and their spatial relationship to other crucial structures (e.g., blood vessels). However, they
fail to provide the functional relationship between the neoplastic mass and the normal brain
structures to help achieve a maximal tumor resection without causing neurological deterioration.
Functional MRI (fMRI) [12-14] allows the identification of important functional regions that may
be invaded by the tumor. Unfortunately, it primarily focuses on the cortical structures, instead of
the white matter, where gliomas often grow diffusely. Diffusion imaging can provide the
information on the involvement and integrity of the white matter tracts within or surrounding the
tumors, often in the form of tractography in surgical planning. Nowadays, the technique has been
increasingly employed to investigate pathological changes of the brain tumors [8, 15-17] and to
help determine tumor grades and the extent of resection [7, 18, 19].

To monitor tissue shift and resection progression, intra-operative imaging methods, such as intra-
operative magnetic resonance images (MRI) [11, 20, 21] and ultrasound (US) [10, 13], are highly
instrumental. Although intra-operative MRI can provide easier-to-comprehend image contrasts
and the possibility of various MRI sequences to capture the dynamic structural, physiological, and
functional changes during surgeries [20, 21], it has a prohibitively high cost and requires MRI-
compatible operating room and tools. In contrast, intra-operative ultrasound is portable, convenient



and real-time. In addition, tumors can often be delineated in US even when they are not
distinguishable from normal tissues under the microscope [22, 23]. This can facilitate accurate
resection, resulting in better surgical outcomes. In the presence of brain shift, by aligning the pre-
operative MRI with intra-operative ultrasound scans through automatic image registration
algorithms [24-38], the deformation can be recovered to update the surgical plan, thus ensuring
the quality of resection. Furthermore, as the surgeon’s experience with intra-operative ultrasound
varies and the ultrasound images often have limited field of view, it is difficult to interpret the
information in intra-operative ultrasound. Correct MRI-US alignment can provide the surgeons
the necessary overview of the surgical field and help them better interpret the ultrasound images.

Previously, there have been a number of direct and indirect techniques to tackle MRI-US
registration in neurosurgery. For the indirect methods [24-33], images of different modalities are
transformed into the same or similar feature space for registration. Roche et al.[24] performed a
parametric polynomial fit of US intensity as a function of MR and its gradient to construct the
functional correlation-ratio (CR) similarity metric. Mercier et al. [25] and Arbel et al. [26]
generated pseudo-US images by assigning corresponding image intensities seen in US scans to
segmented MR images, and then used the ANIMAL registration method [27] to align resulting
pseudo-US to real US scans. Similarly, Kuklisova—Murgasova et al. [28] proposed to employ an
atlas to perform MRI segmentation for generating US-like images, and then perform the
registration with a uni-modal block-matching technique. Mellor and Brady [29] used mutual
information (MI) of local phase information for MRI-US registration. De Nigris et al. [30]
achieved the inter-modality registration through the alignment of the orientations of image
gradients. Instead of employing the full images, potent anatomical features can be extracted as
surrogates to register the entire images. Reinertsen et al. [31, 32] used blood vessel features to
register US and MR, while Coupé ef al. [33] used the hyper-echogenic cerebral falx and the sulci
structures in the brain US and MR images. More conveniently, direct approaches [34-38] optimize
various metrics to directly align inter-modality images. Ji et al. [34] used normalized mutual
information with selected US pixels for US-MRI registration. Wein et al. [35] and Fuerst et al.
[36] used a Linear Correlation of Linear Combination (LC?)-based similarity metric. Ferrante and
Paragios[37] registered 2-D US images to 3-D MR volume using discrete optimization within a
Markov Random Field framework. More recently, Rivaz et al. [38] proposed the Robust PaTch-
based cOrrelation Ratio (RaPTOR) based on local correlation-ratio [39] to perform direct
nonlinear MRI-US registration. It has shown fast and robust performance in tracking tissue shift
in brain tumor resection [38].

To date, inter-modal registration techniques [24-38] were employed only to update the structural
images (e.g., aligning US to MRI) intra-operatively. Despite of the rising new surgical paradigm
to include functional data, there have been no reports on tissue shift correction for brain
tractography in ultrasound-guided brain tumor resection. In this article, we employed surgical
images from four patients who received low-grade brain gliomas resection to retrospectively
demonstrate the application of intra-operative ultrasound to nonlinearly deform the tractography



in the presence of brain shift. We employed RaPTOR [38] to recover the deformation through
MRI-US registration, and used the result to deform individuals’ tractography. Our results
showcased the feasibility and the necessity of intra-operative updating brain tractography in tumor
resection.

Materials and Methods
Patients and MR imaging protocols

As a proof of concept, we selected four patients who received low-grade gliomas resection at St.
Olavs University Hospital (Trondheim, Norway) to demonstrate our technique. The study was
approved by the Regional Committee for Medical and Health Research Ethics in Central Norway
and all patients provided written informed consent prior to inclusion.

Pre-operative MR images for all patients were acquired the day before surgery. All anatomical
MRIs were acquired on a 3T Magnetom Skyra (Siemens, Erlangen, Germany) with a 20-channel
head coil. The MRI protocol included a sagittal T1w Gd-enhanced sequence (TE=2.96 ms,
TR=2000 ms, flip angle= 8°, 192 sagittal slices, acquisition matrix = 256x256, voxel
size=1.0x1.0x1.0 mm®), and a sagittal T2w fluid-attenuated inversion recovery, or FLAIR
(TE=388ms, TR=5000 ms, flip angle=120°, 192 sagittal slices, acquisition matrix = 256x256,
voxel size=1.0x1.0x1.0 mm®) sequence.

For Patient 1, 2, and 3, the diffusion weighted imaging (DWI) data were also obtained on the Skyra
scanner with a 20-channel head coil, using a spin-echo echo planar imaging (EPI) sequence
(TE=84ms, TR=6100ms, matrix size = 96x96, voxel size=2.5x2.5x2.5 mm?® with 64 axial slices)
with a gradient set containing 30 non-colinear directions of b-value = 1000 s/mm” and an image
with b-value = 0 s/mm®. For Patient 4, the DWI data were acquired on a Siemens Biograph mMR
3T PET/MRI scanner (Siemens Healthcare, Erlangen, Germany) with a 12 channel head/neck coil.
The sequence (TR= 6700 ms, TE= 84 ms, acquisition matrix = 96 x 96, and image resolution =
3x3x3 mm® with 42 axial slices) was acquired in 30 encoding directions with b=1000 s/mm?” and
one image with b-value = 0 s/mm”. For the DWI sequences on both scanners, the acquisitions were
repeated twice for improving signal-to-noise ratio.

For surgical planning, the T1w and T2 FLAIR images were first co-registered and then rigidly
registered to the DWI data. Prior to scanning, five fiducial markers were glued to the patient’s
head, and were used for patient-to-image registration after head immobilization on the operating
table. The brain tumors were manually segmented from the T2 FLAIR MRIs using ITK-SNAP
(www.itksnap.org).




Intra-operative ultrasound acquisition

Intra-operative ultrasound is routinely used for tumor resection at St. Olavs University Hospital.
The setup for US acquisition in the operating room is shown in Fig. I, where the ultrasound probe
was covered with sterile probe drapes prior to image acquisition. The ultrasound images were
acquired by the same surgeon using the Sonowand Invite neuronavigation system (Sonowand AS,
Trondheim, Norway), which also contains a built-in Polaris camera (NDI, Waterloo, Canada) to
capture the position and pose of the ultrasound probe via the optical trackers attached. The most
commonly used probe was the 12FLA-L linear probe with a frequency range of 6-12 MHz and a
footprint of 48x13 mm®. For smaller superficial tumors, we used the 12FLA flat linear-array probe
with a frequency range of 6-12 MHz and a footprint of 32x11 mm®. The ultrasound probes were
all factory-calibrated and equipped with removable sterilizable reference frames for optical
tracking. The tracked 2D ultrasound data were reconstructed to 3D volumes using the built-in
proprietary reconstruction method in the Sonowand Invite system, with a resolution between
0.14x0.14x0.14 mm® and 0.24x0.24x0.24 mm’ depending on the probe types and imaging depth.
All US volumes were inspected to have full tumor coverage and good image quality before saving
in the navigation system, thus ensuring the consistency and quality of image acquisition across
subjects. Although US images were obtained at different surgical stages, for this study, we only
used the ultrasound volume acquired on the dura or the cortical surface right before resection
started.
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Figure 1. Intra-operative ultrasound image acquisitions during surgery. Ultrasound images were
obtained using an optically tracked ultrasound transducer.

RaPTOR

We used RaPTOR [38], a technique based on correlation ratio [39] to recover brain shift. The
correlation ratio (CR) for two images X and Y, n(Y|X) has a value in [0,1], and is an asymmetric
metric, i.e. n(Y|X) # n(X|Y). Unlike the previous methods [24, 39], RaPTOR estimates CR,
n(Y|X) through binning X values. This allows the metric to be computed from few samples of



image patches, and it also permits histogram estimation with Parzen windows, which can improve
the behavior of the cost function. To mitigate the large spatial intensity inhomogeneity of US
images, local CRs are computed from small image patches, and are averaged for all the patches
{Qi}i=1...1vp to form a global cost function as:

Np
1
RaPTOR(X,Y) = N_Z(l -nY1X; Q)
Pi=1

The nonlinear deformation was modeled with free-form cubic B-splines, and the optimization is
achieved through a stochastic gradient descent approach [40] with derivatives of the cost function
solved analytically to improve the accuracy and computational speed.

MRI-US registration

With the optical position tracking system, the US images were acquired in the patient frame of
reference, and all the information was stored in the surgical-guidance system. The pre-surgical
MRI data were rigidly registered to the patient’s head using fiducial markers to initialize the MRI-
US registration. T2 FLAIR MR images were used for registration since the low-grade gliomas are
better visualized. To facilitate registration, the US volumes were first processed with non-local
means denosing [41] and then down-sampled to the same resolution as the MRI (1.0x1.0x1.0 mm®).
Here, we used the US and MRI volumes as the moving and fixed images in our image registration,
respectively, and the inverse of the deformation was used to update the pre-surgical data.

Registration validation

To help quantify brain shift and validate the registration, we identified matching anatomical
landmarks between the corresponding MRI and US volumes for each patient. Here, we used the
T2 FLAIR MRI to identify the landmarks since it provides better contrast between the tumor and
the normal tissue than the TIw MRI. Typical landmarks include the edge of the tumor, grooves of
sulci, corners of sulci, and convex points of gyri. There is a limited number of quality and coherent
anatomical features that qualify as landmark candidates between MRI and US, and we attempted
to identify most of such landmarks. We identified 15 pairs of homologous landmarks for Subject
1 and 3, and 16 pairs of landmarks for Subject 2 and 4. These landmarks cover the entire images,
and are sufficient for validation. To ensure landmark-selection quality, two raters performed the
task. As Rater 1 defined the reference landmarks in the MRIs, both raters were asked to tag the
corresponding landmarks twice in the US volumes. The final landmarks in the US scans are
provided as the averaged results of the two trials by both raters. These homologous landmarks
were used to compute the mean target registration errors (mTRE) to assess the quality of
registration. For M landmark pairs {x;, x;};=; ., the mTRE is computed as

M
1 !
mTRE = 373 IT(x) /|
=1



where T () represents the spatial transformation and ||-|| computes the Euclidean distance between
the two points.

To evaluate the intra- and inter-rater variability, we used the mean Euclidean distance between
two sets of corresponding US landmark points for each patient. For intra-rater variability, we
calculated the metric between two trials of landmark-picking for each rater; for inter-rater
variability, the average of two trials for each rater was first obtained, and used to compute the
metric between two raters.

Tractography

Each patient’s tractography was obtained using MRtrix3 (www.mrtrix.org). First, image denoising
[42], field inhomogeneity correction [43], and eddy current correction [44] were performed on the
raw diffusion data. The seeding regions of interest (ROI) for the targeted major white matter fiber
bundles near the brain tumors were manually selected based on the color-coded fractional
anisotropy (FA) map. Lastly, the tracts were produced with the probabilistic tractography method
using the 2" order integration over fiber orientation distribution (iFOD2) algorithm [45]. Fiber
tracking was stopped when 5,000 tracts reached the selected ROI or when 1000,000 total tracts
were generated.

Depending on the tumors’ locations, the included tracts were: the corticospinal tract (CST),
uncinated fasciculus (UNC), inferior fronto-occipital tract (IFO), superior longitudinal fasciculus
(SLF), and the tracts passing through the genu of the corpus callosum (CC). Damages to these
fiber tracts will affect important brain functions. In addition, we also used the tumor segmentations
as ROIs to generate the tracts to observe the infiltration of the cancerous regions, and the
connectivity between the tumors and the healthy tissues.

Surgical data updates due to brain shift

All the surgical data, including T2 FLAIR MRIs, segmented tumors, and the white matter tracts
were nonlinearly warped by deformation fields from MRI-US registration. The results were
visualized with the software 3DSlicer [46]. To quantitatively evaluate the changes, we computed
the Dice similarity coefficients (DSC) for the tumor and different fiber bundle volumes between
before and after nonlinear deformation. To quantitatively evaluate the changes, we computed the
Dice similarity coefficients (DSC) for the tumor and different fiber bundle volumes between before
and after nonlinear deformation. Additionally, for the tumor volumes, we computed the Hausdorff
distances between before and after deformation. To offer a better understanding for the impact of
brain shift on tractography in terms of displacement, we computed the mean displacement of the
fibers in each selected fiber bundle after deformation. To do so, a fiber density map was generated
for each fiber bundle in the same resolution of the T2w MRIs and computed deformation fields,
and the mean displacement was calculated for all non-zero voxels in the fiber density map.



Results

Image characteristics of low-grade gliomas

On T1w MRIs, low-grade gliomas appear dark, and calcifications may appear as foci of high T1
signals while T2 FLAIR images show the contrast between infiltrating tumor (bright signal)
margins and normal brain tissues. A comparison of tumor characteristics between MRIs and US
for Patient 4 is shown in Fig. 2, along with demonstration of sample landmarks as color-coded
dots. Because the contrast between the low-grade gliomas and normal tissues are better in FLAIR
images, they are used more actively than Tlw MRIs during surgery. In ultrasound, low-grade
gliomas are often hyperechoic (brighter than the surrounding white matter).

Figure 2. Coronal views of Tlw MRI (left), T2 FLAIR MRI (middle), and intra-operative
ultrasound scan (Right). The yellow arrows indicate the tumor, and the corresponding landmarks
between T2 FLAIR MRI and ultrasound are shown as colored dots. The ultrasound was aligned to
the MRI using landmark-based rigid registration for demonstration purpose.

MRI-US registration

After registration, the anatomical features between the MRI and US volumes were well aligned.
The registration results are shown in Fig. 3, where the T2 FLAIR images are nonlinearly registered
to the US volume. The landmark registration errors before and after registration are shown in 7able
1. With image registration, the mTRE (meantsd) was reduced from 7.22+3.35 mm to 1.73+£0.62
mm. Using mTRE as a surrogate for the magnitude of brain shift measurement [47], the severity
of the shift (from the least to the most) is ranked as: Patient 4, Patient 2, Patient 1, and Patient 3.
The evaluation of inter- and intra-rater variability for the quality of landmark selection is listed in
Table 2. Although Rater 1 is slightly less consistent in landmark picking, all the measured mean
variabilities remain around 0.5 mm, which is half a voxel of the MR image.



Patient 1 Patient 2 Patient 3 Patient 4

Before

After

Figure 3. Comparison of image alignments before and after nonlinear MRI-US registration for all
cases. The first and second row shows ultrasound scans overlaid upon the corresponding MR
images before registration and after registration, respectively. After registration, the anatomical
features in the US scans (pointed with white arrows) are better aligned with those in the MR images.

Table 1. Mean target registration errors in mm before and after registration for all patients.

mTRE (mm) Patient 1 Patient 2 Patient 3 Patient 4
Before 9.58 6.39 10.06 2.83
After 1.86 1.31 2.55 1.20

Table 2. Inter- and Intra-rater evaluations with mean Euclidean distances between landmark sets

for each patient and meantsd values.

Intra-rater Rater 1 Intra-rater Rater 2 Inter-rater R1 vs. R2
Patient 1 0.47 mm 0.24 mm 0.27 mm
Patient 2 0.43 mm 0.40 mm 0.32 mm
Patient 3 0.52 mm 0.31 mm 0.36 mm
Patient 4 0.71 mm 0.26 mm 0.46 mm
meanztsd 0.5320.12 mm 0.30£0.07 mm 0.3520.08 mm

Pre-operative tractography

All patients’ relevant pre-operative white matter fiber bundles along with the segmented tumors
are illustrated in Fig. 4. From the results, we observed that some fiber tracts sweep the boundaries
of the tumors while some pass through them, as seen for Patient 2 and 3. For Patient 2, the anterior
of the SLF tract originates from the tumor, thus causing the configuration to alter from that seen
in healthy subjects. Furthermore, as the tumor interrupts the integrity of the IFO tract, we did not
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show the particular fiber bundle here. For Patient 3, both the IFO and SLF tracts have some
portions within the tumor. As part of the characteristics of low-grade gliomas, the tumor often
infiltrates the white matter tracts, instead of complete disruption. Streamlines generated using the
tumor segmentations as seeding ROIs before registration are shown in Fig. 5. This approach allows
the visualization of directly impacted fibers.

Patient 1 Patient 2 Patient 3 Patient 4

Figure 4. Demonstration of pre-operative tractography. Tumors are illustrated as red mesh objects.
The color coding for different fibre bundles are: green = cortico-spinal tract, yellow = uncinate
fasciculus, blue = inferior fronto-occipital tract, purple = superior longitudinal fasciculus; cyan =
tracts passing through the genu of corpus callosum.

Patient 1 Patient 2 Patient 3 Patient 4

Figure 5. Demonstration of fiber tracts obtained using tumor segmentations as regions of interest.
The tumors are shown as red mesh objects, and the tracts are color-coded with respect to local
fiber segment orientation.

Nonlinear deformation of surgical data

To better visualize the impact of the brain shift at surgical sites, in Fig. 6 we rendered the tumor
segmentations before and after brain shift as 3D mesh objects in yellow and red, respectively. For
Patient 1, 2, and 3, the brain shifts significantly changed the locations of the surgical targets
generally towards the direction of gravity. The initial brain shift is relatively small for Patient 4,
but misalignment of the tumor before and after tissue shift is still evident. The DSCs for the tumor
volumes between before and after deformation are measured at 0.15, 0.70, 0.42, and 0.89 for
Patient 1, 2, 3, and 4, respectively. In addition, the Hausdorff distances are measured at 10.68 mm,
8.25 mm, 11.36 mm, and 3.46 mm for Patient 1, 2, 3, and 4, respectively. There is generally less
overlap between the tumor volumes in the presence of a more severe brain shift. However, the
overlap also depends on the tumor size and position in relation to the tissue deformation.
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Patient 1 Patient 2 Patient 3 Patient 4

Figure 6. Demonstration of tumor deformation after craniotomy. Tumors before and after
deformation are shown as semi-transparent yellow and red 3D mesh objects, respectively. The
ultrasound scan (in cyan color coding) and deformed MR images are overlaid in the background
to help locate of the tumors.

To show the impact of brain shift on fiber tracts, we color-coded the selected fiber tracts in yellow
and blue for before and after deformation, and the results of the previously generated fiber tracts
are show in Fig. 7 and Fig. 8. Again, there are visible spatial displacements after brain shift
compensation.

Patient 1 Patient 2 Patient 3 Patient 4

Figure 7. Demonstration of tractography deformation for the major white matter fiber bundles.
Tracts before and after deformation are shown in yellow and blue colors. Axial T2 FLAIR MRI
slices are added to help locate the tracts.

Patient 1 Patient 2 Patient 3 Patient 4

Figure 8. Demonstration of tractography deformation using tracts generated with tumor volumes
as ROIs. Tracts before and after deformation are shown in yellow and blue colors. Axial T2 FLAIR
MRI slices are added to help locate the tracts.
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For each generated fiber bundle of each patient, we computed the DSC between the regions
containing fiber tracts and the mean displacement of fibers before and after accounting for brain
shift. The results are listed in 7able 3. The metric shows that the position of the fiber bundles can
be heavily influenced by brain shift. More particularly, for the UNC tract of Patient 3, there is very
little volume overlap (DCS = 0.09) between the pre-surgical plan and after craniotomy, and a large
mean fiber displacement of 9.93mm.

Table 3. Dice similarity coefficients (DSC) and mean fiber displacements (shown in square
brackets) between fiber bundles before and after nonlinear deformation. CST = cortico-spinal tract,
UNC = uncinate fasciculus, IFO = inferior fronto-occipital tract, SLF = superior longitudinal
fasciculus; CC-genu = tracts passing through the genu of corpus callosum, and Tumor-ROI = fiber
tracking using tumor segmentation as ROI.

Patient 1 Patient 2 Patient 3 Patient 4
CST 0.45 [4.58mm)] 0.53 [6.72mm]  0.10[10.70mm]  0.87 [1.19mm]
UNC 0.21 [8.06mm)] 0.09 [9.93mm]
IFO 0.44 [5.30mm] 0.21 [9.45mm]
SLF 0.57[5.03mm]  0.21 [10.05mm]
CC-genu 0.93 [1.96mm]

Tumor-ROI 031 [6.71lmm]  0.36[7.49mm]  0.13 [10.34mm]  0.82 [2.27mm]

Discussion

Previous studies [48, 49] have shown that various types of gliomas interact with the white matter
tracts differently. While high-grade gliomas primarily disrupt the tracts, low-grade gliomas
infiltrate tracts along myelinated fibers. These changes cause the tractography and the DTI-related
measurements (e.g., fractional anisotropy) to alter from the healthy brains in the involved regions.
Although diffusion imaging can help characterize the tumorous tissues, we only focused on the
registration of tractography in this article. By qualitatively visualizing the tractography and
quantitatively measuring the volume overlap (i.e., DSC) and fiber displacements before and after
brain shift compensation, we have observed large discrepancies between them. This confirms the
need to provide updated tracts as the surgery progresses, offering the surgeon sufficient
information during resection. This is especially true for low-grade gliomas, which still contain
certain intact white matter tracts. Overall, the deformation appears more profound around the
tumors, and is generally towards the gravity. However, the movement can be complex due to many
factors, including the pressure from the transducer (the probe pressure is very small), size of the
craniotomy, tumor texture and locations, and so on. In this work, we demonstrated our technique
to track tractography deformation for the initial tissue shift before opening the dura because the
initial tissue shift often sets the tone for the rest of the surgery. In our future studies, we will explore
brain-shift correction to monitor tractography deformation during the rest of the surgery stages.
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With RaPTOR [38], we are able to effectively reduce the mean landmark registration errors
between the pre-operative MRI and intra-operative US. Currently, RaPTOR is implemented as a
MATLAB (Mathworks Inc., Natick, USA) software package, and the MRI-US registration is
performed using a Macbook pro with a 3.1 GHz Intel Core 17 and 16GM RAM. As the acquired
US volumes have a relatively small coverage, the registration was conducted primarily at 1x1x1
mm’ resolution with the whole brain volume to cover all the potential white matter tracts.
Registration was completed in about 20 min. Brain tumor resection typically takes a few hours, so
this running time should be reduced by approximately a factor of two to be clinically relevant. This
speed up is easily achievable by parallel implementation of RaPTOR or implementation in C++.
In this study, we used 3D US volumes for MRI-US registration. The volumes were reconstructed
from spatially tracked 2D US scans, instead of directly from a 3D US transducer. Alternatively,
direct multi-slice-to-volume registration strategies [50] may also be employed to improve the
computational efficiency.

In this paper, we employed an established clinical DWI protocol to produce the white matter tracts,
which has been integrated in planning brain tumor resection at the St. Olavs University Hospital.
Although it is true that more advanced imaging techniques, such as high angular resolution
diffusion-weighted imaging (HARDI) [51] and its variants, can further improve the accuracy of
fiber tracking, they are still rarely seen in the clinic, primarily due to time and hardware constraints.
This work showed that clinical DWI, which is more widely available than research-grade DWI,
can be used in conjunction with intra-operative ultrasound, and with future improvements on DWI
protocols, the proposed technique can potentially provide more accurate information during
resection. Considering the scarcity of functional data in conjunction with intra-operative images
in brain tumor resection, to the best of our knowledge, this work is the first to explicitly
demonstrate the technique to track nonlinear deformation of white matter tracts in ultrasound-
guided tumor resection with real clinical cases. Here, we used four clinical cases for our
experiments. Among them, there are sufficient variabilities in the severity of brain shift, tumor
locations and sizes so that the preliminary results will lead to a better demonstration of the
workflow, which we will evaluate with more clinical cases in the future. We used DSC and mean
fiber displacements to quantify the potential impact of brain shift on white matter tracts during
surgery, and showed the need to update the tracts information along with the tumor volume. While
the landmark-based registration errors can on some level reflect the accuracy of tracking
tractography deformation, it is still challenging to validate tractography deformation as additional
ground truth data are hard to acquire. One way to cross-validate the quality of tractography
deformation estimation with the help of MRI-US registration is by obtaining DWI data throughout
the surgery in conjunction with intra-operative MRI. However, this technology is still rare in the
clinic, and intra-operative MRI is often of lower image quality, which may adversely affect the
quality of the comparison. In addition, electrophysiological data [52] during resection can help
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further confirm the technique introduced in this work. We will conduct more thorough validation
with these techniques in the future.

Conclusions

As a relatively new imaging modality for surgical planning, diffusion imaging offers functional
information that is important to guide the resection of brain tumors. Thanks to intra-operative
ultrasound and robust image registration techniques, we can track and correct the brain shift during
resection, and thus update the surgical plan. We have retrospectively demonstrated the technique
to track nonlinear deformation of pre-surgical tractography for four low-grade glioma patients who
underwent tumor surgeries, and the results revealed the need of updating the white matter tracts
during surgery. This is the first step towards incorporating functional data in intra-operative
monitoring to help potentially improve the quality and outcomes of tumor resection.
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