1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Neuroimaging. Author manuscript; available in PMC 2019 March 01.

-, HHS Public Access
«

Published in final edited form as:
J Neuroimaging. 2018 March ; 28(2): 173-182. doi:10.1111/jon.12485.

Image Registration to Compensate for EPI Distortion in Patients
with Brain Tumors: An Evaluation of Tract-Specific Effects

Angela Albi, Antonio Meola, Fan Zhang, Pegah Kahali, Laura Rigolo, Chantal M.W. Tax,
Pelin Aksit Ciris, Walid I. Essayed, Prashin Unadkat, Isaiah Norton, Yogesh Rathi, Olutayo
Olubiyi, Alexandra J. Golby, and Lauren J. O’Donnell

Brigham and Women'’s Hospital, Harvard Medical School, Boston, MA (AA, AM, FZ, PK, LR,
CMWT, PAC, WIE, PU, IN, YR, OO, AJG, LJO); Center for Mind/Brain Sciences (CIMEC),
University of Trento, Rovereto, Italy (AA); Image Sciences Institute, University Medical Center
Utrecht, Utrecht, Netherlands (CMWT); and Department of Biomedical Engineering, Akdeniz
University, Antalya, Turkey (PAC)

Abstract

BACKGROUND AND PURPOSE—Diffusion magnetic resonance imaging (dMRI) provides
preoperative maps of neurosurgical patients” white matter tracts, but these maps suffer from echo-
planar imaging (EPI) distortions caused by magnetic field inhomogeneities. In clinical
neurosurgical planning, these distortions are generally not corrected and thus contribute to the
uncertainty of fiber tracking. Multiple image processing pipelines have been proposed for image-
registration-based EPI distortion correction in healthy subjects. In this article, we perform the first
comparison of such pipelines in neurosurgical patient data.

METHODS—Five pipelines were tested in a retrospective clinical dMRI dataset of 9 patients with
brain tumors. Pipelines differed in the choice of fixed and moving images and the similarity metric
for image registration. Distortions were measured in two important tracts for neurosurgery, the
arcuate fasciculus and corticospinal tracts.

RESULTS—Significant differences in distortion estimates were found across processing
pipelines. The most successful pipeline used dMRI baseline and T2-weighted images as inputs for
distortion correction. This pipeline gave the most consistent distortion estimates across image
resolutions and brain hemispheres.

CONCLUSIONS—Quiantitative results of mean tract distortions on the order of 1-2 mm are in
line with other recent studies, supporting the potential need for distortion correction in
neurosurgical planning. Novel results include significantly higher distortion estimates in the tumor
hemisphere and greater effect of image resolution choice on results in the tumor hemisphere.
Overall, this study demonstrates possible pitfalls and indicates that care should be taken when
implementing EPI distortion correction in clinical settings.
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Introduction

Methods

Diffusion magnetic resonance imaging (dMRI) can provide preoperative maps of patients’
white matter fiber tracts! for neurosurgical planning, and the use of dMRI has been shown to
increase the likelihood of complete tumor resection and time of survival.2 In dMRI, the
acquisition of diffusion-weighted images (DWIs) is usually performed using echo-planar
imaging (EPI), which allows rapid scanning at the expense of image distortions due to eddy
currents and static magnetic field inhomogeneities.3# The sensitivity of EPI to magnetic
field inhomogeneities produces nonlinear geometric distortions, mainly along the phase
encoding direction,* with consequent displacement of anatomical structures. Ignoring these
artifacts can result in inaccuracies in diffusion tensor image (DTI) estimation and reduce
accuracy in fiber tract tracing.>—8 Local magnetic susceptibility artifacts have been reported
in or near brain tumors,®11 but because EPI distortions caused by magnetic field
inhomogeneities are generally expected to be localized to the anterior part of frontal and
temporal lobes2-14 and may in many cases be distant from the lesion, in general distortion
correction is not yet addressed in the clinic.

One technique widely employed for EPI distortion correction is based on nonrigid image
registration, where a distorted EPI image is aligned to a T1- or T2-weighted structural target
image.>1%.16 This technique has high potential for future implementation in neuronavigation
systems, as it requires only MRI data that are standardly acquired for presurgical planning.
The literature includes many different pipelines for image-registration-based EPI distortion
correction.>8:12.15.17-20 Nonetheless, none of the proposed pipelines is specifically
addressed to neurosurgical planning, and despite the multitude of the options available, their
implementation is not widespread for clinical use. To our knowledge, only one group has
investigated an image-registration-based EPI distortion correction pipeline in neurosurgical
patient data.> Therefore, in this article, we perform the first comparison of multiple image
registration pipelines for EPI distortion correction in neurosurgical patient data. We evaluate
the effects of image-registration-based EPI distortion correction pipelines on two clinically
relevant anatomical pathways, the corticospinal tract (CST)?! and the arcuate fasciculus
(AF),22:23 a5 well as the patient-specific tumor regions.

Data Acquisition and Patient Selection

For this retrospective study, we selected 9 consecutive patients (Table 1) with brain tumors
who had dMRI, T2-weighted, and contrast-enhanced T1-weighted MRI images acquired
presurgically. All of our clinical high-resolution T1 images are acquired with gadolinium
contrast injection, an acquisition modality that is widely used for monitoring brain tumors.
All imaging was acquired with a Siemens 3T scanners (Siemens Trio and Verio, Siemens
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Healthcare, Erlangen, Germany) equipped with a 12-channel head coil. dMRI was acquired
using an EPI sequence (30 gradient directions, 1 baseline (b = 0) image, b = 2,000 s/mm?,
TR =12,700, TE =98, flip angle = 90, matrix = 100 x 90, FOV = 22 cm, 59 axial slices,
voxel size = 2.3 mm3). High-resolution anatomical T1 (with gadolinium contrast) and T2-
weighted scans were acquired as clinically indicated for each patient (Fig 1A and B). The
study was approved by the hospital Institutional Review Board, and informed consent was
obtained from all participants prior to scanning.

Image Processing

DWIs were corrected for motion and eddy current distortions using DTIPrep
(www.nitrc.org/projects/dtiprep).24 The 3D Slicer (www.slicer.org version 4.4) SlicerDMRI
extension (www.dmri.slicer.org) was used to extract dMRI baseline (b0) images and
compute fractional anisotropy (FA) maps (Fig 1C and D, respectively) and DTI directionally
encoded color maps. Binary brain masks were created using the Brain Extraction Tool.2>
Each mask was visually inspected and edited as needed in 3D Slicer.

Image Registration for EPI Distortion Correction

We tested five pipelines previously proposed in the literature (Table 2). The target image was
an anatomically undistorted image, either T1- or T2-weighted (Fig 1A and B). Moving
images to be registered to the target were selected from the DWI dataset: baseline, FA, and
mean diffusion weighted images (Fig 1C-E). Cross-correlation (CC) or mutual information
(M1) image similarity metrics were used as appropriate for contrast differences between the
images.

The registration process was initialized with a rigid registration of T1 and T2 images into the
DWI space to create fixed structural targets. (In this way, the T1 and T2 images were aligned
with the phase encode direction of the DWIs.) Next, each moving image was registered to
the corresponding structural target using a nonrigid diffeomorphic deformable registration.
Deformations were restricted to the phase-encoding axis following the standard procedure
for EPI distortion correction.8:12.15.18.19 Finally, the resulting deformation field was applied
to the DWISs to shift the voxels in the areas affected by distortion. Diffeomorphic registration
was performed with the nonlinear SyN algorithm,13 one of the highest ranking brain
registration methods.26 We used Advanced Normalization Tools (ANTS) version 2.1.0 for all
image registration steps (http://stnava.github.io/ANTs/). The ANTs method has
approximately 28M degrees of freedom (for nonlinear rigid registrations).28

Because anatomical T1 and T2 MRI data generally have higher voxel resolution than dMRI
data, the nonrigid registration reference voxel size can be chosen at the higherl927 or
lower28:29 resolution. To compare these two options, data were registered at both low
resolution (where the target image was downsampled to the voxel size of the moving image)
and high resolution (where the moving image was upsampled to the voxel size of the target
image). For this second option, for consistency, the reference voxel dimension was that of
the T2-weighted image even when we used the T1-weighted image as the fixed image.
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All results were visualized for quality control by overlaying each EPI distortion corrected
volume on the corresponding subject’s T1-weighted and the T2-weighted images to assess
the presence of local mismatch.

Fiber Tract Reconstruction

Whole-brain tractography was performed within the entire brain mask using two-tensor
unscented Kalman filter tractography (UKFt),30 which can model crossing fibers and is
relatively insensitive to edema.31 UKFt was performed in the following datasets: uncorrected
dMRI data, dMRI data corrected for motion and eddy currents only, and dMRI data
corrected for motion, eddy currents, and EPI distortions using all five pipelines.
Tractography was seeded 20 times in all voxels within the binary brain mask. Tracking
stopped where FA fell below .15 (default value) or generalized anisotropy (used to assess the
suitability of fitting a multifiber model) fell below .075 (a slight decrease below the default
value to increase sensitivity to tracts passing through edema). Tractography visualizations
were rendered with 3D Slicer.

Anatomical White Matter Pathways and Tumor Segmentation

Expert selection of CST and AF was performed using regions of interest (ROIs) based on the
T2-weighted image. Additional visual reference was provided by both the T1-weighted
image and the directionally encoded color map of an EPI distortion corrected image
obtained with the BOT2 registration method. Selection of CST was achieved with four
inclusion ROIs at the level of the pyramid, the middle three fifths of the midbrain, the
posterior limb of the internal capsule, and the cortical areas including primary motor/M1
(Brodmann’s area 4), premotor, supplementary motor (Brodmann’s area 6), and the
somatosensory cortex (Brodmann’s areas 3, 1, and 2). AF was selected with three ROIs. On
a coronal plane passing through the precentral gyrus, the first ROl encompassed the
anteroposteriorly oriented fibers adjacent to the lateral aspect of the CST, at the same level
of the corpus callosum on a cranio-caudal axis. The second ROI was created on an axial
plane immediately above the level of the anterior commissure and included only the
vertically oriented fibers lateral to the atrium of the lateral ventricle. The third ROl was
created on an axial plane, encompassing the anterolaterally oriented fibers lateral to the
lateral ventricle at the junction between the atrium and the temporal horn. All ROIs were
placed bilaterally. Exclusion masks were used to avoid spurious fibers; each exclusion ROI
was specific for each tract and hemisphere. Tumor segmentation was performed with
reference to the T1, T2, and b0 images.

Mean Absolute Tract Displacement

For each patient dataset and registration pipeline, we calculated the mean absolute
displacement of CST and AF estimated by nonrigid image registration for EPI distortion
correction. For each DWI that underwent image distortion correction, we obtained the
estimated displacement in the phase encoding direction (in mm) (Figs 2A, B, and 3). Next,
on the corrected DWIs, we performed whole-brain tractography, from which the two
anatomical tracts of AF and CST were selected (Fig 2C and D). At this point, we computed
the magnitude of the deformation (equal to the absolute value of the y component of the
deformation field). Next, we created a binary mask of all voxels intersected by the fiber
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tract. Finally, the mean deformation was computed within this binary mask (Fig 2E). The
total tract volume was also computed. In 3D Slicer, this process used the modules
Tractography to Mask Image and Label Statistics. This procedure allowed the quantification
of mean tract displacement and tract volume.

Mean Absolute Tumor Displacement

For each patient and registration pipeline, we calculated the mean absolute displacement
within the tumor region as estimated by the nonrigid image registration. The magnitude of
the deformation was computed within the binary mask of the tumor segmentation.

Statistical Analysis

Data were analyzed using Matlab (The MathWorks Inc., Natick, MA, USA) version 2015b.
To test for differences in tract displacement between pipelines, we used a one-way ANOVA
test. To test for differences in tract displacement across hemispheres, we used a paired #test,
which was also used for testing differences in tract displacement between low-resolution and
high-resolution data. For all the tests, the significance threshold for the reported two-tailed P
values was .05.

Computational Time

Results

Typical run times of the complete registration process on a large multiprocessor machine
were 2.3 minutes (low resolution) and 13.3 minutes (high resolution), where the maximum
numbers of concurrent processing threads were 17 and 26. Both run times were feasible for
neurosurgical planning; however, the total CPU time for the high-resolution data registration
(the time it would take a single processor system) was 2 hours and 38 minutes.

Visualization of Computed Deformations

Visualization of the amount of displacement estimated in the phase encode direction (Fig 3),
demonstrates the apparent high variability across pipelines. For 2 subjects, a field map was
acquired, which is known to be proportional to the EPI distortion.3233 We note that, when
compared to the image registration results, the two field maps appear visually more
consistent across subjects in terms of the spatial locations of the distortions.

Visualization of Distortion-Corrected Tracts

CST and AF tractography results using original uncorrected data, data corrected for eddy
currents and head motion, and data obtained from all five registration pipelines were
visualized. Overall, the location of all tracts was similar when viewed in 3D. However, a
closer examination of the tracts’ intersection with T1 anatomical images indicated some
variability across pipelines, which could affect the clinically important spatial relationship of
the tracts to the tumor (Fig 4).
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Analysis of Mean Tract Displacement

Expert tractography selection identified CST bilaterally in all 9 patients and AF bilaterally in
6 patients. Due to peritumoral edema and mass effect, it can be a challenge to trace AF and
to select AF with standard anatomical ROIs, especially in the right hemisphere where AF
may be smaller. The following statistical analyses were performed on A= 9 patients (CST)
and A= 6 patients (AF).

Mean absolute displacement of AF and CST was significantly different across the distortion
correction pipelines, in both low-resolution (AF, £.012; CST, £.014) and high-resolution
(AF, P<.001; CST, P<.001) data (Fig 5), after averaging across hemisphere within each
subject. The FAT1CC pipeline was inconsistent with the other pipelines in that it estimated
the largest distortions, which are likely to be incorrect overestimates (see also Fig 6). We
found greater displacement in the tumor hemisphere for CST, but not AF, for both low-
resolution (P < .002) and high-resolution (~.014) data (Table 3). Finally, we found greater
displacement when using low-resolution data relative to high-resolution data (comparison of
data in Table 3), in both the tumor and contralateral hemispheres (AF-ipsilateral, £.011; AF-
contralateral, £.047; CST-ipsilateral, £.011; CST-contralateral, ~.009).

In order to assess which of the five registration pipelines might be most suitable for clinical
use, we evaluated consistency of the estimated tract displacement across hemispheres and
resolutions. To quantify consistency, we computed the differences in mean absolute tract
displacement between resolutions employed for the registration (high and low) (Table 5) and
between hemispheres (tumor and contralateral) (Table 6). The BOT2 pipeline was the most
consistent: it was the least affected by the resolution of the image used, and it was not highly
affected by the presence of the tumor (Tables 5 and 6). Across all methods, the choice of
resolution had the most impact in the tumor hemisphere: the difference between
displacements estimated at high and low resolution was greater in the tumor hemisphere (in
CST: paired #test, P=.036).

We found that one important limitation for image-registration-based distortion correction
may derive from the clinical acquisition of contrast-enhanced T1-weighted images. All of
our clinical high-resolution T1 images are acquired with gadolinium contrast injection, an
acquisition modality that is widely used for monitoring brain tumors. Upon visual
inspection, we found that in some cases, in particular in the FAT1CC registration, the
distortion correction was affected by the bright contrast in the brain’s venous system. This
may have caused overstretching of the regions adjacent to brighter venous drainage resulting
from the contrast enhancement (Fig 6). Others have also observed overstretching in EPI
distortion correction due to high T1 signal for the skull and soft tissue areas,3* even without
the image registration challenge of contrast injection.

Analysis of Mean Tumor Displacement and Average Tumor Volume

Tumor segmentation was performed for all patients. Mean absolute displacement of the
tumor area was significantly different across the distortion correction pipelines for both the
low-resolution data (~P:.046) and high-resolution data (~..043). Mean displacement was
higher when using low-resolution data, as previously shown for calculation of mean absolute

J Neuroimaging. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Albi et al.

Page 7

tract displacement (Table 4). Finally, we did not find any correlation between the tumor
volume (Table 1) and the amount of tumor displacement.

Average Tract Volume

To confirm that results were not confounded by volume variability of fiber tracts, we
compared the average tract volume across pipelines for both AF and CST of the low-
resolution data. Differences in average tract volume across pipelines did not reach statistical
significance in the tumor hemisphere nor in the contralateral hemisphere (AF-ipsilateral, ~ .
998; AF-contralateral, P..870; CST-ipsilateral, P..545; CST-contralateral, P:.924).

Discussion

In this study, we evaluated five pipelines for image-registration-based EPI distortion
correction (Table 2) that have previously been described and assessed.?:8:12.15.18-20,35,36 Tq
our knowledge, this is the first time these pipelines have been evaluated in the context of
neurosurgical patient data.

Our results indicate small mean displacements on the order of 1 or 2 mm within AF and
CST (Table 3), and of 1-3 mm within the tumor volume, in line with the current clinical
practice of neglecting EPI distortion correction. However, this is the mean value over a large
volume (an entire AF or CST tract or tumor volume), and as Figure 3 shows, locally larger
deformations are also computed. Overall, the mean displacement was found to be of similar
magnitude both within the tumor and within the tracts (Tables 3 and 4). Plots of tumor size
versus tumor distortion measurement (not shown) indicated no apparent relationship in our
small study. Given the variety of tumor types and locations, a larger study would be needed
to assess the influence of the tumor (Table 1). Furthermore, the computed deformations were
sufficient to affect the spatial relationship between the tractography and the tumor (Fig 4B-
G). We note that evaluation of tractography for neurosurgery is a challenging and open
problem.3” However, these quantitative results demonstrate the existence of EPI distortions
in major fiber tracts and support the potential need for distortion correction in neurosurgical
planning.

To our knowledge, two other groups have quantified EPI distortions in dMRI data from
patients with brain tumors. One group performed EPI distortion correction using a nonlinear
registration method (baseline image to T1 MPRAGE) in 14 retrospective patients.® Their
approach did not restrict deformations to the phase encode direction or perform tractography
after distortion correction to take advantage of expected improvements in local tract
continuity.5-8 Distortion correction was instead applied directly to previously performed
CST tractography, giving a mean displacement of 2.4 mm in the internal capsule and
maximum displacements up to 15 mm. A second group evaluated the reversed gradient
method for distortion correction in a retrospective fashion in a large cohort of patients with
brain tumors, finding a median EPI distortion of 2.1 mm in the whole brain,38 similar to the
distortion magnitudes we found. However, as the entire brain was evaluated, specific
information about clinically relevant tracts was not available for comparison. Another
possibility for reducing possible influence of the tumor on image registration is to mask the
tumor from the registration. This approach has been proposed for when both images do not
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contain the tumor (eg, registration of atlas to patient)3%40 or for pre- to intraoperative image
registration when changes due to surgery have taken place, such as partial or complete tumor
resection.*! In our experiments, the tumor was present in all images, so we did not remove
tumor information by masking, though this approach could have potential for enhancing
tumors if T1 contrast-enhanced images are the only ones available for image registration.

There are several possible limitations of our study. In our experiments, we only evaluated
image-registration-based pipelines for correction of EPI distortions due to their simple
applicability to neurosurgical planning. Other EPI distortion correction methods that require
additional MRI acquisitions have been proposed, including fieldmap techniques6:14.32.33.42
and the reversed gradient (“blip-up blip-down”) method.12:43-47 While our set of tested
registration pipelines was extensive, other pipelines are possible. It is also possible that each
pipeline may need separate optimization to further improve the output. The parameters
chosen were kept as constant as possible across pipelines and were obtained with reference
to the ANTs documentation and consulting the ANTs forum. The sampling rate was the
ANTSs default of 100% for both CC and MI experiments. The gradient step size, the
smoothing sigmas, and the shrink factor parameters were kept constant for all pipelines,
while parameters specific to similarity metrics were set as region radius of 2 (CC) and bin
number of 32 (MI).48 Another limitation of this study is the lack of ground truth information
about tract displacement; our results are limited to an evaluation of consistency which, while
useful to highlight differences across methods, does not directly provide information about
method accuracy. Another possible limitation of using T1 as the registration reference is the
clinically observed postcontrast reduction in contrast between gray and white matter, which
could be an added challenge for the intensity-driven registration, in addition to the discussed
problems caused by enhancing vasculature.

Overall, we find that care must be taken when implementing an image-registration-based
EPI distortion correction pipeline in the context of neurosurgical patient data. The choice of
input images, the choice of image resolution, and the performance of the pipeline in the
presence of a tumor are all important factors. Differential registration performance in tumor
versus contralateral hemispheres may relate to technical factors affecting registration
algorithms, such as differences in image contrast in the presence of the lesion, or to
pathological factors, as previous studies have reported local susceptibility artifacts in or near
brain tumors.9-11

Conclusion

In conclusion, on the basis of this small study, we can provide some recommendations for
groups choosing to use image- registration-based EPI distortion correction methods during
neurosurgical planning. Based on quantitative tract-specific measurements, our experiments
provided evidence that the dMRI baseline to T2 registration pipeline (B0T2) gave the most
consistent information about tract displacement. Similarly, the BOT2 registration pipeline
was the most consistent in the quantification of the mean absolute displacement of the tumor
volume. It is thus plausible that BOT2 is the most reliable image-registration-based EPI
distortion correction pipeline for application to patient data. Moreover, the BOT2 registration
appears to be the most popular pipeline, outnumbering the other pipelines in terms of
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literature citations (Table 2). In addition, it avoids the use of a clinical contrast-enhanced T1
image, which was shown to give problematic registration results (eg, Fig 6) and could lead to
likely overestimates of displacement (Table 3). If computation time permits, robust
registration using the high-resolution voxel space of the T2 image should be preferred, rather
than downsampling the T2 image.

In the future, we expect that new methods that go beyond simple pairwise image registration
to take advantage of additional information, such as distortion correction using structural
MRI, DWI, and reversed gradient data,34 or eddy current correction using all DWI images,*°
have high potential for distortion correction for neurosurgical planning.
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C Baseline D Fractional anisotropy E mean DWI

Fig 1.

Target and moving images.

Anatomical MRI images used as registration targets included (A) T2-weighted and (B)
contrast-enhanced T1-weighted. Images derived from diffusion MRI including (C) baseline,
(D) fractional anisotropy, and (E) mean diffusion-weighted images were used as moving
images in the EPI distortion correction experiments. Displayed images are from the first
subject in the study. Note that a skull-stripping mask was applied to all images prior to
deformable registration.
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A DWI B Deformation field C Whole-brain
tractography

D CST E Absolute displacement
within CST

Fig 2.

Mgean absolute displacement measurement within anatomical tracts.

Steps used to obtain measurements of the absolute displacement within the corticospinal
tract (CST) and the arcuate fasciculus (AF, not shown). Each diffusion-weighted image
(DWI) (A) underwent image distortion correction. From the distortion correction along the
phase encoding direction, a deformation field (B) was obtained. The grayscale value
indicates the amount of displacement with —15 mm in black and +15 mm in white. (C)
Whole-brain tractography was performed on every distortion corrected volume and
anatomical tracts such as CST (D) and AF were obtained. Within each of the tracts, we
quantified the mean absolute displacement derived from the deformation field (E).
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Fig 3.

Es%imated displacement in the phase encode direction.

Estimated distortion using high-resolution data, where each column corresponds to one
subject and each row corresponds to a pipeline. Deformation fields visualization is in the
axial plane and indicates translation in the anterior-posterior direction (phase encode
direction), as estimated by the registration pipelines. The grayscale value indicates the
amount of displacement with =15 mm in black and +15 mm in white. Field maps: maps
representing the field inhomogeneity across the images (available only for 2 subjects). BO =
baseline; BOT1 = baseline toT1- weighted anatomical image (T1) registration pipeline;
BOT2 = baseline to T2-weighted anatomical image (T2) registration pipeline; FAT1CC =
fractional anisotropy to T1 registration pipeline; FAT1MI = fractional anisotropy to T1
registration pipeline; mDWIT1 = mean diffusion-weighted image to T1 registration pipeline.
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G FaTICC H FATIMI I mDWITI

Fig 4.

Spgatial relationship of the tracts to the tumor.

Spatial relationship of the tracts with the tumor: the distance from the tracts to the lesion can
vary with the registration method. (A) 3D representation of tractography results in
corticospinal tract from patient 9 with diffuse astrocytoma. After application of registration
pipelines, the location of the seeded tracts appears visually similar in 3D. (B) Tracts from all
pipelines, showing their intersection with a T2 sagittal slice. (C-1) Tracts’ intersection with a
T2-weighted anatomical image shows the variability across pipelines. EC = Eddy current
and movement corrected data; Uncorr = uncorrected data; BOT1 = baseline to T1-weighted
anatomical image (T1) registration pipeline; BOT2 = baseline to T2-weighted anatomical
image (T2) registration pipeline; FAT1CC = fractional anisotropy to T1 registration pipeline;
FAT1MI = fractional anisotropy to T1 registration pipeline; mDWIT1 = mean diffusion-
weighted image to T1 registration pipeline.
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Estimated mean tract displacement.
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Comparison across registration pipelines shows significant differences in estimated
displacement of critical white matter structures. Mean absolute displacement of arcuate
fasciculus (low-resolution (A) and high-resolution (B) data) and corticospinal tract (low-
resolution (C) and high-resolution (D) data), after averaging over hemisphere. Statistics were
performed on mean displacement values (in mm) on A= 6 subjects for arcuate fasciculus
(AF) and on A= 9 subjects for corticospinal tract (CST) using a one-way ANOVA (low-
resolution data: AF, P=.012; CST, P=.014), * = P<.05; (high-resolution data: AF, £<.001;
CST, P<.001), *** = P< .001. Significant comparisons are indicated by asterisks (*P < .05,
**p< 001, ***P<.0001). BOT1 = baseline to T1-weighted anatomical image (T1)
registration pipeline; BOT2 = baseline to T2-weighted anatomical image (T2) registration
pipeline; FAT1CC = fractional anisotropy to T1 registration pipeline; FAT1MI = fractional
anisotropy to T1 registration pipeline; mDWIT1 = mean diffusion-weighted image to T1

registration pipeline.
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D Contrast-enhanced T1 (zoomed) E Uncorrected data

F Unmasked T1-weighted G Masked T1-weighted

Fig 6.

Ef%ect of contrast enhancement on T1-based distortion correction method.

Directionally encoded color images of the corpus callosum for one sample subject, showing
the effect of contrast enhancement on the T1- based distortion correction method. (A)
Fractional anisotropy map; (B-D) original contrast-enhanced T1-weighted image; (C)
contrast-enhanced T1-weighted image with mask overlaid; (E) uncorrected DTI volume; (F)
echo-planar imaging (EPI) distortion corrected data obtained with FAT1CC registration
demonstrates “overstretching” of the corpus callosum; and (G) EPI distortion corrected data
obtained with FAT1CC after masking brighter venous drainage resulting from the contrast
enhancement in the T1-weighted volume.
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Table 2

Reqgistration Pipelines Tested for EPI Distortion Correction

Fixed Image Moving Image References Abbreviations  Similarity Metric
T1 Baseline [5] BOT1 Mutual information
T2 Baseline [8.12,15,18, 19, 35] BOT2 Cross-correlation
Tl FA [20] FAT1CC Cross-correlation
Tl FA nla FAT1MI Mutual information
Tl mDWI [36, 50] mDWIT1 Mutual information

Registration pipelines tested for echo-planar imaging (EPI) distortion correction in diffusion MRI, with corresponding references. Note the
references relate to the fixed and moving images but not necessarily to the similarity metric. Similarity metrics in the literature include but are not

limited to mutual information (MI), which is insensitive to intermodality contrast differences,28v51v52 and cross-correlation (CC), which is more

suited to intramodality registration. For pipeline BOT1, the metric used in the original work was normalized M1, so in the current study we applied
the most similar available metric (MI) provided by Advanced Normalization Tools (ANTS). In BOT2, the similarity of contrast between the two

images allowed the use of the CC metric. For FA to T1 registration, the metric used in the original work was normalized CC,20 so we applied the
most similar available metric (CC) provided by ANTs and also investigated MI. Pipeline mDWIT1 used MI for intermodality registration. FA =
fractional anisotropy; mDWI = mean diffusion-weighted images.
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Mean Absolute Tract Displacement

Table 3

Mean Absolute Displacement AF (mm)

Low Resolution

High Resolution

Pipeline Tumor Contralateral (Healthy) Tumor Contralateral (Healthy)
BOT1 20+.8 16+.3 13+5 11+3

BOT2 17+ 3 15+.1 15+ .3 14x.1
FAT1CC 26+1.0 21+.3 19+3 19+.2
FAT1MI 18+ .4 18+.2 14+ 5 13+ 3
mDWIT1 16+.4 18+ .4 6%.2 8x.1
Average 19+ 67 18+ 37 13+ 37 1327

Mean Absolute Displacement CST (mm)

Low Resolution

High Resolution

Pipeline Tumor Contralateral (Healthy) Tumor Contralateral (Healthy)
BOT1 20+ .6 15+5 11+ 3 9+.1

BOT2 16+.6 13+£3 156 12+ 3
FAT1CC 25+ .8 215 19+3 18+ .4
FAT1MI 19+.8 177 13+3 12+ 4
mDWIT1 18+.8 14+ 5 8x.2 Tx.2
Average 9 0+.777 1.6+ 57" 1.3+ .37 1.1+ .37

Mean absolute displacement + standard deviation of the arcuate fasciculus (AF) and the corticospinal tract (CST), as estimated by the five

Page 20

registration pipelines. The mean absolute displacement of the CST was significantly higher in the tumor hemisphere for both low-resolution and
high-resolution data (paired #test, = .002 and P=.014, respectively). Higher displacement was found when using low-resolution data relative to
high-resolution data in both the ipsilateral (tumor) and contralateral (healthy) hemispheres (AF-ipsilateral, 7. .011; AF-contralateral, P .047; CST-
ipsilateral, P:.011; CST-contralateral, P: .009).

*
= P< .05, comparison of tumor versus contralateral hemisphere;

F

= P< .05, comparison of low-resolution versus high-resolution data.
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Table 4

Mean Absolute Tumor Displacement

Mean Absolute Displacement Tumor Area (mm)

Pipeline Low Resolution  High Resolution

BOT1 21+13
BOT2 16+.5

FAT1CC 36+15
FAT1MI 2210
mDWIT1 21+10
Average 23%10

13+,
16+
20+,
14+
11+

o w o o v ©

15+,

Page 21

Mean absolute displacement + standard deviation of the tumor area, as estimated by the five registration pipelines. Higher displacement was found
when using low-resolution data relative to high-resolution data. In accordance with tract-based results, the BOT2 pipeline gave consistent results

across image resolutions.
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Table 5

Differences in Mean Absolute Tract Displacement across Resolutions

Low Resolution — High Resolution (AF)  Low Resolution — High Resolution (CST)

Pipeline Tumor Contralateral (Healthy) Tumor Contralateral (Healthy)
BOT1 x4 5+.2 9%5 6%.5

BOT2 2+.2 .04+ 3 2+3 2%2
FAT1CC 7%10 3.2 6x.7 4+3

FAT1MI 4+3 5+.3 5+.4 4% .4
mDWIT1 10+.3 10+ 4 10+ .6 T4

Average 6+.4 5+.3 7+ 5% 5+ 4%

Low difference across resolutions indicates high pipeline consistency or robustness, and by this measure the BOT2 pipeline is superior, with the
lowest differences in all experiments (second row). The mDWIT1 and BOT1 methods perform worst by this metric, with the highest differences.
Note that in the corticospinal tract, results in the tumor hemisphere are more affected by the choice of resolution than results in the contralateral
hemisphere (paired #test, P=.036).

*
= P< .05, comparison of tumor versus contralateral hemisphere. AF = arcuate fasciculus; CST = corticospinal tract.
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Table 6

Differences in Mean Absolute Tract Displacement across Hemispheres

Tumor — Contralateral (AF)

Tumor — Contralateral (CST)

Pipeline Low Resolution  High Resolution  Low Resolution  High Resolution

BOT1 3%.6
BOT2 2+3
FAT1CC 5+1.0
FAT1MI -04+ 4
mDWIT1 -3%.7
Average 1+.6

1+3 5%
04+ .2 3%

1+.2 A4+
01+5 2%
-2+ .2 4%

1+3 A+,

o N N o B>

.6

2+.3
3+5
1+3
1+4
1+2
2+.3

Smaller magnitude differences across hemispheres (differences near zero) indicate a low impact of the tumor on the estimation of displacements.
By this measure, the BOT2 pipeline also performs well, as it gives a relatively low difference across hemispheres that is consistent across the
resolutions (second row). The mDWIT1 method apparently performs worst by this metric, as it disagrees with other methods in the arcuate
fasciculus, attributing larger displacements to the healthy hemisphere. AF = arcuate fasciculus; CST = corticospinal tract.
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