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Abstract

Visualization of fiber tracts around the tumor is critical for neurosurgical planning and
preservation of crucial structural connectivity during tumor resection. Biophysical
modeling approaches estimate fiber tract orientations from differential water diffusivity
information of diffusion MRI. However, the presence of edema and tumor infiltration
presents a challenge to visualize crossing fiber tracts in the peritumoral region. Previous
approaches proposed free water modeling to compensate for the effect of water
diffusivity in edema, but those methods were limited in estimating complex crossing
fiber tracts. We propose a new cascaded multi-compartment model to estimate tissue
microstructure in the presence of edema and pathological contaminants in the area
surrounding brain tumors. In our model (COMPARI), the isotropic components of
diffusion signal, including free water and hindered water, were eliminated, and the fiber
orientation distribution (FOD) of the remaining signal was estimated. In simulated
data, COMPARI accurately recovered fiber orientations in the presence of extracellular
water. In a dataset of 23 patients with highly edematous brain tumors, the amplitudes
of FOD and anisotropic index distribution within the peritumoral region were higher
with COMPARI than with a recently proposed multi-compartment constrained
deconvolution model. In a selected patient with metastatic brain tumor, we
demonstrated COMPARI’s ability to effectively model and eliminate water from the
peritumoral region. The white matter bundles reconstructed with our model were
qualitatively improved compared to those of other models, and allowed the
identification of crossing fibers. In conclusion, the removal of isotropic components as
proposed with COMPARI improved the bio-physical modeling of dMRI in edema, thus
providing information on crossing fibers, thereby enabling improved tractography in a
highly edematous brain tumor. This model may improve surgical planning tools to help
achieve maximal safe resection of brain tumors.

Introduction
Diffusion MRI (dMRI) is a non-invasive imaging technique that measures the diffusion

of water molecules in the brain’s white matter. For almost three decades, dMRI
tractography has improved neuroscience by providing comprehensive white matter
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(WM) tractography of the human brain. In clinical practice, it could aid in
neurosurgical planning by enabling the visualization of fiber tracts around the

tumor [143]. Indeed, by providing crucial information on the position and shape of
white matter (WM) tracts surrounding brain tumors, this tool could be part of a
therapeutic arsenal that aims at extending the tumor resection [4]while preserving
structural connectivity, and hence the associated function [5]. However, the anatomical
accuracy and reliability of fiber tracking is a major concern in neurosurgical applications
and is highly dependent on the acquisition and processing of dMRI data [6].

The diffusion signal obtained from dMRI is fitted to biophysical models that
describe the underlying tissue microstructure, allowing for the estimation of fiber
orientation and connectivity. The directionality and magnitude of water diffusion are
influenced by the microstructure of the brain tissue, such as the presence of cell
membranes and myelin sheaths. In the case of tumors, water diffusivity is affected by
the presence of edema and infiltration in the peritumoral region, which especially
challenging in complex WM regions with crossing fibers leading to inaccuracies in the
estimation of WM tracts. Thus, there is a need to model tissue microstructure in the
presence of pathological contaminants and complex microstructure, so that the

subsequent tractography reflects the underlying anatomy, facilitating surgical decisions.

Thus, the overarching goal of this paper is to design a multi-compartment model that

will enable tracking through crossing fiber regions in the presence of peritumoral edema.

In our previous work, FERNET |[7], we modeled the peritumoral edema using a
bi-tensor model with free-water and anisotropic compartments, fitted to single-shell
data. Although FERNET enhanced tractography in the peritumoral area, as a
single-tensor model, it was unable to model crossing fibers. There are dMRI models for
tractography that fit a fixed number of fiber populations per voxel [8,9] which have not
been tested in the peritumoral region. Recently, dMRI models that facilitate tracking
through crossing regions and allow for any number of fibers in each voxel using
constrained spherical deconvolution (CSD) have been developed, but these also have not
been tested in the peritumoral region. In these methods, including multi-shell
multi-tissue CSD (MSMT-CSD) [10]], which models “CSF-like” and “GM-like” signals
in addition to the WM fiber orientation distribution (FOD), the response function of
WM is estimated from the highest fractional anisotropy (FA) voxels in the brain,
usually in corpus callosum, and is fixed for the entire image. The assumption that one
response function can be applied to all WM, however, may not hold in pathological WM
tissue. In [11,/12], special dMRI acquisitions were designed to enable modeling of WM
microstructure with unprecedented detail, but their model did not estimate fiber
orientations and the acquisition was not clinically feasible, and therefore the method
cannot be used for tractography.

Consequently, to address these shortcomings in current literature, and in
acknowledgement of the need to model the peritumoral tissue for better tractography,
we have developed a new tissue modeling approach for clinically feasible product
acquisitions. COMPARI (CrOssing fiber Modeling in the Peritumoral Area using
clinically feasible dMRI) provides an improved estimation of crossing fibers in the
peritumoral region, facilitating better identification of crossing fibers and hence
improved tractography. This has been achieved by employing multiple isotropic
components, to better isolate the underlying anisotropic microstructure of peritumoral
tissue. We first evaluate our proposed method on simulated data. We then demonstrate
enhanced modeling of crossing fibers in the peritumoral area and improved tractography
in brain tumor patients.
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Methods

Multi-compartment model (COMPARI — CrOssing fiber
Modeling in the Peritumoral Area using clinically feasible dMRI)

We propose a cascaded model, comprising an initial isotropic fitting, followed by
multi-compartment modeling of the tissue into isotropic and anisotropic compartments.
With the fractions of the compartments fixed, we finally estimate an FOD with
multi-compartment spherical harmonics fitting [13].

We fit a multi-compartment (MC) consisting of two bundle compartments: an
isotropic bundle and an anisotropic bundle. The isotropic bundle consists of two ball
compartments corresponding to free water and hindered water. The anisotropic bundle
consists of stick and zeppelin compartments, as described in |14], corresponding to
restricted intra-axonal and hindered extra-axonal diffusivities, respectively.
Mathematically, the four compartments are modeled by:

isotropic-bundle

EMC = fb |:fcst(b; )\csf) + (1 - fcsf)E(b; )\iso):| +

free-water hindered-water ( 1 )

anisotropic-bundle

(1_fb)[ fTE(bvnvlj'a)‘ll) +(1_fr)E(b;nv>\|7)\J_):|

restricted intra-axonal hindered extra-axonal

where b is the b-value,E(b, Acsr) = exp(—bA¢sy) denotes the isotropic Gaussian signal
attenuation of free water with Aoy = 3 X 1072m?2 /s, and E(b, Aiso) = exp(—bAiso) ,
represents isotropic signal attenuation of hindered water with magnitude A;so. Ajso is
estimated by fitting a model with a single isotropic ball with diffusivity between

0.1 x 107%m?/s and 3 x 107?m?/s. The free parameters f;, fos; and (1 — f.ss) are the
fractions of the overall isotropic bundle, free water and hindered fractions, respectively.
The anisotropic bundle, whose volume fraction is represented by (1 — f;), contains a
stick and a zeppelin with f. and (1 — f,) representing the fractions of restricted
intra-axonal and hindered extra-axonal diffusion, respectively.

The stick is an anisotropic cylinder model with negligible diameter represented by
E(b,n, p, A) = exp(—bA|(n”n)?), where A| is the magnitude of Gaussian diffusion
along p orientation, and n represents the diffusion gradient vector. In our model, the )
is fixed and equal in both stick and zeppelin, and is estimated by the voxel selection
method described in [15], which automatically chooses high FA voxels, forming a
reference for WM. In contrast, the hindered extra-axonal diffusion is modeled as a
symmetric Gaussian distribution (zeppelin) represented by
E(b,n, A\, L) = exp(fbnT(RDZiagRT)n) where R denotes the rotation matrix which
aligns the zeppelin to the stick orientation p, Ay >= AL , and ngg = diag(A), AL, A1)
We impose a tortuosity constraint between the diffusivity values of the zeppelin and f,,
the fraction of the restricted intra-axonal (stick) portion of the bundle, with
AL = (1 - fr)A [16]. Finally, we apply a condition whereby if \;s, <= A, the fraction
fesy is set to 1 and the isotropic compartment simplifies to one ball representing free
water.

Next, we estimate coefficients ¢ of a spherical harmonic function ¥;™ (6, ¢ of degree
and order m, where 6 € [0, 7] is the inclination angle and ¢ € [0, 27] is the azimuthal
angle in polar coordinates, utilizing CSD as in the multi-compartment spherical
harmonics models (MC-SH) described in [10]. The Fiber Orientation Distribution
(FOD) is represented by the truncated spherical harmonic series
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Fig 1. Schema of our proposed methodology. The green arrows show the fitting
corresponding to WM voxels in the edematous region, and the red arrows demonstrate
the fit in non-edematous tissue. The symbols were described in the text.

FOD = Zézgm Ein:_lc}”Ylm(H, ¢) of maximum harmonic order l,,,4,,. The final model is
expressed as

EXS B arr = FOD(c) 52 E}IC subject to FOD(c) > 0 (2)

where f* indicates that the fitted parameters of Equation 1 are fixed, and *g2 describes
convolution on the sphere. The number of acquired gradient directions defines the
maximum harmonic order l,,,.. However, estimating higher l,,,,, is possible by knowing
prior information of required spherical harmonic coefficients of I,,,4:, assuming the
non-existing directions to be zero. This is the super-CSD approach as defined in [17],
and we use the regularization parameter (A = 1) and threshold orientation density (7=
ten percent of the mean initial FOD amplitude) which were shown to be optimal [18].
The schema of our proposed method is shown in Fig.

Simulated data

To evaluate the accuracy of our proposed method using data with known ground truth
for GM, WM, CSF and edema, we simulated a diffusion weighted imaging (DWT) signal
using Phantomas [19] for a range of conditions and parameters, including volume

fractions, SNR, fiber separation angles, and emulating single-shell and multi-shell data.

Three protocols of single- and multi-shell data were simulated (Table. We
demonstrated the complexity of our model containing GM, WM, CSF, and edema
regions with crossings of two or three fibers which are surrounded by regions of isotropic
diffusivity (Fig. [2). There were three regions of edema simulation, two with simulated
fibers crossing at 90° and 45° and one with three fibers crossing at 90° and 60°.
Intrinsic diffusivity A of all simulated WM was set to 1.7e — 9m?/s. Data were
simulated with a range of isotropic volume fractions (20%, 40%, 60% and 80%) with
Aiso in a range of (1.7e — 9m?/s,2.95¢ — 9m?/s). Furthermore, Rician noise was added
to the DWI signal, and our model was fit to the data either by 00 = 8, Or e = 10,
12, 14, 16 using super-CSD. Each simulation was repeated 100 times. Inspired by the
analysis in [20], we defined peak separation rate as the percentage of simulated voxels
where the correct number of peak orientations was estimated. The algorithm identified
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(a) (b) (c)
Fig 2. Simulated data with Phantomas. (a) The 3D visualization of Phantomas
simulation, with GM (black), WM (tubes), edema regions surrounding crossings of two
and three fibers with low isotropic diffusivity (cyan), and CSF (dark blue). (b) and (c)
depict the coronal and axial view of a simulated diffusion weighted image, respectively.

additional peaks if the amplitudes are at least 25% of the highest peak. We further
calculated the error between the ground truth and estimated fiber crossing angles.
Further experiments with simulated data with b-values up to 3000 s/mm? and number
of gradient directions up to 256 are described in Supplementary Material.

In vivo data acquisition, preprocessing and experiments

Twenty-three participants were recruited between 2017 - 2020 from an ongoing brain
tumors study with varying degrees of peritumoral edema, including 13 patients with a
histological diagnosis of glioblastoma (WHO grade 4), 8 with anaplastic gliomas (WHO
grade 3 atrocytomas and oligodendrogliomas), and 2 with brain metastasis. Authors
had access to information that could identify individual participants during or after data
collection. All participants underwent a multi-shell diffusion acquisition with b-values of
300 (15 directions), 800 (30 directions), and 2000 (64 directions) s/mm? and 9 b=0
volumes, with TR/TE of 4300/75 ms, along with the pulse duration time § = 0.01293 s
and pulse separation time A = 0.03666 s, multi-band factor of 2 and A > P phase
encoding direction, followed by an acquisition of 7 b=0 volumes with P > A phase
encoding direction. Data were acquired on a Siemens 3T Magnetom Prisma Fit scanner
with either a 32-channel or 64-channel head coil. The data were denoised [21], followed
by correction for echo planar imaging distortions with TOPUP [22] and motion and
eddy current correction with EDDY [23]. Additionally, each patient underwent a
routine pre-surgical scan in the clinic on either a Siemens TrioTim, MAGNETOM Vida
or MAGNETOM Avanto 3T scanner, yielding T1-weighted (pre- and post-gadolinium
contrast), T2-weighted and FLAIR images. These structural images were processed
with the pipeline described in [24] which included DeepMedic [25] segmentation of the
tumor and peritumoral area. The T1 image and segmentation were finally registered to
the multi-shell DTT acquisition with ANTs software [26].

To compare FODs in our model, we fitted COMPARI and MSMT-CSD in each

Table 1. The list of evaluation protocols. The b-value is in units of s/mm? and the
number of simulated directions is shown in parentheses
Protocol  b-value (DWI direction)

P1 b=800(30)
P2 bh=2000(64)
P3 b=300(15), b=800(30), b=2000(64)
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patient. We calculated the maximum peak amplitude of the FOD in every voxel in the
peritumoral region. To illustrate the degree of anisotropy in our model, we used the
anisotropic index (AI), an alternative to FA for FODs, as described in [27]. In addition,
we selected one patient with metastatic tumor and edema affecting the centrum
semiovale, a region of the brain known to have WM fiber crossings, to visualize number
of peaks and FODs in the peritumoral region, and to visually compare results of
COMPARI in edema to the contralateral WM. In the same patient, we fitted COMPARI
and MSMT-CSD [10] as well as NODDI [28], and the multi-shell two-compartment
model for free-water elimination from Hoy et al [29]. We visualized orientations of FOD
peaks or tensor orientations between these models in the peritumoral region. Finally, we
performed whole brain probabilistic tractography with both models, using the IFOD2
algorithm [30] and ] and the SIFT model to determine seed points dynamically [31] in
our selected patient. The ’cutoff’ parameter for COMPARI was 0.2, while it was the
default 0.1 for the MSMT-CSD model. It is noteworthy that the term ’cutoff’ refers to
the amplitude threshold of the FOD, and increasing the ’cutoff’ value leads to more
terminated streamlines. Four tracts arcuate fasciculus (AF), corticospinal tract (CST),
corpus callosum (CC), and superior longitudinal fasciculus IIT (SLF III) of the
peritumoral region were manually reconstructed by a neurosurgeon experienced in
structural connectivity using Trackvis software (Department of Radiology,
Massachusetts General Hospital, Boston, MA, USA).

Implementation

We implemented COMPARI using the Dmipy [13] software package. COMPARI was
fitted by employing a brute force optimization technique to sample all possible
parameter values within the defined optimization bounds, followed by the application of
constrained optimization algorithm L-BFGS-B [32] to obtain the locally optimal
parameter estimates. Then, the CSD estimation was employed based on the approach
proposed by [10]. The )| initiated using response function described in [10]. In addition,
we utilized Dipy [33], ITK-snap [34], MRview [35], and Trackvis [36] to facilitate
visualization. We fitted COMPARI in parallel in each axial slice on a cluster with 40
cores 1.2 GHz CPU with 128 GB of RAM, and computation time was approximately 5
hours per participant.

Results

We assessed our algorithm in a simulation setup with different parameters. Then, the
tuned parameters were utilized in in vivo experiments.

Simulations

We first assessed fiber crossings at angles of 90°, 60°, and 45° in the context of simulated
peritumoral edema. The peak separation rate and error of FOD separation angles were
plotted for P1 and P2 (single-shell) protocols, with SNR=30 and l,,,4,,= 8 using CSD
method and isotropic volume fractions vf20%, vf40%, vf60%, and vi80% (Fig[3).

We assessed the peak separation rate and error in crossing fiber angle with
lmaz = 8,10,12,14 and 16 at SNR=30 in P3 protocol (Fig. We observed a significant
improvement in resolving smaller separation angles with I, > 8 compared to I, = 8.
In addition, the peak separation rate and error in crossing angle were improved for 60°
crossings; however, there was no remarkable improvement for 90° crossings, nor for
lmaz > 12. As a result, the super-CSD method with [,,,, = 12 was selected for
subsequent experiments in human data. Further experiments with simulated data
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Fig 3. Simulation results of the effect of b-value and number of gradient
directions on the ability to resolve crossing fibers (first column: b=800
s/mm?(P1), second column: b=2000 s/mm?(P2). For all experiments, SNR=30 and
lmaz = 8. Peak separation rate for 60° and 90° crossings were the best in the P2
protocol with b=2000 s/mm? Top: the peak separation rate of recovering peaks for
ground truth crossing angles of (45°,60°,90°) with various isotropic volume fractions
denoting different extent of peritumoral edema. Bottom: the distribution of errors in
the crossing fiber angle are shown as boxplots.

showed increased peak separation rate and reduced error with higher b-values and
number of gradient directions (Supplementary Material).

Furthermore, we separately assessed P3 protocol (multi-shell), with SNR= 20, 30, 40
and L. = 12 (Fig. 5). As we expected, increasing Rician noise reduced the peak
separation rate for crossings at all levels of VF. In addition, results in P3 protocol
(Fig and in the P2 protocol (Fig. 3) at SNR of 30 showed that the peak separation
rates for 90° and 60° crossings were better in the P3 protocol compared to the P2
protocol at all levels of isotropic volume fraction, suggesting that COMPARI is more
robust to extracellular water when using multi-shell data.

In vivo experiments
Comparison of FOD amplitude and Al

Maximum amplitude of FODs and AI distribution within the peritumoral region
obtained with COMPARI were compared to those extracted with the MSMT-CSD
models (Fig@. Median amplitudes as well as median Al were higher in COMPARI
than in MSMT-CSD in all patients of the clinical dataset, with average FOD amplitude
of 0.10 in MSMT-CSD compared to 0.54 in COMPARI.

FOD Visualization of COMPARI

COMPARI was applied in the peritumoral region as well as in the contralateral healthy
homologous WM in a selected patient with brain metastasis (Fig[7). The number of
FOD peaks and the amplitude and orientation were similar between the peritumoral
and contralateral regions. The selected voxels in the peritumoral region (centrum
semiovale) and contralateral side (healthy WM) demonstrated similarity of orientation
and crossing FODs.
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Fig 4. Simulation results of the effect of super-CSD fitting and edema on
the ability to resolve crossing fibers in simulated multi-shell protocol (P3).
For all experiments, the SNR was 30. Among super-CSD approaches, results are similar,
with l,,4, = 12 showing highest peak separation rate for the 60° crossing. Top: the
peak separation rate of recovering peaks for ground truth crossing angles of
(45°,60°,90°) with various isotropic volume fractions denoting different extent of
peritumoral edema, for super-CSD fits with l,,,4, = 8,10,12,14 and 16. Bottom: the
distribution of errors in the crossing fiber angle are shown as boxplots.
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Fig 5. Simulation results of the effect of SNR and edema on the ability to
resolve crossing fibers. For all experiments, the multi-shell protocol (P3) was used
and l,,,q, = 12. Higher SNR is associated with improved peak separation rate and error.
Top: the peak separation rate of recovering peaks for ground truth crossing angles of
(45°,60°,90°) with various isotropic volume fractions denoting different extent of
peritumoral edema at three levels of Rician noise (SNR= 20, 30, 40). Bottom: the
distribution of errors in the crossing fiber angle are shown as boxplots.
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Fig 6. Strip plots of FOD amplitudes and AI in the edema region for all
patients in our dataset. 23 patients are shown along the x-axes. Top: The
distribution of COMPARI FOD peak amplitude is shown in dark blue and that of
MSMT-CSD depicted in light blue. Bottom: The distribution of AI is shown in dark
blue for COMPARI and that of MSMT-CSD depicted in light blue. Black dots inside
circles ® represent the median of each distribution.
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Fig 7. Results of COMPARI fitting in the peritumoral and contralateral
centrum semiovale. Top: The map of the number of peaks representing crossing fiber
populations per voxel. Voxels with more than 3 peaks are depicted in white. The edema
region is outlined in green, and the tumor is in purple. Bottom: FODs visualized on a
background of FLAIR in the (a) coronal plane, (b) axial plane, and (c) sagittal plane.

Visualization of multi-shell models

We visually compared orientation maps of MSMT-CSD with COMPARI in edema
region. Additionally, we applied the NODDI [28] and HOY et al [29] approaches to our
multi-shell data to compare the fitting of the edema region using multi-compartment
and free-water approaches respectively(Fig. In NODDI (Fig) and in the Hoy
model (Fig), no fiber crossings were captured. While MSMT-CSD (Fig) FODs
showed some crossings in the centrum semiovale, the difference in amplitude between
FODs inside and outside the edema region was clearly visible. Finally, COMPARI
(Figl8ll) reconstructed crossings in the edematous centrum semiovale with FOD
amplitudes similar to those outside the edema.

Tractography comparison between FOD models

COMPARI-based tractography was compared to that of MSMT-CSD (Fig@.
Streamlines of the CC partially crossed the CST using the MSMT-CSD (Fig[0h). AF
and SLF III fibers located in the edema could not be visualized. In contrast, the
crossing of the CST and CC fibers could be visualized with COMPARI, with a better
qualitative definition of the CST (Fig@b). Additionally, the AF and SLF III were
visualized crossing each other in the peritumoral region with COMPARI.

Discussion

In this study, we introduced a multi-compartment modeling approach (COMPARI) to
resolve crossing fibers in the peritumoral edema of brain tumor patients. Simulated and
in vivo experiments show that crossing fibers were enhanced in edematous regions.

In simulation results (Fig, we tested the effects of b-value, number of DW
directions, SNR, volume fraction and spherical harmonic order parameter (I,,4,) on the
ability of our model to detect crossing fibers. As shown in Fig. 3, our model could
resolve angles of 60° to 90° with increasing success as b-value and number of DW
directions increased. Additionally, results of the simulated multi-shell protocol (P3)
outperformed those of single-shell protocols (P1, P2), suggesting that multi-shell data,
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Fig 8. The comparison of orientation maps between multi-shell models. The
top left and top right images are coronal slices of FLAIR and T1 contrast-enhanced
images, respectively. The selected area covers the corpus callosum, centrum semiovale,
peritumoral edema, and tumor regions. Orientation maps are shown on a background of
FLAIR. (a) NODDI orientation dispersion maps; (b) tensors fit with Hoy et al
free-water elimination model; (¢) and (d) depict FODs of MSMT-CSD and COMPARI,
respectively.
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Fig 9. 3D visualization of probabilistic tractography from the posterior
vantage point using (a) MSMT-CSD and (b) COMPARI, showing part of the CC
(pink), CST (blue), AF (red) and SLF III (yellow). Tracts are shown overlaid on three
slices of the T1 image on the left, and without a background on the right with the
edema depicted in translucent cyan. The tumor is shown in orange in both views.

including a low b-value to estimate the isotropic diffusivity and a high b-value with a
large number of DW directions to resolve angular separation, is a prerequisite for our
model. In results on simulated multi-shell data using CSD fitting (Fig, as expected,
increased SNR was associated with higher peak separation rate in resolving crossing
fibers, although this effect was small. We could not resolve fibers crossing at 45°, in line
with [37]. However, with the super-CSD approach (Fig, we could resolve crossings as
low as 45° when volume fraction was as low as 20%. In higher volume fractions, as
expected, the ability to resolve crossing fibers decreased, but our model could resolve
crossings of 90° with nearly 100% peak separation rate and a median of approximately
5° of error. It could also resolve 60° crossings, albeit with a lower peak separation rate.
For all values of 1,4, tested, the super-CSD fit ({4, > 8) outperformed the CSD fit,
with not much difference between values of ,,4,. Additional simulated experiments
showed that increasing b-values and number of gradient directions improved
peak separation rate (Supplementary Material, ), although b-values of
3000 s/mm? and 256 directions may not be feasible with clinical scanners.

In human data, there is no ground truth to assess the quality of COMPARI fit.
Metastatic brain tumors are known to have the lowest level of tumor infiltration in the
peritumoral area [38] with a high degree of edema. Accordingly, we compared fiber
crossings in the edematous peritumoral area near the centrum semiovale of one patient
with brain metastasis to the contralateral homologous area. We found that COMPARI
model was able to resolve fiber crossings similarly in both hemispheres (Fig. @ Upon
comparison with other multi-shell models (Fig@, we found that crossing fibers in
edema with non-negligible amplitude were only identified using COMPARI. Since the
amplitude cutoff is a parameter essential for tractography, corresponding results of
COMPARI were considerably improved over MSMT-CSD (Fig. E[) To ensure that this
increase in amplitude is a generalizable result, we repeated this in 22 other patients, and
found that COMPARI FODs consistently had higher amplitude and higher AI than
those of MSMT-CSD (Fig. [6).

The diffusion kurtosis effect [39] is known to cause inaccurate estimation of
diffusivity using Gaussian diffusion models at b-values higher than b=1500 s/mm?. As
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a result, our model performed poorly on a human data set with b=3000 s/mm? and 128
directions ([S21 Fig)), since it relies on an estimate of isotropic diffusivity. This effect was
not seen in simulated data due to a limitation of the simulation model. Thus, from our
experiments on simulated and human data, we concluded that best results with
COMPARI would be achieved using a multi-shell dataset with a low b-value shell to
capture isotropic diffusivity, and one or more high-b shells to resolve fiber directions, fit
with l4. = 12 with the super-CSD approach, if possible.

Results of probabilistic tractography on a patient with glioblastoma showed that
COMPARI was able to replicate the results of MSMT-CSD of the CC intersecting the
CST, with a better qualitative definition of the CST, while further elucidating two
crossing fiber bundles in the edema region (AF and SLF III) which were completely
missed when performing tractography with the MSMT-CSD model. This result is
probably a combination of higher FOD peak amplitude with COMPARI, as well as a
better ability to separate edema from the underlying WM.

In addition to the comparison of our proposed model, COMPARI, and MSMT-CSD,
we also conducted further experiments and comparisons, which are presented in the
Supplementary Material. These experiments include a comparison of the normalized
FODs obtained from COMPARI and MSMT-CSD, as shown in which showed
that the low amplitudes of FODs fit from the MSMT-CSD model cannot be
compensated for with simple normalization. We also compared the deterministic
tractography results obtained from FERNET and COMPARI, where only the latter was
able to distinguish the AF from the SLF IIT . Additionally, we compared a
simpler model of COMPARI described in Supplementary Material to the full
COMPARI model to demonstrate the necessity of the full model .

There are several limitations of this study. First, our model is based on several
constraints, including the tortuosity constraint and equality of the A value for stick and
zeppelin compartments, that were made with the goal of modeling crossing fibers in
clinically feasible data. Therefore, derived values such as volume fractions should not be

ascribed an explicit biological meaning, although they may be useful as clinical markers.

A second potential limitation of our method is that it could fail in the grey matter
(GM) if isotropic diffusivity is higher than Aj. In this case, FODs fitted to the GM had
an excessive number of peaks (Fig. [7]), which could result in false positives in
tractography connecting GM regions. As such, care should be taken to fit COMPARI
only to the WM, or to restrict tractography to the WM and peritumoral area, such as
with anatomically constrained tractography [40L|41]. Third, while simulated results
suggest that best results with COMPARI will be achieved with multi-shell datasets,
COMPARI has not yet been tested in in vivo multi-shell datasets with a variety of
b-values and direction sets.

In clinical practice, tractography could be useful for clinicians treating patients with
brain tumors, especially in the context of surgical planning. Indeed, tumor resection is
the first treatment for most tumor types [42], and the quality of the resection (i.e.
amount of tumor removed) is the main factor under consideration [43], especially for
gliomas where maximal safe resection is the standard of care [44]. Particular attention
must nevertheless be paid to structural connectivity (i.e. WM tracts), in order to avoid
new neurological deficits and/or neurological impairments in patients, and thus preserve
their quality of life [45]. The identification - and consequently the preservation - of WM
tracts during brain surgery is therefore of major importance, for both oncological and
functional reasons.

The presence of edema has been a confounding variable [46], and the application of
the COMPARI protocol to surgical tumor cases should improve the accuracy of
tractography in peritumoral areas, to help achieve onco-functional balance [47],
neurological preservation, and maximal safe resection.
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Conclusion

Our study we present an improved crossing fiber model (COMPARI) for clinically
feasible dMRI data, which surpasses MSMT-CSD in its ability to model WM in the
presence of excessive free water. Through the removal of isotropic compartments, we are
able to significantly improve crossing fiber modeling in edema, enabling tractography
through complex WM structures in the peritumoral area. Through the application on

brain tumor data, we have shown its clinical applicability in improving surgical planning.
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The datasets generated during the current study are not publicly available due to the
IRB requirements of the Hospital of University of Pennsylvania. The datasets can be
made available on request to the corresponding author, after required data transfer and
IRB paperwork is completed. The code is available here:

https://github.com/egolkar/ COMPARI.

Ethical Standards

The experimental protocol was reviewed and approved by the Institutional Review
Board of the University of Pennsylvania. All participants were recruited from the
University of Pennsylvania and provided written informed consent.

Funding

The current work was supported in part by NIH grant RO1 NS096606 (PI, Drs Verma
and Brem) and by a research grant from Synaptive Medical Inc.

Disclosures

The authors have no personal, financial, or institutional interest in any of the drugs,
materials, or devices described in this article.

References

1. Aabedi AA, Young JS, Chang EF, Berger MS, Hervey-Jumper SL. Involvement
of White Matter Language Tracts in Glioma: Clinical Implications, Operative
Management, and Functional Recovery After Injury. Frontiers in Neuroscience.
2022;16.

2. Berman JI, Berger MS, Chung S, Nagarajan SS, Henry RG. Accuracy of diffusion
tensor magnetic resonance imaging tractography assessed using intraoperative
subcortical stimulation mapping and magnetic source imaging. Journal of
neurosurgery. 2007;107(3):488-494.

3. Carrete LR, Young JS, Cha S. Advanced Imaging Techniques for Newly
Diagnosed and Recurrent Gliomas. Frontiers in Neuroscience. 2022; p. 89.

4. Karschnia P, Young JS, Dono A, Weller M, et al. Prognostic validation of a new
classification system for extent of resection in glioblastoma: a report of the
RANO resect group. Neuro-oncology. 2022; p. Epub—ahead.

May 1, 2023

14/19

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362


https://doi.org/10.1101/2023.05.07.539770
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.07.539770; this version posted May 9, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

10.

11.

12.

13.

14.

15.

16.

17.

Bullmore E, Sporns O. Complex brain networks: graph theoretical analysis of
structural and functional systems. Nature reviews neuroscience.
2009;10(3):186-198.

Yang JYM, Yeh CH, Poupon C, Calamante F. Diffusion MRI tractography for
neurosurgery: the basics, current state, technical reliability and challenges.
Physics in Medicine & Biology. 2021;66(15):15TRO1.

Parker D, Ould Ismail AA, Wolf R, Brem S, Alexander S, Hodges W, et al.
Freewater estimatoR using iNtErpolated iniTialization (FERNET):
Characterizing peritumoral edema using clinically feasible diffusion MRI data.
Plos one. 2020;15(5):e0233645.

Jbabdi S, Sotiropoulos SN, Savio AM, Grana M, Behrens TE. Model-based
analysis of multishell diffusion MR data for tractography: How to get over fitting
problems. Magnetic resonance in medicine. 2012;68(6):1846-1855.

Scherrer B, Schwartzman A, Taquet M, Sahin M, Prabhu SP, Warfield SK.
Characterizing brain tissue by assessment of the distribution of anisotropic
microstructural environments in diffusion-compartment imaging (DIAMOND).
Magnetic resonance in medicine. 2016;76(3):963-977.

Jeurissen B, Tournier JD, Dhollander T, Connelly A, Sijbers J. Multi-tissue
constrained spherical deconvolution for improved analysis of multi-shell diffusion
MRI data. Neurolmage. 2014;103:411-426.

Nilsson M, Szczepankiewicz F, Brabec J, Taylor M, Westin CF, Golby A, et al.
Tensor-valued diffusion MRI in under 3 minutes: an initial survey of microscopic
anisotropy and tissue heterogeneity in intracranial tumors. Magnetic resonance in
medicine. 2020;83(2):608-620.

Szczepankiewicz F, Lasi¢ S, van Westen D, Sundgren PC, Englund E, Westin CF,
et al. Quantification of microscopic diffusion anisotropy disentangles effects of
orientation dispersion from microstructure: applications in healthy volunteers and
in brain tumors. Neuroimage. 2015;104:241-252.

Fick RH, Wassermann D, Deriche R. The dmipy toolbox: Diffusion MRI
multi-compartment modeling and microstructure recovery made easy. Frontiers in
neuroinformatics. 2019;13:64.

Ferizi U, Schneider T, Panagiotaki E, Nedjati-Gilani G, Zhang H,
Wheeler-Kingshott CA, et al. A ranking of diffusion MRI compartment models
with in vivo human brain data. Magnetic resonance in medicine.

2014;72(6):1785-1792.

Tournier JD, Calamante F, Gadian DG, Connelly A. Direct estimation of the
fiber orientation density function from diffusion-weighted MRI data using
spherical deconvolution. Neuroimage. 2004;23(3):1176-1185.

Szafer A, Zhong J, Gore JC. Theoretical model for water diffusion in tissues.
Magnetic resonance in medicine. 1995;33(5):697-712.

Starck JL, Pantin E, Murtagh F. Deconvolution in astronomy: A review.
Publications of the Astronomical Society of the Pacific. 2002;114(800):1051.

May 1, 2023

15/19

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

402

403

404


https://doi.org/10.1101/2023.05.07.539770
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.07.539770; this version posted May 9, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Descoteaux M, Angelino E, Fitzgibbons S, Deriche R. Regularized, fast, and
robust analytical Q-ball imaging. Magnetic Resonance in Medicine: An Official
Journal of the International Society for Magnetic Resonance in Medicine.
2007;58(3):497-510.

Caruyer E, Daducci A, Descoteaux M, Houde JC, Thiran JP, Verma R.
Phantomas: a flexible software library to simulate diffusion MR phantoms. In:
Ismrm; 2014.

Tournier JD, Calamante F, Connelly A. Robust determination of the fibre
orientation distribution in diffusion MRI: non-negativity constrained
super-resolved spherical deconvolution. Neuroimage. 2007;35(4):1459-1472.

Manjon JV, Coupé P, Concha L, Buades A, Collins DL, Robles M. Diffusion
weighted image denoising using overcomplete local PCA. PloS one.
2013;8(9):e73021.

Andersson JL, Skare S, Ashburner J. How to correct susceptibility distortions in
spin-echo echo-planar images: application to diffusion tensor imaging.
Neuroimage. 2003;20(2):870-888.

Andersson JL, Sotiropoulos SN. An integrated approach to correction for

off-resonance effects and subject movement in diffusion MR imaging. Neuroimage.

2016;125.

Bakas S, Sako C, Akbari H, Bilello M, Sotiras A, Shukla G, et al. The University
of Pennsylvania glioblastoma (UPenn-GBM) cohort: advanced MRI, clinical,
genomics, & radiomics. Scientific Data. 2022;9(1):1-12.

Kamnitsas K, Ferrante E, Parisot S, Ledig C, Nori AV, Criminisi A, et al.
DeepMedic for brain tumor segmentation. In: International workshop on
Brainlesion: Glioma, multiple sclerosis, stroke and traumatic brain injuries.
Springer; 2016. p. 138-149.

Avants BB, Tustison NJ, Song G, Cook PA, Klein A, Gee JC. A reproducible
evaluation of ANTSs similarity metric performance in brain image registration.
Neuroimage. 2011;54(3):2033-2044.

Jespersen SN, Kroenke CD, Ostergaard L, Ackerman JJ, Yablonskiy DA.
Modeling dendrite density from magnetic resonance diffusion measurements.
Neuroimage. 2007;34(4):1473-1486.

Zhang H, Schneider T, Wheeler-Kingshott CA, Alexander DC. NODDI: practical
in vivo neurite orientation dispersion and density imaging of the human brain.
Neuroimage. 2012;61(4):1000-1016.

Hoy AR, Koay CG, Kecskemeti SR, Alexander AL. Optimization of a free water
elimination two-compartment model for diffusion tensor imaging. Neuroimage.

2014;103:323-333.

Tournier JD, Calamante F, Connelly A, et al. Improved probabilistic streamlines
tractography by 2nd order integration over fibre orientation distributions. In:
Proceedings of the international society for magnetic resonance in medicine. vol.
1670. John Wiley & Sons, Inc. New Jersey, USA; 2010.

Smith RE, Tournier JD, Calamante F, Connelly A. SIFT2: Enabling dense
quantitative assessment of brain white matter connectivity using streamlines
tractography. Neuroimage. 2015;119:338-351.

May 1, 2023

16/|19

405

406

407

408

409

410

412

413

414

415

417

418

419

420

421

422

423

425

426

427

428

429

430

431

432

433

434

435

436

438

439

440

441

442

443

444

446

447

448

449


https://doi.org/10.1101/2023.05.07.539770
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.07.539770; this version posted May 9, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Byrd RH, Lu P, Nocedal J, Zhu C. A limited memory algorithm for bound
constrained optimization. STAM Journal on scientific computing.
1995;16(5):1190-1208.

Garyfallidis E, Brett M, Amirbekian B, Rokem A, Van Der Walt S, Descoteaux
M, et al. Dipy, a library for the analysis of diffusion MRI data. Frontiers in
neuroinformatics. 2014:8:8.

Yushkevich PA, Piven J, Cody Hazlett H, Gimpel Smith R, Ho S, Gee JC, et al.
User-Guided 3D Active Contour Segmentation of Anatomical Structures:
Significantly Improved Efficiency and Reliability. Neuroimage.
2006;31(3):1116-1128.

Tournier JD, Smith R, Raffelt D, Tabbara R, Dhollander T, Pietsch M, et al.
MRtrix3: A fast, flexible and open software framework for medical image
processing and visualisation. Neuroimage. 2019;202:116137.

Wang R, Benner T, Sorensen AG, Wedeen VJ. Diffusion toolkit: a software
package for diffusion imaging data processing and tractography. In: Proc Intl Soc
Mag Reson Med. vol. 15. Berlin; 2007.

Dell’Acqua F, Tournier JD. Modelling white matter with spherical deconvolution:
How and why? NMR in Biomedicine. 2019;32(4):e3945.

Pavlisa G, Rados M, Pavlisa G, Pavic L, Potocki K, Mayer D. The differences of
water diffusion between brain tissue infiltrated by tumor and peritumoral
vasogenic edema. Clinical imaging. 2009;33(2):96-101.

Jensen JH, Helpern JA, Ramani A, Lu H, Kaczynski K. Diffusional kurtosis

imaging: the quantification of non-gaussian water diffusion by means of magnetic
resonance imaging. Magnetic Resonance in Medicine: An Official Journal of the
International Society for Magnetic Resonance in Medicine. 2005;53(6):1432-1440.

Smith RE, Tournier JD, Calamante F, Connelly A. Anatomically-constrained
tractography: improved diffusion MRI streamlines tractography through effective
use of anatomical information. Neuroimage. 2012;62(3):1924-1938.

Deslauriers-Gauthier S, Parker D, Rheault F, Deriche R, Brem S, Descoteaux M,
et al. Edema-informed anatomically constrained particle filter tractography. In:
Medical Image Computing and Computer Assisted Intervention—-MICCAIT 2018:
21st International Conference, Granada, Spain, September 16-20, 2018,
Proceedings, Part IIT 11. Springer; 2018. p. 375-382.

Weller M, van den Bent M, Preusser M, Le Rhun E, Tonn JC, Minniti G, et al.
EANO guidelines on the diagnosis and treatment of diffuse gliomas of adulthood.
Nature reviews Clinical oncology. 2021;18(3):170-186.

Lee CH, Kim DG, Kim JW, Han JH, Kim YH, Park CK, et al. The role of
surgical resection in the management of brain metastasis: a 17-year longitudinal
study. Acta neurochirurgica. 2013;155(3):389-397.

Molinaro AM, Hervey-Jumper S, Morshed RA, Young J, Han SJ, Chunduru P,
et al. Association of maximal extent of resection of contrast-enhanced and
non—contrast-enhanced tumor with survival within molecular subgroups of
patients with newly diagnosed glioblastoma. JAMA oncology. 2020;6(4):495-503.

May 1, 2023

17/]19

450

451

452

453

454

455

457

458

459

460

461

462

463

465

466

467

468

469

470

471

473

474

476

477

478

479

481

482

483

484

485

486

487

489

490

491

492


https://doi.org/10.1101/2023.05.07.539770
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.07.539770; this version posted May 9, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

45. Rahman M, Abbatematteo J, De Leo EK, Kubilis PS, Vaziri S, Bova F, et al.
The effects of new or worsened postoperative neurological deficits on survival of
patients with glioblastoma. Journal of Neurosurgery. 2016;127(1):123-131.

46. Henderson F, Abdullah KG, Verma R, Brem S. Tractography and the
connectome in neurosurgical treatment of gliomas: the premise, the progress, and
the potential. Neurosurgical focus. 2020;48(2):E6.

47. Duffau H, Mandonnet E. The “onco-functional balance” in surgery for diffuse
low-grade glioma: integrating the extent of resection with quality of life. Acta
neurochirurgica. 2013;155(6):951-957.

Supplementary Material

S1 Table. Further simulated data protocols.

S1 Fig. Simulation results of data with b=800 s/mm? and 64 directions, as
lmaz 18 increased from 8 to 10 and 12.

S2 Fig. Simulation results of data with b=2000 s/mm? and 64 directions,
as I, is increased from 8 to 10 and 12.

S3 Fig. Simulation results of data with b=3000 s/mm? and 64 directions,
as 4z 1S increased from 8 to 10 and 12.

S4 Fig. Simulation results of data with b=800-2000 s/mm? and 30-64
directions, as [,,,, is increased from 8 to 10 and 12.

S5 Fig. Simulation results of data with b=800-2000 s/mm? and 30-64
directions, as l,,,, is increased from 8 to 10 and 12.

S6 Fig. Simulation results of data with b=800 s/mm? and 91 directions, as
l;maz 18 increased from 12 to 14 and 16.

S7 Fig. Simulation results of data with b=2000 s/mm? and 91 directions,
as I, is increased from 12 to 14 and 16.

S8 Fig. Simulation results of data with b=3000 s/mm? and 91 directions,
as 4z 1S increased from 12 to 14 and 16.

S9 Fig. Simulation results of data with b=800-2000 s/mm? and 30-91
directions, as [,,,, is increased from 12 to 14 and 16.

S10 Fig. Simulation results of data with b=800-3000 s/mm? and 30-91
directions, as l,,,, is increased from 12 to 14 and 16.

S11 Fig. Simulation results of data with b=800 s/mm? and 128 directions,
as l;,qz 18 increased from 12 to 14 and 16.

S12 Fig. Simulation results of data with b=2000 s/mm? and 128 directions,
as l,,q2 18 increased from 12 to 14 and 16.
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S13 Fig. Simulation results of data with b=3000 s/mm? and 128 directions,
as l;,qz 18 increased from 12 to 14 and 16.

S14 Fig. Simulation results of data with b=800-2000 s/mm? and 30-128
directions, as l,,,, is increased from 12 to 14 and 16.

S15 Fig. Simulation results of data with b=800-3000 s/mm? and 30-128
directions, as l,,,, is increased from 12 to 14 and 16.

S16 Fig. Simulation results of data with b=800 s/mm? and 256 directions,
as l;qz 18 increased from 12 to 14 and 16.

S17 Fig. Simulation results of data with b=2000 s/mm? and 256 directions,
as I, is increased from 12 to 14 and 16.

S18 Fig. Simulation results of data with b=300 s/mm? and 256 directions,
as l,,q2 1S increased from 12 to 14 and 16.

S19 Fig. Simulation results of data with b=800-2000 s/mm? and 30-256
directions, as l,,,, is increased from 12 to 14 and 16.

S20 Fig. Simulation results of data with b=800-3000 s/mm? and 30-256
directions, as [,,,, is increased from 12 to 14 and 16.

S21 Fig. Patients results of data with b=3000 s/mm? and b=5000 s/mm?

S22 Fig. Displays a comparison of the fiber orientation distribution (FOD)
maps between the normalized FOD using MSMT-CSD and the COMPARI
method.

S23 Fig. Visualization of FOD orientation using a) the simpler model and
b) the COMPARI method.

S24 Fig. Deterministic tractography visualization from a posterior
viewpoint.
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