














FAGURE 2. Fiber tractography results presented for each patient based on diffusion tensor imaging within iPlan Cranial (column 1), Slicer4 (column 2), and MedAlyVis

(column 3) and based on high-angular-vesolution diffusion imaging with compressed sensing within MedAlyVis (column 4). Row 1: patient 1, a 73-year-old rarale patient with
left temporal anaplastic oligodendroglioma. T1-weighted sagittal magnetic resonance imaging (MRI). Row 2: patient 2, a GS-year-old female patient with left temporal
glioblastoma multiforme (3-di [ [3-D] segmentation [red] in A). T1-weighted sagittal MRI (A, with contrast agent; B-D, without contrast agent). Row 3: patient 3,
a Al-year-old male patient with temporal anaplastic astrocytoma (3-D segmentation [red] in A), T1-weighted sagittal MRI. Row 4: patient 4, a 52-year-old raale patient with
left temporo-occipital glioblast ltiforme (2-di [ [2-D] seg ion [red] in A). T1-weighted sagittal MRI. Row 5: patient 5, a 34-year-old maale patient with
left frontal diffuse astrocytoma (2-D segmentation [purple] in A). Tl-weighted sagittal MRL Row G: patient 6, a Gl-year-old female patient with tenzporal anaplastic

astrocytoma. T1-weighted axial MRI.

temporally located fibers (Figure 3). Figure 4 illustrates the
reconstructed fiber object in a 3 D model compared with the
intraoperative navigation screenshot, here with fiber tractography

based on DTI.

Patient 6

A 61 year old woman with symptomatic seizures underwent
subtotal resection of a large anaplastic astrocytoma (WHO I1I) in
the left temporal lobe with infiltration of insula and only diffuse
central contrast enhancement. She did not suffer from any focal
neurological deficits preoperatively and postoperatively (AABT,
50 50 50 50 50).

Fibers displayed by DTI based tractography showed a frontal
fiber bundle on the iPlan Cranial platform that terminated in the
angular gyrus without expanding into the temporal lobe and was
not influenced by reduced FA thresholds or expanded seed region.
A slight temporal fiber expansion could be seen with DTT based
fiber tracking on the MedAlyVis and Slicer4 platforms. The
termination of these fibers was in the region of BA 22 for DTT and
HARDI+CS based reconstruction. However, the most remark
able difference here is seen in the more compound HARDI+CS
based fiber bundle reconstruction, as demonstrated in Figure 2.
In addition, the direct comparison of reconstructed fiber bundles
derived from both approaches within MedAlyVis displays the
contrast of firmly traced fibers in Figure 3.

Figure 3 presents DTT and HARDI+CS based fiber tractog
raphy results on MedAlyVis for each patient in side by side
display and overlay. It can be seen that HARDI+CS based
reconstruction results in a more compound fiber bundle in all
cases. In 4 cases, DTI based tractography resulted in sparse fibers,
whereby HARDI+CS based fiber tracking displayed a solid
object (rows 2 5). However, fiber tracking relying on DTI
displayed acceptable tracking results comparing DTI and
HARDI+CS based tractography results for patients 1 and 6.
In DTI based reconstruction objects, the reconstruction fre
quently failed to follow the curve of the fiber around the sylvian
fissure. In contrast, the curvature or at least the beginning of the
curve could be displayed with HARDI+CS based tractography.
This contrast can best be seen in rows 1, 3, 4, and 5.

The procedure for DTI based fiber tractography, including
preprocessing, postprocessing, and fiber tracking, took approxi
mately 5 to 20 minutes on all 3 platforms. There were no
significant differences in time regarding image preprocessing and
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basic fiber reconstruction process. Postprocessing times in
between the platforms varied only slightly (Table 3).

In contrast, performing all necessary steps for HARDI+CS
based tractography took about 50 minutes for each data set,
including the calculation of spherical ridgelets (preprocessing)
and basic fiber tractography. In addition, postprocessing work
flow was more time consuming, although the fibers were
processed accordingly, restricting the objects with additional
seed regions to exclude nonpertinent additional fibers (Table 3).

DISCUSSION

Intraoperative navigation systems are widely used among
neurosurgical operating theaters, showing segmented risk struc
tures and targets in the microscope heads up display after
a registration process of physical space and image space.”” Besides
mere anatomic MRIs, in recent years, functional data have been
integrated into the navigation. The multimodality concept
includes the display of eloquent cortical sites (given by fMRI),*®
metabolic data (given, for example, by magnetic resonance
spectroscoptic imaging or single photon emission computed

‘tomography®’), or major white matter tracts.

DTI is validated, challenged, and developed according to
acquisition schemes, image processing, analysis, and interpretation
of its results.”® Early experiments showed that diffusion is faster
along white matter tracts than perpendicular to the fiber bundle
direction. This principle is the basis for the DTI based
tractography.® For tensor calculation, the needed data set includes
1 b0 image and at least 6 diffusion weighted images, each applied
with a noncollinear diffusion gradient. However, today, a total of
30 gradient directions has been proposed for the reconstruction
of language pathways.””

DTI based fiber tractography relies on the mathematical
reconstruction of 1 second order tensor in each voxel, not capable
of resolving spatial locations in case of crossing, kissing, or
diverging fibers in the voxel. This is of special interest for
tractography results of anatomically complex fiber bundles like
language pathways or the optic tract. However, until today,
promising tracking results have already been achieved on the basis
of DTI that have been shown to contribute to a low postoperative
morbidity when integrated into the navigation system,® compa
rable to electrostimulation methods.””*" The most commonly
used algorithm is the deterministic tensor deflection algorithm,
which has been proven to be feasible for reconstruction of fiber



FIGURE 3. Direct comparison of fiber tractography results in MedAlyVis (vows 1-6 correspond to patient numbers). Column 1,
diffusion sensor imaging (DTI)-based tractography (yellow). Column 2, high-angular-resolution diffusion imaging with

compressed sensing (HARDI+CS)-based. tractography (blue). Column 3, overlay of DTI-, and HARDI+CS-based fiber
bundles.
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3-D reconstruction of ﬁber bundle, in green.

FIGURE 4. Cuse illustration of ‘patient 5. A, 3-dimensional (3-D) reconstruction of tumor and, language pathway view from
lateral right. B, mtcro:mpe view with outlines in heads-up display (purple, tumor; yellow, subjacent language pathways). C and
d axial (C) and coronal (D) views. Tumor outlines segmented in purple;

tracts without fanning fibers, curvatures or crossing, and kissing
fibers. For anatomically complex fiber pathways like the language
associated tracts or the optlc tract, probabilistic algorlthms such
as connectivity analysis** or bayesian approaches'” have already
shown success for more reliable tractography results based on
DTI. Another method, which has been established for patient
safety, is the Flacement of flexible hulls around the reconstructed
fiber object.”™” Thus, an additional safety margin of a 5 mm
surface hull around the intraoperatively displayed object has been
shown to avoid postoperative neurological deficits.” Furthermore,
the application of intraoperative high field MRI has provided the
possibility to obtain DTI intraoperatively. Fiber tractography
with intraoperative DTT image data has shown to compensate for
the effects of brain shift, also contributing to low postoperative
morbidity.**

Despite enhanced patient safety as a result of these innovations
in the field of DTI, the mentioned intrinsic drawbacks of this
method cannot be overcome. Thus, there was a rising demand for
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alternative approaches. One of these was found using advanced
diffusion models based on HARDI data sets. Multiple intravoxel
fiber orientations are frequently reconstructed using analytlcal
reconstruction based on spherical harmonics, or q ball imaging, **
in which the diffusion signal is sampled directly on a sphere using
the Funk Radon transform. This improvement of high angular
resolution is associated with 1 significant drawback. Acquisition
of HARDI data sets requires a significantly higher number of
diffusion gradients, ranging from 60 to 100. Associated data
acquisition times are up to 25 minutes (on a 3 T MRI system) as
opposed to approximately 4 minutes for DTT (on a 3 T MRI
system). However, frequently used for theoretical neuroimaging,
for example, by Frey et al,* clinical applications of HARDI are
still rare. Thus, to the best of our knowledge, there is still no
clinical study assessing HARDI in a neurosurgical patient
collective. However, there seems to be particular impact of the
method in cases of gliomas and perifocal edema with their
associated more complex white matter architecture.



TABLE 3, Tractography Preprocessing and Postprocessing Times Comparing Diffusion Tensor Imaging and High Angular Resolution |::iffusionI

maging” SESSRT T
iPlan Cranial DTI, min Slicer4 DTI, min MedAlyVis DTI, min MedAlyVis HARDI +CS, min

Patient Pre FT Post Pre FT Post Pre FT Post Pre FT Post

1 2 = 3 2 12 5 2 1 4 25 18 13

2 2 <1 5 2 12 4 2 1 5 25 19 12

3 2 <1 11 2 12 10 2 1 12 25 18 14

4 2 <1 15 2 12 10 2 1 14 25 21 13

5 2 <1 15 2 12 13 2 1 14 25 20 15

6 2 <1 3 2 12 6 2 1 5 25 18 14

“DTI, diffusion tensor imaging; FT, time for fiber reconstruction process; HARDI+CS, high angular resolution diffusion imaging with compressed sensing; Post, postprocessing

time for fiber tracking; Pre, preprocessing time for fiber tracking.

Sofar, several frameworks have been presented to achieve a higher
practicability for HARDI based fiber reconstruction, eg, Prckovska
etal” with a fused DTI/HARDI visualization or Reisert et al.*®
Among these techniques, with the mathematical model CS, based
on the theory of sparse representation, the particular drawback of
the long image acquisition time of HARDI can be overcome. In
this way, CS potentially enables the reconstruction of HARDI
signals from as low as 20 diffusion gradients, although with a low
reconstruction error of approximately 1%.%

With the following interpretation comparing the tracking results,
we can support the described theoretical advantages of HARDI
+CS based over DTI based tractography. Analysis of the recon
structed language associated fiber tracts was performed on the basis
of current standard of neuroanatomical knowledge, whereby the
complex anatomy of language associated cortical areas and their
connecting fiber bundles is not fully understood. Based on the
Geschwind®® model of the temporofrontal arc “arcuate fasciculus”
connecting the Broca and Wernicke areas, there are new insights
into the language associated fiber structures, some of them based
on diffusion studies. In this way, a “ventral pathway” is suggested,
connecting the 2 cortical areas via the uncinate fasciculus, the
external and extreme capsules.”’* A study from Frey et al* based
on q ball imaging™ suggests that Brodmann area 45 in particular
interconnects via the extreme capsule. Specific inferior temporal
areas, including the parahippocampal gyrus and the fusiform gyrus,
are part of semantic processing and interconnect BA 44, 45 and
posterior BA 22.>* However, other cortical sites like BA 6, 9, 21,
37, 40, or 39 and their associated interconnecting fibers are also
involved in the cortical processing of language.>

Interpreting the tractography results indicates that the most
obvious advantage of fiber tractography based on multidirectional
diffusion patterns is the significantly higher compound and solid
representation of the resulting fiber objects (Figures 2 and 3). This
can be seen in all performed reconstructions, comparing results of
HARDI+CS based tractography with DTI based results on the
3 different platforms, although DTI based reconstructions also
vary between platforms. It can be seen that with bigger tumor
diameter, closer localization to the language pathways, or larger
peritumoral edema, the tracking results differ more regarding the

solidity of the fiber object, suggesting a higher rate of uncertainty
(best seen in patient 5). In DTT based fiber tracking objects, the
fibers frequently fail to follow the curve around the sylvian fissure.
This is the case on all 3 platforms, with very similar results seen
for patients 1, 3, 4, and 5 (Figures 2 and 3). In contrast, the
curvature or at least the beginning of the curve could be displayed
with HARDI+CS based tractography in these cases.

There also seems to be the expected advantage concerning the
desired fiber reconstruction in near tumor areas or in vasogenic
edema. As can be seen in the HARDI+CS based tractography
results of patients 2, 4, and 5 (Figure 2), a solid fiber bundle can
also be displayed in peritumoral edema. However, DTI based
fiber tractography displayed acceptable results consistently on all
platforms for patients 1 and 6. This can be explained by the low
peritumoral edema and localization of the oligodendroglioma and
low grade astrocytoma (Figure 2). DTI based tractography fibers
are rather displaced by tumor of peritumoral edema, or the
tracking even terminates. This phenomenon is seen for patient 1
in iPlan Cranial and Slicer4 or patient 4 on Slicer4.

Despite these obvious advantages regarding image morphology,
tractography results are not assessed quantitatively or compared
with electrostimulation methods. Both methods have to be seen as
in vivo estimation of course and localization of the fiber bundle.
However, in our opinion, HARDI+CS based fiber reconstruc
tion is worth its effort in cases of large tumors with significant
peritumoral edema. DTT tractography remains a feasible tool for
tractography of pathways like the corticospinal tract or in
proximity of smaller tumors with less peritumoral edema.

Despite these obvious advantages, certain drawbacks of the
HARDI+CS based fiber reconstruction have to be mentioned.
Although using the same diffusion data set with 30 noncollinear
gradients as the basis for DTI and HARDI+CS fiber recon
struction, the time for calculating orientation distribution
functions and the fiber tracking procedure itself is significantly
prolonged for HARDI+CS at 45 minutes compared with
5 minutes for DTT based tractography. Although there are no
drawbacks for the patient, this prolonged reconstruction process
reduces practicability owing to larger effort in time and personnel.
Time for DTI based fiber tractography is almost consistent
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for iPlan Cranial, MedAlyVis, and Slicer4. In our opinion,
the open source platform Slicer4 and iPlan Cranial are orientated
for clinical use, with a well structured and easily manageable
workflow. In contrast, the MedAlyVis platform emphasizes
science applications and requires a longer teach in period. As
mentioned previously, intraoperative application of DTT based
fiber tractography has provided new insights into the phenom
enon of brain shift with a shown clinical impact. HARDI+CS
based tractography is, in our opinion, not yet feasible for
intraoperative use because of the long processing times that would
lengthen surgery significantly. Alternatively, preoperative HAR
DI+CS based fiber tractography can be combined with non
linear registration techniques or sophisticated techniques from
pattern recognition, allowing the matching of preoperative data
sets, including functional data with intraoperative MRIs.>
Further registration techniques propose nonlinear registration
of image space directly with the brain, not with the head. These
techniques can also be applied for other intraoperative imaging
modalities providing 3 D information such as ultrasound. Thus,
intraoperative images can be nonlinearly registered to the
preoperative data, providing the multimodal information.’®>”

Outlook

Regarding image quality, future perspectives include the compar
ison of conventional HARDI and HARDI+CS based fiber objects.
Furthermore, HARDI+CS will be obtained with varied MRI
parameters such as voxel size, gantry tilt, or number of repetitions
and number of diffusion gradients to compare the resulting fiber
objects for optimization purposes. To assess accuracy, this can be
done with a software phantom, offering the possibility to compare
the resulting objects with a defined ground truth.

For clinically orientated future investigations, the most important
steps will be the routine integration of HARDI+CS based fiber
reconstruction in the navigation system besides conventional DTT
based tractography results to support our hypothesis. This can be
obtained, for instance, by using the binary mask derived from
resulting fiber sets and visualized in a routinely used navigation
software. To actually assess the clinical impact regarding accuracy
and patient morbidity compared with DTI tractography, the
intraoperative display of HARDI+CS fiber objects will be
combined with subcortical stimulation methods. Furthermore,
other tracking algorithms will be applied on the HARDI diffusion
model and compared with the tensor deflection algorithm. The
implementation of multidirectional diffusion models in open
source navigation planning software should also be an aim of future
investigations, offering a user friendly software interface that can be
used by clinical physicians during daily business.

CONCLUSION

With our prospectively conducted case series on 6 patients, we
show that HARDI +CS fulfills the requirement of adequately low
data acquisition times, which are required for use in clinical
practice. Furthermore, according to the DTI based reconstruction
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of language pathways with 3 different platforms (iPlan Cranial,
Slicer4, and MedAlyVis) compared with HARDI+CS based
reconstruction on MedAlyVis, we show that HARDI+CS based
reconstruction seems to have potential not only in the more
compound display of reconstructed fibers but also in areas of
locally disturbed diffusion (tumor and peritumoral edema).
Thus, HARDI+CS seems to be a new approach that combines
the advantages of the estimation of multiple intravoxel fiber
populations of HARDI with the clinical feasibility of routinely used
DTT image data acquisition in presurgical practice. Despite longer
preprocessing times and thus presurgical planning, there is no
disadvantage for the patient regarding the presurgical workflow.
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