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Abstract: The tractability and integrity of fiber tracts within an edema, and the
functional roles of long-range fiber tracts during language proceasngdiscussed
controversially. We studied the dorsal and ventral language fiber tracts oftpatie
initially presenting with a peritumoral edema in both their pre- andpesitive
states. Here, we report preliminary results of three patients. Diffusion tensor
imaging (DTI)-based fiber tracking was performed. We were sutt@ssocating

the tracts in the presence of edema by lowering the fractional apisqfd\)
threshold for streamline tractography. Moreover, the affected tracts deated
recovery after edema treatment and neurosurgery, both in termstabiligcand
cognitive function

1 Introduction

In recent years, diffusion tensor imaging (DTIl)-based tractograpHgnguage fiber
tracts has emerged as a valuable tool for presurgical planning of tessations [e.g.,
Be08, Mo02, Ni05, Pall, YuO5; see Bi09 for an overview], fomaperative mapping
of fiber tracts in order to achieve maximally safe tumor resection windsepving
cognitive functions [Be08, Kul2, NiO5], for postoperative assessment }i05], and
for the investigation of language deficits in tumor patients [e.g., Bil2]eligtknown,
however, about the application of DTI-based tractography in edema patients.

In the present study, we therefore aimed to clarify the impact ofapie postoperative
DTl-based tractography in edema patients. We hypothesized that a postoperativel
tractable tract is also existent and intact preoperatively, and should be tractabiegoy

an appropriate tracking algorithm combined with a reduced fractionaltramgoFA)

value as threshold. This would have direct implications for the presurdgeedipg, the
advisable extent of the tumor resection, and the prognosis of the patientvere
specifically interested in the dorsal (arcuate fascicle, superior longitudinal fascidle) an
ventral (uncinate fascicle, inferior fronto-occipital fascicle/extreme capba@edystem)

fiber tracts that are known to be important for language processing.[Fr1l
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Up to now, we studied three patients with peritumoral edemas pre- angeqrasitcely.
Both DTI-based fiber tracking and a battery of clinical tests and behavioralalgag
experiments were conducted pre- and postoperatively. In the presentcrignwee
provide preliminary results.

2 Material and Methods

2.1 Patients and participants

We studied three patients (Pat01, Pat02, Pat03) pre- and postoperativethowed a
vasogenic edema around a brain tumor. Whereas 62-year old Pat@b-gedr old
Pat03 suffered from brain metastases, 65-year old Pat02 sufferadafitigh-grade
glioma (WHO 1V). The tumor of PatO1was located in the left anterior temfudra) and
the tumors of Pat02 and PatO3 were located in the left parietal lobe. All patients
presented with pronounced vasogenic edema around the tumor which wed with
dexamethasone directly after admittance to the hospital. All patients reported problems
in recalling words, Pat01 additionally loss of appetite and disorientatior, paiblems
with his working memory, and PatO3 problems of arm coordina#idinpatients were
male, right-handed, and German native speakers who did not acquirea lsecpage.

The patients were included into the study and tested first on averagerdgraoge: 37-
53h) after admittance to the hospital. All patients underwent neurosurgeat@l), 12
(Pat02), and 14 days (Pat03) after admittance to the hospital. The patiems w
resubmitted to the neuropsychological testing 3-4 weeks after sug@@l( 21days;
Pat02: 23d, Pat03: 28d). Each testing session lasted approximabehotws, during
which the clinical and language tests were conducted. The order of behéwats was
adjusted to the patients’ ability. Additionally, anatomical brain scans were acquired
before or after each session.

All patients or adequate family members gave their written informedsecbnto
participate in the study. The study was approved by the local ethical committee
(University of Leipzig).

2.2 MR Data acquisition and preprocessing

T1-weighted structural MPRAGE scans (Tl = 650 ms; TR = 1300 ms; ERIA ms;

TE = 3.5 ms; alpha = 10°; FOV = 256 x 240 mmz?; 176 sagittal slices; spatiaiti@sc

1 x 1 x 1 mm3) and diffusion MRI (dMRI) scans (TE = 100 ms;=TR2.9 s; 128 x 128
image matrix; FOV = 220 x 220 mmz?; 88 axial slices (no gap); spatial resoltibx

1.7 x 1.7 mm3, GRAPPA acceleration factor 2) were acquired on kelody 3 Tes
Siemens Verio magnetic resonance (MR) scanner (Siemens, Erlangen,n@erma
equipped with an 32-channel head array coil. The diffusion sequeneaga 60
diffusion-encoding gradient directions with a b-value of 1000 s/mm2erSéwages
without any diffusion weighting (b0) were obtained: one at the bagirnofithe scanning
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sequence and one after each block of 10 diffusion-weighted imagesatasneal
reference for offline motion correction.

The postoperative structural scan was reoriented to the sagittal intercoraimidane
and brain was segmented. The bO images were used to estimate motion correction
parameters of the dMRI sequence using the rigid-body registration [Ja@p&mented
in FSL (FMRIB Software Library, University of Oxford,
http://www.fmrib.ox.ac.uk/fsl/). We combined the motion correctiontfer dMRI data
with the global registration to the T1 anatomy, corrected the gradient direstieadh
volume with the rotation parameters, and resampled the registered imageisatropic
voxel resolution of 1.7 mm. Finally, we computed the diffusionsaenthe three
eigenvectors, and the FA value for each voxel [BML94]. The pretigerstructural
image was matched to the postoperative brain volume using rigid-bddgratgn, and
the diffusion data was processed in the same way as the postoperativeemeatu

2.3 Fiber tracking and edema analysis

The fiber tracking algorithm was modeled on an advection-diffusased propagation
method [WKL99]. Depending on the extent of the edema or degree of mgrdjrit was
necessary to adjust the tracking parameters to prevent premature termination,
specifically, the FA cutoff was lowered and o, the puncture parameter, was increased.
This parameter adds weight to the incoming vector in the determindttbe cesultant
propagation vector, and can thereby aid tracking through local segibmeduced
anisotropy.

Mask regions were selected appropriate to the tract in question. Each trdotsreq
spatially distinct masks at two characteristic locations along the tract. For the arcuate
fascicle, one mask was placed in the temporal lobe near the temporoparietal jandtion
the second mask in the posterior frontal lobe. For the inferior frectipital fascicle,

one mask was placed in the mid frontal lobe and the other in the occipitahfabér

the uncinate fascicle, one mask was in the rostral temporal lobe anthénerothe
inferior frontal lobe. The fiber tracking searched for all fibers thatneixte or through

both masks. Those fibers which followed tortuous routes or viseinded far outside

the anatomical pathway were discarded, and fibers which continued fandbéye
region of interest were truncated.

The fibers resulting from the tracking algorithm were considered to dp&tom bundle or
tract. They were then grouped together in a manner similar to the distapcenethod
described by O’Donnell [OWGO09]. Our approach can be described in the following
manner: A seed point, directional point and reference (or end-)poirdrigatty placed
on the tract in question. Each fiber is searched for its voxel of negmesiach to the
seed point and tested against a given maximum allowed radius (b&vi®evoxels). If
the fiber approaches the seed point within the inclusion radius gujtagation vector
does not differ by more than 60 degrees from the propagationiairegte fiber’s voxel
parameters are included in the bundle. (The proximal tract’s end propagation direction is
defined by the difference vector between the manually placed directional ahd star
pointg. The arithmetic average of the FA of the resulting voxels is calculatedhand
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propagation vectors are summed and normalized after opposed fibers hesive t
propagation vectors reversed. The result is added to the bundle, andntie Is
propagated by one step in the direction of the average propagation vdetovoxel
found by propagation becomes the new seed point and thesprisceepeated until the
reference point is reached or proves unreachable. It should be noted éimgt given
step, those fibers which do not meet the inclusion criteria are not inclutrexibandle.

The edema was manually segmented for each patient in the pre- &iitgrosntional
datasets using the T2 weighted BO volumes, and analyzed for volueupePatively,
also the average FA within the edema was calculated by finding the arithwestige
of the FA of all voxels within the edema mask. .

3 Results

3.1 Edema development

For each segmented edema region, the volume and preoperative avAragere-
calculated. Postoperatively, in all cases the volume of the edema was siggifican
reduced (see tablg.1

Preoperative FA = Preoperative Vol = Postoperative Vol = % Volume

(std. dev.) [mm?3] [mm?3] Reduction
Pat01 0.195 (0.1) 11665 2015 83%
Pat02 0.13 (0.07) 32441 6388 80%
Pat03 0.157 (0.09) 23015 3308 85%

Table  Preoperative average FA over edema region, and developmesi¢rof volume in the
three patients studied.

3.2 Tracking results

We report the pre- and postoperative FA progression along the tract)(fias well as
the number of fibers and the average FA within the bundled traicts 4f. 3D
projections of the lesions and tracts, as well as color-coded FA-map®oware ishig. 2;
fig. 3 shows a pre- and postoperative interactive three-dimensional (3D) ofiétsD3.

Pat01: In this patient, the uncinate fascicle (UF) and the inferior frontoia¢dgscicle
(IFOF) were studied, as the localization of the tumor in the left anterigrorainlobe
was most likely to affect these tracts. UF: The number of fibersthdd be demasked
increased by 127 %, from 11 to 25, accompanied by an increase dfi FA%, from
0.23 (SD: 0.06) to 0.32 (SD: 0.07). The bundle was in close pityxivith the tumor for
most of its length, and in this extended region there was a visible ddéemethe FA of
the bundle, which showed an improvement at the second data poirfig. Seeand fig.
4. IFOF: This tract was separated from the tumor by a greater distance agembimp
the UF. At both the pre- and postoperative data points, the same nufibero (17)
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was bundled. However, the postoperative bundle had, on average, ahihéern FA.
The preoperative FA was 0.31 (SD: 0.06), postoperatively it increase®%o(8D:
0.09), which equals a 19 % improvement. See figard fig. 4.
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Figure 1: Progression of FA values along the tracked fibers. Pre- (red} pestoperative (green)
bundles are shown. The bundles begin (x = 0) in the temporablab@rogress ventrally to the
frontal lobe (UF), or dorsally to the parietal/frontal lobe (AF). The IFOF lasnidegin (x = 0) in
the frontal lobe and progress ventrally to the occipital lobe. Theedhadion indicates the region
of the edema. a) UF (Pat01): The fibers in the shaded region dlzogueantitative improvement in
the postoperative measurement. b) IFOF (Pat01): In general, steppmtive curve has a higher
FA, but it is not obvious where the edema lies by looking aptbgression curves. At the frontal
and occipital terminations, the preoperative FA has higher values. Fc)(Pat02): The
postoperative FA is significantly increased, as are the number of fitagrsould be demasked. d)
AF (Pat03): A postoperative improvement can be seen. Howegleprassion in the postoperative
curve within the edema remains, with approx. 30 % less FA thaertander of the curve.
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Figure 2: Results of pre- and postoperative fiber tracking per patibetsFare displayed in 3D
figures as streamtubes with FA dependent radii. Edema is shown im grésue preoperatively
tumor is shown, postoperatively the resection caviegmentation is preliminary, as it is based
on T1 weighted images only which does not allow a precise detneatithe boundaried=A-
color maps indicate how much the fiber tracts of interest (white arrowsfiected by the edema
(contour drawn in white). The selected slices are indicated as vertical lithes3D figure. Pat01:
Both, the turquoise tract (IFOF) and the yellow tract (UF) run through thesedieenUF reaching
the tumor. Pat02: The tract lies completely within the edema. PatO3rathés only partly, i.e., in
its superior part, affected by the edema. LH = left hemisphere.

Pat02: In this patient, the arcuate fascicle (AF), respectively superior longitudina
fascicle (SLF), was studied. Comparing the results from prepastperative tracking,

an improvement could be measured, both in terms of the numlifibeisf which could

be demasked (4 versus 10, a 150 % improvement), as well as in thgeat of said
fibers (0.17 (SD: 0.10) versus 0.38 (SD: 0.04), a 123 % imprex. See fig. dand

fig. 4.

Pat03: In this patient, the arcuate fascicle was also studied. This patienttshangst
significant improvement in the number of fibers which could &masked and bundled
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compared to the other patients (6 versus 48). However, the FA oplpved by a
modest 13 %, from 0.39 (SD: 0.12) to 0.45 (SD: 0.83). Seedignd fig. 4.
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Figure 4: Difference of number of fibers and mean FA per tract penparror bars indicate SD.

4 Discussion

In the present study, we examined pre- and postoperative fiber tegutggn edema
patients to investigate the tractability and amount of fiber recovery withedama. We
hypothesized that a postoperatively tractable fiber pathway is also existent and
anatomically intact preoperatively, and should be traced by using arpappedracking
algorithm combined with a reduced FA value as threshold. If tki® wthe case, this
would have direct implications for the presurgical planning and the ambuesgeaxtion
during neurosurgery.

Our data indeed show that it is possible to do reasonably robustréibking through an
edema. A similar approach was used earlier for tractography thriungbr tissue
[AkO5]. The long-range fiber tracts that proved present postoperativelg be traced
preoperatively when lowering the FA threshold to 0.10 and usiragle@ction-diffusion
based tractography algorithm in the three patients. Thus, it is highbmmended to
lower the FA threshold in the process of presurgical planning. gDdivis, the
neurosurgeon could be saved from resecting white matter which maiy rfegction
again after intervention. An alternative method for fiber tracking in edessgovoposed
by free water elimination using a multiple compartments model [Pa0®3. approach
produces increasdéA values in the edema but needs additional constraints to stabilize
this process and is less robust than the single tensor fit. LowbdrigA threshold might
result in false positive tractography results as shown in [Pa09]. Théngaelsult must
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be interpreted with caution. In our application we interpreted only the cepattadf the
pathway which appears to be more robust.

Second, our data furthermore indicate that the white matter may recoveyhtfedema
treatment. In all patients, the number of fibers and the average FA fibe¢hdundles
that passed through the edema increased postoperatively after redudtieneafema
volume by around 80-85 %. This improvement was accompaniath fiypprovement of
the cognitive behavior suggesting that the recovered white matter has régatteamh.

Interestingly, in PatO3 the investigated tract was only partly affectethéyedema,
which correlated with a good performance on the language experirapdtother
clinical tests. In Pat02 on the contrary, the core faculty of the investigatedvaact
effectively terminated by the edema. Congruently, he demonstratadahitity to
perform any task preoperatively. Postoperatively, the tract mainlyessd and Pat02
was now able to perform most of the tasks. We therefore concludéh¢hatlema is
suppressing the function of the tract as far as it is covering and hitéirtgattt, and that
the tract may regain function again after treatment. (Detéiise different performance
of the patients will be reported later.)

Reasons for the recovered white matter function after neurosurgddyleniapart from

a mild improvement in the general state of health, both reduced prassugsult of the
resection of the tumor, as well as reduced edema volume as result of tha ede
management. Moreover, it might occur to one that not the respectivbutaather parts

of the brain have taken over the functional role within the scopéasfigity processes,
thus explaining the functional improvements. However, it is rather alplikhat
plasticity takes place within four to six weeks without special training pefQ6]. The
high potential for the recovery of white matter through neurosurgeny edema
treatment is an important argument for retaining as much of the white empessible
during resection.

In conclusion, we demonstrated that it is possible to trace a fiber tesgigratively in
edema patients. Both, the diffusivity values and the cognitive behalvithe patients
improved through edema treatment and neurosurgery: the mdradhwas affected by
the edema preoperatively, the more the cognitive ability improved thrivagtment.
Our preliminary analysis is based on three patients only, thus redfuirdser

investigation.
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