
Intraoperative Visualization of Fiber Tracking
Based Reconstruction of Language Pathways in
Glioma Surgery

BACKGROUND: For neuroepithelial tumors, the surgical goal is maximum resection
with preservation of neurological function. This is contributed to by intraoperative
magnetic resonance imaging (iMRI) combined with multimodal navigation.
OBJECTIVE: We evaluated the contribution of diffusion tensor imaging (DTI)-based
fiber tracking of language pathways with 2 different algorithms (tensor deflection,
connectivity analysis [CA]) integrated in the navigation on the surgical outcome.
METHODS: We evaluated 32 patients with neuroepithelial tumors who underwent
surgery with DTI-based fiber tracking of language pathways integrated in neuro-
navigation. The tensor deflection algorithm was routinely used and its results intra-
operatively displayed in all cases. The CA algorithm was furthermore evaluated in 23
cases. Volumetric assessment was performed in pre- and intraoperative MR images. To
evaluate the benefit of fiber tractography, language deficits were evaluated pre- and
postoperatively and compared with the volumetric analysis.
RESULTS: Final gross-total resection was performed in 40.6% of patients. Absolute
tumor volume was reduced from 55.33 6 63.77 cm3 to 20.61 6 21.67 cm3 in first iMRI
resection control, to finally 11.56 6 21.92 cm3 (P , .01). Fiber tracking of the 2 algo-
rithms showed a deviation of the displayed 3D objects by ,5 mm. In long-term follow-
up only 1 patient (3.1%) had a persistent language deficit.
CONCLUSION: Intraoperative visualization of language-related cortical areas and the
connecting pathways with DTI-based fiber tracking can be successfully performed and
integrated in the navigation system. In a setting of intraoperative high-field MRI this
contributes to maximum tumor resection with low postoperative morbidity.
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L
anguage processing is a complex process,
and the network of language-related path-
ways is still not completely understood.

Lesions of the arcuate fasciculus (AF), which was
first described in 1822 byBurdach1 as a system of
fibers surrounding the Sylvian fissure, result in
the disconnection syndrome conduction apha-
sia. Today, we know that conduction aphasias

form a heterogeneous group with various clinical
symptoms. Thus, the detailed anatomy of the AF
and the associated cortical areas are still under
intense investigation. Catani and Ffytche2 pub-
lished a model of the AF in 2005. This model
displayed the AF consisting of a direct segment
and an indirect pathway. To date, several authors
have postulated the extension of language fibers
beyond the classical cortical areas, including the
middle frontal gyrus, the precentral gyrus, and
the posterior middle temporal gyrus.2,3 Consid-
ering 2 major language components, phonology
and lexical semantics, fibers for phonologic pro-
cessing are included in the superior longitudinal
fasciculus, connecting frontal gyri with the supe-
rior temporal gyrus, the planum temporale,4 and
the supramarginal gyrus.5 The lexical-semantic
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system is thought to be part of the inferior occipitofrontal fascicle
(IOFF), initially described by Kier et al.6

On the basis of the findings of Basser et al,7 diffusion tensor
imaging (DTI)-based fiber tractography became a noninvasive
method to estimate the position and course of white matter tracts
and their extent in vivo. Various algorithms have been established
for reconstruction of major white matter tracts, which are
separated in deterministic and probabilistic tracking methods.
To facilitate and improve reconstruction, many approaches try to
optimize tracking of white matter bundles by using advanced
magnetic resonance (MR) sequences or by establishing different
algorithms. The concept of connectivity analysis (CA) seems to
be a promising approach. In addition to anatomical image data,
information on functional brain areas as given by functional
magnetic resonance imaging (fMRI) or DTI fiber tractography
can be displayed in navigation systems. A combined use of
functional navigation and intraoperative MRI (iMRI) allows
maximum resection while preserving neurological function.8,9

Maximum resection with minimum postoperative morbidity has
lately been accepted as the surgical concept for neuroepithelial
tumors.10 In this way, the influence of DTI-based fiber
tractography for language pathways and intraoperative high-field
MRI is evaluated for a cohort of patients with gliomas located in
the vicinity of language-related structures.

OBJECTIVE

Wepresent 32 patients with neuroepithelial tumors, adjacent to
language-related areas, for whom cortical language sites and the
connecting pathways were successfully visualized in the surgical
field. DTI-based fiber tracking was performed with 2 different
algorithms (tensor deflection and CA algorithm).11 Furthermore,
the integrity of cortical areas and fibers was assessed clinically,
obtaining language deficits pre- and postoperatively and com-
pared with the extent of resection (EOR).

The aim is to show that DTI based fiber tractography for
language pathways can be successfully integrated into the
navigation system and whether the setting of intraoperative 1.5T
MRI is associated with a low postoperative morbidity in
combination with maximum tumor resection.

PATIENTS AND METHODS

Patient Collective

From 2003 to 2008 we investigated a collective of 32 patients (15 male
and 17 female) with neuroepithelial tumors, classified according to the
WorldHealthOrganization (WHO) in theDepartment ofNeurosurgery,
University Erlangen-Nuremberg, Germany (Table 1). There was recur-
rent tumor in 4 cases. Mean patient age was 47.19 6 13.07 (range,
24-68) years. In all cases, neuronavigation was used intraoperatively,
displaying the integrated language-related cortical areas and the con-
necting fiber bundles. The patients were selected prospectively according
to the following criteria:

• radiologically neuroepithelial tumor
• tumor located on the language-dominant hemisphere according to
functional MRI (fMRI)

• tumor in less than 20 mm distance to language-related structures
(based on experiences with DTI tractography of the pyramidal tract12)

In 30 patients, lesions were located on the left side, whereas 2 patients
had lesions located in the right hemisphere. These 2 patients were left
handed; the other patients were right handed. Preoperatively, the
dominant hemisphere was detected with fMRI in all cases.
Informed consent for the performance of iMRI and acquisition of

fMRI was obtained from all patients or adequate family members
preoperatively.
For assessment of language deficits, the National Institutes of Health

Stroke Scale was used (item 9: best language: 0 = normal, 1 = mild to
moderate aphasia, 2 = severe aphasia, 3 = global aphasia), which has been
applied on glioma patients in other studies.13 For comparison of pre-,
and postoperative language deficits the patient collective was grouped
as follows: group A, no postoperative aggravation of language deficits;
group B, mild postoperative language impairment, then back to baseline
function at discharge; group C, postoperative language deterioration,
improved until discharge; group D, postoperative language impairment
without improvement until discharge.

Functional MRI

For localization of Broca’s and Wernicke’s area, fMRI data sets were
obtained preoperatively using echo planar imaging sequences with 25
slices, slice thickness of 3 mm, and TR/TE of 2470/60 ms. A box car
paradigm with visual stimulations was used with 30 stimulations in activity
and 30 stimulations in recovery. Motion correction was performed with
image-based prospective acquisition correction.14 Activation maps were
constructed by analyzing the correlation between activation maps and
square wave reference function for each pixel. Pixels exceeding a signifi-
cance threshold (.0.3, P , .001) were displayed if at least 6 contiguous
voxels built a cluster. After statistical analysis of the resulting data sets
with the Brain Voyager Software (Brain Innovation B.V., Maastricht,
Netherlands) the resulting activity fMRI maps was saved as Digital
Imaging and Communications in Medicine data for integration into the
navigation system. The activity clusters were used as seed regions for the
reconstruction of language-associated fiber tracts.

Diffusion MRI and Fiber Tracking

DTI-based fiber tracking was performed on the base of a single-shot spin-
echo diffusion-weighted sequence data set (echo planar imaging readout,

TABLE 1. Types of Neuroepithelial Lesions

Lesion No. of Patients

Astrocytoma (II) 1

Oligodendroglioma (II) 1

Oligoastrocytoma (II) 3

Ganglioglioma (I) 2

Anaplastic astrocytoma (III) 4

Anaplastic oligoastrocytoma (III) 4

Anaplastic oligodendroglioma (III) 4

Glioblastoma multiforme (IV) 13

Total 32
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TR/TE 9200/86 ms, matrix size 128 · 128, field of view 240 mm, slice
thickness 1.9 mm, b value 0 and 1000 s/mm2, respectively, 6 diffusion
gradient directions). Two different tracking algorithms were used: tensor
deflection and CA. Tensor deflection, first described by Lazar et al,15 is
integrated in the iPlan Cranial 2.5 software (BrainLab, Feldkirchen,
Germany) and was used in all cases. CA is a probabilistic approach, based on
the principle of path finding. The anatomical T1 MR data sets were rigidly
registered with the DTI b0 images and the fMRI maps.16

Reconstruction and Integration Into
Neuronavigation System

The results of the fMRI analysis were rigidly registered with the
anatomical data sets. A first volume of interest is placed in the region of
temporoparietal activation, and the algorithm is started. To restrict the
resulting fiber set to language-related fibers, a second volume of interest
(region of frontal activation) is used as an include region. Reconstruction
with CA algorithm was realized within the medical imaging platform
MedAlyVis (Medical Analysis and Visualization).11 Rigid registration of
DTI b0 images and fMRI activation maps was performed, followed by
region of interest placement according to activation zones and search
space adaption to structure of interest. After 3D hull generation covering
reconstructed fibers, results were transferred to iPlan Cranial 2.5 for final
segmentation via thresholding.

iMRI and Assessment of Tumor Volume

iMRI was performed in all cases on a 1.5 T MR (Siemens Sonata,
Siemens, Erlangen, Germany).8 The first iMRI, including 1.0 mm
isotropic 3D magnetization prepared rapid gradient echo, was obtained
immediately before skin incision, with the patient’s head already fixed for
registration. These image data were fused with the MR images (identical
sequences, contrast-enhanced) that had been acquired at least 1 day before
surgery on the same scanner, whereby tumor segmentation had been
performed on these scans. The further intraoperative scans for resection
control were performed each after the surgeon’s estimation of best possible
tumor resection. Tumor segmentation and postoperative analysis was
performed with the Vector Vision planning software.8

Statistics

All tumor volumes are presented in mean6 standard deviation (SD).
Statistical analysis was performed in PASW Statistics 18 for Mac (SPSS
Inc., Chicago, Illinois).
TheWilcoxon (Mann-WhitneyU) Test was used for determining the

influence of iMRI on EOR (residual tumor volume in first iMRI vs
residual tumor volume in final iMRI).
For analysis of neurological deficits in the groups “further tumor

resection after iMRI” vs “no further tumor resection after iMRI,” a linear
regression model was used.
A P value of ,.05 was considered as significant.

RESULTS

In all 32 cases, cortical language sites as well as the connecting
white matter tracts were visualized with the tensor deflection
algorithm of iPlan Cranial 2.5 for DTI-based fiber tracking
(fractional anisotropy [FA]) value: 0.3) (Figure 1). Furthermore,
reconstruction using the CA algorithm was obtained in the latter
23 cases (FA value: 0.3). These data were successfully transferred
into iPlan Cranial 2.5 in 5 cases because of the time-consuming
process. In these cases, visualized data of both methods were
displayed within the same image (Figure 2). A comparison of the
2 algorithms alongside the intraoperative setting was performed
in all cases. Although the fiber bundles were not fully congruent
in form and size, there was a mean deviance of approximately
5 mm in the central part of the created 3D objects. Only for
Near-cortical parts of the reconstructed tract, showed a deviation
up to 10 to 15 mm (Figure 2). The fiber-tracking procedure
lasted 5 to 10 minutes for the tensor deflection algorithm and 20
to 30 minutes for the CA algorithm. The image distortion of the
b0 images impeded registration with less than 2 mm in the areas
of interest.
All data were successfully displayed in the microscope field of

view intraoperatively (Figure 3). Navigation accuracy documented

FIGURE 1. Clinical case. A, Broca and Wernicke area visualized with fMRI (green). B, DTI-based fiber tracking (tensor deflection) showing the arcuate fasciculus (light
purple). C, DTI-based fiber tracking (tensor deflection) showing the occipitofrontal inferior tract (dark purple). fMRI, functional MRI; DTI, diffusion tensor imaging.
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as target registration error was 0.4 to 3.0 (1.69 6 0.62) mm,
measuring the offset of an additional skin fiducial marker attached
on the patient’s head not used for registration.

Tables 2 and 3 summarize the patient collective, the surgical
procedures with the resected tumor volume, and the post-
operative deficits. In 10 cases (31.25%), surgery was continued
after iMRI, which revealed residual tumor. The mean pre-
operative tumor volume was 55.33 6 63.77 cm3, in first iMRI
resection control it was 20.61 6 21.67 cm3, and in final iMRI it
was 11.56 6 21.92 cm3. Thus, EOR was significantly reduced
owing to iMRI and continued surgery (P , .001). Gross total
resection was finally achieved in 13 patients (40.63%), in 2 cases
because of iMRI.

Language deficits were obtained pre- and postoperatively
(at discharge) for all patients according to the National Institutes
of Health Stroke Scale. Nineteen patients did not show any
language deficits preoperatively, 8 patients had “mild to moderate”
aphasia, and 5 patients had “severe” aphasia. No patient had
global aphasia preoperatively. In 23 patients, there was no
postoperative language impairment (71.88%) (group A). Nine
patients (28.13%) showed a deterioration of language deficits
postoperatively. In 6 cases (18.75%), there was a complete
remission of these deficits until discharge (group B). We observed
a language impairment, which only partially resolved in 3 patients
until discharge (9.38%) (group C). Long-term follow-up after 4
months showed persistent aphasia in only 1 patient (3.1%).
Group A included 8 patients with 100% tumor volume EOR,

2 patients with 99.9% to 98% EOR, 0 patients with 97.9% to
95% EOR, 3 patients with 94.9% to 90% EOR, and 10 patients
with,90% EOR (Table 4). Group B included 3 patients with
100% tumor volume EOR, 0 patients with 99.9% to 98% EOR,
0 patients with 97.9% to 95% EOR, 0 patients with 94.9% to
90% EOR, and 3 patients with ,90% EOR. Group C included
2 patients with 100% tumor volume EOR, 0 patients with
99.9% to 98% EOR, 0 patients with 97.9% to 95% EOR,
1 patient with 94.9% to 90% EOR, and 0 patients with , 90%
EOR. Comparing the postoperative language deficits of the
group “further tumor resection after iMRI” with the group “no
further resection after iMRI” at the time of discharge, there was
no significant difference according to linear regression (P = .672).

Illustrative Case (Figure 4)

A 36-year-old patient presented after 1 episode of speech arrest
as well as, most likely, focal motor seizure of the tongue. TheMRI
scan revealed a partially cystic lesion in the right frontal lobe. fMRI
detected cortical language sites bilaterally. Tumor resection was
performed with iMRI guidance and intraoperative visualization of
the cortical language sites and connecting pathways. iMRI secured
a complete tumor removal. Postoperatively, there was a paresis of

FIGURE 2. Comparison between tensor deflection algorithm (AF, orange;
IOFF, yellow) and connectivity analysis algorithm (AF, red; IOFF, purple),
Broca and Wernicke areas segmented in green according to fMRI. fMRI,
functional MRI; AF, arcuate fasciculus; IOFF, inferior occipitofrontal fascicle.

FIGURE 3. A, navigation screenshot—sagittal view. Fiber tracking with CA algorithm (tumor, yellow; green, Broca and
Wernicke area; pink, language pathways). B, microscope view intraoperatively (same colors). CA, connectivity analysis.
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the facial nerve House-Brackmann grade II as well as a slight
dysarthric disorder. These deficits almost completely resolved by
discharge. After 1 year, there was a complete remission. The
neuropathological evaluation revealed an anaplastic astrocytoma
(WHO grade III), so the patient received additional stereotactic
radiation.

DISCUSSION

Visualization of language-related cortical areas and the con-
necting white matter bundles within the microscope heads up
display and intraoperative update of the anatomic image data
after iMRI contributes to maximum EOR with minimum post-
operative morbidity. This concept is now widely accepted in
glioma surgery, because common literature considers maximum
EOR as a positive predictive value for longer survival in low- and

high-grade gliomas.10 The application of 2 different algorithms
for DTI-based fiber tracking combined with the clinical outcome
corroborates the utility of the procedure.

Intraoperative MRI With Multimodal Navigation and
Clinical Outcome

A combination of intraoperative MRI and multimodal naviga-
tion unites the advantages of intraoperative resection control,
compensation for brain shift, and preservation of neurological
function by displaying white matter tracts intraoperatively.17 The
intraoperative update was performed by rigid registration of pre-
and intraoperative image data.18

Several studies found that subcortical stimulation methods
contribute tomaximum safe resection in glioma surgery for lesions
near the pyramidal tract, but also for language pathways.19,20 Our
results of postoperative morbidity regarding language deficits are

TABLE 2. Patient Cohort: Localization, WHO Grade/Lesion Type, Pre-/Intra-/Postoperative Tumor Volume and Tumor Volume Reductiona

Patient No. WHO Grade Lesion Localization

Tumor Volume, mL

GroupbPre-OP I-OP Post-OP Red, %

1 IV Temporal 15.20 10.05 33.9 A

2 I Temporal 5.97 0.00 100.0 A

3 IV Frontal 75.97 0.00 100.0 A

4 IV Frontotemporal 38.57 5.21 86.5 A

5 III Frontal 32.10 0.71 0.23 99.3 A

6 II Frontal 43.09 3.08 0.59 98.3 A

7 III Frontal 34.30 2.88 91.6 A

8 IV Temporal 44.49 0.00 100.0 B

9 IV Temporal 72.75 4.86 72.6 A

10 III Frontal 37.91 0.00 100.0 A

11 II Temporal 31.82 21.44 4.75 85.1 A

12 III Temporal 14.92 0.00 100.0 A

13 III Frontal 14.92 0.00 100.0 A

14 III Temporal 55.5 3.31 0.00 100.0 C

15 II Frontal 10.21 2.08 0.00 100.0 A

16 IV Temporo-occipital 160.93 34.99 31.14 80.7 A

17 III Temporal 31.38 3.08 2.79 91.1 A

18 III Frontal 16.98 0.00 100.0 A

19 III Temporal 30.50 2.4 92.1 C

20 II Frontal 86.04 23.29 72.9 B

21 IV Frontal 16.80 7.07 57.9 A

22 III Frontal 73.54 52.47 28.7 A

23 IV Temporal 101.88 39.91 15.28 85.0 A

24 III Frontal 13.39 0.00 100.0 B

25 IV Temporal 99.74 63.04 53.75 46.1 A

26 III Frontal 44.90 23.18 48.4 A

27 I Temporal 1.68 0.00 100.0 A

28 II Temporoparietal 47.73 34.47 15.79 66.9 B

29 IV Frontotemporal 116.77 103.03 11.8 A

30 IV Parietal 44.79 0.00 100.0 B

31 IV Temporo-occipital 24.42 11.27 53.9 B

32 IV Temporal 25.57 0.00 100.0 C

aWHO, World Health Organization; Pre-OP, preoperative; I-OP, intraoperative; Post-OP, postoperative; Red, reduction.
bGroup A, no postoperative aggravation of language deficits; group B, mild postoperative language deterioration then back to baseline function at discharge; group C,

postoperative language deterioration, improved until discharge; group D, postoperative language deterioration without improvement until discharge.
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similar to the ones presented in these publications, evaluating the
postoperative morbidity for lesions in the proximity of language-
related structures, using intraoperative electrophysiological map-
ping for detection of language pathways. Bello et al20 presented
a study of 88 gliomas; a permanent deficit occurred in 2.3% of all
cases. Sanai et al21 published a series of 250 patients in 2008,
including intraoperative language mapping. Six months after
surgery, only 1.6% of patients had a persisting language deficit.
Furthermore, it has been shown that a combination of DTI-based
fiber tracking and intraoperative subcortical stimulation enhances
the surgical performance for lesions near language pathways and
the corticospinal tract.22-25 Regarding intraoperative electro-
stimulation together with iMRI, Hatiboglu et al26 recently
showed that intraoperative cortical mapping can be successfully
used in a high-field MRI environment. As opposed to these
studies, McGirt et al27 presented a retrospective study of 306
patients with glioblastoma multiforme with postoperative lan-

guage deficits in 15%. In this study, no fiber tracking or
electrophysiology was obtained intraoperatively.
Other studies evaluated the influence of iMRI resection control

on EOR in glioma surgery, including a volumetric analysis of
tumor volume, which also showed similar results for EOR and the
influence of iMRI. Intraoperative low-field MRI was used by
Busse et al,28 Bohinski et al,29 and Schneider et al.30 Busse et al28

reported gross-total glioma resection in 22.7%. Bohinski et al29

reported that gross total resection (GTR) was enhanced from 47%
to 72.5% after iMRI and continued surgery. The surgical goal was
initially achieved in only 47%. Schneider et al30 evaluated a cohort
of 31 patients with glioblastoma multiforme. GTR was enhanced
from 2 to 11 patients (36%) after iMRI and continued surgery;
residual tumor was found in the first iMRI in 93.5%. Surgery was
continued after scanning in all of these cases, resulting in
a reduction of final tumor volume from 21% to 12%. Hatiboglu
et al9 reported on a significant tumor volume reduction due to

TABLE 3. Patient Cohort: Pre- and Postoperative Deficits and Classification According to Deficit Groups

Patient No. Preoperative Deficits Postoperative Deficits Groupa

1 None None A

2 None None A

3 None None A

4 Mild sensomotor aphasia Status idem A

5 Motor aphasia Status idem A

6 None None A

7 None None A

8 Mild motor aphasia Mild deterioration, then back to status idem B

9 None None A

10 None None A

11 Mild motor aphasia Status idem A

12 None None A

13 None None A

14 Mild motor aphasia Motor aphasia, then better C

15 None None A

16 None None A

17 None None A

18 None None A

19 Motor aphasia Deterioration, then better C

20 Mild motor aphasia Mild deterioration, then back to status idem B

21 Motor aphasia Status idem A

22 None None A

23 None None A

24 Mild motor aphasia Mild deterioration, then better B

25 None None A

26 None None A

27 None None A

28 Mild sensomotor aphasia Deterioration, then better B

29 None None A

30 Sensor aphasia Deterioration, then back to status idem B

31 Motor aphasia Deterioration, then back to status idem B

32 Mild motor aphasia Deterioration, then better C

aGroup A, no postoperative aggravation of language deficits; group B, mild postoperative language deterioration then back to baseline function at discharge; group C,

postoperative language deterioration, improved until discharge; group D, postoperative language deterioration without improvement until discharge.
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intraoperative high-field MRI. Further resection was here per-
formed in 47% after iMRI. The percentage of final GTR was high
with 66%. The availability of functional data integrated in the
navigation and iMRI might influence the surgical strategy in a way
that surgery is performed more carefully until the first iMRI
resection control. However, the surgical concept in clinical practice

remains best possible tumor resection before considering resection
control. This is supported by the fact that the surgeon’s estimation
was correct in 68.8%, in which surgery was not continued after
iMRI, either because of initial GTR (34.38%) or close relation to
eloquent structures (34.38%). It is hard to consider whether iMRI
and update of the navigation or the integration of fMRI and fiber
tractography has more impact on glioma surgery. Most likely, it is
the combination of the strategies. However, in our opinion, iMRI
is a potent tool for resection control, neuronavigation with
integrated functional information and its intraoperative update
helpful for the preservation of neurological function. For selected
cases, fiber tractography in combination with intraoperative
electrostimulation or intraoperative application of fMRI with
awake surgery should still be considered.

DTI-Based Fiber Tractography

DTI-based fiber tractography has become a feasible method for
visualization of white matter tracts in the brain. In particular,
tractography of the corticospinal tract is well established in the
clinical and surgical workflow. Although it enables us to visualize
the normal course and displacement of white matter tracts around
a tumor, as well as widening of fiber bundles due to edema or
tumor infiltration,12,15-18 there are still challenges related to the
reconstruction of fiber bundles in the immediate vicinity of

TABLE 4. Tumor Volume Extent of Resection for Each Language

Deficit Groupa

Extent of Tumor Volume

Resection (EOR in %)

Deficit Groupsb

A B C D

100 8 3 2 0

99.9-98.0 2 0 0 0

97.0-95.0 0 0 0 0

94.9-90.0 3 0 1 0

, 90.0 10 3 0 0

Total 23 6 3 0

aEOR, extent of resection.
bGroup A, no postoperative aggravation of language deficits; group B, mild

postoperative language deterioration then back to baseline function at discharge;

group C, postoperative language deterioration, improved until discharge; group D,

postoperative language deterioration without improvement until discharge.

FIGURE 4. Clinical case. A-F, navigation screenshot: MRI (performed before skin incision) used for registration displayed in multiple sets. A-C, T1-weighted images (axial,
coronal, sagittal view).D, T2-weighted axial image. E, T1-weighted image probe’s eye view. F, microscope view during tumor resection. G-L, navigation screenshot: MRI for
registration (G-I) and iMRI for resection control (K-L) displayed in multiple sets for direct correlation; T2-weighted images. G-H, images before resection (axial, coronal,
sagittal view); K-L, iMRI, displayed after re-registration intraoperatively and update of the navigation (axial, coronal, sagittal view). (Colors: tumor yellow; Broca and
Wernicke area green; IOFF light purple; AF dark purple). iMRI, intraoperative magnetic resonance imaging; IOFF, inferior occipitofrontal fascicle.
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infiltrative tumors or distinct perifocal edema. The measured
diffusion of water molecules according to different applied
gradients and resulting estimated diffusion properties for each
volume element is influenced by the presence of infiltrative tumor
and surrounding edema as, for example, the anisotropy of
diffusion is frequently reduced in these areas. Thus, in the vicinity
of neuroepithelial tumors, the FA value is reduced in comparison
with corresponding healthy tissue areas. Besides the FA value as
threshold criterion, curvature of fiber tracts is also seen as an
important parameter in the clinical fiber-tracking protocol. In
the case of language pathways with its connection of 2 cortical
areas and anatomical structure with fibers curving around the
Sylvian fissure, tensor deflection-based algorithms can fail. For
the 2 methods of DTI-based reconstruction of major white
matter tracts—tensor deflection and CA algorithm—we recorded
a deviation of approximately less than 5 mm. Each environment
offers a different kind of seed region placement. Comparing
the seed volume placements and definitions, there was no
complete overlap in both environments, which causes the
reconstruction results to be slightly different. With the use of
the CA algorithm, we tried to overcome certain drawbacks of
the tensor deflection algorithm, particularly considering language
pathway reconstruction. Because the tensor deflection approach
only uses the local tensor data for reconstruction of fiber tracks,
the CA approach is goal-orientated and incorporates tensor
information within the activation region’s surrounding. Further-
more, splitting and merging fibers are handled appropriately. The
CA algorithm enables us to find connections between seed and
destination regions, which is not guaranteed by the tensor
deflection approach. In this way, the CA approach is useful for
finding connecting fibers between 2 regions. Because of the
observed similarity, the CA algorithm results might be used for
initial seed volume generation for the placement of seed regions
and include and exclude regions for the US Food and Drug
Administration-approved tensor deflection-based method rou-
tinely used in clinical practice. Besides DTI, there are several
advanced techniques like high-angular resolution diffusion
imaging, Q-Ball imaging, q-space imaging, and diffusion
spectrum imaging to overcome the drawbacks of the second-
order tensor model used for DTI. These advanced techniques
allow the representation of multiple fiber orientations per voxel.
Thereby, crossing fibers are being resolved. Because of the long
acquisition times and high hardware-performance requirements,
these advanced techniques are, up to now, not suitable for clinical
use, which can be prospectively overcome by significant increasing
MR gradient performance. Nevertheless, these MRI sequences
(Q-Ball imaging, high-angular resolution diffusion imaging) are
going to be evaluated, as well as other algorithms, to identify the
best procedure for clinical practice satisfying the requirements of
clinical use.

Limitations of Our Study

Only 6 gradient directions were provided in the DTI data set,
because the examination started in the year 2003. According to

current literature, at least 30 directions should be applied to obtain
a more reliable estimation of the tensor.31

Our study compares 2 different DTI-based tracking algorithms
during surgery for lesions in the vicinity of language-related sites
and fibers. To evaluate the influence on morbidity, we assessed
pre- and postoperative motor and language deficits, but did not
include awake surgery or intraoperative stimulation methods.
Although some studies correlating clinical outcome data ques-
tioned the accuracy and validity of DTI-based fiber tracking,32 it
has been shown that there is a significant correlation of fiber-
tracking estimation with clinical outcome.33

Awake surgery and cortical and subcortical electrophysiolog-
ical stimulation methods have been arranged in neurosurgical
operating rooms to detect eloquent cortical areas and subcortical
structures. The importance of intraoperative cortical mapping to
contribute to minimizing postoperative morbidity in neurosur-
gical procedures has been established.34,35 Thus, our future
work will also include a complete neuropsychological testing
(pre- and postoperatively) as well as intraoperative stimulation
methods5,36,37 and awake surgery.38

Considering the general problem of brain shift during surgery,
mainly because of loss of cerebrospinal fluid or tumor volume
reduction, this can be overcome by an update of the intraoperative
image data. An update on functional data together with anatomical
data is helpful in preserving eloquent cortical sites or fiber bundles.
For the pyramidal tract, intraoperative update of the tracked fiber
bundles is a feasible procedure.18,39 However, an intraoperative
update of DTI-based fiber tracking for language pathways requires
an intraoperative fMRI to reliably detect the seed regions for the
tracking procedure or nonlinear registration procedures, but
these are still too time consuming to be considered for intra-
operative use. Therefore, only the anatomical images were updated,
whereas the fiber bundles corresponded to preoperatively tracked
pathways. With the implementation of new algorithms, intra-
operative update for language pathways is a matter of future work.

CONCLUSION

The combination of intraoperativeDTI-based fiber tracking for
language pathways and intraoperative high-field MRI contributes
to maximally safe tumor resection with preservation of neurolog-
ical function in glioma surgery. According to the common
literature, thismethodology is essential to achieve extended patient
survival time.

Disclosures

This work was supported in part by the German Research Foundation (DFG
NI568/3-1). Prof Nimsky is a scientific consultant for intraoperative imaging for
BrainLab (Feldkirchen, Germany). The other authors have no personal financial or
institutional interest in any of the drugs, materials, or devices described in this article.

REFERENCES

1. Burdach K. Vom Baue und Leben des Gehirnsund Rückenmarks. Leipzig, Germany:
Dyk; 1819-1826.

KUHNT ET AL

918 | VOLUME 70 | NUMBER 4 | APRIL 2012 www.neurosurgery-online.com

Copyright © Congress of Neurological Surgeons. Unauthorized reproduction of this article is prohibited.



2. Catani M, ffytche DH. The rises and falls of disconnection syndromes. Brain.
2005;128(pt 10):2224-2239.

3. Bernal B, Ardila A. The role of the arcuate fasciculus in conduction aphasia. Brain.
2009;132(pt 9):2309-2316.

4. Vigneau M, Beaucousin V, Herve PY, et al. Meta-analyzing left hemisphere
language areas: phonology, semantics, and sentence processing. Neuroimage. 2006;
30(4):1414-1432.

5. Duffau H, Gatignol P, Denvil D, Lopes M, Capelle L. The articulatory loop: study
of the subcortical connectivity by electrostimulation. Neuroreport. 2003;14(15):
2005-2008.

6. Kier EL, Staib LH, Davis LM, Bronen RA. MR imaging of the temporal stem:
anatomic dissection tractography of the uncinate fasciculus, inferior occipitofrontal
fasciculus, and Meyer’s loop of the optic radiation. AJNR Am J Neuroradiol. 2004;
25(5):677-691.

7. Basser PJ, Mattiello J, LeBihan D. MR diffusion tensor spectroscopy and imaging.
Biophys J. 1994;66(1):259-267.

8. Nimsky C, Fujita A, Ganslandt O, Von Keller B, Fahlbusch R. Volumetric
assessment of glioma removal by intraoperative high-field magnetic resonance
imaging. Neurosurgery. 2004;55(2):358-370; discussion 370-351.

9. Hatiboglu MA, Weinberg JS, Suki D, et al. Impact of intraoperative high-field
magnetic resonance imaging guidance on glioma surgery: a prospective volumetric
analysis. Neurosurgery. 2009;64(6):1073-1081; discussion 1081.

10. Sanai N, Berger MS. Glioma extent of resection and its impact on patient
outcome. Neurosurgery. 2008;62(4):753-764; discussion 264-266.

11. Merhof D, Richter M, Enders F, et al. Fast and accurate connectivity analysis
between functional regions based on DT-MRI. Med Image Comput Comput Assist
Interv. 2006;9(pt 2):225-233.

12. Nimsky C, Ganslandt O, Merhof D, Sorensen AG, Fahlbusch R. Intraoperative
visualization of the pyramidal tract by diffusion-tensor-imaging-based fiber
tracking. Neuroimage. 2006;30(4):1219-1229.

13. Stummer W, Pichlmeier U, Meinel T, Wiestler OD, Zanella F, Reulen HJ.
Fluorescence-guided surgery with 5-aminolevulinic acid for resection of malignant
glioma: a randomised controlled multicentre phase III trial. Lancet Oncol. 2006;7
(5):392-401.

14. Thesen S, Heid O, Mueller E, Schad LR. Prospective acquisition correction for
head motion with image-based tracking for real-time fMRI. Magn Reson Med.
2000;44(3):457-465.

15. Lazar M, Weinstein DM, Tsuruda JS, et al. White matter tractography using
diffusion tensor deflection. Hum Brain Mapp. 2003;18(4):306-321.

16. Soza G. Registration and stimulation for the analysis of intraoperative brain shift.
Presented at: Erlangen-Nuremberg Uo, Technische Fakultät, 2005; Erlangen,
Germany.

17. Nimsky C, Ganslandt O, Hastreiter P, Fahlbusch R. Intraoperative compensation
for brain shift. Surg Neurol. 2001;56(6):357-364; discussion 364-365.

18. Nimsky C, von Keller B, Schlaffer S, et al. Updating navigation with intraoperative
image data. Top Magn Reson Imaging. 2009;19(4):197-204.

19. Duffau H, Peggy Gatignol ST, Mandonnet E, Capelle L, Taillandier L.
Intraoperative subcortical stimulation mapping of language pathways in a consec-
utive series of 115 patients with Grade II glioma in the left dominant hemisphere.
J Neurosurg. 2008;109(3):461-471.

20. Bello L, Gallucci M, Fava M, et al. Intraoperative subcortical language tract
mapping guides surgical removal of gliomas involving speech areas. Neurosurgery.
2007;60(1):67-80; discussion 80-82.

21. Sanai N, Mirzadeh Z, Berger MS. Functional outcome after language mapping for
glioma resection. N Engl J Med. 2008;358(1):18-27.

22. Bello L, Gambini A, Castellano A, et al. Motor and language DTI Fiber Tracking
combined with intraoperative subcortical mapping for surgical removal of gliomas.
Neuroimage. 2008;39(1):369-382.

23. Maesawa S, Fujii M, Nakahara N, Watanabe T, Wakabayashi T, Yoshida J.
Intraoperative tractography and motor evoked potential (MEP) monitoring in surgery
for gliomas around the corticospinal tract. World Neurosurg. 2010;74(1):153-161.

24. Prabhu SS, Gasco J, Tummala S, Weinberg JS, Rao G. Intraoperative magnetic
resonance imaging-guided tractography with integrated monopolar subcortical
functional mapping for resection of brain tumors. J Neurosurg. 2011;114(3):719-726.

25. Mikuni N, Okada T, Enatsu R, et al. Clinical impact of integrated functional
neuronavigation and subcortical electrical stimulation to preserve motor function
during resection of brain tumors. J Neurosurg. 2007;106(4):593-598.

26. Hatiboglu MA, Weinberg JS, Suki D, et al. Utilization of intraoperative motor
mapping in glioma surgery with high-field intraoperative magnetic resonance
imaging. Stereotact Funct Neurosurg. 2010;88(6):345-352.

27. McGirt MJ, Mukherjee D, Chaichana KL, Than KD, Weingart JD,
Quinones-Hinojosa A. Association of surgically acquired motor and language
deficits on overall survival after resection of glioblastoma multiforme. Neurosurgery.
2009;65(3):463-469; discussion 469-470.

28. Busse H, Schmitgen A, Trantakis C, Schober R, Kahn T, Moche M. Advanced
approach for intraoperative MRI guidance and potential benefit for neurosurgical
applications. J Magn Reson Imaging. 2006;24(1):140-151.

29. Bohinski RJ, Kokkino AK, Warnick RE, et al. Glioma resection in a shared-
resource magnetic resonance operating room after optimal image-guided frameless
stereotactic resection. Neurosurgery. 2001;48(4):731-742; discussion 742-744.

30. Schneider JP, Trantakis C, Rubach M, et al. Intraoperative MRI to guide the
resection of primary supratentorial glioblastoma multiforme—a quantitative
radiological analysis. Neuroradiology. 2005;47(7):489-500.

31. Jones DK. The effect of gradient sampling schemes on measures derived from
diffusion tensor MRI: a Monte Carlo study.Magn Reson Med. 2004;51(4):807-815.

32. Kinoshita M, Yamada K, Hashimoto N, et al. Fiber-tracking does not accurately
estimate size of fiber bundle in pathological condition: initial neurosurgical
experience using neuronavigation and subcortical white matter stimulation.
Neuroimage. 2005;25(2):424-429.

33. Chen X, Weigel D, Ganslandt O, Buchfelder M, Nimsky C. Prediction of visual
field deficits by diffusion tensor imaging in temporal lobe epilepsy surgery.
Neuroimage. 2009;45(2):286-297.

34. Berger MS. Functional mapping-guided resection of low-grade gliomas. Clin
Neurosurg. 1995;42:437-452.

35. Berger MS, Ojemann GA. Intraoperative brain mapping techniques in neuro-
oncology. Stereotact Funct Neurosurg. 1992;58(1-4):153-161.

36. Duffau H, Capelle L, Sichez N, et al. Intraoperative mapping of the subcortical
language pathways using direct stimulations. An anatomo-functional study. Brain.
2002;125(pt 1):199-214.

37. Kamada K, Todo T, Masutani Y, et al. Visualization of the frontotemporal
language fibers by tractography combined with functional magnetic resonance
imaging and magnetoencephalography. J Neurosurg. 2007;106(1):90-98.

38. Spena G, Nava A, Cassini F, et al. Preoperative and intraoperative brain mapping
for the resection of eloquent-area tumors. A prospective analysis of methodology,
correlation, and usefulness based on clinical outcomes. Acta Neurochir (Wien).
2010;152(11):1835-1846.

39. Nimsky C, Ganslandt O, Hastreiter P, et al. Preoperative and intraoperative
diffusion tensor imaging-based fiber tracking in glioma surgery. Neurosurgery.
2007;61(1 suppl):178-185; discussion 186.

Acknowledgments

We thank Jörg Bartsch, PhD (Department of Neurosurgery, University of
Marburg, Germany), for proofreading the manuscript.

COMMENTS

T he authors set out to describe and compare 2 methodologies to rec-
reate fiber tracts related to speech function in patients with tumors in

or near eloquent speech areas. I agree with the authors that the tensor
deflection methodology though robust relies heavily on the FA values to
generate the underlying fiber tracts. They compare this to a connectivity
algorithm (CA) which seems to incorporate tensor information within the
areas of functional magnetic resonance imaging (fMRI) activation. The
major caveat here is what does one use as a seed area in Wenicke’s area as
fMRI activation is not always well defined as in Brocas or in motor areas.
The other important limitation with this study is that one does not know
if the tracts generated were actually related to speech as none of the
patients were awake or had any type of intraoperative stimulation in
particular subcortical stimulation. Given these limitations the 4 month
neurological complication rate was 4% overall. As the authors suggest
generating reliable and reproducible diffusion tensor imaging (DTI)
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tracts related to speech function is a work in progress and we look
forward to their future contributions in the future.

Sujit S. Prabhu
Houston, Texas

T he paper by Kuhnt et al is at the leading edge of image-guided neu-
rosurgery and the study appears to have been in the hands of inves-

tigators with more than ample experience in these techniques. Since the
study group lacked controls (no patients were operated without fiber
tracking), the study must be considered more a demonstration than
a proof of efficacy. It is also difficult to know, as the authors noted, whether
the favorable outcomes were primarily the result of (a) preoperative

fMRI-DTI, (b) integrating preoperative fMRI-DTI into the neurosurgi-
cal navigation system, (c) registering pre-operative fMRI-DTI with
intraoperatively updated anatomical MRI, (d) the intraoperative MRI
itself, or (e) all of the above. It is also difficult to predict the extent to which
these results may be generalized beyond the authors’ own institution,
given the currently limited availability and proprietary nature of the
methods and materials used for the study (intraoperative MRI, BrainLab
system, etc.). However, it can be said that whatever uncertainty there
currently is regarding widespread application arises because the authors
appear to be far ahead of the curve on image-guided neurosurgery and are
most likely pointing the way for the field to follow.

Aaron Field
Madison, Wisconsin
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