
Although brain surgery has greatly evolved in the last
decades since the pioneering work by Macewen (1848-1924),
Horsley (1857-1916), Cushing (1869-1939) and Dandy (1886-
1946), progress in this discipline has been limited due to an
incomplete knowledge of the functional anatomy of the brain.
This highly integrated organ does not lend itself easily to study,
as its morphology does not translate to its function1. This caveat
was quickly acknowledged by the early neuro-anatomists such
as Brodmann, who stated in 1909: “One thing must be stressed
quite firmly: henceforth functional localization of the cerebral
cortex without the lead of anatomy is utterly impossible in man
as in animals… so, first anatomy, and then physiology; but if
first physiology, then not without anatomy”2. Furthermore, there
is now mounting evidence that the brain has the capacity to
reorganize its functional networks in the face of an injury, or a
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ORIGINAL ARTICLE

process that will acutely modify established functional
networks, the so-called plasticity3. But what of brain tumours?
What happens to the functional anatomy when a malignant
glioma distorts and gradually invades the brain parenchyma?
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And what are the repercussions of a surgery to remove such a
tumour?

With regards to these considerations, brain surgery is still in
its infancy; much progress remains to be accomplished to fully
optimize the reach of the surgical gesture so that tumour
resection is maximized, whereas it remains within respect of the
unique neurophysiological limits of a patient’s functional
anatomy. Given that function in one brain area highly depends on
the function of distant areas (connectivity), surgical intervention
not only affects the area surrounding the tumor, but also distant
areas which are coupled to it1,3,4. 

Although initial knowledge acquisition of brain functionality
allowed identification of specified punctual anatomical cortical
areas such the primary motor cortex, the primary sensory and
visual cortex, Wernicke’s and Broca’s areas, as well as the
identification of the major white matter tract bundles (e.g.
cortico-spinal, arcuate fasciculus, corpus callosum), it is
increasingly recognized that the brain functions as an integrated
multi-networked organ1. Thus, complex neurocognitive
functions are most likely not attributed to a single brain area but
rather depend on the dynamic interactions of distributed brain
areas operating in large-scale networks5. 

Interestingly, as these networks are the results of countless
connections from different areas of the brain and as these
connections are genetically as well as environmentally
determined and are in a constant state of flux, they thereby
present a certain degree of variability from patient to patient6-8.
If we add the remodeling induced by a growing glioma as a
factor, then it becomes obvious that the functional anatomical
situation cannot be easily ascertained, other than by an
individual in-depth study for each patient.

Recently, the conjunction of different tools has allowed a
better in vivo study of the structure of the human brain9. One
such tool is diffusion Magnetic Resonance Imaging (dMRI)10,11,
allowing the study of white matter tracts, using a paradigm
known as diffusion tensor imaging (DTI) and tractography10,11.
This approach uses the inherent diffusion properties of water
molecules, which, in unrestricted structures, follows a Brownian
motion; that is, a random movement based on high speed
collisions10,11. The summation of this diffusion process should be
equal in all directions, thereby producing isotropic diffusion.
Whenever this diffusion process is unequal and overall results in
a preferred direction, we describe it as anisotropic. Any tissue
structure will hinder and restrict the diffusion of water
molecules, and thus create anisotropy. White matter tracts create
a condition whereby the diffusion of water molecules is easier
along the axes of these fibers and much less so in a perpendicular
direction to them. Using this property, a diffusion tensor (a
symmetric matrix with six unknown elements) can be estimated.
This diffusion tensor represents an average in the diffusion of
water, and can thus translate the ‘average’ principal direction of
the fiber tracts passing through a voxel. These general directions
are then used to reconstruct tri-dimensional (3D) paths of white
matter tracts by following the principal direction given by the
diffusion tensor from one or more seedpoint(s)10-12. This process
is called tractography. This technology allows a virtual in vivo
dissection of the white matter tracts9.

Diffusion tensor imaging and tractography are fraught with
certain pitfalls that can severely bias the results. This technique

is still emerging, and new acquisition schemes such as high
angular resolution diffusion imaging (HARDI) and analysis
algorithms are still being developed to circumvent those
pitfalls13. 

We recently undertook an ambitious study integrating dMRI
and functional MRI (fMRI) images as well as neuro-cognitive
studies of patients operated on for malignant glial tumours. We
hereby present our initial work on dMRI and DTI. In this work,
we first illustrate large fiber bundles that are effectively
recovered with DTI tractography. Then, in an effort to explore
different integrated systems of the brain, we fuse tracography
results with Brodmann areas. In this setting, the Brodmann areas
have been used as regions of interest to characterize different
fiber tracts. This study was performed in a normal brain, and it
is being used as a basis to transfer this concept to the individual
analysis of each brain tumour patient we treat.

METHODS
We undertook the study of the major white matter bundles

classically described using DTI. In this work, we studied the
uncinate fasciculus, the inferior longitudinal fasciculus (ILF),
the inferior fronto-occipital fasiculus (IFO), the corticospinal
tract, the corpus callosum, the cingulum, and finally, the optic
radiations.

Diffusion MRI data acquisition & tractography
Diffusion weighted data and high-resolution T1-weighted

images were acquired from a healthy right-handed volunteer (25
years old) on a whole-body 3 T Magnetom Trio scanner
(Siemens, Erlangen) equipped with an 8-channel head array coil.
The spin-echo echo-planar-imaging sequence (TE = 100 ms, TR
= 12 s, 128x128 image matrix, FOV = 220x220 mm2) consists
of 60 diffusion encoding gradients14 with a b-value of 1000
s/mm2. Seven images without any diffusion weightings were
placed at the beginning of the sequence and after each block of
10 diffusion weighted images to provide anatomical reference
for offline motion correction. The measurement of 72 slices with
1.7 mm thickness (no gaps) covered the whole brain. Random
variations in the data were reduced by averaging the data from
three acquisitions, resulting in an acquisition time of about 45
minutes (min). The signal-to-noise ratio (SNR) in the white
matter of the images averaged from three acquisitions was
estimated to be approximately 2415. 

The brain was skull stripped from the T1-anatomy, which was
aligned with the Talairach stereotactical coordinate system16.
The 21 images without diffusion weighting distributed within
the whole sequence were used to estimate motion correction
parameters using rigid-body transformations as implemented in
FSL (publicly available neuroimaging software: http://www.
fmrib.ox.ac.uk/fsl/)17. The motion correction for the 180
diffusion-weighted images was combined with a global
registration to the T1 anatomy computed with the same method.
The gradient direction for each volume was corrected using the
rotation parameters. Diffusion tensors and corresponding fiber
tracts were computed using the public MedINRIA software
package18. Using the flirt tool in FSL17, a rigid transformation
from the diffusion data to the higher resolution T1 dataset was
computed and fiber tracts transformed to super-impose the tracts
on the T1 anatomy using the FiberNavigator visualization tool19.
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Tractography dissection
Two different approaches were used to dissect the

tractography results. For the classical white fiber bundles, a
standard region of interest technique was used9,20. In this
approach, selection boxes are placed along the expected
trajectory of known white matter tracts using anatomical atlases
as general guides21. Typically, a master selection box allows the
gross identification of the white matter bundle of interest,
whereas a second exclusion box allows the elimination of
aberrant white fibers, not belonging to the studied fasciculus.
This “two-regions of interest” approach has initially been
described in22, and has been detailed in a seminal paper by
Catani et al9. Obviously, the placement of these ‘region of
interest boxes’ is an iterative and dynamic process. For further
characterization, the FiberNavigator (open source software:
http://code.google.com/p/fibernavigator/)19 also allows the
inclusion of other selection boxes that can be used with
AND/NOT logical operators, thereby increasing the power of the
fiber dissection. This methodology was used for all but two
tracts: the superior longitudinal fasciculus (SLF) and the corpus
callosum. Because the SLF branches to so many areas, the
inclusion of a second region of interest (ROI) box significantly
affected the density of identified fibers, and conducted to the
exclusion of fibers actually belonging to this bundle. Thus, only
one master ROI box was used for the SLF. Given the nature of
the corpus callosum, multiple master boxes were used in the
genu, body and splenium of the corpus callosum to allow a
specific selection of these fibers, excluding nearby unrelated
fibers.

The second approach that was used represents an innovation
in terms of fiber selection strategy, and was used to test the limit
and potential of DTI tractography. We used Brodmann’s area as
seeding points to study the connectivity of known major
functional cortical areas. To do so, the 48 Brodmann areas
derived from MRIcro (publicly available neuroimaging
software)23 were warped into the T1 space of our dataset using
rigid registration (using FSL). At the same time, a white matter
mask was created with FSL. This mask was finally intersected
with the warped Brodmann areas, and only the areas intersecting
the white matter were kept. These remaining Brodmann areas
were then integrated in the FiberNavigator for fiber selection as
Volume of Interests (VOIs). Thus, each Brodmann area could be
used as ROI for tractography dissection. Interestingly, this
approach was fruitful, and allowed the study of white matter
bundles emerging  from Brodmann’s areas and in particular,
from the motor, sensory and visual systems, as well as Broca and
Wernicke’s areas.

RESULTS
Results are presented as illustrations of the tract obtained, and

a brief description of current knowledge on the function of these
tracts. We will first look at association fiber systems, followed by
commissural and projection systems. Finally, results obtained by
using the Brodmann areas as seeding points will be presented. 

Superior longitudinal fasciculus (SLF) or arcuate
The SLF is part of the longitudinal association fiber system,

which lays connections between the frontal lobe and other areas

of the ipsilateral hemisphere (Figure 1)24. The uncinate, and
fronto-occipital fasciculi are other components of this
longitudinal association fiber system. The SLF fiber bundle
connects perisylvian areas in the hemisphere (frontal, temporal
and parietal). As summarized by Catani et al9 this bundle system
can be divided in two components: 1- longer fibers located
medially in the fasciculus which mostly connects the lateral
frontal cortex with dorsolateral and temporal cortex, and 2-
shorter U-shaped fibers running more laterally and mostly
connecting fronto-parietal, parieto-occipital and parieto-
temporal cortex. The SLF is considered to be the largest fiber
bundle system in the brain. It serves a function in higher motor
control, whereas its role in language is not firmly established
when considering the dominant hemisphere in the literature9,24,25.
Our findings using the Brodmann areas seeding from Broca do
reproduce a white matter tract that closely resemble the SLF,
thus suggesting that this bundle could indeed participate in
language functionality in the dominant hemisphere.
Interestingly, it is clearly involved in visuo-spatial processing
when considering the non-dominant hemisphere26.

Uncinate fasciculus
This fasciculus connects the anterior region of the temporal

lobe with the orbital and polar frontal cortices (Figure 2). The
precise cortical connections in the temporal lobe remains
undetermined, with connections to the temporal pole, the
amygdala, the hippocampal formation and the superior and
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Figure 1: The superior longitudinal fasciculus in sagittal view. By
convention, fibers are color coded based on their directions: blue fibers
indicate a rostro-caudal axis, red fibers indicate commisural fibers
travelling in the coronal plane, while green fibers indicate an anterior to
posterior plane, or a sagittal direction that mostly relates to associative
bundle tracts.
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middle temporal gyri all described27-29. A recent study has
suggested that naming famous people could be the most relevant
task in which this bundle is involved, when considering the
dominant hemisphere30. Papagno et al supported this
conclusion31. These authors concluded that the uncinate
fasciculus was part of a circuitry involved in the retrieval of
word form for proper names. The dominant uncinate fasciculus
connects the orbitofrontal cortex, involved in face encoding and
in processing famous names, to the temporal pole, which is
crucial in naming people.

Inferior longitudinal fasciculus (ILF)
Using white matter tract dissection, Dejerine demonstrated in

1895 that this bundle connects the temporal with the occipital
lobe32,33. Thereby, fibers from the superior, middle, and inferior
temporal gyri, as well as from the fusiform gyrus project to the
lingula, cuneus, lateral and polar surfaces of the occipital cortex
(Figure 3). This tract lines the lateral wall of the occipital as well
as of the temporal horns of the ventricular system33. While the
function of this fiber bundle remains unclear, recent evidence
suggest its potential involvement in object naming, when
considering the dominant hemisphere34.

Inferior fronto-occipital fasciculus (IFO)
This pathway connects the infero-lateral and the dorso-lateral

frontal cortex with the posterior temporal cortex and the occipital
lobe (Figure 4)35. Mostly arising in pre-frontal areas, the
fasciculus runs immediately superior to the uncinate fasciculus
in the frontal lobe and significantly narrows as it travels through
the anterior floor of the external capsule, gradually fanning out
to the middle and inferior temporal gyri, the lingual and fusiform
gyri in the temporal lobe, and the inferior occipital cortex9,36.

Recently, its function has been mapped to the facial recognition
of emotions37.

Cingulum
The cingulum (Figure 5), which lies just inside of the

cingulate gyrus, below the short u-fibers, is a longitudinal
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Figure 2: The uncinate fasciculus, as viewed in the sagittal plane. Figure 3: The inferior longitudinal fasciculus, connecting the temporal
and occipital lobes in corresponding hemispheres.

Figure 4: The inferior fronto-occipital fasciculus, depicting unique
direct connections between fronto-basal areas and the occipital lobes.
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fasciculus running just above the corpus callosum which
connects the subcallosal and paraterminal gyri of the frontal lobe
with the paracentral lobule, the precuneus and the hippocampus.
The cingulum is a component of the limbic lobe33.

Corpus callosum
The corpus callosum comprises fibers originating from all

areas of the cortex that converge toward the midline and continue
to the contralateral hemisphere (Figure 6). While doing so, these
fibers forms the roof of the lateral ventricle9,33. Functionally, the
corpus callosum is divided in three distinct segments: the

anterior segment (rostrum and genu), the middle segment (body)
and the posterior segment (splenium). The anterior segment
connects pre-frontal cortices via the minor forceps, an arching-
shaped bundle containing the radiating fibers. The body of the
corpus callosum connects the pre-motor and motor cortices, as
well as the parietal and temporal lobes. Fibers crossing through
the splenium form the major forceps, while small groups of these
fibers travel inferiorly over the inferior horn of the lateral
ventricles to connect both temporal lobes. Fibers from the
forceps major interconnect the parieto-occipital and calarine
regions.

Corticospinal tract (CST)
The major projection fiber tracts from the motor system is

probably the most studied tract using DTI38-43. Investigators are
looking at the predictive value of characterizing this bundle prior
to surgery, as well as after a pathological process such as a
stroke. As can be appreciated from Figure 7, one of the
weaknesses in adequately defining this bundle pertains to the
fibers located laterally on the motor strip of the homunculus.
Because of the difficulty in reconstructing the dominant tensor
direction in areas where voxels contain numerous fibers
crossing, as well as in cases where dominant direction curves
abruptly, existing algorithms have difficulty revealing lateral
fibers, as they cross the centrum semiovale (3-way fiber crossing
through lateral projections of the CC, the SLF and projections of
the CST). Therefore, fibers emerging from sensori-motor
cortices representing the face are predominantly missing. This
explains the fact that this bundle as pictured in Figure 7 presents
only its parasaggital fibers when seen in a coronal plane. It is,
however, interesting to appreciate those cortico-pontine fibers
that transit in the pontine nuclei to gain access via the middle
cerebellar peduncle to the dentate nuclei in the cerebellum.

Optic radiation
The visual system is notoriously difficult to study with DTI.

In Figure 8, we present the images obtained while studying the
optic radiations44. As described by Kitajima et al, optic radiations
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Figure 5: In this oblique view of the cingulum, one can appreciate the
mostly sagittal orientation of the fibers.

Figure 6: (a) The corpus callosum in a standard directional color-coded view. (b) The corpus callosum in side (c) and top view, using a color
segmentation for the genu, body and splenium, as well as the tapetum fibers (green).

a b c
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have a very low fiber density and wide translucent spaces,
thereby greatly impacting the quality of DTI data45. Typically,
the visualization of the Meyer’s loop and its anterior extension is
particularly problematic44. However, Figure 8 eloquently
illustrates the Meyer’s loop, even if, as discussed by Hofer et al.,
it is impossible on these images to specifically validate the
anterior extension of the loop.  

Brodmann areas as selection regions
Brodmann’s atlas was published in 1909, and represents the

first comprehensive study aiming at defining focal differential
areas in the cortex based on the cytoarchitecture, that is the
layering of the cells in the cortex of the human brain, as well as
myeloarchitecture, or the consequent organization of the
subjacent white matter46. Using discrepancies in cytoarchitecture
and myeloarchitecture, Brodmann identified and defined 44
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Figure 7: The corticospinal tract, as viewed in the coronal (a) and sagittal (b) planes.

Figure 8: The optic radiations. Notice the low density and paucity of
fibers, related to the wide translucent spaces between fibers, which affect
the quality of DTI acquisition.

Figure 9: Broca’s area (Brodmann’s area 44 and 45) was used as the
region of interest  (red surface) to seed the fibers. The resultant fiber
bundles share features of the SLF.

a b
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different areas in the brain. This classification, based on a single
human brain represents the first attempt at brain parcellation, 
and despite its age, these observations have remained valid 
over time; numerous physiological studies have confirmed 
the correspondence between cytoarchitectural Brodmann
parcellation, and function for several of these areas. Nonetheless,
refinements of this parcellation have been proposed, as
Brodmann’s approach is not without fault, and distinct functions
have been described arising within a single well-defined
Brodmann area, such as supplementary motor area (SMA) and
pre-SMA within area 647,48. However, as this approach still
remains the best parcellation technique to this day, we elected to
fuse the Brodmann areas into the anatomical T1 space of the
subject so that we could then use some of the classic Brodmann
areas as selection regions (volume of interest) for fiber tracts
overlayed in the FiberNavigator.  

For the following study, we used Broca’s and Wernicke’s
areas, the primary motor cortex and motor cortices, as well as the
visual cortex (Brodmann’s areas 17) as selection regions. Results
can be appreciated in Figures 9 to 12.

Selecting from Broca’s area depicts an intricate network of
white matter fibers connecting peri-sylvian areas that closely
resemble the arcuate fasciculus (Figure 9). As mentioned earlier,
we feel that this finding should be in support of a clear role in
language function for the arcuate fasciculus (or SLF)9. Selecting
from Wernicke’s area produced a more limited network of fibers
that ran mostly toward the parietal and occipital lobes and
inferiorly toward the temporal lobe, thereby emphasizing
connections in and around the parieto-temporo-occipital
association cortices (Figure 10).

Evaluation of the motor cortex was performed using
prefrontal, primary motor as well as primary sensory cortices.

This is in agreement with the concept of a central lobe,
regrouping the pre and postcentral gyri as proposed by
Yasargil49. This new denomination is based on the fact that both
gyri compose a single morphological and functional unit.
Thereby, using areas 2, 3, 4, 6, 9, 10 and 11 as selection regions,
we could reproduce fiber bundles compatible with the
corticospinal tract, displaying a nice fan-like corona radiata,
converging toward the internal capsule and also depicting fibers
crossing to the middle cerebellar peduncle toward dentate nuclei
(Figure 11). The evaluation of the visual system was initially
performed by selecting from area 17, the primary visual cortex
(Figure 12). Interestingly, the addition of area 18 and 19 as
seedings did not significantly add new fibers, implying that area
17 is a central hub for the visual function.

DISCUSSION
Brain surgery, in the context of a glial tumour, should still be

considered in its infancy. The only accepted principle driving the
surgical effort is the maximized surgical resection, while
preserving ‘neurological function’50-53. Interestingly, when
reviewing studies dedicated to the outcome of glioma surgery
patients, one realizes that the clinical surrogates surveyed refer
to the Karnovsky score (KPS), the evaluation of speech, motor
and sensory function and vision50,52. But what of integrated
cognitive functions and more complex tasks? Thanks to the
expanding field of brain “hodotopy”, as well as the realization
that plasticity is an ongoing active process, our view of the brain
has changed from that of pre-determined functional areas that
reside within specific confines, to that of a highly integrated
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Figure 10: Result obtained when using Wernicke's area (Brodmann’s
area 39 and 40) as the region of interest (red surface) to seed, involving
connections between the temporal, parietal and occipital areas.

Figure 11: Using the motor system as the region of interest. Primary
somatensory cortex (green), primary motor cortex (red), premotor cortex
(yellow), prefrontal cortex (light blue) and orbitofrontal cortex (dark
blue) were collectively used as seeding areas. Notice how nicely the
cortico-pontine fibers travelling via the middle cerebellar peduncle
toward the dentate nucleus are shown.
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collection of functional networks1. Ever since the publication of
important functional studies such as the brain maps acquired by
Ojemann et al in 117 epilepsy patients and showing a great
variability in the speech localization, a greater emphasis has
been placed on the study of the function, thereby realizing that
reliance on topographical anatomy alone is inadequate54.
Moreover, studies in neuro-oncology are now included as an
integral facet of the evaluation of patients quality of life data as
well as neuro-cognitive evaluations, leaning toward a more
inclusive and integrated view of the patient as an individual-
whole55-57.

The concept of brain functioning now involves a dynamic
organization of networks connecting several cortical and sub-
cortical areas of the brain1,58. Only through detailed physiologic
and functional characterization will we be able to adequately
define the extent of these functional networks. This endeavour
should eventually be performed for each patient considered for
surgery, as the situation is likely to be unique in each patient,
especially those in which an extensive remodelling of white
matter fibers related to the presence of a glial tumour took place.
It is remarkable that even now, patients are operated on with a
complete disinterest and incapacity in formally characterizing
the impact of a surgery on complex neurocognitive tasks
domains, such as executive functions50-53. Different technologies
can assist in this task, be it the use of per-op cortical and sub-

cortical stimulation, functional MRI and diffusion MRI40-43,59-61.
Likely, a combination of these approaches, combined with
formal neuro-cognitive testing will eventually lead to the
acquisition of an elaborate integrated set of data allowing
adequate individual functional evaluation. In our view, dMRI
constitutes an extremely promising imaging modality providing
information on the anatomy of white matter tract bundles. 

Diffusion tensor imaging is nowadays implemented on many
MR systems as a major selling point for manufacturers.
However, a large proportion of the neuroscience community
remains unaware of the limitations and pitfalls in the current
application of this technique39. Diffusion tensor imaging and
fiber tractography should not be used as a “black box” and
conclusions drawn from the data need to be addressed with care
and circumspection10,11,13. Large fiber bundles can be
reconstructed as long as they are tagged by an expert along their
expected course, and incoherent tracts are identified as spurious
fibers and thereby eliminated. Another shortcoming of current
tractography algorithms pertains to false negative tracts. As can
be appreciated in the corticospinal tract of Figure 13, a
significant portion of the usual fiber tract is unrevealed.  This
limitation of DTI has been explored and extensively reported in
recent years. This is explained by the fact that default DTI
acquisition commonly uses a 12 direction acquisition averaged
three times with a b-value of 1000 s/mm2, which is insufficient
to reconstruct fiber crossing configurations10-13 and obtain robust
diffusion measures such as fractional anisotropy, mean
diffusivity and apparent diffusion coefficients maps. This
limitation is particularly obvious in dense fiber areas where
multiple directions intermingle, such as the brainstem, deep
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Figure 13: This figure of the corticospinal tract illustrates the limitations
of DTI and fiber tractography using current algorithms in complex
regions of high curvature fibers as well as fibers crossing, fanning and
branching. The red lines indicate several missing and expected fiber
tracts according to classical neuro-anatomy.

Figure 12: The visual system. The primary visual cortex (Brodmann area
17) was used as the seeding area. Intermingled within these fiber tracts
are the inferior fronto-occipital fasciculi.
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white matter tracts in close proximity to the thalami and deep
basal ganglia, and the corona radiata. Of course, in clinical
application and due to overloaded MRI schedules, acquisition
time always remains a challenge. Nonetheless, we stress the
importance of measuring 60 directions or more diffusion-
weighted images to obtain a HARDI (high angular resolution
diffusion imaging) dataset from which robust fiber crossing
estimation and fiber tractography can be performed62. 

Although DTI can provide information on white matter tract
anatomy, it lacks in terms of functional assessment. This is where
functional MRI can complement the diffusion MRI dataset to
build a coherent structural/functional network study5. We believe
that the fusion of fMRI activation and resting-state fMRI maps
with current state-of-the-art fiber tractography techniques will
allow the study of structural/functional brain networks and that
the pre-operative and post-operative evaluation of these
networks correlated to the acquisition of neuro-cognitive data
will allow a thorough study in the function of the brain, as well
as in the role of surgery in glioma patients. 

The methodology to perform this fusion of different datasets
for each individual patient is currently being developed by our
group.

CONCLUSION
In this preliminary study, we report state-of-the-art

tractography results for some of the major white matter bundles,
in a normal subject, using DTI. Moreover, we also used
Brodmann’s area as seeding areas for fiber tracts to study the
connectivity of known major functional cortical areas. This was
accomplished by fusing the 48 Brodmann’s areas into the T1
space of our dataset and using the FiberNavigator to select and
exclude fiber tracts of interest. This unique integrated dataset
was then used to study the visual system in some detail, as well
as Wernicke and Broca’s areas, and the primary motor cortex. It
is now part of ongoing work to combine HARDI fiber
tractography and fMRI activation maps into the FiberNavigator
developed by our team to explore functional and anatomical
networks in glioma patients.

REFERENCES
1. de Benedictis A, Duffau H. Brain hodotopy: from esoteric concept

to practical surgical applications. Neurosurgery. 2011;68(6):
1709–23.

2. Broadmann K. Vergleichende Lokalisationslehre der Grosshirnrinde.
Verlag von Johann Ambrosius Barth. Leipzig. 1990.

3. Duffau H. Nouveautés thérapeutiques chirurgicales dans les
gliomes diffus de bas grade: cartographie cérébrale, hodotopie et
neuroplasticité. Bull Acad Natl Med. 2011;195(1):37-49.

4. Duffau H. Introduction. Surgery of gliomas in eloquent areas: from
brain hodotopy and plasticity to functional neurooncology.
Neurosurg Focus. 2010;28(2).

5. Bressler SL, Menon V. Large-scale brain networks in cognition:
emerging methods and principles. Trends Cogn Sci. 2010;14(6):
277–90.

6. Young MP, Scannell JW, Burns GA, Blakemore C. Analysis of
connectivity: neural systems in the cerebral cortex. Rev
Neurosci. 1994;5(3):272-50.

7. Honey CJ, Kötter R, Breakspear M, Sporns O. Network structure of
cerebral cortex shapes functional connectivity on multiple time
scales. Proc Natl Acad Sci USA. 2007;104(24):10240-5.

8. Passingham RE, Stephan KE, Kötter R. The anatomical basis of
functional localization in the cortex. Nat Rev Neurosci. 2002;3
(8):606-16.

9. Catani M, Howard RJ, Pajevic S, Jones DK. Virtual in vivo
interactive dissection of white matter fasciculi in the human
brain. Neuroimage. 2002;17(1):77-94.

10. Behrens TH, Johansen-Berg H. Diffusion MRI: From quantitative
measurement to in-vivo neuroanatomy. Amsterdam. Elsevier.
2009.

11. Jones DK. Diffusion MRI: theory, methods and applications. New
York. Oxford University Press. 2010.

12. Descoteaux M, Deriche R, Knoesche T, Anwander A. Deterministic
and probabilistic tractography based on complex fiber
orientation distributions. IEEE Trans Med Imaging. 2009;28(2):
269-86.

13. Descoteaux M, Poupon C. Diffusion-weighted MRI. In:
Comprehensive biomedical physics. Belvic D, Belvic K, editors.
Elsevier. Forthcoming 2012.

14. Anwander A, Tittgemeyer M, Von Cramon DY, Friederici AD,
Knosche TR. Connectivity-based parcellation of Broca’s area.
Cereb Cortex. 2007;17(4):816-25.

15. Jones DK. The effect of gradient sampling schemes on measures
derived from diffusion tensor MRI: a Monte Carlo study. Magn
Reson Med. 2004;51:807-15.

16. Talairach J, Tournoux P. Coplanar stereotaxic atlas of the human
brain: 3-dimensional proportional system: an approach to
cerebral imaging. Amsterdam. Thieme Medical Publishers;
1988.

17. Smith SM, Jenkinson M, Woolrich MW, et al. Advances in
functional and structural MR image analysis and implementation
as FSL. Neuroimage. [serial on the Internet]. 2004;23(S1):208-
19. Available from: http://www.fmrib.ox.ac.uk/fsl/. 

18. MedINRIA [homepage on the Internet]. Asclepios Research
Project. Inria Sophia Antipolis. Available from: http://www-sop.
inria.fr/asclepios/software/MedINRIA/index.php.

19. Fibernavigator [homepage on the Internet]. Google Project Hosting.
Available from: http://code.google.com/p/fibernavigator/

20. Mori S, Kaufmann WE, Davatzikos C, et al. Imaging cortical
association tracts in the human brain using diffusion-tensor-
based axonal tracking. Magn Reson Med. 2002;47(2):215-23.

21. Blumenfeld H. Neuroanatomy through clinical cases. 1st ed.
Sunderland. Sinauer Associates. January 2002.

22. Conturo TE, Lori NF, Cull TS, et al. Tracking neuronal fiber
pathways in the living human brain. Proc Natl Acad Sci. 1999;
96:10422-7.

23. MRIcro [homepage on the Internet]. Colombia: Chris Rorden.
Available from: http://www.cabiatl.com/mricro/mricro/index.
html.

24. Catani M, Mesulam M. The arcuate fasciculus and the
disconnection theme in language and aphasia: history and
current state. Cortex. 2008;44(8):953-61.

25. Shinoura N, Suzuki Y, Tsukada M, et al. Deficits in the left inferior
longitudinal fasciculus results in impairments in object naming.
Neurocase. 2010;16(2):135-9.

26. Shinoura N, Suzuki Y, Yamada R, Tabei Y, Saito K, Yagi K.
Damage to the right superior longitudinal fasciculus in the
inferior parietal lobe plays a role in spatial neglect.
Neuropsychologia. 2009;47(12):2600-3. 

27. Ebeling U, von Cramon D. Topography of the uncinate fascicle and
adjacent temporal fiber tracts. Acta Neurochir (Wien). 1992;115:
143-8.

28. Schmahmann JD, Pandya DN, Wang R, et al. Association fibre
pathways of the brain: parallel observations from diffusion
spectrum imaging and autoradiography. Brain. 2007;130:
630-53.

29. Sincoff EH, Tan Y, Abdulrauf SI. White matter fiber dissection of
the optic radiations of the temporal lobe and implications for
surgical approaches to the temporal horn. J Neurosurg. 2004;
101:739–46.

30. Papagno C. Naming and the role of the uncinate fasciculus in
language function. Curr Neurol Neurosci Rep. 2011;11(6):
553-9.

31. Papagno C, Miracapillo C, Casarotti A, et al. What is the role of the
uncinate fasciculus? Surgical removal and proper name retrieval.
Brain. 2011 Feb;134(Pt 2):405-14.

LE JOURNAL CANADIEN DES SCIENCES NEUROLOGIQUES

Volume 39, No. 6 – November 2012 755
https://doi.org/10.1017/S0317167100015560 Published online by Cambridge University Press

https://doi.org/10.1017/S0317167100015560


32. Dejerine J. Anatomie des Centres Nerveux. Vol. 1, Paris: Rueff et
Cie. 1895.

33. Martino J, Brogna C. Anatomy of the white-matter pathways. In:
Brain Mapping, editors. Wien. Springer-Verlag. 2011. p. 27-41.

34. Shinoura N, Suzuki Y, Tsukada M, et al. Deficits in the left inferior
longitudinal fasciculus results in impairments in object naming.
Neurocase. 2010;16(2):135-9.

35. Gloor P. The temporal lobe and the limbic system. New York:
Oxford Univ Press; 1997.

36. Crosby EC, Humphrey T, Lauer EW. Correlative anatomy of the
nervous system. New York: Macmillian Co; 1962.

37. Philippi CL, Mehta S, Grabowski T, Adolphs R, Rudrauf D.
Damage to association fiber tracts impairs recognition of the
facial expression of emotion. J Neurosci. 2009;29(48):15089-99.

38. Leclercq D, Delmaire C, De Champfleur NM, Chiras J, Lehericy S.
Diffusion tractography: methods, validation and applications in
patients with neurosurgical lesions. Neurosurg Clin N Am. 2011;
22(2):253-68.

39. Krieg S. M, Buchmann NH, Gempt J, Shiban E, Meyer B, Ringel F.
Diffusion tensor imaging fiber tracking using navigated brain
stimulation-a feasibility study. Acta Neurochir (Wien). 2012
Mar;154(3):555-63.

40. Romano A, D'Andrea G, Calabria LF, et al. Pre- and intraoperative
tractographic evaluation of corticospinal tract shift.
Neurosurgery. 2011;69(3):696-704.

41. Buchmann N, Gempt J, Stoffel M, Foerschler A, Meyer B, Ringel
F. Utility of diffusion tensor-imaged (DTI) motor fiber tracking
for the resection of intracranial tumors near the corticospinal
tract. Acta Neurochir. 2011;153(1):68-74.

42. Morita N, Wang S, Kadakia P, Chawla S, Poptani H, Melhem ER.
Diffusion tensor imaging of the corticospinal tract in patients
with brain neoplasms. Magn Reson Med Sci. 2011;10(4):
239-43.

43. 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):369-82.

44. Hofer S, Karaus A, Frahm J. Reconstruction and dissection of the
entire human visual pathway using diffusion tensor MRI. Front
Neuroanat. 2010;4:15.

45. Kitajima M, Korogi Y, Takahashi M, Eto K. MR signal intensity of
the optic radiation. Am J Neuroradiol. 1996;17:1379–83.

46. Brodmann K. Vergleichende Lokalisationslehre der Grosshirnrinde
in ihren Prinzipien dargestellt auf Grund des Zellenbaues.
Leipzig: J.A. Barth. 1909.

47. Geyer S, Matelli M, Luppino G, Zilles K. Functional neuroanatomy
of the primate isocortical motor system. Anat Embryol (Berl).
2000;202(6):443-74.

48. Zilles K, Schlaug G, Geyer S, et al. Anatomy and transmitter
receptors of the supplementary motor areas in the human and
nonhuman primate brain. Adv Neurol. 1996;70:29-43.

49. Yasargil MG. Microneurosurgery. vol 4a. New York: Georg Thieme
Verlag Stuttgart. 1994.

50. McGirt MJ, Chaichana KL, Gathinji M, et al. Independent
association of extent of resection with survival in patients with
malignant brain astrocytoma. J Neurosurg. 2009;110(1):156-62.

51. Sanai N, Berger MS. Glioma extent of resection and its impact on
patient outcome. Neurosurgery. 2008;62(4):753-64.

52. 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):463-9.

53. Dea N, Fournier-Gosselin MP, Mathieu D, Fortin D: Does extent of
resection impact survival in patients bearing glioblastoma?
CJNS. 2012, in press.

54. Ojemann G, Ojemann J, Lettich E, Berger M. Cortical language
localization in left, dominant hemisphere. An electrical
stimulation mapping investigation in 117 patients. J Neurosurg.
1989;71(3):316-26.

55. Veilleux N, Goffaux P, Boudrias M, Mathieu D, Daigle K, Fortin D.
Quality of life in neurooncology-age matters. J Neurosurg. 2010;
113(2):325-32.

56. Goffaux P, Boudrias M, Mathieu D, Charpentier C, Veilleux N,
Fortin D. Development of a concise QOL questionnaire for brain
tumor patients. Can J Neurol Sci. 2009;36(3):340-8.

57. Goffaux P, Daigle K, Fortin D. Patients with brain cancer: health
related quality of life. M.A. Hayat, editors. Tumors of the
Central Nervous System, Vol. 4, 2012;341.

58. Cammoun L, Gigandet X, Meskaldji D, et al. Mapping the human
connectome at multiple scales with diffusion spectrum MRI. J
Neurosci Methods. 2012;203(2):386-97.

59. Duffau H. The anatomo-functional connectivity of language
revisited: new insights provided by electrostimulation and
tractography. Neuropsychologia. 2008;4:927-34.

60. Duffau H. Lessons from brain mapping in surgery for low-grade
glioma: insights into associations between tumour and brain
plasticity. Lancet Neurol. 2005;4:476-86.

61. Quiñones-Hinojosa A, Ojemann SG, Sanai N, Dillon WP, Berger
MS. Preoperative correlation of intraoperative cortical mapping
with magnetic resonance imaging landmarks to predict
localization of the broca area. J Neurosurg. 2003;99:311-18.

62. Tournier JD, Calamante F, Connelly A. MRtrix: Diffusion
tractography in crossing fiber regions. Int J Imag Sys Tech.
2012; 22(1):53-66.

THE CANADIAN JOURNAL OF NEUROLOGICAL SCIENCES

756
https://doi.org/10.1017/S0317167100015560 Published online by Cambridge University Press

https://doi.org/10.1017/S0317167100015560

