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In vivo white matter tractography by diffusion tensor imaging (DTI)

has become a popular tool for investigation of white matter

architecture in the normal brain. Despite some unresolved issues

regarding the accuracy of DTI, recent studies applied DTI for

delineating white matter organization in the vicinity of brain lesions

and especially brain tumors. Apart from the intrinsic limitations of

DTI, the tracking of fibers in the vicinity or within lesions is further

complicated due to changes in diseased tissue such as elevated water

content (edema), tissue compression and degeneration. These changes

deform the architecture of the white matter and in some cases prevent

definite selection of the seed region of interest (ROI) from which fiber

tracking begins. We show here that for displaced fiber systems, the use

of anatomical approach for seed ROI selection yields insufficient

results. Alternatively, we propose to select the seed points based on

functional MRI activations which constrain the subjective seed ROI

selection. The results are demonstrated on two major fiber systems: the

pyramidal tract and the superior longitudinal fasciculus that connect

critical motor and language areas, respectively. The fMRI based seed

ROI selection approach enabled a more comprehensive mapping of

these fiber systems. Furthermore, this procedure enabled the charac-

terization of displaced white matter using the eigenvalue decomposition

of DTI. We show that along the compressed fiber system, the diffusivity

parallel to the fiber increases, while that perpendicular to the fibers

decreases, leading to an overall increase in the fractional anisotropy

index reflecting the compression of the fiber bundle. We conclude that

definition of the functional network of a subject with deformed white

matter should be done carefully. With fMRI, one can more accurately

define the seed ROI for DTI based tractography and to provide a more

comprehensive, functionally related, white matter mapping, a very

important tool used in pre-surgical mapping.
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Introduction

The white matter possesses about 50% of the adult brain

volume (Filley, 2001) and consists of a complex array of neuronal

fiber networks. This network can be divided into specific tracts

built of thousands of aligned neuronal fibers (axons) connecting

different brain regions and target cells. Within the tracts, each fiber

is usually coated with a multiple cell membrane layers (myelin)

providing efficient and fast electrical transmission. Many brain

diseases affect the white matter fibers either by disruption,

degeneration or deviation of the fibers. Disruption of fiber

continuity or disintegration of the myelin membrane surrounding

the axons (demyelination) as what happens in multiple sclerosis is

the most common form of white matter pathology. One of the less

studied pathologies of white matter is displacement of neuronal

fibers. Pressure applied on the white matter may lead to significant

loss of neuronal transmission, demyelination and axonal loss

leading to disability (Bergstrom et al., 1986; O’Brien et al., 1987;

Siegal et al., 1987). Indeed, permanent damage to white matter

integrity is known to occur in cases of severe and chronic exposure

to mechanical intra-cranial pressure as happens in hydrocephalus

(Del Bigio et al., 2003; Ding et al., 2001; Hanlo et al., 1997).

Diffusion tensor imaging (DTI) is an MRI based methodology

that maps white matter (Basser and Pierpaoli, 1998; Pajevic and

Pierpaoli, 1999; Pierpaoli and Basser, 1996; Pierpaoli et al.,

1996) which has recently become extensively used for clinical

purposes. DTI is based on the anisotropic nature of water motion

in white matter fibers (Basser and Pierpaoli, 1998; Pierpaoli and

Basser, 1996; Pierpaoli et al., 1996). Along the fibers, the motion

of water molecules is relatively free, while perpendicular to them,

it is more hindered. Based on this observation, DTI enables to

extract the orientation of the fibers on a pixel by pixel basis and

to quantify the motional anisotropy, with measures such as

fractional anisotropy (FA) (Basser and Pierpaoli, 1998). FA was

used over the last decade to study several white matter related

diseases (Wieshmann et al., 1999; Tievsky et al., 1999; Pierpaoli

et al., 2001; Takahashi et al., 2002; Sotak, 2002; Lim and

Helpern, 2002; Horsfield and Jones, 2002; Holodny and
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Ollenschlager, 2002; Mori et al., 2002; Sinha et al., 2002; Witwer

et al., 2002). Typically, disruption to organization of the fibers

whether in the form of demyelination, axonal loss or other

processes of cellular degeneration will cause a decrease of FA in

white matter. One of the applications of DTI is to distinguish

between distinct effects of SOLs (space occupying lesions) on

white matter such as displacement of the tracts, destruction of the

fibers or infiltration of the white matter tracts (Witwer et al.,

2002; Mori et al., 1999). In contrast to the large number of

studies on DTI in brain diseases, there are only a handful of

reports on the investigation of white matter deviation by this

technique. Barker’s group (Eriksson et al., 2001; Wieshmann et

al., 2000) was the first to show that DTI can help in delineation

of displaced white matter fibers and suggested that the increased

anisotropy might be related to white matter compression. Another

work of mapping displaced white matter was done by Witwer et

al. (2002), who used directionally color-coded maps (also termed:

directionally encoded color (DEC)) mapping of DTI to mark

displaced white matter as opposed to destructed or infiltrated

white matter. Recently, Assaf et al. (2003) have shown that DTI

measures could help in characterizing displaced white matter in

2D DEC-FA maps.

The introduction of 3D fiber tracking based on DTI extended

the clinical use of this method for pre-surgical mapping (Mori et

al., 1999, 2002). Fiber tractography enables three-dimensional

visualization of specific fiber bundles that are either in proximity

to a lesion or that are influenced by it. DTI based fiber

tractography necessitates definition of a seed region of interest

(ROI) that is located at the path of the investigated fiber network

system in order to initiate the fiber tracking procedure (Basser et

al., 2000; Conturo et al., 1997; Ito et al., 2002; Mori et al., 1999).

Selecting seed ROIs based on known anatomical landmarks has

led to the identification of a large number of fiber bundle systems

in healthy subjects (Catani et al., 2002; Wakana et al., 2004). Fiber

tractography was also used to investigate large white matter

bundles in vicinity to brain lesions, particularly the pyramidal tract

of the motor system (Akai et al., 2005; Berman et al., 2004; Clark

et al., 2003; Hendler et al., 2003; Yamada et al., 2003; Stieltjes et

al., 2001). However, brain lesions, especially SOLs, often affect

the white matter and may alter the known anatomical path in

which the fibers pass. Nonetheless, in many of these cases, only

partial or no functional deficits are observed leading to the

assumption that the fibers, though deviated, are still partially

functionally intact. In such cases, white matter mapping using seed

ROI based on known normal anatomical locations might be

misleading, since the white matter is deviated from its normal

location. This becomes even more complicated when edema masks

the path of the white matter tracts. Recently, it has been shown that

DTI based tractography can be combined with functional magnetic

resonance imaging (fMRI) to mark both gray and white matter

integrity and functionality in relation to brain lesions (Hendler et

al., 2003; Parmar et al., 2004). In this work, we used fMRI driven

seed ROI selection procedure in patients with SOLs where

probable deviation of white matter tracts was observed.

Guye et al. (2003) have also proposed an approach where fMRI

might help in defining a seed region of interest for functional

connectivity mapping. While they showed that fMRI might help in

identifying the seed ROI in the presence of SOL, they did not

explore tracking or connectivity measures of different white matter

pathologies in the presence of SOL. In this work, we specifically

distinguish between cases of lesion infiltration into white matter
and white matter displacement by a lesion. While tracking

procedure might be successful in cases of displaced white matter,

given the appropriate seed ROI, in infiltrated white matter, reduced

fractional anisotropy might significantly complicate the tracking

ability. Our aim is to show that the combination and co-registration

of routinely used, clinically feasible, fMRI and DTI data to the

same anatomical volume constrains the seed ROI selection

procedure for fiber tracking. This procedure helps the tractographer

to define seed ROI which are relevant to desired fiber system. The

fMRI activated areas constrain the ROI selection to regions where

desired, functionally related, fiber bundle pass. By using the fMRI

activations as landmarks for the seed ROI selection, we were able

to track the complete path of the fiber system when the fibers were

displaced. Following the identification of the functional fiber

system, we could then specifically characterize the effect of the

SOL on the white matter. To that end, we used analysis of the

principal diffusivities to characterize the displaced white matter.
Methods

Patients

Nine patients and five healthy subjects participated in this

research. All the patients were referred to the fMRI clinic for pre-

surgical functional mapping. The mapping included both regular

anatomical MRI, functional MRI, which was designed to detect

brain activity relevant to their lesion, and DTI based fiber

tractography, in order to determine the involvement of white

matter structures either in the lesioned area, or in the vicinity of the

lesion. The DTI was used to estimate the displacement and edema/

tumor infiltration to the white matter. In this manuscript, we focus

on subjects where displacement of white matter occurs without

noticeable edema or tumor infiltration to the displaced path of the

fibers. Six of the patients in this research had lesions related to

language skills: peri-inferior frontal gyrus (IFG, Broca’s area), or

peri-superior temporal sulcus (STS, Wernicke’s area). Three

patients had lesions related to motor activities in the pre-central

gyrus area or along the pyramidal tract.

fMRI tasks

The fMRI experiment probing motor activity was a finger-

tapping task, expected to show motor related activations in the pre-

central gyrus (primary motor area) as well as activations related to

planning of motor movements in the supplementary motor area

(e.g., Tomczak et al., 2000). The language task used to probe

activity in language related areas was a verb generation task which

activates mainly the IFG and STS (e.g., Roux et al., 2003).

The motor finger-tapping paradigm consisted of a visually

presented block design task with 44 volumes (including the first 6

volumes which were later discarded in analysis, to allow

magnetization stabilization). Each volume acquisition was 3 s

(see MRI parameters below). The design included 4 alternating

blocks of task and rest (15 s for stimulus presented at rate of 0.5 Hz

and 12 s for rest). During the task, the subjects moved their fingers

according to numbers shown on a screen, slides with numbers

changed every 2 s). During the rest period, subjects did not perform

any action. The overall duration of the finger-tapping task was 2

min and 12 s. The Language task included 68 volumes (again first

6 volumes were discarded from the analysis). The design included
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4 blocks of auditorily presented verb generation task interleaved

with silence periods (4 stimulus blocks of 21 s and 4 silence blocks

ranging from 18 to 27 s). During the task, subjects heard nouns

through earphones and were asked to silently generate verbs

related to the nouns presented. The overall duration of the language

task was 3 min and 24 s.

MRI Parameters

fMRI

Experiments were performed on a 1.5 T Signa GE scanner.

Functional MRI was scanned using gradient-echo echo-planar-

imaging (GE-EPI) pulse sequence with the following parameters:

TR/TE = 3000/55 ms, flip angle = 90-, 21 slices with thickness of

4 mm, 1 mm gap between slices, 80 � 80 matrix (reconstructed to

128 � 128) with an FOV of 24 � 24 cm2.

DTI

Diffusion weighted images (DWIs) were acquired using a

pulsed-gradient-spin-echo echo-planar-imaging (PGSE-EPI) with

the following parameters: TR/TE = 10,000/98 ms, 48 slices with

thickness of 3 mm, no gap between slices, 128 � 128 matrix with

an FOV of 24 � 24 cm2. The DWIs were acquired along 6 non-

collinear gradient directions with b value of 1000 s/mm2 (D/d of

31/25 ms) according to Basser and Pierpaoli (1998), with an

additional b = 0 image. The above protocol was repeated 3 times

for signal averaging. Overall DTI acquisition time was approxi-

mately 5 min.

High-resolution anatomical MRI: for each subject a high-

resolution anatomical data set was scanned. Scans included 3D

spoiled gradient recalled echo (SPGR) sequence with the following

parameters: TR/TE = 40/9 ms, flip angle = 30-, matrix of 256 �
256, FOVof 24 � 24 cm2, ¨70 axial slices of 2 mm thickness, no

gap between slices. In cases where a contrast enhancement was

needed, GdDTPA (0.5 mmol/kg) was injected prior to the SPGR

acquisition. In addition T2-weighted images were acquired with

geometrical parameters identical to the DTI, using a fast spin-echo

(FSE) sequence with the following parameters: TR/TE = 3000/102

ms, echo train length of 16 echoes and a matrix of 256 � 256. For

one of the subjects, T2-FLAIR images were sampled with the

following parameters: TR/TE = 8000/140, TI = 2100, matrix of

256 � 256 and with the same geometrical parameters as the DTI.

Data analysis

The analysis for each technique (fMRI and DTI) was performed

separately. The analysis was performed at the single subject data

level, due to variability in the clinical cases and the nature and

locations of their brain lesions.

fMRI analysis

Functional MRI analysis was performed using the BrainVoyager*
software (version 4.9; Brain Innovation B.V., Maastricht, The

Netherlands). Images were pre-processed to remove head motion

artifacts and linear signal drifts. A voxel by voxel statistical analysis

(Statistical analysis included hypothesis testing for significant

correlation between the paradigms and the BOLD time course) of

the contrast between the task and rest periods was performed and

produced individual parametric maps for each task, with signifi-

cantly activated voxels (P < 0.001, uncorrected) in the relevant
ROIs. The whole brain volume with the activations was converted

to Analyze file format using ImageJ (Rasband, 1997–2005).

DTI analysis

DTI scans were first re-aligned using SPM2 (2003, FIL, UCL,

London, UK) (Friston et al., 1995) for motion correction and then

analyzed using an in-house software in Matlab* (Mathworks,

USA) according to a procedure given by Basser and Pierpaoli

(1998).

The essence of this project was to mark the seed ROIs for

fiber tracking on the directionality encoded color FA maps using

the fMRI activations as seed points, rather than using the known

anatomical locations (identified by using a DTI based white

matter atlas, Wakana et al., 2004). For this purpose, we followed

several steps: first, we performed co-registration and re-slicing of

the high-resolution anatomical data (either SPGR, T2 or FLAIR)

of each subject to a single-subject anatomical template (same for

all subjects) with the same geometrical parameters as the DTI

scans (48 slices, 3 mm slice thickness, no gap, matrix of 128 �
128). Similar registration results were obtained for all high

resolution anatomical data sets, and the one which demonstrated

best the tumor was selected for each patient. The co-registration

was done using SPM2 by a rigid body 12-mode linear

transformation using the mutual information cost– function and

trilinear algorithm for re-slicing with no wrapping or image

masking. The down-sampling of the high-resolution data was

done in order to provide similar resolution of the anatomical

data set to that of the DTI and fMRI. Moreover, this ensured

that both fMRI and DTI are co-registered while not artificially

smoothed to a much higher resolution. In addition, using this

procedure of co-registration and re-slicing to a template, we

could later compare similar brain locations in all subjects. The

next step was to co-register and re-slice the fMRI and DTI data

to the down sampled anatomical data set co-registered to the

template. The fMRI was co-registered using the first volume of

the EPI scan as the source data set and the brain volume with

the fMRI activations being co-registered and re-sliced in the

same manner. As the DTI images contain directional informa-

tion, the co-registration transformation matrix was also used to

recalculate the b-matrix for each volume and each gradient

direction to avoid artifactual tensor orientation calculation

(Alexander et al., 2001).

Following the process described above, both the fMRI

activations and the DTI data were co-registered and resliced

according to the same anatomical data set. This enabled us to

perform seed ROI selection driven by the locations of the co-

registered fMRI activations. Seed ROIs were selected manually on

the directionally encoded color FA maps (extracted from DTI using

RGB encoding for the eigenvectors) adjacent to the relevant fMRI

activation as a free form polygon. The whole fMRI activated area

obtained by using a specific statistical threshold was regarded as a

single cluster without referring to specific peak activations. The

seed ROI for tractography was selected from a sphere of 15 voxels

around the fMRI cluster, depending on the direction of the fibers

approaching the fMRI activation for each fiber system: (A) for the

pyramidal tract, the ROI was typically selected below the area of

activation. (B) For the SLF, the ROI for Broca’s area was selected

superiorly to the activation, and for Wernicke’s area, it was selected

medially to the activation (see Fig. 3D). Size, shape and specific

location of the ROI varied according to the architecture of the

white matter surrounding the fMRI activations. ROI sizes ranged
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from 25 to 50 voxels. Once seed ROIs were selected, fiber

tractography was done using a modification of the FACT method

(Mori et al., 1999). Here, we initiated 8 equally spaced fibers

within each voxel with step size of 0.3 voxel length. Tracking was

terminated when anisotropy level was below 0.25 or when fibers

showed a steep turn (more than 65-). Following fMRI based

tractography and identification of the displaced white matter,

further analysis was performed on the identified displaced fiber

locations along the tract, to determine the parallel (largest

eigenvalue) and radial (smallest eigenvalue) diffusivities as

measured by DTI. This was achieved by specifying ROIs along

the displaced tract using the tractography fiber locations (Xue et al.,

1999; Wilson et al., 2003; Glenn et al., 2003; Jones et al., 2003).

The ROI was chosen based on pixels in which the fiber pass both for

the healthy hemisphere (where seed ROI was selected anatomically)

and for the diseased hemisphere (where seed ROI was selected

using fMRI).
Results

In this work, we focused on the pyramidal tract (part of the

corona radiata) and the superior longitudinal fasciculus (SLF,

arcuate fasciculus), two large bundles of white matter that

connect critical areas of motor and language function, respec-

tively. Fig. 1 shows tracking of the pyramidal tract based on

known anatomical landmarks for 3 healthy subjects. The

anatomically based ROIs are all marked on the directionally

encoded color FA maps (internal capsule) and FA maps (pre-

central gyrus) of all three subjects (see yellow ROIs on enlarged

maps in Fig. 1). As all brains were co-registered and re-sliced to
Fig. 1. Tracking of the motor system (pyramidal tract) based on anatomical landm

weighted images of slices #29 and #42 out of 48 for each subject. Second row de

(FA) maps (in gray scale) of the same slices. These slices were used to select seed

above, and the line in white represents the seed ROI used for tracking. Left shows t

below the post-central gyrus. The bottom row shows the computed fiber tracking m
the same brain template, the pyramidal tract anatomical seed

ROIs were located in the same slices for all subjects (slice 29

and slice 42 out of 48 slices for the internal capsule and below

the pre-central gyrus, respectively). The fiber tracking maps

show distinct similarity between all subjects, thus implying

minor inter-subjects variability for this fiber system. Fig. 2

shows the tracking of the SLF by selecting a seed ROI on the

large white matter bundle that passes in an anterior–posterior

direction (green area on the DEC-FA maps, second column in

Fig. 2) above the lateral fissure. The SLF was located in slice 34

(out of 48 slices). The seed ROI was similarly placed for all

subjects (see yellow rectangles in the middle column of Fig. 2).

The computed fiber tracts shown in Fig. 2 resemble known

histological and morphological mapping of the SLF, but in

contrast to the pyramidal tract, the inter-subject variability seems

to be greater.

Fig. 3 shows the comparison of anatomical and fMRI based

seed ROI selection procedures for the tractography of the SLF

for a healthy subject. This figure shows that both anatomical

and functionally based landmarks provide similar tracking

results (Figs. 3C and D, respectively). However, the fMRI

landmarks constrain the tracking procedure to connect the IFG

with the STS. The fact that we select the ROI near areas of

activations ensures that the fiber will pass through these regions.

On the other hand, using the anatomical landmark approach,

there is a real possibility that the fibers will not reach the IFG

due to inherent DTI limitations (e.g., splitting and crossing

fibers, low anisotropy at cortical areas) as in the presented case

(Fig. 3C).

Fig. 4 shows an example of a patient (male, right handed, 23

years old) with an SOL in the left parietal hemisphere. The patient
arks. Panels A, B and C represent 3 healthy subjects. Top row shows T2-

picts the directionally encoded color maps (DEC) and fractional anisotropy

ROIs for tracking. Third row shows enlargement of the brain slices shown

he fibers lying in the internal capsule, while on the right, the fibers shown lie

aps based on the anatomical landmarks for front and side views of the brain.



Fig. 2. Tracking of the superior longitudinal fascicles (SLF, arcuate fascicles) based on anatomical landmarks. Panels A, B and C represent 3 healthy subjects.

Left column shows T2-weighted images of slices #34 of 48 where the SLF typically passes. Second column shows the directionally encoded color FA maps of

the same slice where the SLF is observed lateral to the ventricles and the corona radiata and shown in green (fibers crossing in an anterior–posterior direction).

Middle column shows enlargement of the color coded FA maps upon which the seed ROI is marked in white. The two right columns show the computed fiber

tracking maps for each of the subject from left-side and top brain views.

Fig. 3. Comparison of anatomically based and functionally based seed ROI selection procedures for the tractography of the SLF for a healthy subject.

Panel A shows a sequence of DEC-FA axial slices (#29–36 of 48) with a cyan outline of the fMRI activated areas during a verb generation task (B

represent Broca’s area while W represents Wernicke’s area). Panel B shows two DEC-FA coronal slices (#52 and #81) where the fibers leading to Broca’s

area and Wernicke’s area can be seen. Panel C shows fiber tracking results based on anatomical landmarks (depicted on enlarged DEC-FA maps on the

right, similar to Fig. 2). Panel D shows fiber tracking results based on fMRI landmarks (depicted on enlarged DEC-FA map on the right) both from left

side and top brain views. Notice that both anatomically based and functionally based landmarks provide similar results. The tracking based on fMRI

landmarks seem to be more complete as the SLF fibers reach the inferior frontal gyrus (IFG, Broca’s area) where as in the anatomical landmark the fibers

approach the IFG but end prematurely.

T. Schonberg et al. / NeuroImage 30 (2006) 1100–11111104



Fig. 4. A patient (male, 23 years old, right handed) with a space occupying lesion in the left parietal hemisphere located within the anatomical landmarks of the

SLF. Panel A shows sagittal, coronal and axial T2 slices with arrows indicating the location of the lesion. Panel B shows a series of axial DEC-FA maps at the

level of the SLF with a cyan outline of the fMRI activated areas during a verb generation task (B represent Broca’s area and W represents Wernicke’s area).

Panel C shows two DEC-FA coronal slices (#48 and #82) where the fibers leading to Broca’s area and Wernicke’s area can be seen. The appearance of fibers

within the lesion seems to be poor and does not resemble their appearance in the contra lateral hemisphere (see yellow arrows on axial slices #34 and #35 that

points to the lesion). Panel D shows fiber tracking results based on anatomical landmarks (depicted in white on enlarged DEC-FA maps on the right). The

anatomical landmarks were chosen slightly above the typical location identified in healthy subjects (Fig. 2), suggesting that the fibers were displaced superiorly.

Note that anatomical landmarks could not connect any of the functional areas found by fMRI. Panel E shows fiber tracking results based on fMRI landmarks

(light blue areas on the 3D volume, ROI is depicted in white on enlarged DEC-FA map on the right) both from left side and top brain views. With this

procedure, the SLF seems to be more complete revealing a significant displacement of the fibers superiorly above the lesion. This displacement could not be

resolved using anatomical selection of the seed ROI.
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presented with simple partial seizures. fMRI mapping of language

related areas, IFG and STS, was concluded as within normal limits.

The lesion was located within the typical anatomical landmarks of

the SLF, however, the appearance of the fibers seemed poor

compared to the contralateral side, indicating that the fibers might

be either displaced or masked by massive lesion infiltration. The

sagittal view (not shown) suggested that the fibers were displaced

superiorly, thus the anatomical landmarks for this patient were

chosen slightly above the typical location. Fiber tracking based on

the modified anatomical landmarks (axial slices 36–37) resulted

only in partial reconstruction of the fibers (Fig. 4D). Applying the

fMRI based seed ROI approach (light blue volumes in Fig. 4E), a

full reconstruction of the SLF was obtained, demonstrating the SLF

displacement superiorly.

Fig. 5 shows an example of a patient (male, left handed, 26

years old) with a lesion in the anterior part of the left SLF. The

patient suffered from simple partial seizures characterized by brief

periods of aphasia. As in the previous case, the appearance of
anisotropy within the lesion was low and significantly reduced

compared with the contralateral hemisphere (Fig. 5B, axial slices

34–35). Axial (Fig. 5B), coronal (Fig. 5C) and sagittal (not shown)

views did not provide any information regarding a possible

deviation of the fibers, yet this possibility could not be excluded.

Using anatomical landmarks, only a partial path of the SLF could

be reconstructed (Fig. 5D) similar to the previous case (Fig. 4).

Applying the fMRI based seed ROI approach based on the fMRI

activation in Broca’s and Wernicke’s areas increased the number of

identified fibers, but yet could not enable complete mapping of the

SLF (Fig. 5E). Only when the tracking termination anisotropy

threshold value was reduced to 0.1 (within the lesion), the tracking

was successful showing a possible passage of the fibers through the

edema (not shown). This figure presents a case where the seed ROI

selection based on fMRI provided more but yet insufficient display

of the fibers. This implies that this methodology could not

compensate for some inherent DTI limitations (e.g., low FA values

within edema).



Fig. 5. A patient (male, 26 years old, left handed) with a space occupying lesion in the left parietal hemisphere located within the anatomical landmarks of the

SLF. Panel A shows sagittal, coronal and axial FLAIR images with arrows indicating the location of the lesion. Panel B shows a series of axial DEC-FA maps

at the level of the SLF with a cyan outline of the fMRI activated areas during a verb generation task (B represent Broca’s area and W represents Wernicke’s

area). Yellow arrows indicate the location of the lesion. Panel C shows two DEC-FA coronal slices (#37 and #74) where the fibers leading to Broca’s area and

Wernicke’s area can be seen. Appearance of fibers within the lesion seems to be masked by the massive edema (see yellow arrows on axial slices #35 and #36).

Panel D shows fiber tracking results based on anatomical landmarks (depicted in white on enlarged DEC-FA maps on the right). The anatomical landmarks

were chosen at similar anatomical location that was identified for the healthy subjects (Fig. 2). Note that anatomical landmarks could not connect any of the

functional areas found by fMRI. Panel E shows fiber tracking results based on fMRI landmarks (light blue areas on the 3D volume, ROIs are depicted in white

on enlarged DEC-FA map on the right) both from left side and top brain views. Even with this procedure, the SLF could not be tracked, and the fibers cannot be

mapped when they reach the edema region. Probably, these fibers could be obtained if tracking FA threshold would have been lowered.
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Fig. 6 presents an example of a patient (male, 26 years old) with

a left frontal SOL extending to the area of the central sulcus. The

patient suffered from episodes of right hand and leg weakness.

Functional mapping of motor related activity revealed that the

lesion displaced the hand primary motor areas laterally. The DEC-

FA maps indicated that the lesion displaced the fibers inferiorly and

posteriorly (Figs. 6B and C). Anatomically based ROI selection

resulted in diffused tracking of fibers around the lesion. This

approach does not enable selective differentiation between the

motor related fibers (Fig. 6D). fMRI based ROI selection approach

as shown in Fig. 6E enabled selective mapping of the hand related

fibers. This approach provides additional, valuable pre-surgical

information for the surgeon.

Once the displaced white matter fibers were identified, we

performed a detailed analysis of the diffusion characteristics of the

white matter in the vicinity of SOLs. Fig. 7 depicts an example for

such analysis for a patient (male, right handed, 26 years old) with a

fronto-temporal SOL which seemed to displace Broca’s area
anteriorly. Functional MRI based fiber tracking indicated a

significant displacement of the SLF fibers (Fig. 7B). As the

displaced fibers could now be identified, we selected a region of

interest for quantitative analysis that included the pixels where

the fibers pass (Fig. 7C). This was done using fMRI landmarks

for the lesioned hemisphere and anatomical landmarks in the

contra lateral hemisphere for comparison. Analysis of the ROIs

used for quantitative analysis revealed an increase in FA (from

0.51 T 0.04 to 0.58 T 0.05), a decrease in the radial diffusivity

(from 0.33 T 0.03 � 10�5 cm2/s to 0.27 T 0.06 � 10�5 cm2/s)

and an increase in the parallel diffusivity (from 1.10 T 0.05 �
10�5 cm2/s to 1.21 T 0.05 � 10�5 cm2/s). We repeated this

analysis for all patients (data summarized in Fig. 8). The first and

main observation was that fractional anisotropy increased when

white matter fibers were significantly displaced (Fig. 8A). FA

increased from 0.43 T 0.05 to 0.63 T 0.06, showing an average

increase of more than 40% for all patients. When analyzing the

diffusivities (and not their summation index (FA)), we found a



Fig. 6. A patient (male, 26 years old) with a left frontal SOL extending to the area of the central sulcus. Panel A shows sagittal, coronal and axial T2 images

with arrows indicating the location of the lesion. Panel B shows a series of coronal DEC-FA maps at the level of the pyramidal tract with a cyan outline of the

fMRI activated areas during a finger tapping task (M1 represents the primary motor area corresponding with hand activation). Those images imply that the

fibers are displaced both inferiorly and posteriorly by the lesion. Panel C shows two axial DEC-FA slices (#29 and #42) upon which anatomical landmarks are

usually selected. Panel D shows fiber tracking results based on anatomical landmarks (depicted in white on enlarged DEC-FA map the right). The anatomical

landmarks were chosen at similar anatomical locations that were identified for the healthy subjects (Fig. 1). Note that anatomical landmarks based fiber tracking

detected a large number of fibers engulfing the lesion. Panel E shows fiber tracking results based on fMRI landmarks (light blue area on the 3D volume, ROI is

depicted in white on enlarged DEC-FA map on the right) both from left side, top and rear brain views. This approach enables specific tracking of the fibers

leading to the hand activated area.
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decrease in the radial diffusivity (Fig. 8B) in contrast to an increase

in the parallel diffusivity, similar to the single patient data

presented in Fig. 7. The radial diffusivity (Fig. 8C) decreased

from a value of 0.40 T 0.02 � 10�5 cm2/s in the healthy

hemisphere to a value of 0.21 T 0.08 � 10�5 cm2/s around the

SOL, a decrease of about 50%. In the same areas, the parallel

diffusivity had slightly increased from 1.0 T 0.1 � 10�5 cm2/s in

the healthy side to 1.2 T 0.2 � 10�5 cm2/s in the lesioned side, an

increase of around 15%. Consequently, the mean ADC, which

averages both the contribution of the parallel and radial diffusiv-

ities, remained unchanged (0.67 T 0.05 vs. 0.69 T 0.06 � 10�5

cm2/s). These results are in line with our previous study on

displaced white matter using DEC-FA (Assaf et al., 2003).
Discussion

This work indicated that incorporation of fMRI information

could enhance the ability to identify tracts of interest in brains with

deformed anatomy. DTI based fiber tractography attracts the

attention of radiologists, neurologists and neurosurgeons as a
possible way to visualize white matter paths in the diseased brain.

Yet, in some of these cases due to brain pathology such as SOLs,

the white matter fibers are displaced, thus exposing the tractog-

raphy result to artifacts caused by the common analysis procedure.

This approach uses seed ROI selection, based on known

anatomical landmarks, according to DTI white matter atlas.

Finding the route of the displaced fibers by utilizing trial and

error might be successful in some cases but, at the same time, is

highly prone to subjective decisions made by the analyzer. This

trial and error might also include tempering with FA thresholds,

which might lead to erroneous fiber tracking. Here, we suggested

an approach that facilitates fiber tracking in clinical cases, based on

combination of fMRI and DTI data thus constraining the seed ROI

selection procedure. By doing this, we were able to show that in

cases where tracking done by trial and error ended in incomplete

mapping of the fibers, fMRI based seed ROI selection pointed to

the altered path of the complete fiber system (Fig. 4).

Anatomical selection of seed ROI is used in the majority of

works that deal with tractography in vicinity of brain lesions (Akai et

al., 2005; Berman et al., 2004; Clark et al., 2003; Glenn et al., 2003;

Jones et al., 2003; Wilson et al., 2003; Yamada et al., 2003; Stieltjes



Fig. 7. A patient (male, 26 years old, right handed) with a left fronto-

temporal space occupying lesion. Panel A shows sagittal, coronal and axial

T2 images with arrows indicating the location of the lesion. Panel B shows

tracking of the SLF based on functional landmarks connecting Broca’s and

Wernicke’s areas (light blue) with respect to the lesion (yellow) for the left

hemisphere (top row). Bottom row of panel B shows tracking of the SLF for

the right hemisphere based on anatomical landmarks. Panel C shows in

white outline the pixels where the fibers pass on a sagittal DEC-FA map

(one representative slice) for the left and right hemispheres. Panel D shows

quantitative analysis of the FA, D// and D– for a region of interest selected

along the reconstructed fibers of the lesion side and contra lateral side

(control).
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et al., 2001). Anatomically based ROI selection is considered a

relatively reliable tractography method in healthy subjects (Fig. 1).

Nevertheless, some white matter structures such as the SLF show

higher variability in the tracking procedure, especially when

approaching cortical areas (as shown in Fig. 2) (Makris et al.,
Fig. 8. Analysis of the diffusion properties of displaced and contralateral white m

measures of the displaced fiber tracts, compared to the opposite healthy hemisp

significantly displaced, showing an average increase of more than 40%. The radia

while the parallel diffusivity increased by more than 15% (C). The overall me

quantitative analysis were selected using the tractography procedure. This proce

anatomically based approach (for contralateral fibers).
2005). Tracking becomes even less reliable when an SOL distorts the

anatomy on which the tracking is based (Figs. 4–6). In some cases,

fibers lie adjacent to the lesion and are displaced by it (Fig. 4),

whereas in other cases, fibers pass within the lesion (Fig. 5) or cannot

be specifically identified (Fig. 6). Placement of the ROI based on

anatomical landmarks in the vicinity of a lesion is subjective and

may lead to miscalculation of the fibers path. In cases where

displacement of the fibers occur, fMRI based seed ROI selection

procedure may provide more reliable mapping of the fibers path.

The placement of anatomical seed ROI in healthy subjects is

straightforward using a white matter atlas (Wakana et al., 2004;

Catani et al., 2002). The tracking of the SLF is done by choosing a

single ROI laterally to the corona radiata at the level of the higher

edge of the ventricles (see Fig. 2). Placing additional ROIs at the

mid-path of this bundle does not enhance the tractography. Only

knowledge of the SLF end points (IFG and STS) might provide

better results but those can be estimated accurately with fMRI (see

Fig. 3). On the other hand, for the pyramidal tract, we use two

ROIs (one at the level of the internal capsule and one below the

central sulcus). The selection of two ROIs in this case significantly

enhances the tracking result and provides a more complete

appearance of the pyramidal tract. The need for two ROIs for

complete tracking of the pyramidal tract arises due to the wide

fanning of fibers into the cortex where one ROI is not sufficient to

define the whole system. In cases of SOLs, we demonstrated that

this procedure (anatomically based selection of ROI) may lead to

artifactual results. To that end, we showed that by using fMRI

landmarks for seed ROI selection we can enhance tracking

performance. It is true that direct comparison between fMRI and

anatomically based seed ROI selection in unfair mainly since in the

one case we use a multiple ROI approach and in the other a single

ROI. Indeed, the multiple ROI approach provided a more

comprehensive reconstruction of the tracts. One might suspect

that this is due to a larger number of seed voxels in the multiple

ROI approach. Yet, we do not suggest that these two methods are

comparable in any means. In patients with SOLs, anatomically

based ROI selection (single or multiple) is wrong as the path of the

fibers is unknown. Thus, we suggest here to identify a region or

regions in which the desired fiber system passes using fMRI.

Recently, a similar approach (i.e., fMRI based seed ROI

selection) has been used by Guye et al. (2003). There, the authors

used an automatic placement of the seed ROI below the local

maxima of the fMRI activations following a motor related task.

They were able to show connectivity maps of the pyramidal tract
atter tracts (averaged for 8 patients). Significant changes revealed in DTI

here. (A) Fractional anisotropy increased when white matter fibers were

l diffusivity decreased by about 50% in areas of displaced white matter (B),

an diffusivity (trace) did not change (data not shown). The ROIs for the

dure was done using the fMRI based approach (for displaced fibers) and
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based on DTI measures both in healthy and diseased subjects. We

used a similar approach in a variety of patients with lesions

affecting either the pyramidal tract or the SLF, infiltrating and/or

displacing the fibers. From our experience, a distinction should be

made between cases where the lesion infiltrates the white matter

(tumor infiltration, edema) and cases where the fibers are displaced

by the lesion mass. White matter infiltration of the lesion might

lead to morphological changes in the tissue that will reduce the

ability to reliably track the fibers. To that end, measurements of

connectivity or anisotropy within a lesion are subject to the degree

of edema or tissue deformation (Guye et al., 2003).

Even in cases of displaced white matter, where fMRI based ROI

selection may provide reliable fiber tracking, the placement of the

ROI should be done with care due to variability in fiber directions

approaching the cortex, caused by the location of the SOL. This is

more pronounced when tracking the SLF rather than the pyramidal

tract, as this bundle is more directionally heterogeneous even in

normal subjects (Figs. 2, 3). Thus, in this work, we placed the ROI

manually surrounding the fMRI activation and detected the most

reasonable ROI that should be selected. Under this approach, the

area, location and size of the ROI varied from patient to patient.

Indeed for a heterogenic and broad pathology such as space

occupying lesions, an automatic definition of ROI would require a

complicated algorithm. While Guye et al. (2003) placed the ROI

below the local maxima of the motor fMRI activation in an

automated manner; we placed it manually within a sphere of 15

voxels around the fMRI activation. Choosing the seed ROI below

the fMRI activation might be successful for the pyramidal tract but

insufficient for other fiber systems. Placing the ROI manually has

the advantages of defining the specific fiber system we wish to

track but has the disadvantage of being relatively subjective. One

way to avoid subjective placement of the seed ROI is by using a

‘‘brute force’’ method constructing all of the fibers going through

the 15 voxel sphere around the fMRI cluster. Using a ‘‘brute force’’

approach can also resolve the issue of the number of seed voxels

used as raised above.

An additional advantage of using fMRI based ROI selection is

the ability to selectively define distinct functionally related

bundles. This is relevant to fiber systems that connect multiple

functional areas (e.g., hand vs. leg motor functions). This is

important in the clinical setting as it provides specific pre surgical

information of the functional system (Fig. 6). Besides selectivity,

the mutual constrains of fMRI and DTI based tracking ensure a

more complete depiction of the fiber system (Fig. 3).

In order to characterize the pathophysiological condition of the

displaced fibers, we evaluated the different diffusion measures

along their path. In most white matter disorders and diseases, the

fractional anisotropy is usually decreased compared to healthy

tissue. Indeed, within the lesion, we also found reduced FA, as

expected. By contrast, a significant increase in the FAwas found in

white matter tracts displaced by the lesion (Figs. 7, 8). These

changes were not homogenous along the path of the fibers, and

some areas within the selected ROI showed even higher FA values.

Commonly, FA reduction in white matter diseases is characterized

by an increase in the radial diffusivity, thus increasing the mean

ADC. On the other hand, in the cases presented here, the radial

diffusivity was reduced, while the parallel diffusivity was

increased, leading to an overall increase in FA with no apparent

change in the ADC. An increase in the density and tension of the

fibers can be suggested as a possible mechanism for this

observation (Assaf et al., 2003). An alternative explanation could
be an increase in the homogeneity of the fiber system by a tighter

alignment of the fibers within the fiber bundle. The ability to

measure the diffusion characteristics of a specific fiber bundle

provides quantitative means for estimation of pressure effects, both

pre- and post-surgery as well as in follow up evaluation of the

fiber’s integrity. This could have an impact on patient management

and also support other clinical and radiological observations.

DTI is a relatively new methodology and new insights

regarding the analysis and interpretations of the results are

published frequently. For instance, it is well known that DTI is

unable to resolve white matter architecture in areas where more

than one fiber population occupies the same voxel (Pierpaoli and

Basser, 1996; Jones, 2003; Wiegell et al., 2000). In such areas, the

diffusion anisotropy is artifactually reduced and reaches values

similar to those of gray matter and CSF. In addition, eddy current

induced image artifact, and physiological noise reduces the

significance of the results and increases the standard deviation of

the measurement (Horsfield, 1999). Solutions to these problems

become more applicable in the form of multiple tensor field

regularization (Tuch et al., 2002; Pasternak et al., 2005) and mutual

information image registration procedures (Horsfield, 1999; Rohde

et al., 2004). However, once overcoming the abovementioned

problems, the two methodologies, DTI and fMRI, suffer from other

inherent problems which make the registration between the two a

complicated task. For instance, it is well known that better tracking

can be done when more gradient orientations are acquired (Jones,

2004). However, high angular resolution of the gradient acquisition

scheme may result in longer experimental times in which the

analysis is prone to suffer more from significant patient head

movements. Indeed, even at the very short experimental times,

head movements may alter the correct estimation of fiber

orientation. As for fMRI, in many cases, this method shows spread

activation patterns, from which it is hard to point on the exact

location of the functional region. In addition, both methodologies

suffer from susceptibility induced geometrical image distortions,

which necessitate advanced post-processing (Rohde et al., 2004).

All of these problems lead to reduced reproducibility and reliability

of each method alone.

Despite the problems mentioned above, careful analysis and the

multi-method co-registration procedure presented in this paper can

provide, in most cases, a reliable presentation of the functional

network. Although each of the methodologies suffer from its own

inherent artifacts, when combined, their constraints enhance the

interpretation of the observations.
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