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Abstract The aim of the study was to compare the
different approaches of pre-operative diffusion-tensor-
imaging-based fibre tracking (FT) of the corticospinal tract
(CST) focusing on the positioning of the seeding region of
interest (seed ROI). Thirty-nine patients with brain lesions
in the vicinity of the CST were evaluated pre-operatively.
Imaging comprised a 3D T1-weighted sequence, a gradient
echo echo-planar imaging sequence for functional magnetic
resonance imaging (fMRI), and a diffusion-weighted
sequence for diffusion tensor (DT) tractography. DT
tractography was performed with two different procedures
to track the corticospinal fibres: one downwards and one
upwards. Downward FT was started with the seed ROI in
the pre-central gyrus subjacent to the maximal fMRI
activity while for the upward FT seed ROI was placed in
the cerebral peduncle. In 16 patients, tracking results were
individually compared with the unaffected contralateral
hemisphere. Results were correlated with fractional anisot-
ropy (FA) values and other factors potentially influencing
fibre tracking results. On the side with the space-occupying

lesion, downward FT yielded more positive tracking results
(tracked fibres>0) than the upward FT. On both the affected
and the unaffected side, downward FT reconstructed fewer
fibres than upward FT. For none of the two methods did the
tracking results (number and volume of fibres) correlate
with FA values or with other clinical data. FA values for
tracts ipsilateral to the lesion correlated with age and lesion
entity. We conclude that the sequence of ROI positioning
influences significantly the tracking results. Upward FT
may fail to track fibres, whereas the successful tracking
results may be superior to downward FT. Hence, upward
FT of the CST should be preferred in patients with space-
occupying lesions. Downward FT should be performed if
upward FT fails.
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Introduction

In diffusion tensor imaging (DTI), the preferential diffusion
of water molecules parallel to the orientation of white
matter fibres allows for the visualisation of three-
dimensional fibre tracts [9, 12]. However, apart from
inter-individual variability of location and organisation of
the tracts, tractography is a method with specific limitations
[1, 6, 17]. The results of fibre tracking depend (1) on the
features of the DTI data and (2) on the tracking algorithms
and parameter settings for DT tractography, as well as (3)
on the seeding region of interest (seed ROI) selection.
Furthermore, tracking of fibres in the vicinity of brain
lesions may be compromised by oedema and tumour
infiltration as well as by susceptibility effects of blood
derivatives [3, 8, 16].
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In the present study, we investigate the influence of seed
ROI selection on the tracking of the corticospinal tract
(CST). In general, there are two modalities to reconstruct
fibre bundles through the ROI approach: the one-ROI
method (one seed ROI) and the two-ROI method (one seed
ROI and one target ROI). For the CST, there are two
possibilities of choosing seed and target regions. The seed
region may be located in the pre-central gyrus (PCG) or in
the cerebral peduncle (CP) with reciprocal selection of the
target regions. Additionally, the ROI in the PCG can be
specified by functional magnetic resonance imaging (fMRI)
[6, 17, 18].

In this study, we evaluate the influence of these two
different tracking procedures on the quality of the tracking
results. For this purpose, all parameter thresholds terminating
the tracking propagation were set similarly. Furthermore, the
results of the two different approaches were correlated with
different factors prone to influence tracking results.

Materials and methods

Patients

Between September 2004 and December 2007, 39 consec-
utive patients (12 females, 27 males; mean age 44.8 years,
range 23–70 years) with intra-cerebral space-occupying
lesions were included in the study. The lesions were located
near the PCG, the corona radiata and/or close to the internal
capsule. All patients were admitted to the Department of
Neurosurgery. Pre-operative evaluations included fMRI to
assess the cortical primary motor representations and DTI
to perform fibre tracking of the CST. The 39 patients
received pre- and post-operative neurological examinations.
All patients provided written informed consent.

MRI data acquisition

DTI and fMRI were performed on a Siemens head-only 3-T
scanner employing an eight-channel head coil (Allegra®,
Siemens Medical System, Erlangen, Germany). For anatomic
reference, we acquired a high-resolution T1-weighted 3D
magnetisation-prepared rapid-acquired gradient echoes
(MPRAGE; TR 2,250 ms, TE 26 ms, TI 900 ms, flip angle
9°, 192 sagittal slices, field of view 256×256 mm, voxel size
1×1×1 mm). To localise primary motor representations
(tongue, hand, foot) in the PCG of the lesion-containing
hemisphere, fMRI was performed in a block design
experiment using a blood-oxygenation-level-dependent
(BOLD)-sensitive echo-planar imaging (EPI) sequence (TR
2,640 ms, TE 30 ms, flip angle 90°, 36 transverse slices,
0.75-mm gap, voxel size 3×3×3 mm, base resolution 64×
64). Patients performed a simple visually guided motor task.

Instructions were projected on a screen mounted on the rear
end of the head coil. A total of 192 volumes were acquired
while patients performed eight blocks of alternating finger
tapping, foot tapping and tongue movements (21 s per
block). Patients were instructed to perform the movements at
a self-paced rate of ~2 Hz and to limit head motion. Point
spread function mapping was utilised for online EPI
distortion correction [23].

For DTI, we employed a single-shot spin-echo EPI with
parallel imaging technique GRAPPA (acceleration factor 2).
The sequence was performed with 12 non-collinear gradient
directions (b value 700 s/mm², TR 7,200 ms, TE 80 ms,
voxel size 1.6×1.6×1.6 mm, 60 transverse slices, no inter-
section gap, base resolution 128×128 and a 75% partial
Fourier technique in the phase-encoding direction). Data
acquisition lasted 8 min and 20 s.

fMRI analysis

The fMRI data were processed using Brain Voyager (Brain
Innovation, Maastricht, the Netherlands). Prior to statistical
analysis, inter-slice scan time correction with sinc interpola-
tion and 3D motion correction were employed for data pre-
processing. The realigned time series were temporally filtered
with a high-pass filter of three data points. Linear drifts of the
signal were removed from each pixel’s time course. For
alignment of fMRI and 3D anatomical data, a two-stage co-
registration process was applied with an initial automatic
header-based alignment, followed by fine tuning through a
manual adjustment of rotational and translational parameters.
At each voxel, a haemodynamic reference function was
correlated with the time course of the measured BOLD signal,
resulting in a correlation coefficient r. The data were
thresholded at 66% of the maximum correlation coefficient
in the PCG for a given motor task and, if necessary, manual
threshold adjustments of the correlation coefficient r were
performed in order to obtain circumscribed functional
representations of comparable size. The anatomical and
fMRI data were exported as DICOM files.

Fibre tracking

Fractional anisotropy (FA) maps were calculated from the
DTI data. T1-weighted MPRAGE, fMRI and DTI were
fused (iPlan 2.6, BrainLAB, Feldkirchen, Germany) by a
semi-automatic rigid registration procedure utilising
intensity-based information [13]. The fibre tracking was
performed on the FA maps and the colour-coded direction-
ality maps. The implemented tracking software was based
on a tensor deflection algorithm following the major
eigenvector, which had been described previously by
several authors [10, 19, 20]. A detailed description of the
software programme (iPlan 2.6 and 3.0, BrainLAB, Fibre
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Tracking Module) is given by Nimsky et al. [13]. The
starting points in the rectangular seed ROI were defined by
a raster of a third of the voxel size. The calculated major
eigenvector of each starting point was then selected as the
original propagation direction. A constant step size of one-
third voxel was implemented for fibre propagation and the
deflection vector defined the course of a fibre at each step.
For a third of the voxel size, the direction was defined as
constant. According to the neighbouring results, the
algorithm was corrected by weighting the previous direc-
tion with 20% and the new one with 80%. Iteration was
started bi-directionally and propagation was terminated
when (1) the tract trajectory reached a voxel with an FA
value of <0.2 or (2) when the angle between two
consecutive steps was greater than 20°. Tracked fibres with
a length of <40 mm were discarded from analysis.

Two different tracking procedures (one downwards and
one upwards) were performed to track the corticospinal
fibres of the cortical representations of the foot, the hand
and the tongue of the lesion-containing hemisphere using
different locations of the seed ROIs. The placement of ROIs
was standardised, but the size of the ROIs varied with the
individual shape and volume of the brain structures of
interest. In the PCG, the ROI was cubical to cover the
gyrus, whereas the ROIs in the pons and cerebral peduncle
were sliced thinly. Hence, for both methods, the ROIs were
accurately related to a volume of interest (VOI).

1. Downward fibre tracking (downward FT) was started
from a rectangular seed VOI which covered the PCG in
the lesion-containing hemisphere (Fig. 1). The setting
of the seed VOI was defined by the activation in fMRI
of the foot, hand or tongue representations. These
activation areas were only used as landmarks to identify
the part of the PCG which contains the cortical
representation of the foot, hand and tongue. The
placement and size of the seed VOIs were adapted to
the anatomical contour of the PCG in order to cover the
respective cross section of the gyrus including the
white matter. For the hand area, the size was adapted to
the profile of the “hand knob”, marking the cortical
representation of the hand area. This first tracking step
visualised corticofugal fibres originating from PCG. In
a second step, the colour-coded directionality maps of
diffusion were used to place a second rectangular VOI
within the pons. In this map, the CST is colour-coded
blue which represents the predominant up–down
direction of diffusion [8]. A “retain function” discarded
all fibres not meeting both VOIs (seed VOI and second
VOI). Fibres which dispersed from the functional pre-
central area and fibres which did not course through the
CP of the ipsilateral midbrain and the internal capsule
(IC) were excluded. The CSTs separately tracked from

foot, hand and tongue representations were generated
as 3D objects and colour-coded in yellow (Fig. 2).

2. Upward fibre tracking (upward FT) was started from a
3–5-mm-thin rectangular seed VOI, which covered the
CP of the lesion-containing hemisphere (Fig. 3). This
first tracking step visualised a large number of fibres
containing also the fibres of the CST. In a second step,
a rectangular second VOI was placed to cover the PCG
in the ipsilateral hemisphere in the location of the
functional foot, hand or tongue representations as
defined by fMRI. Corresponding to the seed VOI
placement in downward fibre tracking, the adjacent
white matter of the PCG was included in the VOI.
Again, with the “retain function”, all fibres not meeting
both VOIs were discarded. Fibres, which dispersed
from the functional pre-central area, were excluded. In
a third step, a thin rectangular VOI was placed in the
blue-coded CST of the pons shown in the directionality
diffusion maps. The CSTs were separately tracked for
foot, hand and tongue representations, then segmented
as 3D objects and colour-encoded in orange.

Evaluation of the two different tracking procedures

First, the tracking results were assessed quantitatively:

1. Success of the tracking result (negative result=0 fibres;
positive tracking result>0 fibres)

2. Number of fibres for each tracking result
3. FA values of the voxels contained in the fibre bundles

Then, quantitative data were correlated with FA values of
the fibre bundles as well as with the following clinical and
MRI data:

1. Patients’ age
2. Gender
3. Lesion’s entity
4. Localisation of the lesion
5. Presence/absence of hemiparesis
6. Oedema on MRI
7. Shifting of IC

The shift of IC was evaluated quantitatively in all three
orthogonal planes. Therefore, the distances from the genu of
the IC to the fornices were defined for both sides and the inter-
hemispheric differences of these distances were indicated.
Oedema was visually defined on T2-weigthed images as
hyperintensities apparent in the white matter adjacent to the
lesion and documented accordingly.

In a third step, the quality and accuracy of tracking results
from downward FT and upward FT were assessed by intra-
individual comparison with the unaffected contralateral
unaffected hemisphere.
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For this purpose, fibre tracking was also performed in
the unaffected hemisphere. The space-occupying side was
only compared to the unaffected side in patients without
shift of the IC (N=16). This selection criterion was used
to guarantee the comparability between the tracking
results of the affected and the healthy hemisphere. For
the same reason, the IC was selected as a representative
section of the CST. Since no functional areas were
available, only CST fibres from the primary motor hand
area were tracked by using the anatomical landmark for
the “hand knob” as starting and target area. Further
procedures of fibre tracking were identical for both
hemispheres.

The following algorithm was performed to compare the
tracking results (Fig. 4):

1. Alignment:

(a) The fibre results were transferred to the T1-
weigthed 3D volume which was AC–PC-aligned.

2. CST section of the IC:

(a) The fibre bundles tracked from the hand represen-
tation of the PCG (downward FT) and the fibre
bundles tracked from the CP (upward FT) were
selected for both hemispheres.

(b) These fibre bundles were restricted to the cranial
border of the putamen and at the level of the
anterior commissure.

3. Comparison between the sectioned fibre bundles:

(a) The sectioned bundles from the unaffected side
were mirrored to the affected side.

Fig. 1 Downward fibre tracking: the activation in fMRI (first line) of
the foot (a), hand (b) and tongue (c) representations is used as
landmark for the seed ROI placement. The size of the seed ROI
volume is adapted to the anatomical contour of the PCG in order to
cover the respective cross section of the gyrus including the white
matter. The first tracking step visualises corticofugal fibres originating
from PCG (axial images in the second line and coronal images in the

third line). For the second tracking step, a second rectangular ROI was
placed within the pons on the colour-coded directionality maps of
diffusion showing the CST as blue-coded area (d, first line). Upward
fibre tracking starts from a rectangular seed ROI covering the CP of
the lesion-containing hemisphere (d, second line). The 3D objects
from upward FT colour-encoded in orange
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Fig. 2 Fibre tracking starting with the seed ROI in the pre-central
gyrus adjacent white matter of the activation of the hand in fMRI,
visualised in pink (a). After this first tracking step, another rectangular
target ROI was positioned in the pons on colour-coded directionality
maps, colour coding the corticospinal tract in blue (b). From all
corticofugal fibres originating from PCG (c), a second fibre tracking

retained only those reaching the ROI in the pons (d). Fibres which did
not course through the cerebral peduncle of the ipsilateral midbrain
were excluded (e, f). The resulting fibre bundle of the CST tracked
from hand representation (g) was generated as 3D objects and colour-
coded in yellow (h)

Fig. 3 Fibre tracking starting with the 3–5-mm-thin seed ROI in the
CP (a). In a second step, a rectangular ROI was placed to cover the
PCG in the location of the functional hand representation defined by
fMRI as shown in Fig. 2b. From all fibres originating from CP (c), a
second fibre tracking retained only those reaching the target ROI in

the PCG (d). In a third step, a thin rectangular ROI was placed in the
blue-coded CST of the pons shown in the directionality diffusion maps
to exclude dispersing fibres (e, f). The resulting fibre bundle of the
CST (g) was generated as 3D objects and colour-coded in orange (h)
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(b) The volume of the following overlaps was
computed.

i. The mirrored bundles and the bundles of the
affected side, both from downward FT

ii. The mirrored bundles and the bundles of the
affected side, both from upward FT

Inter-rater and intra-rater variability

The same neuroradiologist (E. H.) and the same neurosur-
geon (J. R.) evaluated by consent each fibre tracking result.

To quantify the reproducibility of the fibre tracking
protocol, intra-observer and inter-observer variability was
assessed. The tracking protocol was repeated five times
using the same data set by the same operator (for intra-rater
variability) and by the two different operators (for the inter-
rater variability).

Further evaluation

1. Successful tracking results of the two tracking proce-
dures were assessed for their spatial relationship
(Fig. 5). For this purpose, the two corresponding 3D
objects of fibre bundles from the tracking procedures

Fig. 4 Selection of the internal capsule as a representative section of
the CST: a fibre bundle from upward FT with placement of the target
ROI in the location of the functional hand representation in the PCG is
shown in a. The fibre bundle was restricted to the cranial border of the
putamen (b and c) and at the level of the anterior commissure (d–f).

This procedure was performed for the affected (green) and the
unaffected side. The sectioned bundles from the unaffected side were
mirrored to the affected side (red, g). The volume of the overlap
between the mirrored bundles and the bundles of the affected side was
computed (h, i)
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were overlaid separately. Maximum distance between
these 3D objects was measured from their centres and
graded according to their overlap (overlap, touch, no
contact).

2. Patients with pre-operative hemiparesis and patients with
lesions showing severe susceptibility artefacts were
analysed in particular concerning fibre tracking results.

Statistics

The statistical analyses were performed with commercially
available statistics software (SPSS 15.0, SPSS Inc., Chicago,
IL, USA). P values of <0.05 were considered statistically
significant.

1. Overall differences of two distinctive tracking proce-
dures (starting in the PCG and starting in CP)
concerning successful/unsuccessful tracking results
were evaluated by the Wilcoxon signed-rank test
(two-sided).

2. Correlations were computed using Spearman’s rho test.

Results

Clinical and MRI data

With the exception of two older patients, all patients
underwent resection of the lesions. One of these two patients
had an arteriovenous malformation (AVM) in an eloquent
area and another patient underwent tumour biopsy followed
by radiation therapy. Pre-operative neurological symptoms
were hemiparesis (n=14), hemihypaesthesia (n=3), aphasia
(n=2), others (n=8) and no symptoms (n=18). Post-
operative new or deteriorated clinical disorders were hemi-
paresis (n=9), hemihypaesthesia (n=1), aphasia (n=6) and
others (n=5).

Twenty-five lesions were located in the right hemisphere
and 14 in the left. Lesions were located frontal (n=13), pre-
central (n=5), parietal and/or post-central (n=12), temporal
or temporoparietal (n=3) and insular (n=6).

Histopathological diagnoses were: World Health Orga-
nisation (WHO) grade II astrocytomas (n=8), WHO grade
III astrocytomas (n=3), WHO grade II oligoastrocytomas
(n=3), WHO grade III oligoastrocytomas (n=5), glioblas-
tomas (n=12), primitive neuroectodermal tumour (n=1),
AVM (n=2), cavernomas (n=3) and metastases (n=2).

A shift of the IC was found in 23 patients (59%) and
white matter oedema was present in 19 patients (49%).

Quantitative results from fibre tracking

Out of the 234 total tracking attempts for the two tracking
procedures (downward FT and upward FT), 73 were negative
as no fibres were detected. From the negative results, 26
started in the PCG (downward FT) and 47 in the CP (upward
FT) leading to a significant higher successes of downward FT
compared to upward FT (p<0.001). In two patients, neither
downward FT nor upward FT yielded any fibre. Both patients
showed severe oedema and one patient had a shift of the IC.

Significantly less fibres were found in downward FT
than in upward FT (p<0.01) for the whole CST (bundles
from the hand, foot and tongue representation taken
together; Table 1). The same pattern was found in every
one of the tracked bundles (hand, foot or tongue) but only
the foot bundles reached the threshold for statistical
significance (Fig. 6). For both downward FT as well as
for upward FT, the variability of the number of fibres
between subjects was very high (up to 142% for downward
FT and 166% for upward FT).

For the whole CST, the FA values were lower (p<0.001)
for the downward FT than for the upward FT and the inter-
subject variability of the FA values was 10%.

For the subgroup of 16 patients in which tracking of both
hemispheres was performed, FA values were higher in the
non-affected than in the affected hemisphere (p<0.05 in the
upward FT but not in the downward FT procedure). At
the same time, the FA values for the downward FT versus
upward FT were significantly lower (p<0.01) in both the
non-affected and the affected side. Inter-subject variability
for the FA values was of 6% for the unaffected side and 8%
for the affected side. The number of fibres detected by the
downward method was lower than by the upward FT. For

Fig. 5 The two 3D objects of
the two different tracking
procedures were assessed for
their spatial relationship (a). For
this purpose, fibre bundles from
the two tracking procedures
were graded according to their
overlap (b with great overlap)
and maximum distance between
these 3D objects was measured
from their centres (c)
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the unaffected (but not for the affected) side, this difference
reached statistical significance (p<0.05). For both sides, the
variance of the number of fibres was about 100%.

For the remaining subgroup of 21 patients with shift in
the IC, FA values were significantly lower (p<0.01) than
for the no-shift subgroup and the inter-subject variability
was 9%. The number of upwardly tracked fibres was lower
(p<0.05) for the patients with shift than for the patients
without shift in the IC.

Quantitative results from fibre tracking and correlation
with clinical and MRI data

On the affected side, the FA values showed a significant
negative correlation (p<0.05) with the clinical findings

(age, sort of lesion, oedema, paresis, IC shift; rho
correlation coefficients ranging from −0.4 to −0.6). At
the same time, the severity of oedema and lesion
malignancy were associated with an increase in age (p<
0.05, rho 0.37).

Strong correlations (p<0.001) were found between the
FA values in tracts originating in the hand, foot and tongue
representations both for the downward FT and the upward
FT procedures (rho correlation coefficients ranging from
0.6 to 0.9).

No correlations were found between FA values and
number of fibres tracked. The number of fibres and number
of negative results did neither show a significant correlation
with the different clinical findings nor with IC shift or
oedema.

Table 1 Quantitative results for the two different tracking procedures: downward fibre tracking (FT) and upward FT

CST Downward FT Upward FT

% Positive tracking Number of fibres FA % Positive tracking Number of fibres FA

Affected side Hand 83% 218.6 0.51 74% 601.0 0.54

Foot 77% 177.4 0.53 57% 311.6 0.55

Tongue 69% 38.3 0.55 49% 462.8 0.56

Hand no IC shift Non-affected side 100% 488.6 0.56 100% 842.3 0.58

Affected side 88% 241.4 0.54 81% 951.2 0.57

Hand IC shift Affected side 79% 197.3 0.49 68% 250.9 0.52

Fig. 6 Take-home messages. Evaluation of the tracking success,
number of fibres and bundle overlap for the two evaluated methods.
Downward (Dw) arrow depict the method in which tracking was
started in the PCG while upward (Uw) arrow depicts the method in
which tracking was started in the CP. Differences are marked with a

star for p values <0.05, with tilde for marginal significance (p<0.1)
and bars represent the standard deviation. Even though statistically
not significant, results are shown also for the overlap in the internal
capsule between the tracking results for the two methods (respectively,
for the affected and unaffected side)
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Quality and accuracy of tracking results from downward FT
and upward FT

The overlap between the mirrored fibre bundles and the fibres
of the lesion-containing hemisphere yielded a better overlap
for the upward FT than for the downward FT (though this
result was not statistically significant). In contrast, the overlap
between the upward FT and downward FT for the unaffected
side was similar to the overlap between the upward FT and
downward FT for the affected side (Fig. 6).

Inter-rater and intra-rater variability

The intra-rater variability was in average 12% for the
volume of the reconstructed fibres and 1% for the FA
values. The inter-rater variability for the fibre volumes was
similar (in average 13%).

Further evaluations

1. Spatial relationships of the fibre bundles from the two
different tracking procedures are indicated in Table 2.

The most overlapping bundles were found for the motor
fibres of the hand, followed by those originating in the foot
representation. In each fibre group (foot, hand and tongue),
some fibre bundles showed no contact.

2. In two out of the 14 patients with pre-operative
hemiparesis, not a single fibre could be generated. In
six of these 14 patients, normal fibre results were
found. Independent of the tracking procedure, the
remaining six patients had at least two unsuccessful
tracking results with zero fibres. In all these cases,
colour changes in the colour-coded directionality maps
and shift of PCG and/or CST were found.

3. Seven lesions (one AVM; four cavernomas, one
recurrent glioblastoma and one glioblastoma) revealed
severe susceptibility artefacts in the diffusion-weighted
images with b=0 s/mm². In three lesions (one AVM,
one cavernoma and one recurrent glioblastoma), track-
ing of the CST was not impaired by these artefacts. In
the remaining four patients, focal changes in the colour-
coded directionality map were found and no or only
one fibre could be generated from these areas in one
(n=2) or in both (n=2) tracking procedures. Three out
of these four patients had no motor deficit.

Discussion

Diffusion tensor imaging with fibre tracking has the
potential to identify major white matter tracts afflicted by
an individual pathology or by a given surgical approach.
However, the reliability and reproducibility of this tech-
nique is influenced significantly by the quality of the
acquired data, the positioning of start ROIs and the
selection of the underlying models and algorithms. Apart
from these intrinsic limitations of DTI, the tracking of
fibres in the vicinity or within space-occupying lesions may
be altered by oedema, tumour infiltration, compression or
destruction of axons and/or the myelin sheets [21].

There are different approaches to perform fibre tracking.
The most widely used one-ROI technique is to manually
define an ROI based on an anatomical landmark and then to
propagate lines from the group of seed pixels based on
tensor orientations. In a second step, further ROIs can be
positioned in other anatomical landmarks, which should be
reached from the fibres. Thereby, fibres deviating from the
course of the particular tract are removed because it is
unlikely that those fibres once deviated from the CST will
rejoin the tract at another level. This sequenced ROI
selection strategy achieves a high accuracy by adding
further ROIs. However, the removal of the deviated tracts
results in a decrease in the number of reconstructed fibres.

Another approach is the two-ROI technique, which
generates single-step propagation results that penetrate at
least two ROIs, with one of the ROIs defining the seeding
pixels. Huang et al. [7] showed that the two-ROI approach
was more stable against noise compared to the one-ROI
method. Both methods require prior knowledge of anatom-
ical landmarks for the fibres to be tracked. The two-ROI
method, with seed and target ROIs, offers the opportunity
to choose and to switch between start and target areas.
Therefore, it is crucial to know (1) if the order of ROI
setting influences the tracking results and, (2) if so, what
order should be preferred. In case of CST tracking, the first
ROI might be located in the PCG as well as in the CP
because both areas are well defined by their anatomical
shape or by fMRI.

The presented study reveals that the sequence of ROI
positioning influences significantly the tracking results.
Compared to the fMRI-guided seed ROI placement in the
PCG, placing the seed ROI in the CP (upward FT) yielded
a higher number of negative results with zero or completely

Fibre bundles Overlap (n) Overlap (mm) Touch (n) Touch (mm) No touch (n)

Foot 13 2.76 (0–6) 8 8.38 (3.1–10.8) 2

Hand 17 2.31 (1.2–4) 7 5.46 (4–7.4) 2

Tongue 6 1.57 (1.1–4) 5 5.3 (3.8–8.5) 3

Table 2 Spatial relation between
the fibre bundles from both
tracking procedures for the motor
fibres of the foot, hand and tongue

Mean values are indicated with
ranges in parenthesis
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misdirected fibres, e.g. diverging from the anatomical range
of the CST in the frontal or occipital white matter. On the
other hand, the upward FT yielded a higher number of
fibres in each tracking bundle. This higher number of fibres
might be due to the tight course of corticofugal fibres
through the small CP resulting in high directionality of
diffusion. Compared with such fibre tightness, there is a
fanlike dispersing of fibres along the white matter of the
more elongated PCG. Furthermore, there is some evidence
that the quality of the fibre bundles is superior when the
upward FT is performed. In the absence of IC shift, the
fibre bundles of the upward FT showed a higher overlap
with the mirrored fibre bundles from the unaffected side. In
contrast, the overlap of both tracking procedures was
similar for the affected and the unaffected side, showing
that the pathology has no significant effect on the tracking
quality. However, the difference in tracking results remains
disputable. The seed ROI in the CP is less selective for the
CST when compared to the seed ROI in the PCG. The CP
contains other fibres of the CST, which have their origin in
the Brodman area 6, in the cortex of the post-central or in
other parietal gyri. These fibres are also included in the
volume of the seed ROI of CP and might not be completely
excluded by the end ROI. Additionally, the software
programme only provides rectangular VOIs which could
only be approximated to the shape of the CP. Thus, the CST
might not be captured in total, whereas other fibre systems
from the extrapyramidal system, the temporopontine or
frontopontine tracks, were most probably also included.
Hence, this procedure yielded results of lesser quality when
compared to the more selective seeding in the PCG. The
imperfect overlap of the fibre bundles from the two
different tracking procedures also implies that selectivity
differs between both seed ROIs. In accordance with our
results, Schonberg et al. [17] found that the fMRI-based
seed ROI selection enabled a more comprehensive mapping
of corticospinal fibres, as it reduces the effects of a
subjective seed ROI placement. The fact that the upward
FT procedure (starting from CP) did not have the benefit of
an fMRI-guided seed ROI selection (as downward FT did)
could also add to the above-mentioned lack of selectivity.

Apart from the tracking procedure, the FA values,
oedema and shifting of the CST might influence the
tracking results. Clinical data like localisation and sort of
the lesion or even the patient’s age may have an effect on
fibre tracking. Other authors reported that FA changes in
peritumoural white matter [11], mass effects or vasogenic
oedema affect fibre depiction in patients with space-
occupying lesions [21]. In our study, the FA values were
negatively correlated with patient’s age and clinical find-
ings (lesion malignancy, oedema, hemiparesis, IC shift) [14,
15]. However, our results failed to show a reliable
correlation between tracking results (fibre number, volume)

and FA values, oedema, IC shift, sort or location of the
lesion. One explanation for this finding is that extent of
mean FA along the tracts is more reproducible than the tract
volume, a result found both by us and others [4].

In addition, local magnetic field inhomogeneities yield
signal drops with consecutive changes in the colour-coded
directionality maps. Thus, blood in tumours or cavernomas
may also influence fibre tracking results. Yet, successful
fibre tracking close to a brainstem cavernoma has been
reported [2]. However, our results reveal that fibre tracking
in the vicinity of blood-containing lesions must be
interpreted with caution. In three out of four patients
without motor deficits, none or only one fibre could be
generated due to the presence of blood in the vicinity of the
tract resulting in severe distortions of the colour-coded
directionality.

Validation of the tracking results

The main limitation of this study is the lack of intra-
operative correlation and validation. Thus, it remains
uncertain which tracking results should be relied upon.
Intra-operative validation of the “true” fibre bundle with
intra-operative subcortical electrical stimulation is not
feasible for the entire fibre course and is not reliable due
to brain shifts during resection of the space-occupying
lesion. Therefore, the accuracy of tracking results of the
lesion-containing hemisphere was tested by comparison to
the unaffected hemisphere of the same patient. Shift and
anatomical variations were minimised by selecting patients
without shift of the part of CST passing the IC [1].
However, the overlap of the mirrored unaffected and the
affected side also depends on the volume of the fibre
bundles, which outlines the fibres. A larger volume results
in a larger overlap of the tracks.

ROI setting

The ROI settings in the presented study are similar to those
described by other authors [8, 10]. However, most authors
only used two ROIs [12]. The method used in our study
with ROI placements in three areas (PCG, CP and pons)
might explain the high number of unsuccessful tracking
results. Yet, this restrictive approach intended to guarantee
a higher standardisation of the two different procedures. For
the same reason, all other parameters of the tracking
algorithm remained unchanged. A threshold for the FA
value of 0.2 was used, as Jellison et al. [8] demonstrated
that the accuracy of the estimated major eigenvector
decreases with a decreasing FA. Additionally, the signal-
to-noise ratio decreases with an FA value of <0.2 [8].
Again, this may explain the high number of negative
tracking results, as the software programme ignores
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plausible tract trajectories with FA values or angles beyond
the fixed thresholds. There is some evidence that upward
FT is more influenced by lower FA values. Fibre bundles
from downward FT showed significantly lower FA values
when compared to FA values of fibre bundles from
downward FT. That should be of particular relevance for
the patients with shift in the IC because in these patients the
FA values were significantly lower than in the patients
without shift. Indeed, there is some evidence that at least
upward FT is more influenced by lower FA values as, in
case of shift, significantly less fibres could be reconstructed
than in the lack of shift. Thus, upward FT may be more
susceptible to lower FA values resulting in negative
tracking results.

Furthermore, other authors employed the IC as seed or
intermediate ROI to track the CST. On that line, Bürgel et
al. [1] could show highest inter-individual overlap of the
CST within the IC. However, Holodny et al. [5] found that
white matter tracts from the posterior limb of the IC extend
to many cortical structures in the frontal and parietal lobes,
not just to the pre-central gyrus. On the other hand, colour-
coded directionality maps of the upper pons delineate the
corticospinal and corticobulbar tracts as well-defined blue
areas, excluding fibres of the superior cerebellar peduncle
and supratentorial connexions.

fMRI-based ROI setting

The use of fMRI activation areas for the ROI setting has
intrinsic limitations. Since the BOLD signal is largely
limited to the grey matter, the ROI has to be enlarged to the
whole part of the gyrus including white matter in order to
include the fibres. Additionally, the size of activation
depends on multiple different factors like intra- and inter-
individual variability, scanner protocols, post-processing
and the threshold used by the operator. Thus, the size of the
ROI over- or under-estimates the real size of cortical
representation leading to a bias of the method. The “hand
knob” is a reliable anatomical landmark for the cortical
representation of the hand area [22], whereas this anatomical
information is lacking for the cortical foot and tongue
representation.

We performed two diffusion-weighted scans with 12
non-collinear gradient directions. Employment of more
gradient directions (more than 30) would improve the
quality of the diffusion tensor reconstruction and subse-
quently the quality of the fibre bundle detection.

Conclusion

In conclusion, this study demonstrates that the location of
the seed ROI from which the tracking algorithm starts has a
significant influence on the tracking results. The seed ROI

in the primary motor areas yields more successful tracking
results even when FA values are decreased, whereas the
seed ROI in the CP generates a higher number of fibres
which tend to be of higher quality. Also, CST shift and
susceptibility artefacts from blood products are important
factors influencing tracking results. Therefore, upward FT
of the CST should be preferred in patients with space-
occupying lesions, whereas downward FT should not be
performed before upward FT fails.
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Comments

Christopher Nimsky, Marburg, Germany
Diffusion tensor imaging (DTI) is increasingly applied in pre-

operative neurosurgical evaluation to delineate the course of major
white matter tracts, mostly the pyramidal tract. This information is
then used intraoperatively to localise the white matter tract of interest
to preserve neurological function.

Standard DTI is probably no longer the most elegant method to
reconstruct major white matter tracts because, besides of spatial
distortions of the raw data, which cause some inaccuracies, when these
data are used in a navigation/stereotactic setup, there are some distinct
challenges and inconsistencies when tracking algorithms are applied.
Areas of white matter tract crossings cannot be resolved reliably by
standard DTI; also, tracking that is initiated at different areas/volumes in
the three-dimensional diffusion data set does not result in the identical
anatomical structure. Ideally, a tracking algorithm strategy that starts in a
part of the pyramidal tract should be able to reconstruct the pyramidal
tract independent of the placement of the seed region.

The paper by Hattingen et al. highlights these problems by
analysing the effects of seed region placement when applying a
standard DTI tracking approach. It clearly demonstrates that distinct
strategies on how to perform a multi-step tracking process have to be
established. This is also of special importance, when the data are to be
used for comparisons in larger patient groups. Furthermore, it has to
be emphasised that a profound knowledge of how the original
diffusion data are measured, what kind of sequences are used, and
what kind of tracking algorithms are implemented and how they are
optimally used is necessary if tractography is used in a clinical setting.
Otherwise, tractography might not increase the safety for the
neurosurgeon but result in increased risks for the patients.

Michael Nelles, Horst Urbach, Bonn, Germany
The combination of pre-surgical MRI as one of the most common

examinations in clinical routine and diffusion tensor tractography
(DTT) imposes the task of registering EPI-based sequences to
“conventional” sequences for anatomic reference. The combination
of fMRI with DTT yields additional information concerning a starting
step for DTT in the primary motor area. Multi-step tracking can reduce
unwanted tract contributions when the general trajectory of the tract of
interest is known.

Size and location of the seeding ROIs affect, however, amongst
different other factors, tractography results with respect to which of
the displayed trajectories can be regarded as “true positive” or
“negative”. Systematic evaluations of these factors and their infer-
ences on fibre tracking results are still rare. The above-mentioned EPI-
related artefacts (as well as patient motion) may lead to further
erroneously “small” calculation of CST fibre bundles. An unguided
placement of ROIs is prone to errors which adds to the general inter-
observer variability of ROI-based DTT post-processing.

This study compares different approaches of fibre tracking of the
CST in patients with intra-cranial mass lesions in the vicinity of the
CST. A relatively thin-sectioned 1.6×1.6×1.6-mm isotropic sequence
with whole-brain coverage and 12 encoding directions is used. Rigid
registration fusion with high-resolution T1-weighted anatomical data
and fMRI is used to allow for a guided placement of tracking seeds.

A particular focus is laid on the positioning of these seeding ROIs,
as well as determination of the intra- and inter-rater variability of the
tracking protocol. Systematic comparison of CST tractographies
between affected and unaffected hemispheres contributes to the
detection of fibre reduction due to technical issues (and thus missing
fibre visualisation in a stereotactic setting). This paper hence provides
essential data to improve the accuracy of pre-surgical DTT in terms of
reproducibility and precision.
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