
Pre- and Intraoperative Tractographic Evaluation
of Corticospinal Tract Shift

BACKGROUND: Magnetic resonance with diffusion tensor image (DTI) may be able to
estimate trajectories compatible with subcortical tracts close to brain lesions. A limit of
DTI is brain shifting (movement of the brain after dural opening and tumor resection).

OBJECTIVE: To calculate the brain shift of trajectories compatible with the corticospinal
tract (CST) in patients undergoing glioma resection and predict the shift directions of
CST.

METHODS: DTI was acquired in 20 patients and carried out through 12 noncollinear
directions. Dedicated software ‘‘merged’’ all sequences acquired with tractographic
processing and the whole dataset was sent to the neuronavigation system. Preoperative,
after dural opening (in 11) and tumor resection (in all) DTI acquisitions were performed
to evaluate CST shifting. The extent of shifting was considered as the maximum distance
between the preoperative and intraoperative contours of the trajectories.

RESULTS: An outward shift of CST was observed in 8 patients and an inward shift in 10
patients during surgery. In the remaining 2 patients, no intraoperative displacement was
detected. Only peritumoral edema showed a statistically significant correlation with the
amount of shift. In those patients in which DTI was acquired after dural opening as well
(11 patients), an outward shifting of CST was evident in that phase.

CONCLUSION: The use of intraoperative DTI demonstrated brain shifting of the CST. DTI
evaluation of white matter tracts can be used during surgical procedures only if updated
with intraoperative acquisitions.
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T
he goal of neurosurgery in the manage-
ment of brain tumors is to obtain maxi-
mal resection with preservation of normal

tissue and functions.1,2 This is particularly im-
portant when dealing with ‘‘eloquent’’ brain
areas located in the cortex and with the sub-
cortical white matter tracts. It was recently
proposed that white matter tracts can be evalu-
ated with diffusion tensor image (DTI) tech-
nology, an magnetic resonance (MR) sequence
that estimates trajectories compatible with sub-
cortical tracts,3-8 also in patients affected by
brain lesions.9-11 Moreover, DTI images can be
integrated into a neuronavigation system,12,13

allowing the neurosurgeon to remove a brain
lesion while trying to preserve those tracts lo-
cated in its proximity.
The results of DTI fiber tracking are influ-

enced by the effects of the tumor on the adjacent
tissues by infiltration, displacement, or perile-
sional edema.14 Other limitations can include
the low signal-to-noise ratio, the inability to
identify the direction of the fibers, the software
used to reconstruct the fibers, which is not
standardized yet,15,16 and operator experience in
the process of fiber reconstruction. Another
limitation is caused by brain shift17,18 as the
movement of the brain during surgical in-
tervention, especially while opening the dura
mater and after tumor resection.
The direction of brain shift depends on many

factors: the side of the craniotomy, gravity, and the
pressure of the brain mass and of the edema.19-22
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Using intraoperative MR, it is possible to visualize brain shift,
allowing the neurosurgeon to upload newly acquired MR DTI
images to the neuronavigation system during surgical procedures,
defining new margins of resection. Our hypothesis is that corti-
cospinal tract trajectories, as assessed by DTI, may undergo sig-
nificant movements during surgical procedures, and that by
acquiring pre- and intraoperative DTI images, this shift could be
precisely detected. For these reasons the aims of our study were the
following: to calculate and define the brain shift of trajectories
compatible with the corticospinal tract in patients undergoing
glioma resection by using intraoperative MR at different steps in the
surgical procedure, and to predict direction of shift of the same tract
on the basis of several parameters (craniotomy size, volume of the
tumor and edema, and depth of the lesion from the surface of
the brain).

METHODS

Patient Population

The data were prospectively acquired from January to December
2009. DTI was acquired in 20 patients (5 female patients, 15 male
patients; age range, 35-78 years; mean age, 49.1 years). All patients
underwent surgical resection of cerebral tumors. Pathological examina-
tion revealed gliomas in all cases (World Health Organization grade II
glioma, 1 patient; grade III glioma, 4 patients; grade IV glioma, 15
patients). Clinical conditions pre- and postoperatively were evaluated by
a neurologist. The ethical committee of our hospital approved the study,
and a signed informed consent was signed by each patient.

Preoperative MRI Study Protocol

In our Department of Neuroradiology, the preoperative MRI study
protocol aims at characterizing the lesion and highlighting its relation-
ship with the surrounding structures.
All MRI examinations were performed on a 1.5-T magnet (Magnetom

Sonata, Siemens AG, Medical Solutions, Erlangen, Germany). T2-
weighted sequences (time to echo [TE]/time to repetition [TR] = 105/
2200 ms; matrix = 157 3 320; field of view [FoV] = 250 mm; slice
thickness = 5 mm), fluid-attenuated inversion recovery sequences (TE/
TR/inversion time = 125/10 000/2005 ms, matrix = 1443 256, FoV =
250 mm, slice thickness = 5 mm), and isotropic volumetric magneti-
zation-prepared rapid gradient echo T1-weighted sequences (TR/TE =
4.38/1780 ms; matrix = 2563 256; FoV = 250 mm; slice thickness = 1
mm) were acquired before and after intravenous administration of
paramagnetic contrast medium and 6 motion-probing gradient direc-
tions. The DTI study was carried out through 12 noncollinear directions
(b value = 0 and 1000 s/mm2) with echo-planar sequences (TE/TR = 92/
9400 ms, matrix = 128 3 128, FoV = 230 mm, slice thickness = 1.9
mm, bandwidth = 1502 Hz/pixel, slices = 60, no gap, acquisition time =
6.18 min, 3 NEX [number of excitations]).
The tractography processing was carried out by planning software

iPlan 2.6 (BrainLAB AG, Feldkichen, Germany). The corticospinal tract
was chosen in our study because of its deep location, reduced sensitivity
to artifacts derived from opening the skull, and fixation pins. Color
maps were utilized to define an appropriate region of interest (ROI)
for the following tractographic procedure. The fiber-tracking

technique contemplates the 3D reconstruction of white matter trajec-
tories of corticospinal tract (CST) by using a fractional anisotropy
threshold of 0.17 and a processing angle above 55�. The posterior arm of
the internal capsule and precentral gyrus identified by functional MRI
for the pyramidal tract were chosen as the site of the positioning of the
ROIs (always using the same size of ROI: 50 pixels). Tracking was
initiated in both the retrograde and orthograde directions according to
the direction of the principal eigenvector in each voxel of the region of
interest. The trajectories reconstructed were transformed into tri-
dimensional objects. Compared with the previously reconstructed tra-
jectories, the outer margins of these objects were automatically enlarged
by the software by 2 mm in every direction (Figure 1). Dilating the 3D
reconstructed trajectories allowed registration errors to be minimized
(usually below 3 mm) and a safer margin for surgery to be introduced.
Tractographic processing was performed by the same operator.
The trajectories were considered suitable for the surgical planning if

there were no interruptions on any of the layers at the level of the lesion.
All tractography results were saved in a file that included x/y/z co-

ordinates for each tract. These data were imported (together with b =
0 diffusion images) into the navigation software (iPlan 2.6, BrainLAB
AG, Feldkichen, Germany). After rigid registration of b = 0 images with
a volumetric anatomical dataset and after ensuring data consistency
(discrepancies#3 mm) in the tumor area, trajectory reconstructions can
be visualized within anatomical images. The margins of the fiber are then
segmented to permit their definition as ‘‘objects’’ within the neuro-
navigation system and their visualization during surgery. This processing
is usually performed the day before the procedure and takes approxi-
mately half an hour.

Preoperative MRI Evaluation in the Brain Suite

To facilitate MRI data registration in the neuronavigation system,
a multichannel head coil—incorporating stereotactic ‘‘markers’’ (sup-
plied by BrainLAB) that are ‘‘read’’ by the neuronavigation infrared
camera—was used. The automatic image registration software ‘‘merged’’
the acquired images with tractographic processing and the whole dataset
was sent to the neuronavigation system.
In the Brain Suite (equipped with the same MR unit as was used for

standard preoperative imaging), volumetric, isotropic T1-weighted im-
ages were acquired, with the same characteristics to those previously
obtained except without the administration of paramagnetic contrast
medium. These sequences represent the ‘‘baseline’’ for the subsequent
merging with preoperative images and are aimed at the identification of
the markers.
The total acquisition time of presurgery images for operating theater

planning is therefore very limited, approximately less than 10 minutes.
Tractographic reassessment required during the neurosurgical procedure
(for a reevaluation of the tumoral margins with respect to specific my-
elinated fibers) was repeated (with the same sequence parameters and
identical MRI equipment by the same operator that performed the
presurgical planning) and resent to the neuronavigation system to update
the anatomical parameters. In 11 of 20 patients, DTI data were also
acquired after dural opening and before tumor removal. These data were
used to update the neuronavigation system and used for continued
surgery and further resection of the tumor.

Brain Shift Evaluation

Pre-, intraoperative, and if acquired after dura mater opening DTI were
registered with automatic image fusion software (iPlan 2.6, BrainLAB AG,
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Feldkichen, Germany), which is used to perform semiautomatic rigid
registration. After registration, the images could be displayed side by side or
in an overlay mode. The extent of shifting was considered as the maximum
distance between the preoperative and intraoperative contours of the
trajectories of CST on identical/registered axial slices where the shift was
considered to be maximum. Positive or negative values were assigned
according to the direction of the shift, with reference to the craniotomy
opening. A positive value was assigned if movement was outward (toward
the surface), and negative value was assigned if movement was inward.
Shifting of the CST was always considered in relationship to preoperative
data. Although DTI was acquired in all patients after tumor resection, it
was evaluated after dural opening and before tumor resection only in 11
patients. Because DTI acquisition increases surgical time, we decided to
collect these data only in those patients in which dural opening determined
a visible change of brain position. This was decided by the neurosurgeon
and neuroradiologist.

Peritumoral edema and tumor volume were measured using the same
software as for planning. The software has a tool that calculates the
volume by using a threshold of signal intensity. The craniotomy size and
the distance of the tumor from the cortical surface were calculated using
the same software as well. Linear regressions, receiver operating char-
acteristic curve, and independent sample t test among tumoral param-
eters and CST shift were obtained.

RESULTS

Preoperative and intraoperative DTI-based fiber tracking were
technically feasible in all patients. The integration of tractographic
data into the volumetric dataset for neuronavigation was technically
possible in all cases. In the areas of interest (areas of anatomical
relationship between the trajectory and the tumor), there was

FIGURE 1. Outward brain shifting. Patient 15: Left temporobasal lobe glioblastoma multiforme (A). In B and C, the indirect mass effect of tumor due to the peritumoral
edema (red dotted) on the corticospinal tract (orange) dislocated medially is evident. After tumor resection, an outward shifting (arrows) of corticospinal tract (yellow) is noted
(D–F). There is no greater collapse of the surgical cavity due to the presence of residual share of peritumoral edema (E, red dotted).

ROMANO ET AL

698 | VOLUME 69 | NUMBER 3 | SEPTEMBER 2011 www.neurosurgery-online.com

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

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



correspondence between b = 0 and 3D images, with a deviation
that never exceeded 3 mm. This deviation had a tendency to
increase in more cranial and caudal cerebral portions that, however,
did not interfere with the aim of our study. Table 1 summarizes the
general data of the patients, volume, location of the tumor, volume
of peritumoral edema, and craniotomy size.

An outward shift was observed during surgery in 8 patients
(40%) (Figure 1), and an inward shift was observed during surgery
in 10 patients (50%) (Figure 2). In the remaining 2 patients
(10%), no intraoperative displacement was detected (Table 2).

The maximum intraoperative shifting of the CST ranged from
an inward of 9.7 mm (5.2 6 2.5 mm; mean 6 standard de-
viation) to an outward of 11 mm (5.5 6 2.4 mm; mean 6

standard deviation).
Only peritumoral edema showed a statistically significant

correlation in the amount of shift (P = .001; Spearman corre-
lation), with an R value of 0.691 (Figure 3), indicating a more
pronounced outward shift in those patients with larger edema.

In a comparison of patients showing inward and outward
shifting, statistically significant differences were evident. Peritu-
moral edema was more pronounced in patients with outward
shifting (P , .001), as well as the craniotomy size (P = .038)
(Table 3). No statistically significant differences were evident
when comparing the tumor sizes between 2 groups.

A shift of 2.5 mm was obtained with a sensitivity of 100% and
a specificity of 80% in the presence of a median value of peri-
tumoral edema of 42 mL and a sensitivity of 100% and

a specificity of 66% in the presence of a median craniotomy size
of 57 mm (Figure 4).
In 11 patients (Table 2) DTI also was acquired after dura

mater opening (shift range from27 to +8 mm) (Figure 5). In the
greater part of the group, an outward shifting was evident
(7 patients). A direct correlation was evident between craniotomy
size and shifting after dura mater opening (P = .05, R = 0.69)
(Table 4). Eighteen of 20 patients were affected by motor deficits
in the preoperative phase.
No patients showed new symptoms in the postoperative phase;

15 of 20 patients demonstrated a clinical improvement.

DISCUSSION

Diffusion tensor imaging is an MR technique introduced
several years ago, but its clinical use in neurosurgery is still
limited. The main problems are related to the experience
needed for reconstructing trajectories of white matter tracts
(introducing an operator-dependent bias) and to continuous
software evolution with use of different probabilistic or
deterministic algorithms. In addition, technical difficulties arise
from cerebral tumor modification induced on the adjacent
white matter tracts (mass effect and fractional anisotropy
modification due to peritumoral edema) and from the intra-
operative evaluation of white matter tracts. In particular,
although color-coded fractional anisotropy is usually a tech-
nique to visualize fiber tracts, the color of each tract can be

TABLE 1. General Data

Patient Sex

Tumor, WHO

Grade Location Tumor Volume, mL

Peritumoral

Edema Volume, mL

Craniotomy

Size, mm

Tumor

Depth, mm

1 M IV Right temporobasal lobe 10 49 57 16

2 F IV Right temporobasal lobe 79 52 56 0

3 F IV Left temporobasal lobe 11 65 54 0

4 M IV Left temporobasal lobe 95 26 86 0

5 M IV Right temporal lobe 19 7 42 10

6 M IV Right temporobasal lobe 40 80 70 25

7 M IV Right temporoparietal lobe 70 78 64 0

8 M IV Left temporobasal lobe 18 121 32 0

9 M IV Left temporobasal lobe 15 40 53 0

10 F IV Right occipitoparietal lobe 27 91 60 6

11 M III Left frontal lobe 81 26 42 0

12 M IV Left temporobasal lobe 20 109 93 23

13 F IV Left frontotemporal lobe 113 143 82 0

14 M II Right frontal lobe 27 19 49 0

15 M IV Left temporobasal lobe 16 44 59 16

16 M III Right temporobasal lobe 149 0 58 17

17 M III Left temporobasal lobe 17 0 52 30

18 M III Right basal ganglia 12 0 51 24

19 F IV Right temporobasal lobe 21 38 68 24

20 M IV Left temporoinsular lobe 4 0 66 0
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abnormal in the intraoperative color code fractional anisotropy,
and may appear disorientated because the patient’s head
is usually fixed facing to the right or left, depending on the
position of the lesion.23 Artifacts deriving from the opening of
the skull and fixation pins may also cause image distortions on
echoplanar images.23,24 Despite this, Nimsky et al24 reported
that no major image distortion occurred in areas of interest near
the resection of the tumor border; in confirmation of this
assessment, DTI-based fiber tracking was technically feasible in
all our patients.

It was recently assessed that MR tractography may impact surgical
planning, leading to changes in the surgical approach and in the
limits of resection.25 However, it is also known that during surgical
removal of a brain tumor, modifications of white matter tract
positioning may occur. Shifting of deep structures, the so-called
subsurface shifting, seems to be much more relevant26,27 than the
shifting of cortical structures, which is clearly visible during surgery.

The knowledge of the course of major white matter tracts
located close to a tumor during the surgical procedure can be
useful to avoid postoperative neurologic deficits.19

To verify and understand this phenomenon we studied
a prospective group of patients affected by cerebral gliomas
undergoing surgery in an operating theater supplied with an
intraoperative MR scan at 1.5 T. This allowed intraoperative
MRI updates used for navigation, which also included DTI
images to evaluate white matter tract deformations. In our
study, DTI was acquired preoperatively and intraoperatively
with a high-field MR unit, and a rigid registration of data was
used because we did not need to compensate for brain de-
formation. For this reason, our data differ from those reported
by others28 using a nonrigid alignment of preoperative DTI
MRI acquired with high-field unit (3T) and intraoperative data
acquired with low-field magnet (0.5 T).
In this study, we documented that shift involving the CST

can be observed in 90% of cases during surgery. This per-
centage is similar to those reported in other studies.23,24,29 In
their study, Hastreiter et al18 highlight several causes of brain
shift, ranging from the characteristics of tissue to the de-
formation of tissue following gravity. The direction of shifting
can be different. Nimsky et al24 described an outward shifting

FIGURE 2. Inward brain shifting. Patient 5: Right temporal lobe glioblastoma multiforme. No significant share of peritumoral
edema or lesion mass effect on corticospinal tract (orange) is evident (A). After tumor resection, a significant inward shifting
(arrows) of corticospinal tract (yellow) is noted (B–E). C and E are aligned in the direction of gravity. The overhanging surface
collapses into the cavity and the midline is deformed toward the contralateral side. The new position of the corticospinal tract is
located close to the surgical cavity (B and C).
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in 59% and an inward shifting in 30% of cases evaluated; shift
ranged from28 to +15 mm. Dorward et al29 indicated outward
shifting in 72% of cases. In a study of Ozawa et al,23 the
magnitude of the CST displacement due to the tumor resection
varied from 28 to +8.7mm (59% outward, 41% inward). In
our study, shifting ranged from 29.7 to +11mm (40% out-
ward, 50% inward), and 2 patients did not show CST dis-
placement (10%).

In our experience, parameters predicting that CSTs shift in-
dependent of direction were the amount of peritumoral edema
and the craniotomy size.
A shift of 2.5 mm was obtained with a sensitivity of 100% and

a specificity of 80% for a median value of peritumoral edema of
42 mL and a sensitivity of 100% and a specificity of 66% for
a median value of craniotomy size of 57 mm.
As mentioned, shifting is not necessarily unidirectional. The

subsurface motion during tumor resection is driven not by ex-
ternal pressure, but by the relief of weight and intraparenchimal
pressure.19,27,30 The direction of white matter tract shifting,
whether in the outward or inward direction in respect to the
craniotomy opening, seems to be unpredictable.23,26 For larger
lesions, the shifts do not reach a steady state during surgery, but

TABLE 2. Corticospinal Tract Shifting Values Obtained After Tumor

Resection (Intraoperative Shift) and After Dura Mater Openingab

Patient Intraoperative CST Shift

After Dura Mater

Opening CST Shift

1 4 4

2 22.6 0

3 0 0

4 24.2 4.3

5 29.7 \

6 6.5 3.5

7 5 2.8

8 0 \

9 25 4.7

10 11 4

11 23 27.3

12 4 7.5

13 3 \

14 25.4 0

15 5 \

16 29.1 \

17 25 \

18 22.3 \

19 4 \

20 25.8 \

aCST, corticospinal tract; DTI, diffusion tensor image.
bIn all cases, the preoperative DTI was considered as a reference. A positive value

was assigned if movement was outward from the surface, and negative value was

assigned if movement was inward.

FIGURE 3. Linear regression between peritumoral edema and corticospinal
tract shifting. Shifting values correlate significantly with peritumoral edema; the
linear regression is depicted as a straight solid line with upper and lower 95%
confidence boundaries.

TABLE 3. Summarized Data of Different Parameters Analyzed Among Patients Showing Inward, Outward, and No Shifting After Tumor

Resection

After Tumor Resection

Tumor

Volume, mL

Peritumoral

Edema, mL

Craniotomy

Size, mm

Tumor

Depth, mm

10 patients with inward shifting Mean 49.8 17a 55.5a 8.1

Standard deviation 48.295 18.785 12.878 11.59

8 patients with outward shifting Mean 39.63 64.88a 69.13a 13.75

Standard deviation 35.12 28.482 12.518 10.457

2 patients without shifting Mean 14.5 93 43 0

Standard deviation 4.95 39.598 15.556 0

aStatistically significant differences comparing patients showing inward and outward shifting.
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dominate initially as surface deformations and subsequently as
subsurface deformations.19

In our study, an outward shifting of the CST was mostly
related to the presence of a large amount of edema and to a large
craniotomy size, but in patients showing inward shifting, tumor
size plays the most important role, although it is not of statistical
significance. This second possibility might be related to gravity
and intraoperative positioning of the head of the patient.

Our observations are not in agreement with those proposed
by Nimsky et al26 These authors assessed that the size of the

craniotomies did not correlate with the extent of brain shift.
They suggested that opening the ventricular system, as well as
patient positioning (direction of gravity), had the greatest affect
on brain shift. In our group of patients, no patient underwent
opening of the ventricular system during the surgical proce-
dures. As opposed to other studies,23,24,29 an inward shifting
was observed in our patients more frequently than an outward
one (50% vs 40%). This phenomenon might be related to the
anatomical position of most of our tumors. Nabavi et al19 re-
ported that, in temporal lobe tumors, the temporal lobe shifts,
during surgery, toward the midline and limits other motion. In
65% of our patients a temporal component of the tumor was
observed and thus, as reported by Nabavi et al, an inward
shifting could be expected.
As suggested by Nabavi et al,19 brain shift tracking may require

even more frequent or, if possible, continuous imaging. Only
serial imaging with high spatial resolution allows the elucidation
of deformation patterns and reveals brain compartments with
differing reactions to surgical manipulations.
As we expect, and as described previously, most patients who

underwent DTI acquisition after dura mater opening also
showed cortical spinal tract outward shifting. This event sug-
gests that, after dural opening, a dynamic group of events may
begin that leads to modification of the anatomical organization
of surface and subsurface structures, involving white matter
tracts and tumor position. In these patients, we noted an
outward shifting that ranged from 2.8 to 8 mm, leading to
a potential loss of validity of preoperative planning. Despite the
low number of cases evaluated and the bias related to the fact
that we chose only a subset of patients with visible shift, we
confirm this phenomenon as reported by other authors19; the
dural opening causes cortical bulging and propagates this effect
to subsurface structures, especially in the presence of edemig-
enous tumors. The role of DTI in neurosurgical procedures of
tumor resection has been widely discussed in the literature,25

and its ability to influence surgery has been demonstrated. In
the present study we were interested in CST shifting during

FIGURE 4. Receiver operating characteristic curve. Predictive shift of 2.5 mm
in presence of median value of peritumoral edema of 42 mL.

TABLE 4. Summarized Data of Different Parameters Analyzed Among Patients Showing Shifting After Dural Opening or Not

After Dural Opening

Tumor

Volume, mL

Peritumoral

Edema, mL

Craniotomy

Size, mm

Tumor

Depth, mm

7 patients with outward shifting Mean 39.57 67.57 69 10a

Standard deviation 29.029 35 20.921 10.615

1 patients with inward shifting Mean 81 26 42 0

Standard deviation \ \ \ \

3 patients without shifting Mean 39 45.33 53 0a

Standard deviation 35.553 23.714 3.306 0

aStatistically significant differences comparing patients showing outward shifting vs patients without shifting.
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surgery and we did not consider the role of DTI for surgical
proposes, which is the real goal of DTI acquisition.

Some limits emerged from our study. First, we did not have the
possibility of achieving a deep intraoperative neurophysiological
acquisition to confirm the real position of the CST and its
functional preservation. The evaluation of the patients’ clinical
condition and improvement of preoperative symptoms were
interpreted as functional preservation of the CST. In the last
period we began a new intraoperative experience with

neurophysiological procedure, obtaining in a few patient groups
successful results of concordance between the postoperative po-
sition of CST and registered motor-evocated potentials.
Second, the CST was chosen in our study because of its deep

location, less sensitive to artifacts derived from opening of the skull
and fixation pins. We retain that analysis of other white matter
tracts, as optic radiation or arcuate fasciculus, located closer to
cortical surface, may lead to a more difficult evaluation of real
anatomic modification of these tracts during different surgical steps.

FIGURE 5. Shifting after dural opening. Patient 6: Right temporobasal lobe glioblastoma multiforme (represented in yellow).
Axial images are aligned in the direction of gravity. Direct mass effect of tumor dislocated corticospinal tract medially and
anteriorly (orange) (A). After dural opening, the surface bulging is evident (B, red line) with respect to the primitive position of
cortical surface (red dotted); the new position of the corticospinal tract (green) and tumor (red) are shown. An outward shifting
(arrows) is documented, laterally and posteriorly concerning to the corticospinal tract and the laterally and inferiorly about the
tumor (B–E).
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Third, a strong bias has to be considered in the subgroup of
patients, which were scanned right after dura opening. Because of
the increase in surgical time related to DTI acquisition, only
a subset of patients with visible shift was rescanned after dura
opening. In these patients our target was not the definition of
a shift per se, but to quantify its amount.

CONCLUSION

The use of intraoperative DTI evaluation to update a navi-
gation system demonstrated brain shift of the CST. This
happened not only after tumor resection, but also after dura
mater opening. The amount of peritumoral edema correlated
with CST shifting when an outward movement of this tract was
observed. The dura mater opening per se can also cause sig-
nificant shift (mostly outward), especially in deeply located
neoplasms. DTI evaluation of white matter tracts can be used
during surgical procedure only if updated with intraoperative
acquisitions.
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COMMENT

T he paper by Romano et al highlights the necessity to compensate
for brain shift. As demonstrated before, there is a distinct in-

dividually unpredictable shifting of the pyramidal tract during the
course of surgery. In case navigation is not only used for craniotomy
placement but to guide the extent of a resection and to preserve elo-
quent brain structures like the pyramidal tract, then some strategy for
compensation is mandatory. Mathematical models alone can not solve
this challenge alone; at least some kind of intraoperative sparse data
have to be obtained to allow a deformation of high-quality preoperative
data for brain shift compensation. These sparse data may be obtained
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by some intraoperative imaging method like contour scanning, or
standard imaging approaches like CT, ultrasound, or MRI. Intra-
operative high-field MRI not only provides these sparse data on the
brain deformation, but also allows to perform intraoperative diffusion
tensor imaging, so that brain shift can be compensated for directly. In

complicated cases additional intraoperative electrophysiological eval-
uations might add further safety.

Christopher Nimsky
Marburg, Germany

William Farr, a nineteenth century British epidemiologist, regarded as one of the founders of medical statistics. He was
responsible for the collection of official medical statistics in England and Wales. His most important contribution was
to set up a system for routinely recording the causes of death. Consequently, for the first time it allowed the mortality
rates of different occupations to be compared.
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