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Abstract

Background Functional magnetic resonance imaging
(fMRI) is a widely used method for research and visualiza-
tion of the brain function. However, its clinical use is still
limited. Our objective was to study fMRI reliability in
localizing the primary hand motor cortex (M1) under
pathological conditions caused by the proximity of a brain
tumour. The results were then compared with standard
technique of cortical function mapping—electric cortical
stimulation (ECS).

Method We compared M1 areas localized with the fMRI
and ECS in 18 patients with brain tumours in fronto-parietal
regions. The 1.5 T blood oxygenation-level dependent
(BOLD) fMRI was performed preoperatively using a motor
task involving rhythmic touching of the thumb consecu-
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tively with other fingers on the same hand contralateral to
the affected hemisphere. Each individual fMRI result was
displayed at the P < 0.05 significance level corrected for
family wise error (more conservative approach) or at the
P < 0.001 level uncorrected (less conservative approach)
and projected on the T1-weighted image used for neuro-
navigation.

Findings In 12 patients (66.6%) we found full agreement
between the fMRI and ECS. In 3 patients (16.6%) the
overlap was only partial, with one ECS testing position on
motor response found outside the BOLD signal cluster. In
another 3 cases (16.6%) there was a discrepancy between
the two methods. The fMRI sensitivity for localizing the
ECS reactive M1 cortex was 71%. The fMRI/ECS
consistency was within a 5-mm range in 77% of the testing
positions used for ECS which complies with the inherent
accuracy of the navigation system.

Conclusions Because the overlap between the two methods
never exceeded 10-mm, we found that the fMRI method
correctly guided the ECS to the M1 cortex in 83% of
patients. Infiltrative growth of the tumour and collateral
oedema were the reasons for the BOLD signal suppression
in three patients. Our results support using ECS as a more
reliable tool for M1 cortical mapping than fMRI.

Keywords Electric cortical stimulation -

Functional magnetic resonance imaging - Neuronavigation -
Primary motor cortex - fMRI - ECS - Brain tumour - Surgery -
Navigation

Background

Functional magnetic resonance imaging (fMRI) is a non-
invasive method used to map various cortical functions. A
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number of techniques are available, the most widely used
one utilizes the BOLD (Blood Oxygenation-Level Depen-
dent) effect, which is based on the detection of subtle local
changes in the levels of oxy-and deoxy-hemoglobin caused
by raised regional neuronal activity [4]. Although the exact
mechanism of BOLD effect is not yet fully understood [27]
and technical limitations still cause some artifacts [3], fMRI
has become a valuable research tool for functional brain
imaging of perception, motion control and cognitive
processing.

The clinical uses of fMRI, however, are still rather
limited. Planning and surgical navigation with fMRI are not
widely accepted. The first authors, mostly neuroradiolo-
gists, reported the accuracy of fMRI imaging as being
excellent when it was used as a landmark for intraoperative
identification of the sensorimotor cortex [21, 28, 30] later
more discriminating works came from the neurosurgical
community using intraoperative navigation methods to
validate fMRI [1, 6, 20, 23, 24].

Our objective was to study the accuracy of fMRI in the
localization of the primary hand motor cortex under
pathological conditions caused by proximity to a brain
tumour. The fMRI results were then compared with the
standard technique of cortical function mapping—electric
cortical stimulation (ECS). The primary goal of our study
was to compare the spatial resolution of both methods in
locating the same function, and to learn more about fMRI
limitations in surgical navigation. In addition, we were
interested in clinical consequences of fMRI—navigated
surgery manifested by neurological changes in our patients.

Materials and methods

During 2004-2007, we compared the results of fMRI and
ECS of the primary hand motor area in 18 patients (12
males, 6 females, age 13—67 years) treated surgically at our
department. All patients were enrolled prospectively after
collective assessment of conventional T1-and T2-weighted
magnetic resonance imaging (MRI) by a neuroanatomist, a
neuroradiologist and a neurosurgeon. Each patient had a
brain tumour localized within or in close proximity to the
precentral gyrus. An informed consent concerning preoper-
ative fMRI and intraoperative use of ECS was obtained
from all patients, and the design of the study was approved
by the local ethics committee.

Four patients had an isolated palsy of the hand, another
four a hemiparesis and in three patients the weakness was
accompanied by focal epileptic seizures. Six patients
suffered solely from focal epileptic seizures and one from
periodic headaches (Table 1). Using MRI volumetric
analysis, three patients’ tumours were considered relatively
small (not exceeding 10 cm’), twelve patients had medium-
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sized tumour (10-30 cm?), and in three patients the tumour
volume exceeded 30 cm®. On T2-weighted images, the so
called (2-sign, corresponding to pli de passage moyen
(PPM) as part of the middle bend of the precentral gyrus,
and bulging into the central sulcus, was discernible in 6
patients while in the others it was blurred by oedema and/or
infiltrative growth of the tumour.

fMRI was performed on a 1.5T Siemens Symphony
scanner (Erlangen, Germany). The blood oxygenation-level
dependent (BOLD) signal was detected using a gradient
echo—planar T2*—weighted sequence with the following
parameters: TR=6000 ms; TA=3244 TE=54 ms; FA=90°.
During each fMRI session, lasting 6 min and 42 s, 64
dynamic scans were obtained consisting of 28 axial slices
4-mm thick. For morphological imaging, T1-weighted (TR=
2140 ms; TE=3.93 ms; FA=15° TI=1100 ms, 160 axial
1.6-mm thick slices) and T2-weighted (TR=4930 ms; TE=
86 ms; FA=150°, 28 axial 4-mm thick slices) sequences
were added.

fMRI data preprocessing and statistical analysis were
completed with SPM99 software (Wellcome Department of
Cognitive Neurology, London, UK). The preprocessing
involved realignment of images distorted by motion
artifacts, and isotropic smoothing with a 10-mm Gaussian
FWHM (full-width at half-maximum) filter. The primary
sensorimotor cortex (SM1) was activated by voluntary
rhythmic movements consisting of alternating touching
between the tip of the thumb consecutively with the other
fingers performed during the active phase of the task. Seven
patients who were not able to execute this task due to a too
severe weakness performed only repetitive opening and
clenching of the hand. The data were analyzed using the
general linear model in a block design with 4 alternating
periods of active and resting phases, each covered by
8 dynamic scans. The results of individual analyses were
thresholded at the P < 0.05 level of significance corrected
for family wise error (FWE). For less conservative
assessment, the uncorrected threshold of P < 0.001 was
used. Clusters with a significant BOLD signal increase
were subsequently merged to each patient’s T1-weighted
image, which was then re-exported back to the DICOM
format. This enabled registration of the fMRI results in the
frameless stereonavigation system Treon (Medtronic, Min-
neapolis, MN) allowing visualization of the brain together
with activated clusters in three orthogonal planes.

For electric cortical stimulation (ECS), an Ojemann
bipolar stimulator (Radionics, Burlington, USA) with an
electrode distance of 5-mm was used. The frequency of the
stimulation current was 60 Hz with 0.2 ms pulse duration.
The current was gradually elevated from 2 mA until a
motor response was elicited or the maximum current of
8 mA was reached. This motor response to ECS was
evaluated visually when involuntary contractions of the
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Table 1 Patients and surgical results

No Age/gender Histology Neurological status Resection Neurological status
Before surgery 3 month after surgery
(paresis—BMRC grade) (paresis—BMRC epilepsy—FEngel grade)
1. 36/female AnaplA hemiparesis 3/5 subtotal unchanged 3/5
2. 13/female Oligo 11 epileptic seizure gross total improved E I (on drugs)
3. 47/male Meta hand paresis 3/5 gross total improved 4/5
4. 62/male GBM hemiparesis 4/5 gross total unchanged 4/5
5. 38/male Meta epilepsy-hand paresis 3/5 gross total improved 3/5 EIV to EIII
6. 67/male Meta hand paresis 3/5 gross total improved 4/5
7. 67/female Meta epileptic seizure gross total improved El
8. 50/female Meta hand paresis 4/5 gross total improved 5/5
9. 50/male Mening cephalgia gross total improved
10. 60/male Meta C hemiparesis 3/5 subtotal improved 4/5
11. 50/male GBM epilepsy-hemiparesis 3/5 subtotal improved 4/5
12. 51/male Meta hand paresis 4/5 gross total improved 5/5
13. 20/male AnaplA epilepsy-hemiparesis 4/5 subtotal worsened hand 1/5
14. 32/male Oligo 11 epileptic seizure gross total improved E II (on drugs)
15. 52/male GBM hemiparesis 4/5 gross total unchanged 4/5
16. 29/male Oligo 11 epileptic seizure near total improved E I (on drugs)
17. 39/female Fib 11 epileptic seizure gross total improved E I (w/o drugs)
18. 45/female Fib Il + G epileptic seizure near total unchanged E II (on drugs)

BMRC Medical Research Council of Great Britain strength grading system 5 normal power, 4 active movement against gravity and resistance,
3 active movement against gravity, 2 active movement only with gravity eliminated, 1 trace contraction, 0 no contraction, £ Engel grade I, patients
are seizure free or had only nondisabling simple partial seizures; grade Il, rare seizures (>85% reduction); grade III, >50% reduction in seizure
frequency; and grade IV, no meaningful reduction in seizure frequency, Fib I[—fibrilary astrocytoma WHO 11, Fib II + G—fibrilary astrocytoma
WHO II with gemistocytic component, Oligo II—oligodendroglioma WHO 11, Anapl4A—anaplastic astrocytoma, GBM—glioblastoma multiforme,

Meta (C)—metastasis (cystic), Mening—meningeoma

hand muscles occurred. The areas with positive motor
response to ECS were never resected. Five patients had
cortical stimulation performed during the awake phase of
surgery, while the other patients had it performed under
general anaesthesia after withdrawal of muscle relaxants.
Total intravenous anaesthesia using propofol with ramifen-
tanil was used in all patients.

After the images were co-registered in the neuronagiva-
tion system using ‘point merge’ and ‘surface merge’, the
results of fMRI and ECS were compared for each patient
separately. Sites with ECS-related motor responses were
highlighted with sterile markers and registered by the
neuronavigation system just before starting the tumour
resection (Fig. 1). The distance between the marker
representing the hand M1 cortex and the nearest border of
the BOLD signal cluster as part of the SM1 cortex was
measured using a sterile surgical ruler. The volumes of the
tumour and BOLD signal clusters were then calculated
using the Treon device software after manual delineation of
the borders in each axial plane.

MRI was repeated postoperatively in each patient. For
metastases or high grade gliomas, the radicality of surgery

was assessed using native and post-contrast T1-weighted
MRI performed within 72 h after the surgery. For low grade
gliomas grade II, the T2-weighted MRI was obtained one
month after the surgery. The extent of tumour removal was
classified as gross-total resection, near-total resection
(>90%), or subtotal (<90%) resection according to MRI
volumetric analysis. Preoperative and postoperative neuro-
logical states were compared by the neurosurgeon before
and three months after the surgery, using the British
Medical Research Council (BMRC) grading scale, modi-
fied Rankin scale and Engel grading system.

Results

Clinical results

Only one patient had neurological morbidity in the patient’s
group (Table 1). This was due to hemorrhage into the
tumour-infiltrated precentral gyrus after partial resection of

an anaplastic astrocytoma resulting in severe upper extrem-
ity paresis. After two months, however, this patient
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Fig. 1 Excellent concordance between fMRI and ECS results in
localizing primary hand motor cortex in patient (No.14) with
oligodendroglioma (grade II). A, B, C—coronal, sagital, axial projec-
tion of the primary hand motor cortex according to ECS covered by
BOLD activation as displayed during intraoperative neuronavigation

significantly improved from level 4 to 2 on the modified
Rankin scale.

When present, palsies due to metastases (N = 6) improved
in all cases, while palsies caused by high-grade gliomas
(N = 5) showed temporary improvement only in one case.
Low-grade gliomas constituted a specific subgroup (N = 6),
in which temporary worsening occurred more frequently after
gross-total resection. In this subgroup we observed hand
weakness lasting one to three weeks in 3 patients, probably
due to a lesion in the supplementary motor area (SMA) or
parietal association areas. In the end, muscle strength became
normal in all these patients. Moreover, in four low-grade
glioma patients, the frequency of epileptic seizures decreased.

fMRI results

A significant BOLD signal increase in the primary motor
cortex of the hemisphere ipsilateral to the tumour was
observed in 17 patients. In one patient (No.1) it appeared on
the contralateral side only, i.e. in the unaffected hemisphere.
In 3 patients the fMRI results were adversely affected by
motion artifacts.
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D—intraoperative photograph; asterix = expected primary hand motor
cortex according to fMRI; label A1l = area of motor response to ECS;
TU and blue line = border between tumour and primary motor cortex
I—BOLD activated areas (P < 0.05 FWE corrected) elicited by left
hand tapping task II—postoperative T2-weighted MRI

In 8 patients we exported the fMRI results into the
neuronavigation system at the P < 0.05 significance level
corrected for FWE. The average volume of BOLD
activation representing the SM1 cortex was 9 em’ (vari-
ance: 6-11 cm?) in these patients.

In 10 patients there was no or minimal BOLD signal
increase using the corrected threshold. Consequently, the
threshold was changed to P<0.001 level of significance
uncorrected. Using this less conservative approach, the
average SM1 cluster volume increased to 10 cm® (2—
22 cm’) in these patients (Table 2).

As preoperatively measured using the neuronavigation
system, the distance between the BOLD signal cluster of
the ipsilateral SM1 cortex and the tumour ranged from 0 to
25 mm.

ECS results

The hand M1 cortex was localized in all of the patients
using ECS. As an adverse event, focal epileptic seizures
were provoked in six (33%) patients; however, this did not
result in any long-term complications, as all seizures
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Table 2 fMRI and ECS results

No. Histology €2 sign on MRI ~ fMRI ECS fMRI-ECS

Paradigm  Threshold Anaesthesia ~ Hand motor  Distance between — Concordance between

used * areas” targets (mm)" both methods+

1. AnaplA absent grasping P < 0.001  awake 2 - inferior
2. Oligo 11 present taping P < 0.05¢ awake 2 0 excellent
3. Meta absent grasping P < 0.001 awake 2 0 and 10 good
4. GBM absent taping P < 0.05¢ awake 1 0 excellent
5. Meta absent grasping P < 0.001  general 1 0 excellent
6. Meta absent grasping P < 0.001  general 2 15 inferior
7. Meta present taping P < 0.05¢ general 2 0 excellent
8. Meta present taping P < 0.001  general 2 0 and 10 good
9. Mening absent taping P < 0.05c¢ general 1 0 excellent
10.  Meta C absent grasping P < 0.001  general 2 0 excellent
11.  GBM absent grasping P < 0.001  general 1 20 inferior
12. Meta absent grasping P < 0.001  general 1 0 excellent
13.  AnaplA absent taping P < 0.001 awake 2 0 excellent
14.  Oligo II present taping P < 0.05c¢ general 1 0 excellent
15.  GBM absent taping P < 0.001  general 1 0 excellent
16.  Oligo II absent taping P < 0.05c¢ general 2 0 and 5 good
17.  Fib 1l present taping P < 0.05c¢ general 2 0 excellent
18.  Fib lI+G  present taping P < 0.05c¢ general 1 0 excellent

+ Excellent all hand motor areas according to ECS within BOLD activation contour presumed as SM1, Good partial overlap of both targets,
Inferior no hand motor area according to ECS within BOLD activation contour presumed as SM1

*P values correspond to the analysis threshold of fMRI used for intraoperative navigated correlation

#Number of hand motor areas (minimum 5 mm apart) assessed with ECS

® Distances reported between targets were measured intraoperatively by means of sterile ruler; 0 mm means ECS response within BOLD activation
contour, positive value means the distance (mm) between centre of ECS hand motor area and adjacent BOLD activation contour

rapidly resolved after local administration of ice-cold
Ringer’s solution.

Motor response of the contralateral hand was elicited in
10 patients using the ECS in at least one of the two cortical
areas (minimum 5 mm apart) within the M1 cortex. Eight
patients showed a motor response during the stimulation in
only one location.

The surgical approach to the tumour or its resection was
less than 5 mm to the eloquent area in 15 patients; in three
patients the distance of the tumour resection border from
the motor cortex was about 10 mm (No. 1, 8, 18). In 6
patients (No. 2, 11, 14, 15, 16, 17) the border of the
resection cavity was defined by a positive motor response
to subcortical electric stimulation.

Comparison of the fMRI and ECS results

In twelve patients the results of both methods were in a full
agreement, i.e., the motor response was successfully elicited
from areas with significantly increased BOLD signal in the
M1 cortical area. This was observed in seven patients

evaluated conservatively at the P < 0.05 level with FWE
correction (Fig. 1). In three patients (two of them at P < 0.05
corrected and in one patient at P < 0.001 uncorrected level)
the agreement between the two methods was only partial
with one positive motor response elicited from the cortex out
of the BOLD signal cluster, albeit within the same gyrus.

The fMRI sensitivity (calculated as: sensitivity=fMRI /
ECS * 100; fMRI=20: number of cortical areas with
positive motor response to stimulation elicited from the M1
BOLD cluster; ECS=28: total number of cortical areas with
positive motor response to stimulation regardless of the M1
BOLD cluster) for predicting the motor responses detect-
able with ECS was 71%. The distance between the
positions of M1 cortices determined from both methods
was less than 10 mm in 15 of 18 patients; i.e., fMRI
provided correct guidance for ECS in 15 of the 18 patients
(Table 2). Nonetheless, in the remaining 3 patients
(P < 0.001 uncorrected), the results of the two methods
were inconsistent. Due to the fact that falsely negative
fMRI results might prevent correct M1 cortex localization,
these will be discussed in more detail.
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The first was a 36-year-old patient (No. 1) with an
anaplastic astrocytoma in the right hemisphere resulting
from a secondary malignant shift of an originally low-grade
glioma infiltrating the central area. In this case BOLD
activation was completely missing in the affected hemi-
sphere when corrected thresholding (P<0.05) was applied.
With the significance level of P < 0.001 uncorrected, the
SM1 ipsilateral to the affected hand was activated,
suggesting a paradoxical compensatory ‘pseudodominance’
of the contralateral SM1 cortex. However, we identified
clearly two functionally intact areas of the M1 near the
tumour. According to post-resection MRI, these areas were
affected by infiltrative growth of the tumour probably
suppressing the BOLD signal.

In a 67-year-old patient (No. 6) with a metastasis in the
parietal lobe surrounded by oedema, the M1 cortex was
expected at the distance of one gyrus (18 mm) posteriorly
to the tumour as shown by fMRI results with a threshold of
P < 0.05 corrected for FWE. Using ECS, the functionally
preserved M1 cortex was identified immediately behind the
tumour. The BOLD signal was suppressed in this area even
when thresholded at the P < 0.001 without correction.

BOLD signal suppression by collateral oedema also
applied to a 50-year-old patient (No. 11) with a glioblas-
toma. According to fMRI (P < 0.001 uncorrected), the M1

was expected 25 mm in front of the tumour (Fig. 2) when it
was actually located only 5 mm anteriorly as documented
by ECS.

Discussion

The validity of fMRI has been evaluated in a number of
studies; however, some of these reported only a limited
number of patients [17, 30], or failed to compare the fMRI
results with neuronavigation [17, 21, 28-30].

One of the largest studies compared the results of fMRI
motor areas co-registered into neuronavigation with ECS in
32 patients who underwent surgery for a brain tumour or
for chronic pain. There was a good correlation between the
two methods in 87% of the patients [23]. In our series of 18
patients, the results were very similar. fMRI correctly
guided ECS in 15 of our cases. A recent study [20]
compared both methods in 21 patients with neuropathic
pain. Concordance between contours of the fMRI activation
cluster and ECS combined with the phase reversal of the
somatosensory evoked potential (SEP) was found in 20 of
the patients. When more restrictive analysis threshold
values were used, the optimal concordance decreased to
65%. In our study, the distances between the fMRI

Fig. 2 An example of insufficient concordance between fMRI nad
ECS in patient (No.11) with glioblastoma multiforme. A, B—coronal
and sagital projection of primary hand motor cortex according to fMRI
C—intraoperative photograph demonstrating lack of fMRI / ECS
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concordance (the same labelling as in Fig. 1) -—BOLD activated areas
(P < 0.001 uncorrected) elicited by repetitive left hand grasping 11—
sagital postoperative contrast T1-weighted MRI IIl—axial postopera-
tive T2-weighted MRI
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activation cluster and ECS targets were within the range of
5 mm in 20/26 of our measurements. This corresponded
with the results of a study [1] reporting a mean distance of
4.4-4.7 mm which is within the inherent error for target-
localizing accuracy of neuronavigation system [8, 16].

The borders between activated and non-activated areas
are not as distinct as the resulting fMRI colour maps
might suggest. The outline of the cluster with an enhanced
BOLD signal represents merely the statistical level of the
map determining the likelihood of each voxel membership
of either an active or an inactive areca. Lowering the
threshold will would cause the clusters to expand with an
increased risk of encountering falsely positive areas, while
raising the threshold is likely to produce the opposite
effect.

The problem of choosing the optimal thresholding of
fMRI results occurred in our study as well. While in
8 patients we used a more restrictive method based on the
threshold of P < 0.05 with a conservative correction for
multiple comparisons (FWE), in 10 patients it was
necessary to employ a less conservative technique without
FEW correction because otherwise there would have been
no activation in the motor areas. However, using uncor-
rected P < 0.05 threshold usually causes an exaggerated
false increase in the number and size of clusters. Conse-
quently, a higher threshold of P < 0.001 was used instead.
In our study, the best agreement between fMRI and ECS
was obtained with the conservative thresholding (P < 0.05
corrected) which produced excellent or partial fMRI/ECS
concordance in all 8 patients. With the BOLD signal
suppressed or insufficiently enhanced, we had to use the
less conservative approach (P < 0.001 uncorrected), with
which were observed concordance in only 7 out of 10
patients. There were various reasons for the lower BOLD
signal/noise ratio which will be discussed further.

One of them lies in the limited reproducibility of fMRI
results. This applies to findings even in healthy individuals
as Havel et al. [10] described during the course of three
sessions in four anatomical regions involved in sensorimo-
tor control. They suggested caution when using single
session data for neuronavigation purposes. In our single
session study, we detected lower interindividual dispersion
of the BOLD clusters in cases of more conservative
thresholding.

Variable fMRI results may depend on the choice of the
motor task or the way it is performed. Finger movements in
a patient with distal paresis can only elicit subliminal
BOLD signal changes in the SM1 cortex whereas move-
ments in a proximal unaffected part of the limb will
produce good-quality fMRI results. When only the finger
movement task is carried out, the SM1 cortex for the
proximal part of the extremity cannot be visualized. The
motor task can also be performed in imagery of motion. It

is the premotor and the supplementary motor areas that are
activated rather than SM1 in such a case. However, these
areas play role in the planning and not in the actual control
of movement [14, 22].

In agreement with other studies [28], we considered the
persistence of motion artifacts to be another problem of
falsely negative or positive fMRI results, despite using
additional mathematical procedures to remove them. More-
over, the patient’s motivation and training the paradigm
before the fMRI collection are of key importance. Roux
et al. [23] recommend excluding from clinical use those
evaluations in which the head movements extended beyond
5 mm, rather than correcting them. Haberg et al. [9]
described a high occurrence (53%) of unsuccessful results
of BOLD acquisition in patients, in whom craniotomy had
been performed. We cannot unambiguously confirm this
finding. In patients No. 13 and 18, who undergone
craniotomy two and 5 years previously for an open biopsy
and primary resection, sufficient BOLD signal was
achieved after both levels of thresholding. Similarly, for
patient No.15 who had craniotomy performed one week
before the fMRI acquisition, good fMRI results were
obtained. Another problem may be related to susceptibility
artifacts caused by titanium plates, residual metallic
particles from the drilling or hemorrhage during surgery
for the tumour [13]. Therefore, preoperative T2-weighted
MRI is recommended. In our study, the susceptibility
artifacts were probably minimized by the non-use of
titanium plates; all craniotomy bones were fixed with non-
absorbable polyester sutures.

Another limitation of the fMRI in surgical navigation
rests in the problem of BOLD signal suppression in the
regions surrounding the tumour. Such false negatives can
be caused by vascular response reduction in the proximity
of the tumour caused by oedema or by direct infiltrative
growth into still-functional cortex. Holodny et al. [11]
considered this signal reduction to be directly proportional
to the degree of neurological deficit. Our observations are
in agreement with this hypothesis. In all of our three
patients, in whom fMRI provided false negative results,
moderate monoparesis was present at the time of fMRI
acquisition. More recently, Hou et. al. [12] suggested that
the BOLD signal decrease in close proximity to high-grade
gliomas resulted from a rise in the regional cerebral blood
flow, which is accompanied by failure of vasodilatation in
response to increased neuronal activity. In addition, local
ischemia might occur in the immediate neighbourhood of
the tumour, causing the deoxy-hemoglobin level paradox-
ically to increase, which is likely to be misinterpreted
during conventional statistical analysis of the BOLD signal
[18].

Brain plasticity is another phenomenon which may affect
the fMRI results in patients with brain tumours [5, 6, 20,
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Fig. 3 BOLD activated area (P < 0.001 uncorrected) elicited by
repetitive left hand grasping giving a false impression of the ‘pseudo-
dominance’ of the ipsilateral primary hand motor cortex in patient
No.l with anaplastic astrocytoma

26]. Fandino et al. [6] reported functional reorganization of
the M1 cortex even in the unaffected hemisphere. In
contrast, Ulmer et al. [26] warned against overestimating
this phenomenon in pre-surgical planning. In a subgroup of
patients they observed a BOLD signal reduction in close

Fig. 4 A radical resection of
oligodendroglioma (grade II)
located in precentral gyrus in
patient No.2 A—central area
demonstrating PPM on an ex-
ample of cadaver dissection
(patient not from this study)
B—intraoperative photograph:
label o 1, 3, 4—hand move-
ment, label o 2—elbow flexion
I—BOLD activated area

(P < 0.05 FWE corrected)
elicited by left hand tapping task
II—preoperative T2-weighted
MRI of tumour partially involv-
ing the PPM IIl—postoperative
T2-weighted MRI

@ Springer

proximity of the tumour accompanied by apparently
increased contralateral activation suggesting compensatory
‘pseudo-dominance’ of the homotopic M1 cortex in the
healthy hemisphere. However, one third of these cases had
the BOLD signal around the lesion falsely negative. We
came to the same conclusion in our patient No. 1 with the
contralateral cortical ‘pseudo-dominance’ (Fig. 3) in whom
the functionally preserved M1 cortex adjoining the tumour
was localized only by intraoperative ECS.

There have been several attempts to use the fMRI for
estimating the risk of postoperative neurological deteriora-
tion. The distance between the activated BOLD cluster and
the tumour was found to be a significant predictor of such
deficits. Neurological deterioration occurs more likely if
this distance is less than 5 mm [15]. A more conservative
study [9] considered the distance of 20 mm as entirely safe.
In our series, no patient in whom the areas of BOLD
activation were surgically respected suffered from a wors-
ening of their neurological state postoperatively. We consid-
er the effort to resect a part of the precentral gyrus infiltrated
by the tumour, as very risky, especially in a patient with
minimal symptoms. On the other hand, if the pial border of
the precentral gyrus adjacent to the tumour is spared or the
tumour affecting part of precentral gyrus is well circum-
scribed, resection can proceed to the immediate neighbour-
hood of the positive stimulation cortical area (Fig. 4).

Efforts to achieve maximum safety may involve visual-
izing the subcortical pathways using diffusion-weighted
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MRI tractography [19] or performing subcortical stimula-
tion intraoperatively [5]. Methods for localizing the central
sulcus by motor evoked potentials (MEP) elicited by
transcranial magnetic stimulation or by reversal of the
SEP in combination with continuous monitoring of the
MEP elicited by high frequency cortical stimulation were
found to be helpful in deeply situated lesions [2, 25]. The
SEP phase reversal technique was a reliable method
especially in very young children, in whom the motor
pathways were not yet fully myelinated [7]. In addition, the
Q-sign (PPM)—a simple morphological MRI sign of
primary hand motor area—should not be overlooked [1].
We had six patients in whom the PPM was clearly
distinguishable on a preoperative conventional MRI, the
hand motor response elicited with ECS was within this
area. On the other hand, there was a higher probability of
mismatch between fMRI and ECS results in cases where it
was impossible to distinguish the PPM preoperatively due
to oedema and/or tumour infiltration.

Conclusions

In our study the preoperative fMRI correctly localized the
primary hand motor cortex in 15 patients who underwent
surgery for a tumour in close proximity. Our results confirmed
that the fMRI accuracy in surgical planning was mainly
related to contamination of the BOLD signal by various
artifacts. With high quality of input data, which were obtained
in 8 patients, we could use a conservative approach for
thresholding. In such patients the fMRI technique had good
reliability and the fMRI/ ECS concordance was reached in all
these patients . With the BOLD signal suppressed or
insufficiently enhanced, we had to use the less conservative
approach, with which concordance was observed in only 7 out
of 10 patients . On the other hand, in 3 cases we noticed a
falsely negative fMRI, probably caused by local BOLD signal
suppression due to collateral oedema and/or infiltrative
tumour growth. These examples lead us to urge caution when
using the results of fMRI in intraoperative navigation. We
believe, that fMRI should be combined with ECS, which still
remains the most reliable method for cortical mapping.
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Comment

The authors report a series of 18 consecutive patients who underwent
surgery for a central tumor. Using a neuronavigation system, they
compared the results provided by preoperative motor functional MRI
(fMRI) and intraoperative electrical stimulation. They showed that the
fMRI sensitivity for localizing the primary motor cortex detected by
electrostimulation was 71%.

Although such comparison has been made in many previous
studies, the present results provide additional arguments supporting
the fact that fMRI is not so reliable. The mechanisms of such low
reliability have been well discussed by the authors. Therefore, on the
basis of these data, it is important to keep in mind that intraoperative
electrical mapping remains the gold standard, and that neurosurgeons
have to be cautious when using solely fMRI for brain surgery within
eloquent areas, even in motor region—indeed, it has already been
demonstrated that the reliability of fMRI was poor for language and
cognitive functions. As a consequence, combination of “classical”
intrasurgical electrophysiology with new neuroimaging methods
(fMRI and diffusion tensor imaging) is presently still mandatory.
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