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Abstract
Objectives—Although functional MRI is
widely used for preoperative planning and
intraoperative neuronavigation, its accu-
racy to depict the site of neuronal activity is
not exactly known. Experience with meth-
ods that may validate fMRI data and the
results obtained when coregistering fMRI
with diVerent preoperative and intraopera-
tive mapping modalities including meta-
bolically based 18F-fluorodeoxyglucose
PET, electrophysiologcally based trans-
cranial magnetic stimulation (TMS), and
direct electrical cortical stimulation
(DECS) are described.
Methods—Fifty patients were included.
PET was performed in 30, TMS in 10, and
DECS in 41 patients. After coregistration
using a frameless stereotactic system,
results were grouped into overlapping (<1
cm distance), neighbouring (<2 cm), or
contradictory (>2 cm).
Results—Comparing fMRI with PET, 18
overlapping, seven neighbouring, and one
contradictory result were obtained. In
four patients no comparison was possible
(because of motion artefacts, low signal to
noise ratio, and unusual high tumour
metabolism in PET). The comparison of
TMS and fMRI showed seven overlapping
and three neighbouring results. In three
patients no DECS results could be ob-
tained. Of the remaining 38 patients, fMRI
hand motor tasks were compared with
DECS results of the upper limb muscles in
36 patients, and fMRI foot motor tasks
were compared with DECS results of the
lower limb on 13 occasions. Of those 49
studies, overlapping results were obtained
in 31 patients, and neighbouring in 14. On
four occasions fMRI did not show func-
tional information (because of motion
artefacts and low signal to noise).
Conclusions—All validation techniques
have intrinsic limitations that restrict
their spatial resolution. However, of 50
investigated patients, there was only one
in whom results contradictory to fMRI
were obtained. Although it is not thought
that fMRI can replace the intraoperatively
updated functional information (DECS),
it is concluded that fMRI is an important
adjunct in the preoperative assessment of
patients with tumours in the vicinity of the
central region.
(J Neurol Neurosurg Psychiatry 2001;71:762–771)
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Although most of the problems of functional
magnetic resonance imaging (fMRI) such as
low signal to noise ratio,1 motion related
artefacts,2 and signal from large draining veins3

can be suYciently detected and in some cases
even reduced or eliminated,4 the accuracy of
fMRI is still not exactly known. Because fMRI
is widely used for presurgical planning of
tumours in the vicinity of cortical motor
regions,5–12 validation of this technique should
therefore be performed to quantify its localisa-
tion accuracy. One means to assess the validity
of fMRI is to combine fMR data with the
results of other imaging modalities—that is,
positron emission tomography (PET),13 tran-
scranial magnetic stimulation (TMS),14 15 or
direct electrical cortical stimulation
(DECS).16 17 The goal of this study was (a) to
describe the methods that can be used to
coregister these diVerent brain mapping mo-
dalities and, therefore, to be able to validate
fMR and (b) to estimate the localisation accu-
racy of fMRI by comparing its results with the
other, above mentioned methods in a large
series of neurosurgical patients.

Methods
Between May 1997 and February 2000 we
investigated, using fMRI, 103 patients with a
mass lesion near the central region distorting
normal cortical anatomy by displacing the cen-
tral sulcus.4 In some of these patients, addi-
tional brain mapping modalities, either preop-
eratively or intraoperatively, were employed.
This paper describes the following subsets of
patients: (a) patients in whom fMRI and PET
were performed (n=30), (b) patients who
underwent fMRI and transcranial magnetic
stimulation (n=10), and (c) patients whose
intraoperative DECS mapping was docu-
mented in addition to their preoperative fMRI
examinations (n=41). Because some patients
underwent more than one mapping procedure,
a total of 50 patients were included in this
study. Patient age ranged from 21 to 77 years
(mean 50.2 years), 22 patients were men,
tumour histology included 13 patients with
glioblastoma multiforme, 10 patients with
meningioma, nine with solitary cerebral metas-
tases, four patients with astrocytoma World
Health Organisation (WHO) III°, three pa-
tients with a hamartoma, two patients each
with oligoastrocytoma III° and II°, anaplastic
meningeoma, and one patient each with
oligodendroglioma grades II and III, oli-
goastrocytoma grade II, cavernoma, and a
calcified aneurysm.
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fMRI

All imaging studies were performed on a 1.5 T
Philips Gyroscan NT (Philips Medical Sys-
tems, Best, Netherlands) using a standard
headcoil. After localising images in three
planes, strongly T1 weighted multishot inver-
sion recovery EPI images were obtained for
anatomical reference (Imaging parameters:
TR/TE/TI: 2000/22/400, FOV: 220×220, ma-
trix: 256×256, slice thickness 7 mm). Images
covered the whole brain and were oriented
parallel to the line running through the anterior
and the posterior commissure. Additionally, a
high resolution 3D FFE (fast field echo) T1
weighted anatomical dataset was obtained for
subsequent coregistration with other imaging
modalities (discussed later, fig 1) (imaging
parameters: TR/TE/FA 30/4.6/30, FOV
220×220, matrix 256×256, slice thickness 2
mm). Functional images were obtained with
the same slice number, orientation, and locali-
sation as the IR-EPI images using a blood oxy-
genation level dependent (BOLD) single shot
multislice T2* weighted gradient echo EPI
sequence (TR/TE/FA 4000/40/40, FOV
220×220, matrix 64×64, slice thickness 7 mm).
In a total scanning time of 4 minutes 24
seconds six alternating epochs of rest and acti-
vation each lasting 44 seconds were performed
by all patients. The scan comprised a total vol-
ume of 66 time points with a temporal resolu-
tion of 4 seconds/time point. We used boxcar
paradigms contrasting motor activation with

rest. The motor paradigm was chosen with
respect to tumour localisation and motor defi-
cits. The following tasks were performed by the
patients: (a) finger opposition using the
aVected hand to carry out a self paced light
touch of thumb pad to finger pad of each sub-
sequent finger without looking at the hand
(finger tapping),(b) repetitive self paced closing
of the hand to a fist (hand clenching), (c)
repetitive flexion of the toes (toe curling), (d)
alternating foot flexion and extension (foot
flexion). In this series there were no patients
present in whom we tested the facial muscles.
Sites of functional activation were statistically
evaluated on a voxel by voxel basis using the
Kolmogorov-Smirnov non-parametric statisti-
cal test to compare the MR signal time course
with the given task paradigm. Transition times
(two time points=8 seconds after a signal was
given) were not included in the statistical
evaluation to account for the delayed haemody-
namic response curve. The software calculated
the activation maps, which were subsequently
colour coded on a thermal scale according to
the level of statistical significance concerning
the diVerence between rest and activation
states and overlaid over the anatomical inver-
sion recovery EPI images. Whereas the low
threshold for activation was set at p<0.005 in
all cases, the high threshold varied interindi-
vidually according to the varying percentage
signal change between patients. If motion arte-
facts were present in a functional study, a

Figure 1 Coregistration of functional MRI and electrophysiological techniques. (A) Functional and anatomical MRI are present in a neuronavigation
environment. The neuronavigation system (B) consists of a computer workstation (1) where the MRI of the individual patient is displayed in three
dimensions (2). This workstation is connected to an infrared based optical transmitter system (3) that continuously identifies the position of the pointer (4)
in space. After coregistering the patient’s head to the MRI employing fiducials pasted on the head, the position of the pointer can be followed in real time on
the neuronavigation system’s display. The pointer (1) is connected to the transcranial magnetic stimulation coil (2) (C, upper image) or identifies the
cortical region where maximal compound muscle action potentials (D) are registerd by EMG. A direct comparison of diVerent brain mapping modalities is
thus possible.
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motion detection and correction algorithm was
used to realign images. Scans with severe
motion artefacts (>2 mm shift in head
position) were excluded. The distance between
the peak/maximum of the described compli-
mentary imaging modality and the fMRI peak
was rated as overlapping (<1 cm distance),
neighbouring (<2 cm distance) or contradic-
tory (>2 cm distance).

PET

Examinations by PET (rest and activation)
were performed on an ECAT exact tomograph
(Siemens/CTI, Erlangen/Knoxville, Germany/
USA). All patients fasted for a minimum of 10
hours before the study. After injection of 122–
301 MBq 18F-fluorodeoxyglucose (18FDG),
patients were instructed to lie in the supine
position in a darkened room with eyes closed
and with minimal background noises. Thirty
minutes after the injection, the patient was
placed in the PET scanner and the head fixed
with an elastic latex strip and an emission scan
was acquired for 15 minutes. Attenuation cor-
rection was performed using a computerised
threshold limit routine to define an isodensity
contour for the maximum cerebral activity/
pixel. The exact position of these isodensity
contours were controlled visually slice by slice
and eventually corrected manually. Next, 47
transversal slices (slice thickness 3.375 mm)
were reconstructed using a Hanning filter (cut
oV frequency 0.5). Transaxial full width at half
maximum (FWHM) was 6.0 mm.

The second PET was performed (either
some hours later on the same day or on the next
day) under a specific motor activation task
similar to the paradigm performed during
fMRI. The activation tasks were started simul-
taneously with a second 18FDG injection and
lasted 30 minutes. Subsequently, an emission
scan was acquired for 15 minutes after the
motor activation was finished. Attenuation
correction and image reconstruction was per-
formed as described for the resting scan (see
above).

After AC/PC (anterior/posterior commis-
sura) alignment of the three dimensional MRI
data set, the PET data sets (resting scan and
activation scan) were realigned to fit the MRI
data using a special multimodal image process-
ing software (MPI Tool)18 under isodensity
contour definition in the PET data sets. Next,
the two PET examinations were normalised to
each other as a proportional scaling after the
global cerebral activities at rest and under acti-
vation were calculated using an automatic,
threshold value based segmentation.

Next, parametric division (activation divided
by rest) and subtraction images (activation
minus rest) were calculated and the resultant
activated areas projected into the MRI data set
(PET/MRI overlay) according to empirical
threshold values. Brain voxels were considered
as significantly activated if the ratio regional
normalised counts of the activation study
divided by the regional normalised counts of
the resting study was higher than 1.1. This cat-
egorical threshold value of 10% was set
according to increases in blood flow and

glucose metabolism, which are characteristic
for motor tasks, as evident from data of our
own and from the literature.

NEURONAVIGATION

Both electrophysiological brain mapping mo-
dalities (TMS and DECS) were coregistered to
the MRI data via a frameless stereotactic navi-
gation system (Easy Guide Neuro, Philips
Medical System, Best, The Netherlands). This
system consists of a mobile workstation, an
optical localising system with two infrared sen-
sitive cameras, and a pointing device with three
infrared light emitting diodes. The preproc-
edurally obtained anatomical three dimen-
sional MRI data set of the patient was loaded
on the workstation while the patient’s head was
fixated. The patient’s head was spatially coreg-
istered to the MRI by means of external
fiducial markers which were identified both on
the MRI dataset after imaging was completed
and on the head during the TMS session or the
operation. By touching the fiducials on the
head of the patient with the pointing device, the
spatial coordinates (as measured by the infra-
red diodes) and the image coordinates (as
given from the MRI) were matched.19 From
those two sets of coordinates a matrix transfor-
mation was calculated which allowed the com-
puter workstation to display the coordinates of
the arm tip on the three dimensional MRI in
real time.

TMS

Compound muscle action potentials (CMAPs)
were recorded with surface electrodes over
muscles that were primarily involved in the
functional MRI tasks (abductor pollicis brevis
(APB) for the finger opposition task). Tran-
scranial magnetic stimulation was performed
using a Magstim 200 magnetic stimulator
(Magstim Company Ltd, UK) with a flat figure
8 coil at 10% over resting motor threshold of
the investigated muscle. The coil was placed on
the head so as to cause an induced electrical
current flow from posterior to anterior perpen-
dicular to the central sulcus.20 The patients’
heads were immobilised while they were seated
in a reclining chair. Recordings were performed
simultaneously for 100 ms after the stimulus
with the muscle at rest, filtered (5 kHz-20 Hz),
amplified (gain of 500 µV/division), digitised,
and stored for oV line analysis. Peak to peak
amplitudes of six stimuli applied to a single
stimulation site were averaged. The stimulating
coil was rigidly attached to the neuronavigation
system. As the TMS coil was moved over the
patient’s head, the computer workstation of the
neuronavigation system graphically displayed
the position of the pointer tip in axial, coronal,
and sagittal reconstructions of the patient’s
MRI in real time. The perceived length of the
distal pointer tip was modified in the neuron-
avigation system’s software so that when the
coil was applied to the scalp, the computer dis-
played the location on the cortical surface
where the peak electric field and therefore
stimulation was most likely to occur.21 The
cortical areas defined as the peak TMS
response were obtained by moving the coil in
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steps of 0.5 cm over the presumed motor areas
while stimulating six times over each stimula-
tion site. Real time visualisation of the
stimulated area allowed us to stimulate exactly
the same area during the train of six stimuli. By
comparing the thereby obtained CMAP ampli-
tude with the previous stimulation site ampli-
tude the operator was able to perceive whether
the new stimulation site was closer or further
away from the epicentre of the investigated
muscle. Using this technique, we were usually
able to identify the peak stimulation site after
testing 15–20 cortical sites.

DECS

Direct electrical cortical stimulation data were
also coregistered to the functional MRI data
via the frameless stereotactic navigation system
that was routinely employed in the operating
room for neuronavigation. After coregistration
of this system to the patient’s head the compu-
ter workstation displayed the position of the
pointer on three orthogonal slices on the
patient’s MRI. Intraoperative data were only
used if the localisation accuracy of the system
was better than 5 mm. Data with an accuracy
lower than 5 mm were not further evaluated.
All patients were operated on under general
anaesthesia without muscle relaxants. Intraop-
eratively, electrophysiological monitoring of
the unconscious patient was performed after
incision of the dura with a monopolar anodal
electrical stimulus, delivered from a constant
voltage stimulator through a silver plate
electrode of 1 cm diameter. One train of stimuli
contained 5 pulses each of 100 µs duration.22

Compound muscle action potentials were
recorded simultaneously from eight muscles of
the lower and upper limbs via subcutaneous
needle electrodes (Viking IV electromyograph,
Nicolet Biomedical Instruments, Madison,
WI, USA, Filter settings were between 30 and
3000 Hz, sensitivity was set between 10–50
µV/division). Routinely, we selected four mus-
cles of the upper limb (abductor pollicis brevis,
flexor carpi radialis, biceps brachii, triceps bra-
chii), and four muscles of the lower limb
(quadriceps femoris, adductor longus, tibials
anterior, abductor hallucis). Stimulus intensity
was increased stepwise until compound muscle
action potentials were elicited or the limit of 25
mA was reached.23 Cortical areas from which
the largest CMAPs were evoked, were identi-
fied using the frameless stereotactic system and
marked within the three dimensional MRI data
set. Thus, a direct comparison between direct
electrical cortical stimulation and fMRI re-
sponse pattern was possible. The distance
between the parenchymal fMRI activation and
the cortical area identified during direct
electrical cortical stimulation was measured
and categorised.

Results
All procedures were well tolerated by all
patients. No undesired side eVects were found,
either during or after functional imaging or
stimulation.

fMRI

The 50 patients comprising this study per-
formed 70 functional runs during fMRI
scanning. Twenty seven patients performed
hand clenching tasks (mean percentage signal
change 2.56%, SD 0.74%, range 1.7–4.2%,
two failures due to motion artefacts, one failure
due to low signal to noise ratio). In five patients
the results of the hand clenching tasks were
compared with TMS results, in 12 patients
compared with PET, and in 20 patients with
DECS (in two of these, no DECS responses
could be obtained; see below).

Twenty three patients performed finger
opposition tasks (mean percentage signal
change 2.72%, SD 0.90%, range 1.9%–4.3%,
one failure due to motion artefacts, one failure
due to low signal to noise ratio). In five patients
the results of the finger opposition tasks were
compared with TMS results, in 12 patients
compared with PET and in 19 patients with
DECS (in one of these, no DECS responses
could be obtained; see below).

Eight patients performed foot flexion and
extension tasks (mean percentage signal
change 2.30%, SD 0.63%, range 1.6%–3.4%).
In six patients each the results were compared
with PET and DECS.

Twelve patients performed toe curling tasks
(mean percentage signal change 2.24%, SD
0.43%, range 1.8%–2.9%, one failure due to
motion artefacts). In eight patients the results
of the toe curling tasks were compared with
DECS (in one of these, no DECS responses
could be obtained; see below).

PET

In 30 patients the results of fMRI were
compared with those obtained by FDG-PET.
Four patients had to be excluded from data
comparisons because in two of them, severe
motion artefacts were present on fMRI, in one
patient PET did not show any significant
parenchymal activation due to excessive
tumour metabolism and in one patient neither
fMRI nor PET was able to demonstrate corti-
cal activation due to a low signal to noise ratio.
Of the remaining 26 patients, 18 patients had
overlapping results of fMRI and PET (same
gyrus, <1 cm distance, fig 2), seven patients
had neighbouring activation peaks (gyrus and
adjacent sulcus, between 1 and 2 cm distance)
and one patient had contradictory fMRI and
PET results (activation on diVerent gyri or >2
cm apart from each other). This patient
demonstrated activation in the hemisphere
ipsilateral to the hand movement during PET
and contralateral activation (ipsilateral to the
lesion hemisphere) during fMRI. In four of the
seven patients in whom neighbouring results
were obtained, fMRI activation projected upon
the central sulcal vein whereas PET demon-
strated parenchymal activation within the
precentral gyrus (fig 3), in two patients moder-
ate motion artefacts were present that pro-
jected on the precentral sulcus (n=1) and the
central sulcus (n=1) with no correspondence
to the central sulcal vein and in one patient
activation maximum during PET was within
the tumour but not within the parenchyma as
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was shown by fMRI. Of the 26 patients,
muscles of the lower limb were tested in six
(foot flexion and toe curling), here we found
three overlapping and three neighbouring
results, muscles of the hand were investigated
in 24 patients, here we found 15 overlapping,
four neighbouring, and one patient with
contradictory results, in four patients no com-
parisons were possible (already discussed).

NEURONAVIGATION

The error induced by the neuronavigation sys-
tem that was both used for TMS and for
depiction of the DECS results on the MR
dataset was computed by the system automati-
cally after registration as the discrepancy
between the actual spatial localisation of the
landmarks on the patient compared with that
predicted by MRI in all three dimensions. For
the ten TMS measurements the mean error
was 0.25 cm (SD 0.07 cm, maximum error:
0.33 cm). During the DECS measurements in
open brain surgery, error induced by the FSS
had similar values with a mean error of 0.33
cm. In no case was the error larger than 0.4 cm.

TMS

Compound muscle action potentials (CMAPs)
after TMS could be obtained in all 10 patients
for the investigated hand muscle (abductor
pollicis brevis). Cortical sites of stimulation
were identified with the neuronavigation sys-
tem and displayed on the patients’ MR data.
We found a gradual decay in amplitude when
stimulating at sites progressively distant from
the peak TMS activation site. Surrounding the
peak amplitude there was usually a larger area

Figure 2 Comparison of fMRI and PET during/after finger tapping of the left hand.
(upper row: fMRI, lower row: PET). In this patient with a mild paresis of his left upper
limb, activation is seen in the primary motor cortex and the supplementary motor area in
both modalities in exactly matching cortical regions.

Figure 3 Comparison of fMRI and PET during and after finger tapping of the left hand (upper row fMRI, lower row
PET). In this patient one of the shortcomings of the haemodynamically based fMRI compared with the metabolically based
FDG PET is visualised: the demonstration of large draining veins in addition to the demonstration of small parenchymal
venules within the primary motor cortex. Although the parenchymal activation of fMRI (left image) matches the PET
activation within the same slice, additional “activation” is seen during fMRI in adjacent superior slices, most likely
resembling a large draining vein within the central sulcus. No metabolic activation can be seen during PET within these
areas.
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of low amplitude responses. The distances
between the peak parenchymal fMRI activation
after motor hand activation and the cortical
area where TMS elicited the maximum
CMAPs of the investigated small hand muscle
ranged between 0 and 1.2 cm (mean 0.6 cm
(SD 0.4) cm) (fig 4). Contradictory results (>2
cm diVerence between both techniques) were
not obtained in any patient, seven patients had
overlapping results, three had neighbouring
stimulation/activation peaks. In these three,
peak fMRI activation projected on more
medial (deep) cortical areas, whereas TMS
sites projected on the cortical surface.

DIRECT ELECTRICAL CORTICAL STIMULATION

(DECS)
In 41 patients DECS was documented, in three
patients no CMAPs could be elicited with a
stimulus intensity of 25 mA maximum. Of the
remaining 38 patients, hand motor tasks
during fMRI were compared with DECS
results of the upper limb muscles in 36 patients
(fig 5); foot motor tasks were compared with
DECS results of the lower limb on 13
occasions; in 11 patients both upper and lower
limb muscles were tested during fMRI and
DECS. In two patients, severe motion artefacts

Figure 4 Comparison of fMRI (finger tapping) and TMS. The image on the left demonstrates the cortical area identified
by the neuronavigation system from which the maximum compound muscle action potentials (CMAPs) of the abductor
pollicis brevis muscles were elicited during TMS. These results compare favourably with the fMRI results during finger
tapping (during which the muscle investigated during TMS is predominantly active).

Figure 5 Comparison of fMRI (finger tapping) and direct electrical cortical stimulation (DECS). The upper row
demonstrates the position of the pointer that identified the cortical region from which the maximum compound muscle action
potentials (CMAPs) of the small hand muscles were elicited during DECS. Although the stimulated area closely matches
the parenchymal activation visible on the left slice, additional “activation” is visible within the central sulcus representing a
large draining vein that should not be mistaken for active cortical neurons.
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were present during the finger and hand move-
ment tasks that rendered comparison with
DECS impossible; in one patient, motion
artefacts in the lower limb fMRI tasks made
comparisons with DECS impossible; in one
patient a low signal to noise ratio prevented
comparison of the upper limb muscles. Thus,
33 upper limb and 12 lower limb locations were
compared. Contradictory results (>2 cm dif-
ference between both techniques) were not
obtained in any patients, 31 patients (26 tested
upper limbs and five tested lower limbs) had
overlapping results, on 14 occasions, neigh-
bouring stimulation/activation peaks were
found (seven tested upper and lower limbs
each).

Discussion
METABOLIC VALIDATION USING

18
FDG-PET

Previous studies on PET based preoperative
brain mapping studies relied on freely diVusing
radiotracers such as 15O water or 15O
butanol.25–28 Major advantages of these radi-
otracers are the possibility of performing mul-
timodal activations and the better temporal
resolution. However, 18FDG PET has the
advantage of a higher spatial resolution due to
lower positron energy (18F 0.64 MeV, medium
range 0.2 mm; 15O 1.72 MeV, medium range
1.5 mm), a better signal to noise ratio,29 and a
more wider availability as it does not require an
on site cyclotron. Moreover, it detects metabo-
lism instead of blood flow. In addition to brain
activation studies this protocol allows for
assessing tumour metabolism as a prognosti-
cally significant grading parameter.30 31 Preop-
erative PET activation using 18FDG has a high
reliability and validity of localising functional
cortex.32 33 We found a good correspondence of
the PET findings with the fMRI data in all but
one patient. In this patient, fMRI localised the
activation peak within the precentral gyrus of
the aVected hemisphere. Although PET also
demonstrated activation close to the area dem-
onstrated by fMRI, its main activation peak
was visible on the hemisphere contralateral to
the brain tumour. We interpret these findings
as a lesion dependent reorganisation with acti-
vation both in the primary motor cortex (M1)
of the aVected hemisphere and additional or
“secondary” motor areas, including contra-
lateral M1. After and during recovery of a lost
function, plastic changes may occur that lead to
shifts of activation to homologous areas of the
unaVected hemisphere.34 In patients with brain
tumours, a contribution of the contralateral
intact M1 has been found.35 36 In our patient,
bilateral activation was visible during PET and
fMRI with the peak activation, however, on
diVerent hemispheres. It might be presumed,
therefore, that in this patient lesion induced
changes with bilateral activation have taken
place and that the secondary motor areas were
activated to varying degrees.

Possible reasons for the relatively high
incidence of neighbouring instead of overlap-
ping results of fMRI and PET data include (1)
head movement artefacts during fMRI that did
not occur during the 18FDG-PET protocol
(PET started after the motor activation was

finished), and (2) abnormally increased
tumour metabolism visible during PET that
obscured activation within adjacent grey mat-
ter. The most common reason, however, for
neighbouring activation in our series was a
more prominent activation within the central
sulcus during fMRI compared with the paren-
chymal activation visible in PET. When over-
laying our results on contrast enhanced studies,
it became obvious that fMRI depicted the cen-
tral sulcal vein in these cases rather than the
active parenchyma of the precentral gyrus.
Functional MRI depicts neuronal activity indi-
rectly via haemodynamic changes in the human
brain. Vessels draining the site of neuronal
activation, not the metabolically active neu-
rons, are revealed. We have found a consider-
ably higher percentage signal change in large
draining veins compared with parenchymal
venules.37 As large draining veins with an
unclear relation to the site of neuronal activity
have larger percentage signal changes, caution
must be taken if a study shows a low signal to
noise ratio. Parenchymal activation yields rela-
tively lower percentage signal changes (typi-
cally in the order of 2.5% but in some patients
as low as 1.6%).1 If background noise (typically
in the order of 1.2% but in some studies as high
as 1.9%) approximates to the parenchymal
activation percentage signal change, this paren-
chymal percentage signal change might be too
low to yield statistically significant results. In
these cases parenchymal activation with a lower
statistical power might even not be detectable
whereas venous activation still is. This leads to
misinterpretation of the anatomical correlate of
the specific task related activity as only larger
venous structures demonstrate a high enough
percentage signal changes and therefore a high
enough statistical power.

NEURONAVIGATION FOR COREGISTERING fMRI

WITH ELECTROPHYSIOLOGICAL TECHNIQUES

The utility of both electrophysiological meth-
ods for validating fMRI depends on the spatial
resolution of the electrophysiological proce-
dures and the application error of the method
by which the diVerent modalities are
integrated—that is, the intrinsic error of the
neuronavigation system. The accuracy of the
system was always better than 4 mm, at least at
the beginning of the procedure. The localisa-
tion error of the frameless stereotactic device
primarily resulted from inaccuracies in the
identification and matching of the fiducials on
the MRI and the subject’s head. Patient move-
ments during TMS and traction upon the
fiducials after fixation of the head within the
Mayfield clamp during DECS typically result
in larger errors. Multiple recalibrations and
retesting of the accuracy can diminish the
movement induced inaccuracy. Because the
neuronavigation systems are not yet capable of
adapting to the permanently changing ana-
tomical situation during the operation, a
progressive loss of accuracy during debulking
of the lesion is inevitable.19 Deformation of
brain structures of more than 10 mm have been
reported38 39 rendering comparison with preop-
erative fMRI data based on neuronavigation
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systems impossible. We therefore tried to
perform DECS before tumour resection; this
was, however, not always possible.

ELECTROPHYSIOLOGICAL VALIDATION USING TMS

AND DECS

We have demonstrated the concordance be-
tween the haemodynamically based fMRI
maps and the electrophysiologically based
TMS maps of the finger muscles in 10 patients
with space occupying lesions in the central
region on the one hand; on the other, we were
able to coregister DECS maps of the lower
limbs in 12 patients and of the upper limbs in
33 patients with fMRI results. With increasing
distance from the presumed central sulcus both
the CMAP amplitude and the strength of fMRI
activation decreased. Transcranial magnetic
stimulation resulted in a more widespread map
than did fMRI; on the other hand, fMRI
resulted in a more widespread map than did
DECS. This is presumably because of the rela-
tively large area of the electric field induced by
TMS and the relatively confined electrical field
induced by DECS. The possibility that more,
less, or diVerent motor neurons are activated
cannot be excluded, as the tasks performed
during fMRI diVer from the induced motor
responses in that they are voluntary, self paced,
and involve more than those muscles investi-
gated during TMS/DECS. However, the corti-
cal loci corresponding to peak CMAP ampli-
tude after TMS/DECS and peak parenchymal
fMRI activation coincided closely even in the
setting of a distorting lesion.

Transcranial magnetic stimulation and
DECS of the motor system activate cortical
areas that are connected to spinal motor
neurons directly (DECS) or indirectly (TMS)
via excitatory corticocortical interneurons.40

The amount of excitatory cortical input deter-
mines the number of descending volleys to the
spinal cord. Here, the excitatory input is
temporally and spatially summated and
á-motor neurons are recruited according to
Henneman’s size principle.40 41 The amplitude
of the recorded CMAP is determined by the
number of activated spinal motor neurons.
Thus, there is a nearly linear relation between
the number of activated corticospinal motor
neurons and the CMAP amplitude of the
respective target muscle.42 Mapping the human
primary sensorimotor cortex with TMS is
therefore based on the relation of the CMAP
amplitude elicited over a specific stimulation
site to the density of cortical motor neurons
being stimulated at that site. The CMAP
amplitude increases when stimulating over
cortical areas with a higher density of motor
neurons.

For TMS, the approximate smallest area of
stimulation at rest with a commercially avail-
able figure of eight coil (lobe diameter 7 cm) is
an area of 1–2 square cm.43 At first glance this
area seems too large to yield useful mapping
information. However, increased resolution
can be obtained by moving the coil in small
increments over the scalp and measuring and
interpolating the amplitude changes in the

Figure 6 Comparison of fMRI (finger tapping) and direct electrical cortical stimulation (DECS). The upper row
demonstrates the position of the pointer that identified the cortical region from which the maximum compound muscle action
potentials (CMAPs) of the small hand muscles were elicited during DECS. This image demonstrates one typical
shortcoming of DECS—namely, that only the crowns of the gyri can be stimulated whereas the depths of the sulci (in which
the main area of activation in this patient was presumed by fMRI) remains inaccessible to the stimulation probe. In
addition, this example again demonstrates venous “activation” in superior sections.
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evoked peripheral compound muscle action
potential (CMAP).43–46 Using our technique, a
mapping accuracy of 0.5 cm can be ob-
tained.21 47 The spatial resolution of the DECS
method we used is within the same scale as we
stimulated at points about 0.5 cm apart from
each other. But, although it is possible to
stimulate the exposed cortex using DECS,
stimulation within the depth of a sulcus is not
routinely performed. Therefore, two thirds of
the cortical surface cannot be probed using
DECS (fig 6). Because of these intrinsic
limitations of the localising accuracy of the
validation methods themselves we grouped our
results into relatively coarse categories (over-
lapping, neighbouring, and contradictory). It is
our opinion that, at present, a higher localisa-
tion accuracy cannot be assessed with the
standard validation techniques as they do not
allow for a finer resolution.

However, there was no systematic error, no
systematic shift in position, and, most impor-
tantly, we did not find contradictory results
between both fMRI/TMS and fMRI/DECS.
This allows for validation of fMRI results as
follows. It is widely accepted that the regional
cerebral blood flow (rCBF) is regulated by the
amount of neuronal activity. The magnitude of
the change in rCBF is directly influenced by
the size of the activated cortical area and the
number of active neurons.15 48–50 Taking these
assumptions into consideration cortical areas
with a higher density and total number of cor-
tical motor neurons produce a greater increase
in regional CBF and venous oxygenation than
cortical areas with a lesser number of motor
neurons with a consecutive larger change in
T2* MR signal change that is detected during
fMRI. Consecutively, cortical regions with a
high statistical power and a larger percentage
signal change within the parenchyma should
theoretically coincide with the area of largest
motor neuron density. This hypothesis was
confounded in our study in that the site of
greatest motor neuron density, as shown by the
peak TMS response and the peak DECS
response, was elicited over the area of peak
parenchymal fMRI activation in all cases. In a
recent study conducted by Hill et al,38 the
authors critically reviewed the literature on
validation of fMRI published so far and
reported on their own experience in eight
patients. Because of motion related artefacts
and brain deformation after craniotomy they
found discrepancies in electrophysiologically
obtained functional information. Although we
agree with these authors that fMRI should be
interpreted with caution; that motion artefacts
may limit the use of fMRI, and that brain
deformation after craniotomy might limit the
intraoperative use of fMRI to guide resection,
we do not agree with the conclusion that
“fMRI was unsatisfactory for localisation of
eloquent regions in the vicinity of the sensori-
motor cortex”. Based on our results of both
preoperative (metabolic and electrophysiologi-
cal) and intraoperative validation techniques
we conclude that the parenchymal fMRI
response is suYciently sensitive to demonstrate

the active population of motor neurons in the
human primary sensorimotor cortex.

Conclusion
Both metabolically (PET) and electrophysi-
ologically based (TMS, DECS) methods
showed concordance with the parenchymal
fMRI activation peak, thus validating func-
tional MRI. However, all validation techniques
have intrinsic limitations that restrict their spa-
tial resolution. The exact localisation accuracy
of functional MRI therefore cannot be given.
However, of 50 investigated subjects, there was
only one in whom results contradictory to
fMRI were obtained. We therefore conclude
that fMRI, when interpreted correctly, has a
reasonable resolution and is suYciently accu-
rate for presurgical planning. Therefore this
technique is an important adjunct to the
preoperative assessment of patients with tu-
mours in the vicinity of the central region.
Intraoperatively, however, fMRI data, espe-
cially when being linked to a neuronavigation
system, should be interpreted cautiously, as
brain deformation, EPI related artefacts, and
demonstration of flow phenomena during
fMRI might lead to substantial—and clinically
relevant—shifts in position of functional cortex
as was pointed out earlier.38 We do not think
that fMRI can replace the intraoperatively
updated functional information via direct elec-
trical cortical stimulation.
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