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Abstract. Several authors have recently compared the results of fMRI studies on 
neurosurgery patients with invasive electrophysiology. These studies aim to vali- 
date fMRI against an accepted gold standard, and ascertain whether fMRI could 
replace invasive electrophysiology in neurosurgical patients. We have identified 
and quantified two characteristics of these data that make such comparisons prob- 
lematic. Firstly, the epilepsy surgery patients (n=8) studied move significantly 
more during fMRI experiments than normal volunteers (n=6) performing the 
same task. This motion has a particularly large out-of-plane component, and is 
significantly more correlated with the stimulus than for the normal volunteers. 
This motion is especially large when performing a task on the side affected by 
the lesion. This additional motion is hard to correct and substantially degrades 
the quality of the resulting fMRI images, making it a much less reliable tech- 
nique on these surgical patients than on other subjects. Secondly, we have found 
that, following electrode implantation, the brain surface can shift by more than 
10 mm relative to the skull compared to its preoperative location, substantially 
degrading the accuracy of the comparison of electrophysiology measurements 
made on the deformed brain and tMRI studies carried out preoperatively. Taken 
together, these findings suggest that studies of this sort are currently of limited 
use for validating fMRI, and further image analysis research is necessary to solve 
the problems caused by subject motion and brain deformation. 

1 Introduction 

Several authors have recently compared the results of  functional Magnetic Resonance 
imaging (fMRI) studies on neurosurgery patients with subsequent electrophysiology 
studies carried out using chronically implanted sub-dural electrodes or intraoperative 
evoked potentials and stimulation [ 1-5]. These studies, which are reviewed below, con- 
tribute to an understanding of  the relationship between functional regions localised us- 
ing fMRI and the same regions localised using invasive electrophysiology. They do not, 
however, demonstrate that fMRI is sufficiently accurate and sensitive to replace invasive 
cortical mapping in surgery planning. Neither do they accurately validate fMRI against 
the established alternative technique of  invasive cortical mapping. The results described 
in the literature tend to be qualitative, for example concluding that there is "good agree- 
ment" between the techniques, without stating what constitutes good agreement. Where 
quantitative data is provided, the accuracy of the measurements (eg: from aligning pre- 
operative images with intraoperative photographs) is unclear. 

We have carried out a similar study of  epilepsy surgery patients, and noticed several 
features of  our data that have important consequences for studies of  this type. In partic- 
ular, during fMRI, the neurosurgical epilepsy patients move more than volunteers and 
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other patients studied at our institution, which affects the quality of the fMRI results. 
Furthermore, there is a clear shift in the position of the brain surface between pre- 
operative MR panel and post-implantation CT scans. This brain deformation has impli- 
cations for the position of sites in the brain identified during the two measurements, and 
any comparison of their location. We have quantified both the subject motion and brain 
deformation on a series of eight patients. 

1.1 Review of  literature 

Jack's paper [1] states two benefits of this sort of study: to assess the suitability of fMR/ 
as a tool for "localization of functional areas relative to the surgical target", and "val- 
idation of the physiologic truth of functional localization with MR imaging.., with the 
accepted criterion standard of invasive cortical mapping". Two epilepsy surgery cases 
were studied. Both had fMRI and intraoperative electrode recordings (evoked potentials 
and median nerve stimulation). The first patient additionally had measurements taken 
using chronically implanted subdural electrode strips. For patient 1, two volume ren- 
derings of the brain surface were generated. The first shows the relationship between 
the brain surface, the tumour boundary and the orientation of the single fMRI slice. The 
second showed the position of the electrodes and tumour overlaid on the rendered MR 
brain surface. The electrodes were localised using a post-implantation CT scan regis- 
tered to the preoperative MR. Visual comparison of the two renderings "confirmed the 
impression formed from the functional MR study that the tumour straddled the func- 
tional sensorimotor strip". The results from the second patient were more problematic 
due to motion during fMRI imaging, but once again, the electrode measurements "con- 
firmed the impression formed at functional MR imaging". 

Yousry et al [2] share the objectives of Jack et al. They studied six patients and four 
volunteers. All the patients had space occupying lesions close to the pre-central gyrus, 
and one had a slight palsy. All patients and volunteers underwent an fMRI examination 
while carrying out a motor task. Electrophysiological measurements were made on the 
patients using intraoperative stimulation under local or balanced anaesthesia. The pa- 
tients were administered corticosteroids and diuretics before craniotomy, so "there was 
no detectable brain displacement after opening the dura." Functional regions identified 
during stimulation were marked with small numbered labels placed on the brain sur- 
face, and the positions of the labels was recorded using an intraoperative photograph 
and sketch. In order to compare the fMRI and electrophysiology results, they first de- 
fined the motor hand area from the fMRI as the parenchymal area where the motor task 
resulted in a temporally correlated statistically significant regional signal increase. The 
corresponding functional region was defined intraoperatively as the area where electri- 
cal cortical stimulation of the central region elicited compound muscle action potentials 
from the contralateral hypothenar or thenar muscle, or a tonic opening or closing of the 
contralateral hand. Comparison of the locations of the functional region identified in 
these ways was achieved by measuring the distance between the target point and each 
of four anatomical landmarks (lines) visible in both the MR image and intraoperatively. 
The precise nature of the coordinate systems defined by these landmarks is unclear from 
the paper. The discrepancy in the measurements varied from -3 to 10 ram. A Wilcoxon 
test was used to assess the significance of these discrepancies. The resulting P value 
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was greater than 0.5, from which the authors appear to have concluded that the two 
sets of measurements agreed. No study of the reproducibility of the measurements was 
reported. Yousry et al additionally found that the activated region in the fMRI was more 
diffuse in the patients than for the normal volunteers. 

Puce et al [3] studied 4 patients (3 with focal epilepsy, 1 with intractable post- 
traumatic seizures) and six normal volunteers. For both groups, fMRI images were ac- 
quired using both dual slice conventional gradient echo and three-slice gradient-echo 
EPI, with motor and sensory hand activation tasks. For all patients, electrophysiologi- 
cal measurements were made using intraoperative cortical stimulation. For one patient, 
measurements were also made using chronically implanted subdural electrodes. Intra- 
operative photographs were taken using a camera mounted above the surgical field. A 
photograph was first taken of the bare brain, then with a recording grid in place, and also 
of the brain together with numerical labels placed on the brain surface to indicate sites 
of positive cortical stimulation. The coordinates of these sites were transferred onto an 
image of the rendered brain surface obtained from a segmented gradient echo MR vol- 
ume. There is no consideration of errors introduced by the perspective geometry of the 
photograph compared to the rendering. For the patient who underwent chronic record- 
ings, a post implantation MR volume was acquired to localize the electrodes. The fMRI 
was aligned with the anatomical gradient echo MR volume using an unspecified reg- 
istration algorithm. Inspection of the renderings and comparison with the photographs 
lead them to report that "the delineation of hand sensorimotor cortex using functional 
MR imaging and two electrophysiological methods revealed good agreement on the 
location of sensory and motor areas". They conclude that "the correspondence of the 
functional MR imaging and electrophysiological maps, however, argues strongly for the 
accurate localization of the hand sensorimotor cortex by our MR imaging methods". No 
quantitative assessment of the discrepancy between the location of functional regions 
by the two methods is given. 

Yetkin et al [4] study a relatively large series of 28 patients (22 with chronic epilepsy, 
5 with a cerebral tumour, and one with an AVM). Their primary aim is to validate fMRI. 
These subjects carried out two tasks during fMRI imaging, word generation and finger 
tapping. Seven 1 cm thick sagittal EPI slices were acquired at a rate of 1 per second 
during the activation paradigm. All subjects underwent intraoperative stimulation map- 
ping under local anesthesia. Each subject's hand, fingers, face and tongue were mon- 
itored during the stimulation and that subject counted or recited sentences while the 
surgeon searched for a region which, when stimulated, resulted in reproducible inter- 
ruption of speech. Labels were placed on the brain at each stimulation site, and the 
marker placement was recorded photographically using a camera "positioned so as to 
minimize parallax and distortion". The fMRI and electrophysiological location of the 
functional regions were compared by aligning the most superficial slice of the fMRI 
showing activation with the digitized intraoperative photograph using Adobe Photo- 
shop to scale, rotate and translate the images. Anatomical landmarks in the region were 
used as cues in performing this alignment. The discrepancies in the location of the cor- 
responding functional regions in the two modalities were quantified by measuring the 
in-plane distance between the centre of the cortical stimulation site and the centre of 
the corresponding region activated in fMRI. Where there was no continuous region ac- 
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tivated in fMRI, the distance between the centre of the cortical stimulation site and the 
closest activated pixel in the fMRI was measured instead. In all cases, the in-plane dis- 
crepancy was less than 20mm, and for 86% of measurement it was within 10mm. There 
is no estimate of out-of-plane discrepancy in location, or of errors in the registration of a 
single slice of fMRI to the photograph. They estimated the distortion in the EPI to reach 
one pixel and the precision of the fMRI to be 5mm from reproducibility studies. They 
conclude that, despite the significant methodological problems, functional MR imaging 
represents a non-invasive means of anticipating the results of cortical mapping. 

Fitzgerald et al [5] studied 11 patients with a lesion in the presumed dominant hemi- 
sphere, 8 with tumours, 1 with a cyst, 1 with epilepsy and one with a cavernous angioma. 
Their aim was to evaluate fMRI as a predictive technique for locating eloquent areas 
in the dominant hemisphere, and in particular, its accuracy at locating language areas 
for planning surgical resection. They also stated that the study had implications for val- 
idating fMRI on normal volunteers. All subjects underwent fMRI examinations using 
multi-slice spin-echo EPI, while performing one or more language tasks. Cortical stim- 
ulation was carried out intraoperatively with the patient under local anesthesia. Tags 
were placed on the brain surface to mark language areas, and an intraoperative photo- 
graph was used to record the location of the tags. A volumetric gradient echo MR image 
from each patient was registered to an MR angiogram using Analyze, and a rendering 
produced showing the brain surface and blood vessel landmarks. The statistical fMRI 
map was registered to the rendering in an unspecified way, and cortical activity could 
then be projected onto the surface of the brain. The lateral projection of the rendering 
was aligned with the intraoperative photograph using Adobe Photoshop to scale, trans- 
late and rotate the images until the user considered the position of the landmarks in 
the photo and in the rendering to be in "good agreement". The authors estimated the 
error in this process to be less than 7mm for all patients, with 1 mm matching accuracy 
achieved for four patients. Agreement between the modalities was assessed by count- 
ing the number of activation areas in fMRI that contacted, overlapped or surrounded 
a language tags in the photograph. They additionally measured the distance between 
the centre of the region of activation in the fMRI and the language tags (it is not clear 
whether these measurements were carried out in the plane of the overlay, or in three 
dimensions). Sensitivity was considered to be the percentage of matches between fMRI 
regions and language tags, and specificity was the percentage of regions activated in 
fMRI that matched with a non-language tag. Depending on the stringency of the match 
criterion, the sensitivity across all subjects varied from 81% with a specificity of 51% 
to 92%, with a specificity of 0%. 

2 Method 

2.1 Data Acquisition 

Eight patients with intractable epilepsy (4 of whom were judged clinically to have a mo- 
tor deficit), were studied. Preoperatively, each patient was imaged using a 3D spoiled 
GRASS sequence and functional MRI on a 1.5T GE Signa MR system retrofitted with 
Advanced NMR hardware and software. For each study, 100 T2* weighted multi-slice 
datasets (TE=40ms, TR=3s, 128x64 acquisition matrix, 3.1 x3.1 x5mm voxels, 0.5mm 
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slice gap, 10 slices) were acquired using gradient echo EPI. We refer to each multi-slice 
dataset as a frame. Rest and activation epochs are alternated for 30 second periods over 
a total imaging time of five minutes. Activation experiments were performed for both 
hands using a finger opposition task. Head movement was limited by foam padding 
within the head coil and a restraining band across the forehead. Daily quality assurance 
was carried out to ensure high signal to ghost ratio, high signal to noise ratio and excel- 
lent temporal stability using an automated quality control procedure [6]. Each patient 
subsequently had surgery to implant one or more subdural electrode mats, varying in 
size from 8 to 64 electrodes per mat, on a lcm grid. All patients in this study had at least 
32 electrodes implanted. During the days following implantation, electrophysiological 
measurements were carried out to localize the epileptogenic zone, and eloquent regions 
of the cortex in the vicinity of the site of surgery. Immediately after implantation of 
the mat, or immediately prior to removal, the patient had a neuro-CT scan. Subsequent 
resection was planned in the normal way, without taking into account the fMRI data. 
Six normal volunteers under-went the same fMRI paradigm. 

2.2 Data Processing 

For each fMRI study, all 100 frames were registered to the first frame using an algo- 
rithm that minimises the mean square difference between voxel intensities [7]. This 
algorithm produces a motion trajectory for each subject showing movement during the 
scan for six degrees of freedom (three translations and three rotations). Subject motion 
was quantified using two indices for each degree of freedom: the range of motion; and 
the value of the power spectrum of the motion at the stimulation frequency. The second 
index measures how correlated the motion is with the stimulus. The indices were used 
to compare the patients with the volunteers, and also to compare the amount of subject 
motion when a patient was carrying out a task using the side of the brain affected by the 
lesion with the contralateral side. Subsequent tMRI processing was carried out using 
the algorithm of Bullmore et al [8]. 

Each patient's gradient echo MR volume was registered to the post-implantation CT 
scan using an algorithm that optimises the mutual information of the joint probability 
distribution of the two images [9]. This algorithm was found in an international multi- 
centre trial to have a median registration error of less than 2mm for retrospective MR- 
CT registration [10]. The MR and CT images being registered in the current study are 
different from those in the multi-centre study (eg: the CT scans contain high contrast 
structures such as electrodes and air within the head that were not present in the MR), 
but this did not cause the algorithm to fail, and visual assessment of the results suggested 
the accuracy was similar [11]. For all patients in this study, the electrode mat is clearly 
visible in the post-implantation CT scan lying some distance medial to the inner table 
of the skull. The region between the mat and the skull is filled with air and fluid. If the 
CT scan is thresholded to show only bone and electrodes and overlaid on the registered 
MR volume, the electrodes are seen to lie several mm inside the MR brain surface. 
We believe that this shift in position is due to deformation of the brain tissue caused 
by the surgical procedure to open the dura and implant the electrodes. We quantified 
the magnitude of this brain deformation in two ways: by measuring the displacement 
between each electrode on the mat and nearest point on the inner table of the skull, and 
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secondly by measuring the distance between each electrode on the mat and the envelope 
of the brain surface. We identified the 3D coordinates of the electrodes in the mat using 
a cursor in surface renderings of the CT scans. The rendering is a parallel projection 
in the sagittal plane with a z-buffer that stores the distance to the first voxel with an 
intensity over a specified threshold. The two dimensional coordinates of the cursor on 
the rendering can therefore be converted to three dimensional coordinates in the post- 
implantation CT scan using the z-buffer depth information. By rendering both sides of 
the brain, it is possible to identify the inner and outer surfaces of the electrodes (which 
are about tmm thick). The Analyze software package (Biomedical Imaging Resource, 
Mayo Clinic, Rochester MN) was used to automatically trace the inner table of the 
skull from the CT scan, and also to manually trace the envelope of the brain surface 
from the MR volume. The brain envelope is an estimate of where the electrode mat 
might lie in MR coordinates in the absence of brain deformation. The envelope does 
not follow the convoluted surface of the cortex, as the electrode mat is relatively stiff, 
and cannot, therefore penetrate sulci. Also, the envelope is not the same as the dura 
surface, as in some of our patients, there was atrophy in the region where the mat was 
placed, so the tops of the gyri are separated from the dura by CSE The rigid body 
transformation found by registering the MR and CT images was then used to transform 
the brain envelope surfaces into the same coordinate frame as the CT electrodes and 
inner surface of the skull. The skull and brain surfaces were then triangulated using the 
Nuages software package [ 12]. The Euclidean distance between each electrode and the 
closest facet in the two surfaces was calculated. 

3 Results 

In our neuroimaging unit, we regularly produce high quality fMRI images from normal 
volunteers and non-surgical patients (eg: [13-15]). The fMRI images from the epilepsy 
surgery patients presented in this paper were, however, visually judged to be of much 
lower quality, probably because of motion. 

degree of freedom volunteer ~atient 
x translate (mm) t 0.18 0.35 
ytranslate (mm) t 0.19 0.39 
z translate (ram) t 0.31 0.91 
x rotate (deg.) ~- 0.20 0.71 
y rotate (deg.) t 0.20 0.48 
z rotate (deg.) t 0.18 0.42 

(a) 

degree of teedom volunteer I ~atient 
x translate t 24 120 
y translate t 39 134 
z translate t 42 2350 

x rotate ~ 85 1 7 f  
y rotate t 13 467 
z rotate 10 257 

(b) 
Table 1. Median values of (a) range of translational and rotational motion and (b) value of the 
power spectrum at the stimulation frequency in each degree of freedom for six normal volunteers 
and eight epileptic patients, trepresents significant difference between groups at 95% level. 

The median range of motion and value of the power spectrum for the patient and 
volunteer groups are compared in table 1. For both indices and all degrees of freedom, 
the median motion of the patients is greater than for volunteers. The distributions fail 
a normality test, so the Mann-Whitney non-parametric test was used to test the signifi- 
cance of the difference in these median values. For the range of motion index, the null 
hypothesis that both groups come from the same population was rejected for all degrees 
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Fig. 1. Example motion trajectories for a normal volunteer (a) and patient (b). All six degrees 
of freedom are plotted for each subject. Frame number is along the horizontal axis, and mo- 
tion amplitude (ram for translation and degrees for rotation) on the vertical axes. Note the large 
amplitude, and more periodic nature of the patient motion. 

of freedom at the 95% level. For the power spectrum measure, the same hypothesis was 
rejected at the 95% level for all three translational degrees of freedom and the two rota- 
tional degrees of freedom with through-plane component, and at the 90% level for the 
in-plane rotational degree of freedom. The degree of freedom of motion that was most 
significantly greater for the patient group than for the normal group corresponded to 
through-slice translational motion (99.9% level). The median patient motion when car- 
rying out tasks using the side of the brain affected by the lesion was greater than for the 
contralateral side for both indices and all degrees of freedom. This data is paired, so the 
significance of these differences was tested using the paired t-test if a normality test was 
passed, or Wilcoxon test if the normality test failed. We initially tested for significant 
difference in motion for each degree of freedom separately. For both motion indices, the 
motion was significantly greater (at the 95% level) in the anterio-posterior translation 
direction (in plane), and for both rotational degrees of freedom with an out-of-plane 
component. The lack of significant difference for the remaining degrees of freedom 
may be due to lack of statistical power. We therefore also concatenated the results for 
all degrees of freedom and carried out a single paired test between the two groups. In 
this case, for both indices, subject motion when undertaking a motor task on the normal 
side was significantly less (99.9% level) than when carrying out the same task on the 
side affected by the lesion. 

Figure 2 shows axial and coronal slices through a pre-operative MR scan from pa- 
tient 2. The CT scan has been thresholded so that only the bone and electrodes are 
visible and overlaid on the MRI. It is clear that the electrodes lie several millimetres 
inside the MR brain surface, and this can only be due to brain deformation. The right 
panel shows combined fMRI and post-implantation CT images from patient 7, with the 
significant voxels from the fMRI overlaid as white squares. The electrodes are visible 
as a row of grey elipses, which, because of brain deformation, lie several mm inside 
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Fig. 2. Thresholded post-implantation CT images overlaid on registered MR image for patient 
2 (left panel axial, centre panel coronal). The white lines show the outline of the bone, and 
the electrodes. Right panel: slice from post-implantation CT scan of patient 7 with significant 
activated fMRI voxels overlaid in white. The electodes are visible as grey rectangles in the CT. 
For all patients, there is a considerable gap between the electrodes and inner surface of the skull 
as a result of brain deformation similar to that shown here. 

the surface of the activated cortex. Brain surface deformation has been quantified for 
the eight patients, and is summarised using the median, 10 percentile and 90 percentile 
displacements in table 2. 

Patient median displacement 90 percentile displacement 10 percentile displacement 
MR brain] CT skull MR brain CT skull MR brain] CT skull 

1 3.6 4.5 7.5 7.0 1.4 
2 4.9 5.2 9,3 9.3 2.5 
3 3.5 3.8 7.8 6.8 -2,0 
4 4.4 5.9 10.1 10.4 0.7 
5 10.3 7.4 13.4 11.9 6.2 
6 6.8 5.8 10.2 10.9 2.9 
7 3.5 5.6 9,2 13.1 0.7 
8 5.4 7.5 11.2 12.0 0.4 

0.2 
2.4 
1.4 
1.3 
1.1 
4.0 
2.3 
1.7 

mean (stdev)] 5.3 (2.3) ] 5.7 (1.3) ]9.8 (1.9) I 10.2 (2.3) I 1.6 (2.4) ] 1.8 (1.1) 

Table 2. Median, 90 percentile and 10 percentile displacement between the position of the elec- 
trodes located in the post-implantation CT scan and the closest point on the brain envelope de- 
lineated from the registered pre-operative MR scan (MR brain), and the position of the same 
electrodes and the closest point on the inner table of the skull (CT skull). Distances are in mm 
inside the brain envelope and inner table of the skull respectively. 

There is good agreement between the values of  the displacements calculated in these 
two ways. The displacements are all in the same direction, with the electrodes lying 
inside the brain boundary, as illustrated by figure 2. The largest shifts, which are more 
than 1 cm for most patients, were observed near the centre of  the craniotomy, which in 
many cases is the brain region of  greatest interest. These measurements do not provide 
any estimate of  the lateral shift of the brain surface, but provide a lower bound on the 
deformation of points on the brain surface between the pre-operative MRI and post- 
implantation CT images. 
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4 Discuss ion  

In carrying out this study we have identified several sources of error that make it difficult 
to determine how accurate fMRI is at localizing functional regions, or how well fMRI 
agrees with invasive electrophysiology measurements. 

4.1 Patient motion during fMRI 

We have found that fMRI is much more unreliable when applied to this group of 
epilepsy surgery patients than for studies at our centre on normal volunteers. Our results 
suggest that this is likely to be due to the greater magnitude of motion during scanning 
of the patient group, and especially the greater magnitude of motion correlated with the 
stimulus and motion with a large through-plane component. 

During fMRI studies, it is necessary to detect changes in image intensity of a few 
percent [16]. Small amounts of motion can lead to changes of at least this magnitude. 
For example, consider an imaging sequence in which CSF is 100% brighter than grey 
matter. If, between two serial studies, the patient moves laterally by 0.1 of a sampling 
interval, voxels on the boundary between grey matter and CSF will experience a re-' 
suiting change in partial volume effect. If  the amount of CSF in the voxel increases 
by 10%, then the intensity of that voxel will increase by 5%. Such changes in partial 
volume effect at tissue boundaries can either mask signal changes resulting from blood 
oxygenation effects, or lead to "artefactual activations": signal changes that might be 
mistakenly interpreted as resulting from functional changes. For properly sampled data, 
these partial volume changes can be corrected using suitable interpolation kernels. Pa- 
tient motion within a non-uniform B0 or B1 field can introduce further artefacts, as 
tissue moving relative to the magnetic field and RF coils will produce signal changes 
that cannot be corrected for simply by interpolation. 

Patient motion that has a component through the slice plane can cause additional 
problems in multi-slice image sequences. Such through-slice motion can lead to tissue 
entering the slice that has not previously been excited in the same way as tissue in the 
slice plane (ie, the tissue has experienced a different "spin excitation history") [17]. 
Small volumes of particular tissues (eg: grey matter, white matter, CSF) moving into 
the slice in this way may contribute a different amount of signal to the identical volume 
of tissue they displace. 

If the subject moves with a frequency unrelated to the frequency of the applied stim- 
ulus, then this motion can be separated from "true" activation because the period of the 
activation is known. The patient motion we measured, however, is strongly correlated 
with the applied stimulus, so its effects cannot be separated from functional effects by 
their period [18]. 

4.2 Brain deformation 

There are numerous sources of error in making the comparison between electrode po- 
sitions and corresponding positions in the functional MR data. The deformation in the 
brain surface we have observed for these patients can introduce errors of more than 
10 mm in comparing the location of electrodes to structures and functional regions in 
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the pre-operative images. Photographic methods for aligning the location of intraop- 
eratively identified regions or electrodes have been used by other investigators [4,5]. 
These methods are potentially capable of correcting for any rigid body displacement or 
scale change in the position of the brain. The methods described are, however, unable 
to correct for deformations of the sort we have observed because they are not simply 
translational shifts, and the perspective geometry of the intraoperative photographs will 
introduce further errors that are hard to quantify. 

There will be further difficulties in aligning pre-operative functional information 
from EPI MR images with either intra-operative or post-operative image coordinates 
because of distortion in the EPI images, which we have not quantified in this study. All 
these errors taken together make it hard to quantify the degree of agreements between 
modalities. 

5 Conclusions 

Using current processing techniques, we have found fMRI to be unsatisfactory for lo- 
calisation of eloquent regions of the cortex in epilepsy neurosurgical patients who have 
lesions in the vicinity of their sensorimotor cortex. We believe this to be because these 
patients move more while carrying out motor tasks than other subjects investigated at 
our centre, and also because this motion tends to have a large component with the stim- 
ulus frequency. This is especially true when the subject is carrying out a task using the 
side of their brain ipsilateral to the lesion. We found substantial deformation in brain 
surface position between pre-operative MR imaging and post-implantation CT imag- 
ing. These brain shifts are of a similar magnitude to the intraoperative shifts recorded 
by other surgical centres in conventional neurosurgery [19-21]. This, together with pos- 
sible EPI distortion, suggests that comparisons of the position of regions of activation 
seen on the fMRI study and the location of electrodes associated with the same func- 
tional task are subject to errors that can be in excess of 10mm. Errors of this magnitude 
are likely to be clinically significant for many types of surgical procedures, and makes it 
very difficult to accurately compare the location of electrophysiological measurements 
with the location of the corresponding blood flow changes measured by fMRI. Methods 
of comparison involving either post-operative CT, an intraoperative localiser, or intra- 
operative photographs will all be affected by these errors. Such measurements should, 
therefore, be interpreted with care, and, using current analysis techniques, are likely to 
be of limited use in the validation of fMRI protocols. We believe that substantial ad- 
ditional image analysis methodology needs to be developed and applied to these data 
before accurate comparison of fMRI and invasive electrophysiology can be performed. 
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