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Summary: Purpose: Many patients with focal cortical dys-
plasia (FCD) continue to have seizures after surgical treatment.
The usual explanation for the poor surgical outcome is the pres-
ence of residual dysplastic tissue missed by the preoperative
neuroimaging investigation and therefore not resected during
surgery. We apply a voxel-based morphometry (VBM) analysis
to the magnetic resonance imaging (MRI) scans from patients
with epilepsy and visually detected FCD to investigate whether
(a) VBM is able to detect gray-matter concentration (GMC) ab-
normalities in patients with FCD, and (b) whether the extent of
GMC abnormalities in the brain of these patients differs from
the regions observed by using visual inspection.

Methods: We studied 11 patients with visually detected FCD
(eight of them with histologic confirmation of FCD). The GMC
from each one of these patients was compared with the mean

GMC from a control group of 96 normal healthy subjects by
using an optimized VBM protocol.

Results: Ten of 11 patients showed statistically significant
GMC excess, and among patients with GMC excess, only one
showed GMC excess that was not exactly correspondent to the
visually detected FCD. Seven patients exhibited excess in GMC
extending beyond the area of visually detected FCD.

Conclusions: This preliminary neuroimaging study suggests
that (a) VBM can detect GMC excess in patients with FCD, and
(b) GMC excess in these patients can extend to brain areas not
visually defined as abnormal. Abnormal areas detected by VBM
can possibly correspond to mild malformations of cortical de-
velopment, supporting the notion that the surgical refractoriness
observed in patients with FCD can be due to the incomplete
resection of the dysplastic tissue. Key Words: Focal cortical
dysplasia—Epilepsy—Voxel-based morphometry.

Focal cortical dysplasia (FCD) is a developmental mal-

formation of the cerebral cortex that is now recognized

as one of the leading causes of drug-resistant epilepsy

(1–5). Magnetic resonance imaging (MRI) is currently the

noninvasive method of choice for the in vivo diagnosis of

FCD. The presence of focal cortical thickening, alterations

in the sulci and gyri pattern, blurring between gray- and

white-matter transition, and T2 signal elongation of the

subcortical white matter that tapers toward the ventricle

are well-established criteria for the neuroimaging diagno-

sis of FCD (6).

Carefully designed MRI protocols can reliably detect

subtle dysplastic lesions that will not be identified by rou-

tine MRI evaluation (2,7,8). Although the diagnosis of

FCD has improved, its surgical treatment remains sub-

optimal (2,9). Optimal surgical outcome—that is, seizure

freedom—is achieved in ∼50% of the patients with FCD
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(9,10) or different malformations of cortical development

(11). The reasons that many patients do not become seizure

free after epilepsy surgery are still largely unknown. One

possible explanation for the poor surgical outcome in these

patients is that the visually detected lesions in these pa-

tients are just the “tip of the iceberg” of a more pervasive

dysplastic lesion that is not detected by visual inspection,

as suggested by histologic (5, 12–16) and electrophysio-

logic (17) findings.

New automated brain-imaging techniques have been

used to investigate subtle morphometric abnormalities

that are associated with neurologic disorders. Voxel-based

morphometry (VBM) is a technique that uses automatic

classification of brain tissues (i.e., gray matter, white mat-

ter, and cerebrospinal fluid) and permit the calculation of

the probability of a each voxel belonging to a spatially

normalized image to fit into the category of a segmented

tissue. VBM also can be used to compare different popu-

lations regarding their profile of distribution of segmented

tissues (18). Applied to epilepsy, VBM has been success-

fully used to confirm atrophy that extends beyond the
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hippocampus in patients with temporal lobe epilepsy (19),

by showing a diffuse reduction in gray-matter concentra-

tion (GMC) in areas adjacent to the hippocampus or con-

nected to the limbic system (20,21).

The objective of this study was to quantify the GMC

in a selected group of patients with drug-refractory partial

epilepsy due to FCD. We compared, by using an optimized

VBM protocol, the GMC of each one of these patients

with the distribution of GMC in a large group of healthy

individuals. One of the visual features of FCD is the in-

creased thickness of the dysplastic cortical mantle. Thus

we hypothesized that these patients might exhibit excess

of GMC in the areas corresponding to the FCD. Our aims

were (a) to assess whether VBM can detect excess GMC

in the regions that have been visually defined as FCD, and

(b) to investigate whether these patients show excess GMC

in other brain areas different from the visually suspected

area.

METHODS

Subjects and diagnostic protocol

We evaluated 11 consecutive patients with a neuroimag-

ing diagnosis of FCD (3,22) (mean age, 17 ± 12 years).

All patients were referred from the outpatient epilepsy

clinic of our institution. The diagnosis of FCD was per-

formed by a thorough neurologic investigation composed

of a comprehensive history assessment and physical ex-

amination, interictal electroencephalograms (EEGs), and

an in-house–developed protocol optimized for the visual

investigation of FCD by using multiplanar and curvilin-

ear reconstruction of high-resolution MRI films (7,8). The

diagnosis of the epileptic syndrome was based on Inter-

national League Against Epilepsy (ILAE) criteria (23).

Visual inspection suggested that each patient had only

a single area of FCD, and no evidence of any other type of

brain lesion was found. After the MRI scan, eight patients

underwent surgical treatment for epilepsy by resection of

the visually detected dysplastic region; all of them had his-

tologic confirmation of FCD (22,24). We included in this

study patients with one or more of the following histologic

abnormalities: cortical architectural abnormalities such as

dyslamination, immature neurons, giant neurons, dysmor-

phic neurons, and balloon cells. Not all patients showed

balloon cells (i.e., not all patients belong to the category

defined by Palmini et al. (22) as type IIB, which is com-

posed of architectural abnormalities associated with dys-

morphic neurons and balloon cells. Our patients belonged

in category II, which has been defined as Taylor-type FCD

(dysmorphic neurons without or with balloon cells) by

Palmini et al. Table 1 shows the clinical information of

the patients.

Control group

We evaluated 96 normal healthy volunteers recruited

from the local community (44 men) with mean age of
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30.1 years (SD, 11.3 years), ranging from 9 to 66 years.

The mean age of patients was significantly smaller than

the mean age of controls [t(128) = 4; p < 0.05]. How-

ever, the age range in both patients and control subjects

was sufficiently large to model age-related confounds in

our statistical model for the VBM analyses. Therefore we

included age as a covariate for our subsequent statistical

analyses. Moreover, each patient was individually com-

pared with the group of controls, and only one patient

(patient 3) had an age younger than two standard devia-

tions (SD) below the mean age of the control group. All

other patients had ages that were within 2 SD of the mean

age.

Electroencephalogram

Ictal or interictal EEGs were performed, and the epilep-

tiform abnormalities were classified as either focal or mul-

tifocal. EEG data also are summarized in Table 1. Multi-

focal activity was defined by the presence of independent

ictal or interictal epileptiform discharges in two or more

different cerebral lobes. Focal abnormalities were defined

by the presence of ictal and interictal epileptiform activity

at only one cerebral lobe.

Voxel-based morphometry

We applied an optimized VBM protocol to assess GMC

changes in these patients. VBM was performed on volu-

metric T1-weighted images with either 1-mm isotropic

voxels or with 1.5 × 0.97 × 0.97-mm voxels. All images

were acquired on the same Elscint Prestige 2 Tesla scanner

(Haifa, Israel) by using a spoiled gradient-echo sequence

(TR, 22 ms; TE, 9 ms; flip angle, 35 degrees; matrix, 256 ×

220).

DICOM images were transformed into ANALYZE

format by using MRIcro software (Chris Rorden,

www.mricro.com) (25) and skull-stripped by using

the brain-extraction tool (Steve Smith, www.fmrib.

ox.ac.uk/fsl/bet/). The VBM analysis was performed by

using modified routines present in the SPM2 software

package (Wellcome Department of Cognitive Neurol-

ogy, www.fil.ion.ucl.ac.uk) (18). A skull–stripped tem-

plate and prior images of gray and white matter and CSF

were created from the images from the 96 control sub-

jects. We decided to use our own template in the analysis

to overcome (a) differences in contrast from our images

to the standard template used by SPM, (b) nonuniformi-

ties in image intensity and inhomogeneities in B0 field

crated by our scanner, and (c) differences in the demo-

graphics of our population compared with the population

used for the generation of the SPM standard template.

The prior images and the template were convolved with

an isotropic gaussian kernel (IGK) of 8 mm and were

used for optimizing the nonlinear normalization of raw

skull-stripped images. Initial spatial normalization used a

12-parameter linear transformation (translation, rotation,

zoom, and shear functions). Spatial normalization was re-

fined by using 16 nonlinear iterations, medium regular-

ization, and a 25-mm cutoff. Spatially normalized images

were resliced to an isotropic 1 mm. The images under-

went segmentation of gray matter by using SPM2’s built-

in routines, which estimate the probability that each voxel

is gray matter. The segmented images were modulated

(26) to preserve the quantity of tissue (e.g., gray matter)

while ensuring a good spatial alignment between patients

and controls. Finally, the images were convolved with an

IGK of 10 mm to minimize gyral interindividual variabil-

ity. This smoothing converts maps of tissue-classification

probabilities (i.e., segments) into images of local gray-

matter concentration. After smoothing, the data represent

the proportion of the volume under the smoothing kernel

that has been classified, probabilistically, as gray matter.

In addition, this smoothing renders gray-matter concen-

tration normally distributed, enabling us to apply standard

statistical parametric mapping techniques.

The normalized, segmented, modulated, and smoothed

data were analyzed by using SPM2. This information cor-

responds to probabilistic maps of gray-matter concentra-

tion and apply exclusively to smoothed distribution of gray

matter, therefore localized within GM. The resulting im-

ages were compared by using an analysis of covariance

(ANCOVA) with age as a nuisance factor to search for

differences in GMC between control subjects and each

patient with FCD. Contrasts were defined to estimate the

probability of each voxel being gray matter. This analy-

sis included grand mean scaling and proportional thresh-

old masking (set to 0.8) and implicit masking. This pro-

portional threshold-masking level was chosen as we a

priori expected to identify gray-matter hyperintensities

(note that this threshold will eliminate regions with low

GMC). We used an uncorrected statistical threshold of

p < 0.001 (T = 3.18) with an extent threshold looking

for clusters with ≥32 contiguous voxels. The determina-

tion and naming of the brain region that showed differ-

ences in GMC were performed by assessing their stereo-

taxic coordinates provided in the SPM output through

the Internet freely available Talairach Daemon client

(http://ric.uthscsa.edu/projects/talairachdaemon.html).

However, the difference in GMC observed in the sub-

jects with FCD could be explained by the simple individ-

ual variability of sulci and gyral pattern, which can persist

despite the normalization and smoothing procedures. In

this case, detected increased GMC could occur by chance

within the normal population and is not related to the pres-

ence of FCD. Nevertheless, VBM is based on a number of

assumptions, including normality assumptions and limit

distributions for the null distribution of the size and extent

of regional effects. To make absolutely sure these are as-

sumptions were not violated in our data, we performed a

null analysis, replacing the patients with normal subjects.

We compared the GMC of healthy adult individuals with

the mean GMC of the control group. We randomly selected

Epilepsia, Vol. 47, No. 5, 2006
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five healthy adult individuals (mean age, 30 ± 3.9 years)

whose images were not used for the construction of the

template or control GMC dataset. The images from each

one of these individuals were compared with the mean

image of the 96 control subjects by using ANCOVA, with

age as nuisance factor.

We also were concerned that the differences in GMC

between each patient and controls could be an effect of the

younger age of some patients, even though all patients,

with the exception of one (subject 3), had ages that fell

within two SD of the mean age of controls. To address

this issue, we randomly selected three normal children

(ages 7, 13, and 14 years), and the images from each one

of these children were compared with the mean image of

the 96 control subjects by using ANCOVA with age as

nuisance factor.

RESULTS

Eleven patients were evaluated. Eight patients were sub-

mitted to surgical resection of the FCD area, and all of

them had the diagnosis of Taylor-type FCD confirmed

(3,22). Two patients had neurologic symptoms other than

seizures. One patient had a mild left hemiparesis, and an-

other patient exhibited a learning disability.

Each patient had only one area of visually suspected

FCD, which was present in a distinct anatomic location

for every patient. The location of the visually suspected

FCD for each patient is shown in Table 2. Table 2 also

displays the results of the VBM analyses, listing the areas

of increased GMC for each patient, which are put side by

side with the area of visually suspected FCD. The statis-

tical maps of GMC excess of two representative patients

are shown in Fig. 1, which displays a comparison between

VBM findings and the visual diagnostic MRI results.

Ten (91%) patients showed GMC excess. In nine (82%)

patients, visually detected FCD matched the area of signif-

icant GMC excess. In seven (64%) patients, GMC excess

extended beyond the area of visually detected FCD. Only

one patient showed regions of GMC excess that did not

overlap the correspondent visually detected FCD.

Among the patients who showed areas of increased

GMC, the cluster size of the GMC excess in the region

corresponding to the visually detected FCD ranged from

40 to 1,046 mm3.

Among patients with GMC excess beyond the area of

visually suspected FCD, five (71%) had multifocal EEG

abnormalities, and five (71%) did not achieve seizure

freedom after surgery. Overall, patients who exhibited

GMC excess beyond the visually suspected area either

showed multifocal EEG, did not achieve seizure control

with surgery, or both.

Among patients with other neurologic signs, patient 3,

who had mild left hemiparesis, exhibited large visually

detected right inferior and middle frontal gyri FCD and

VBM abnormalities that encompassed the same locations.

Patient 11, who showed learning disabilities, exhibited

visually detected right inferior temporal gyrus FCD and

pervasive VBM abnormalities involving the right temporal

and parietal lobes.

We did not observe a significant difference in GMC

between each one of the five randomly selected adult in-

dividuals and the control group, or between the three ran-

domly selected children and the control group, by using

the same criterion we used for patients, that is, an uncor-

rected statistical threshold of p < 0.001 (T = 3.18) with

an extent threshold looking for clusters with ≥32 contigu-

ous voxels. This finding suggests that the increased GMC

observed in patients is due to the presence of FCD, rather

than normal variability in sulcal/gyral variability or age

effects.

DISCUSSION

We demonstrated that VBM can detect gray-matter ab-

normalities in a subset of patients with FCD. An opti-

mized VBM protocol was able to detect a significant in-

crease in GMC for almost all patients in the brain areas

where FCD was visually diagnosed. This indicates that

VBM can detect one of the changes that are associated

with FCD, which is an increased thickness of gray matter.

Our work supports previous reports that observed a voxel-

wise increase in GMC accompanying FCD (27–29). Our

study confirms that the increased GMC extends beyond

the visually defined FCD (20,28,30). We observed that

in the majority of patients from our studied group, VBM

detected an increase of GMC that extended beyond the vi-

sually diagnosed FCD locations. Even though we do not

suggest that VBM should be used as a diagnostic tool for

the detection of FCD, we recognize that this finding can

be of some importance in improving the understanding of

the physiopathology of FCD and its related refractoriness

to surgical treatment.

In patients with partial epilepsy due to a cortical dys-

plastic lesion, FCDs have been conventionally identified

by having a neuroimaging expert visually inspect the raw

MRI data. Recent techniques have been developed to help

neuroradiologists identify regions of FCD (8,31,32). Vi-

sual analysis of MRI scans powered by multiplanar and

curvilinear reconstruction can substantially improve the

detection of FCD (8). Nonetheless, despite the recent ad-

vances in the diagnosis of FCD by conventional MRI and

postprocessing techniques, neuroimaging methods have

previously failed to detect signs of diffuse abnormalities

in patients with FCD. Our work suggests that visual in-

spection may not be sufficient to identify the full extent of

the cortical dysplastic lesion in these patients. Our study

suggests that patients with FCD can show gray-matter ab-

normalities detected by a voxel-wise automated statisti-

cal morphometric analysis of MRI. These patients exhibit
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TABLE 2. Values of the t-statistic (SPM(t)) and the values of the t-statistic corrected for the normal distribution (SPM(z)) depicting the location and the statistical significance of
voxels with GMC differences in patients with FCD compared with controls

VBM results height threshold: T = 3.18, p = 0.001

Voxel Anatomic location

Subjects Visual analysis Cluster size T Equiv Z X Y Z Hemisphere Lobe Location Brodmann area

Subject 1 Right middle and superior frontal gyri 431 4.12 3.94 15 58 18 Right Frontal lobe Superior frontal gyrus Brodmann area 10
3.3 3.2 21 50 27

32 3.58 3.46 −32 −24 −33 Left Temporal lobe Medial occipitotemporal gyrus Brodmann area 36
146 3.55 3.43 −41 −28 60 Parietal lobe Postcentral gyrus Brodmann area 3

Subject 2 Left inferior parietal lobule 6152 4.79 4.52 −8 −69 53 Left Parietal lobe Precuneus Brodmann area 7
4.48 4.26 −11 −45 56
4.19 4 −5 −52 57

205 4.3 4.1 −47 −31 −31 Temporal lobe Fusiform gyrus Brodmann area 20
326 4.23 4.03 11 −65 42 Right Parietal lobe Precuneus Brodmann area 7
482 3.93 3.77 −35 −49 60 Left Superior parietal lobule
155 3.79 3.64 −61 −28 40 Postcentral gyrus Brodmann area 2
271 3.53 3.41 −61 −59 27 Temporal lobe Superior temporal gyrus Brodmann area 39

3.51 3.39 −63 −48 30 Parietal lobe Supramarginal gyrus Brodmann area 40
3.5 3.38 −63 −44 39 Inferior parietal lobule

43 3.49 3.38 −60 6 23 Frontal lobe Inferior frontal gyrus Brodmann area 9
33 3.32 3.22 −9 −79 24 Occipital lobe Cuneus Brodmann area 18
32 3.3 3.2 −46 −60 34 Parietal lobe Angular gyrus Brodmann area 39

Subject 3 Right inferior and middle frontal gyri 1046 4.58 4.34 38 38 −4 Right Frontal lobe Middle frontal gyrus Brodmann area 47
4.11 3.93 23 43 −12 Brodmann area 11
3.68 3.55 19 37 −19 Inferior frontal gyrus

71 3.79 3.64 9 45 −22 Right Frontal lobe Rectal gyrus
57 3.39 3.28 −29 −60 55 Left Parietal lobe Superior parietal lobule Brodmann area 7

Subject 4 Left superior frontal gyrus 2506 4.42 4.2 −23 −82 34 Left Occipital lobe Cuneus Brodmann area 19
4.4 4.18 −25 −79 42 Parietal lobe Precuneus

700 4.21 4.02 21 −89 16 Right Occipital lobe Middle occipital gyrus Brodmann area 18
3.59 3.46 23 −85 32 Cuneus Brodmann area 19

92 3.77 3.62 −20 47 32 Left Frontal lobe Superior frontal gyrus Brodmann area 9
100 3.72 3.58 −40 −71 20 Occipital lobe Transoccipital sulcus Brodmann area 19
103 3.41 3.3 −4 −74 51 Precuneus Brodmann area 7

Subject 5 Right superior frontal gyrus 612 5.3 4.94 12 59 15 Right Frontal lobe Superior frontal gyrus Brodmann area 10
Subject 6 Right postcentral gyrus 720 4.39 4.17 −67 −28 14 Left Temporal lobe Superior temporal gyrus Brodmann area 42

3.49 3.37 −66 −30 26 Parietal lobe Inferior parietal lobule Brodmann area 40
3.35 3.25 −63 −28 7 Temporal lobe Superior temporal gyrus Brodmann area 42

172 3.81 3.66 64 −24 9 Right
240 3.73 3.59 −63 −42 40 Left Parietal lobe Inferior parietal lobule Brodmann area 40

3.41 3.3 −58 −46 48
193 3.67 3.54 −42 −50 57
120 3.66 3.53 11 −55 −31 Right Cerebellum Peduncle
379 3.63 3.5 61 −33 26 Parietal lobe Inferior parietal lobule Brodmann area 40

3.22 3.13 62 −25 22 Postcentral gyrus
577 3.57 3.45 36 −92 −1 Occipital lobe Inferior occipital gyrus Brodmann area 18

3.48 3.37 26 −94 5 Middle occipital gyrus
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a focal increased GMC, compared with normal controls.

The areas of GMC are not exclusively located at the region

of suspected FCD and may represent dysplastic features

conspicuously distributed. The group of patients studied

falls into the category that has been defined as Taylor-type

FCD (dysmorphic neurons without or with balloon cells)

by Palmini et al. (22). That explains why they had visually

defined MRI abnormalities, because the type I (no dysmor-

phic neurons or balloon cells) is probably not detected by

current diagnostic MRI techniques. These patients corre-

spond to the most severe spectrum of FCD abnormalities

(and hence had visual diagnosis of FCD), which can ex-

plain the fact that we observed clear-cut VBM results on

the site of visually defined FCD. However, those areas

not visually defined as abnormal, but detected as such by

VBM, could possibly correspond to type I or mild mal-

formations of cortical development, which possibly ex-

emplifies the spectrum of abnormalities in patients with

FCD.

Altogether, the areas of increased GMC in these patients

may contribute to the origin and maintenance of seizures.

This finding supports the notion that the surgical refrac-

toriness observed in patients with FCD can be due to the

incomplete resection of the dysplastic tissue.

It is noteworthy that, in some patients, VBM detected

scattered increased GMC across over more than one cere-

bral lobe. Combining clinical, EEG, and surgical infor-

mation, it is possible to infer that these areas are probably

abnormal dysplastic tissue. All patients who had VBM

abnormalities encompassing more than one cerebral lobe

also had multifocal EEG activity (independent ictal or

interictal epileptiform discharges in two or more differ-

ent cerebral lobes), with the exception of two patients

(numbers 2 and 4). Nonetheless, patients 2 and 4 did not

achieve seizure freedom after surgery (Table 1). In addi-

tion, both patients with neurologic manifestations other

than seizures (subjects 3 and 11) did exhibit pervasive

VBM abnormalities. Patient 3 showed a left hemipare-

sis that was compatible with an extensive left precentral

dysplasia, whereas patient 11 exhibited learning disabil-

ity and pervasive temporal and parietal abnormalities. We

believe that the combination of clinical, EEG, and postop-

erative data in our group of patients corroborates the po-

tential epileptogenic nature of the abnormalities detected

by VBM. All patients with VBM abnormalities extending

beyond the visually detected area either showed multifocal

EEG or were refractory to surgical treatment.

In addition, we failed to observe GMC abnormalities

when normal subjects, including children, were compared

with control subjects. This indicates that the abnormalities

seen in patients with FCD are unlikely to be due to normal

individual variability of sulci and gyri distribution or to

age effects of gray-matter distribution.

Our extensive attempts to minimize false alarms neces-

sarily imply low statistical power. Therefore the true tissue

Epilepsia, Vol. 47, No. 5, 2006
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FIG. 1. Data from two representative patients with voxel-based morphometry (VBM) results matching the location of the visually suspected
FCD and the process of GMC analysis. The left column (A) shows the slice of the T1-weighted MRI scan in which the suspected lesion
is highlighted (dotted line square). B: Probabilistic map of distribution of gray matter. C: Map of gray matter smoothed with 10-mm kernel
that is applied with the purpose of minimizing interindividual sulci and gyri differences. D: Overlay of the smoothed map of gray matter
and the structural scan. E: Three-dimensional reconstruction of the patient’s brain, with a double overlay composed by the VBM statistical
map of increased GMC (in a red–yellow color gradient with a corresponding Z-score scale bar) and the region of the visually suspected
FCD drawn in blue. F: Extent of the statistical map of increased GMC, which is overlaid on a flat-map template of the cortical mantle (35).
The top row displays the data from subject 5, who exhibited an FCD located in the right superior frontal gyrus. In this patient, the regions
of VBM-detected increased GMC did not extend far beyond the visually detected area of FCD. Bottom row: Data from subject 2, who
exhibited a visually suspected FCD lesion on the inferior parietal lobule. In this patient, the statistical map of increased GMC matched
the location of the visually defined FCD, but also extended beyond it, encompassing areas that did not appear abnormal in the diagnostic
MRI.

abnormality may be more extensive than suggested by our

analysis. For example, we attempted to account for age by

using ANCOVA, which may be much more conservative

than conducting an analysis using an age-matched control

group. Furthermore, our conservative statistical threshold

of p < 0.001 reduces our ability to detect abnormalities.

Unlike MTLE (in which a common pattern of GMC ab-

normalities appears to be present across individuals), FCD

clearly influences different cortical regions across indi-

viduals. This individual variability requires single-subject

analyses, which can considerably reduce statistical power.

Our present study demonstrates that VBM can be use-

ful for investigating FCD. Our results support findings

from other centers, which reported a high rate of FCD de-

tection by using automated VBM techniques [12 correct

detections in 17 patients, according to the work of Srivas-

tava et al. (33), and 21 of 27 patients according to the work

of Colliot et al. (28)]. Therefore it appears that VBM is

sensitive in detecting brain abnormalities in patients with

FCD. Nonetheless, we suggest that VBM results should

be interpreted with caution. For example, our optimized

VBM protocol (with a custom template tuned for our scan-

ner as well as local demographics) may be more sensitive

than conventional VBM.

Furthermore, VBM may not be accurate enough to be

used as a preoperative planning tool for the treatment of

FCD. Even though we showed that VBM can identify in-

creased GMC in areas of FCD, we have not established

the clinical reliability of this technique (e.g., we have no

histologic evidence that the areas identified as abnormal

by VBM that appeared normal on visual inspection are

indeed dysplastic). However, our work does suggest that

FCD often results from a more dispersed lesion than those

observed by simple visual inspection of MRI scans. In any

case, regions identified by VBM may warrant more careful

monitoring or examination with conventional techniques

such as visual inspection combined with EEG. Alterna-

tively, VBM results could be used to guide high-resolution

MRI scans of the suspected regions (e.g., regions revealed

by whole-brain VBM could be investigated by using a

high-resolution surface coil with a restricted field of view).

One problem associated with using VBM to investi-

gate FCD lies with the techniques used for segmenting of

brain tissues. Defining three tissue types (CSF and gray

and white matter) relies on the clear-cut distinction of

these healthy tissues. VBM has been successfully used in

the past to offer information regarding the distribution of

gray and white matter, but usually when the features of

the tissue are broadly preserved and the changing factor is

the concentration or volume of the tissues. In our present

study, we used a standard method for segmenting brain tis-

sues only optimized by the use of gray-matter priors from

a custom template (e.g., the template image is tuned for

our scanner). We observed that the pathologic FCD region

is typically classified as an increased volume or concen-

tration of GMC. However, histologic studies demonstrate

that FCD also can occur as a disorganized architecture of

the cortical layers without any alteration of the thickness of

the cortical mantle (34). This aspect of FCD is most likely

missed by VBM. However, texture-based analysis of the

Epilepsia, Vol. 47, No. 5, 2006
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cortex of patients with FCD has suggested that these le-

sions can be detected by automated texture-extraction neu-

roimaging routines (32) as well. The sensibility of VBM

in the detection of FCD is probably hampered by the fact

that only one aspect of the FCD is detected, the increased

cortical thickness or density. We suggest that the detection

of FCD by using automated neuroimaging techniques can

have their sensibility and specificity improved if VBM is

combined with other tools that could identify alterations in

the organization of the cortical mantle. In that respect, the

combination of texture analysis and VBM is particularly

promising and should be addressed by further studies. In

summary, our research offers a proof of concept, clearly

illustrating that automated analysis of MRI scans can re-

veal abnormalities missed by visual inspection. However,

reliable clinical applications would probably benefit from

a more complex method of segmentation (detecting abnor-

mal texture or structure, instead of simply assuming that

all brain regions are healthy white matter, healthy gray

matter, or CSF).
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