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Summary: Purpose: On MRI, focal cortical dysplasia (FCD)
is characterized by a combination of increased cortical thickness,
hyperintense signal within the dysplastic lesion, and blurred transition between gray and white matter (GM–WM). The visual
identification of these abnormal characteristics may be difficult,
and it is unclear to what degree these features occur among different FCD lesions. Our purpose was to investigate the pattern of
occurrence of abnormal MRI characteristics in FCD by using a
set of computational models and to generate quantitative lesion
profiling.
Methods: A set of voxel-wise operators was applied to highresolution 3D T1 -weighted MRI in 23 patients with histologically proven FCD and 39 healthy controls, creating maps of GM
thickness, maps of relative intensity highlighting areas with hyperintense signal, and maps of gradient magnitude modeling the

GM–WM transition. All FCD lesions were segmented manually
on the T1 -weighted MRI.
Results: FCD volumes ranged from 734 mm3 to 80,726 mm3
(mean, 8,629 mm3 ± 16,238). The manually segmented FCD
lesions were used to estimate features in the lesional area and to
determine possible local variations of each feature by means of
a histogram. In 78% of the patients, FCD lesions were characterized by simultaneous GM thickening, hyperintense signal, and
blurring of the GM–WM transition. Moreover, in all patients,
the FCD lesion had at least two of these three characteristics.
Conclusions: The three features occurred regardless of the lesion volume, and they characterized not only large FCD lesions,
but also subtle ones that had been overlooked by conventional
radiologic inspection before surgery. Key Words: Magnetic
resonance imaging—Image analysis—Focal cortical dysplasia.

Malformations caused by abnormalities of cortical
development have been increasingly recognized in patients with drug-resistant epilepsy. Focal cortical dysplasia (FCD) (1), the most common malformation of cortical
development in surgical reports (2,3), is characterized by
a spectrum of histopathologic abnormalities that include
various degrees of focal cortical thickening, blurring of
the gray matter (GM)–white matter (WM) transition, abnormal neuroglial elements in the underlying WM, and
disruption of the normal cortical lamination associated
with an excess of large aberrant neurons and balloon cells
in most of the cases (1,4,5).
The use of magnetic resonance imaging (MRI) has allowed the identification of FCD in an increasing number
of patients. On T1 -weighted MRI, FCD may demonstrate
focal GM thickening (6) and a blurred GM–WM transition (6,7). More rarely, hyperintense signal within the
dysplastic lesion relative to normal cortex has been described (8–10). Hyperintense signal within the FCD le-

sion is often not visible on the T1 -weighted MRI because
it is subtle and at times limited to a portion of the FCD
lesion. However, signal-intensity differences between the
lesion and the normal cortical GM can be measured from
the T1 -weighted MRI (9).
In previous qualitative MRI studies, cortical thickening
and abnormalities in the GM–WM transition have been reported in isolated FCD cases (11–16). These reports have
been focused on the presence (or absence) of abnormalities
among FCD lesions and have not addressed the question of
their severity in individual patients. Moreover, the visual
identification of these abnormal tissue characteristics on
MRI is sometimes difficult and may be subjective, relying
on assessment by trained observers.
Processing of MR images allows generation of 3D
maps and quantitative measurements that are reproducible
and rater independent. A common goal of processing
techniques applied to neuroimaging is to improve detection of abnormal brain tissue, including abnormalities
that may not be readily recognizable by visual analysis
alone. We previously developed image-processing operators modeling FCD characteristics as seen on T1 -weighted
high-resolution MRI: GM thickening, hyperintense signal
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within the dysplastic lesion, and blurring of the GM–WM
transition (9,17,18). We demonstrated that these computational models significantly improve the sensitivity of
visual detection of FCD lesion relative to standard MRI
evaluation (9). In our previous analysis, the identification
of FCD lesions relied on a ratio map combining the three
models of these characteristics in a single numeric value.
Therefore we did not examine separately the occurrence of
each characteristic. For example, it is unclear whether all
FCD lesions present the three MRI abnormalities simultaneously or only one or two of them. It also is unknown
whether large and small FCD lesions share the same abnormal tissue characteristics. Moreover, even though it is
known that abnormal tissue characteristics in FCD may
vary across patients, no systematic and quantitative study
has been undertaken of the degree of such changes in individual patients.
The purpose of our study was to assess quantitatively
abnormal MRI characteristics in FCD by using computational models of GM thickness, tissue hyperintensity, and
blurring of the GM–WM transition, and to investigate the
pattern of occurrence of these abnormalities among FCD
lesions.
METHODS
Subjects
We selected 23 patients [12 males; mean age ± standard deviation (SD), 23 ± 9.2 years] who had histologically proven FCD at operation and who had preoperative high-resolution 3D T1 -weighted MRI. Patients were
compared with 39 sex- and age-matched healthy controls
(17 males; mean age, 28 ± 8.4). The Ethics Board of the
Montreal Neurological Institute and Hospital approved the
study, and written informed consent was obtained from all
participants.
All patients underwent a comprehensive evaluation including prolonged video-EEG monitoring. The seizure focus was right-sided in 15 patients and left-sided in eight.
Eleven patients had frontal lobe epilepsy; in five patients,
the seizure focus was parietal, in six, central, and in one,
occipital.
Resections were carried out in the frontal lobe in 11 patients, the central area in six patients, the parietal lobe in
five, and the occipital lobe in one. Qualitative histologic
classification of the resected tissue was done according to
the grades proposed by Palmini et al. (5). In this classification, grade IA is characterized by isolated architectural
abnormalities; grade IB is an association of architectural
abnormalities and giant or immature but not dysmorphic
neurons; grade IIA consists of architectural abnormalities
with dysmorphic neurons but without balloon cells; and
grade IIB is composed of architectural abnormalities with
dysmorphic neurons and balloon cells. According to this
classification, 15 of our patients had FCD grade IIB, five
had FCD grade IIA, and three had FCD grade IB.

135

MRI acquisition
In all subjects, MR volumetric images were acquired
on a 1.5-T Gyroscan (Philips Medical System, Best, The
Netherlands) by using a T1 -fast field echo sequence (TR,
18; TE, 10; one acquisition average pulse sequence; flip
angle, 30 degrees; matrix size, 256 × 256; FOV, 256;
thickness, 1 mm). This high-resolution T1 -weighted 3D
gradient-echo sequence was chosen because it provides
exquisite anatomic details with an isotropic voxel size of
1 × 1 × 1 mm. This acquisition type also features high
signal-to-noise and contrast-to-noise (17). As part of our
clinical protocol, coronal and axial proton-density (PD)
and T2 -weighted images (thickness, 3.0–5.0 mm; gap, 0.3;
TR, 2,100 ms; TE, 20, 78 ms) were obtained in all patients and showed an increase in signal within the lesion
in 14 of them. Coronal fluid attenuation inversion recovery
images (FLAIR; slice thickness, 3.0 mm; interslice gap,
0.3 mm; TR, 6,000 ms; TE, 150 ms; TI, 1,900 ms; FOV,
230 mm) were obtained in 14 patients and showed signal
abnormality in five of them.
Based on this protocol, the FCD lesion was recognized
before surgery in 16 patients. In the remaining seven patients, the lesion was not seen by using the clinical MR protocol that consisted of T1 -weighted, PD, and T2 -weighted
images (in all seven patients) and FLAIR (in four of seven
patients). In these patients, surgery was based on strong
clinical and EEG colocalizing data. The subtle FCD lesion was retrospectively recognized after surgery by performing curvilinear reformatting of 3D preoperative T1 weighted MRI (19).
Image preparation
Images were automatically registered into stereotaxic
space to adjust for differences in total brain volume and
brain orientation (20). Each image underwent automated
correction for intensity nonuniformity and intensity standardization (21). This correction produces consistent relative GM, WM, and cerebrospinal fluid (CSF) intensities. Classification of brain tissue into GM, WM, and CSF
was done by using our previously implemented histogrambased method with automated threshold (17).
Computational models of FCD
To model cortical thickness, blurring of the GM–WM
transition and hyperintense signal, a set of voxel-wise operators was applied to the high-resolution T1 -weighted
MRI for each subject by using our previously developed
methods (9,17) that generate a quantitative 3D map of
each feature. An example in an individual FCD patient is
shown in Fig. 1.
Cortical thickness was measured by modeling the
cortex as an electrostatic field as described by Jones
et al. (22). In brief, borrowing a tool from mathematical
physics, Laplace’s equation is solved over the cortical volume with boundary conditions specified at the GM–WM
and GM–CSF transitions, creating a series of streamlines
Epilepsia, Vol. 47, No. 1, 2006
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FIG. 1. Computational models of MRI characteristics of focal cortical dysplasia (FCD). For each feature, a three-dimensional map is
created. Representative axial slices are shown. A: T1 -weighted MRI with frontal FCD (arrow). B: Cortical-thickness map; brighter values
indicate higher thickness. C: Relative-intensity map; brighter values indicate hyperintense voxels. D: Gradient map; darker values indicate
a blurred transition at the gray- and white-matter interface.

corresponding to “equipotential surfaces.” Cortical thickness at a given voxel is then defined as the length of the
path that connects the voxel to both the GM–WM and
GM–CSF transitions and is orthogonal to all intermediary
streamlines. On the cortical-thickness map, higher intensity corresponds to increased GM thickness (Fig. 1B).

To model the hyperintense signal within the FCD lesions, we calculated a feature denoted as relative intensity,
defined for a particular voxel as
100 × [Bg − |Bg − g(i, j, k)|]/Bg

FIG. 2. Computational model of gray matter–white matter (GM–WM) blurring along the edges of focal cortical dysplasia FCD. Upper
panels: The construction of a border label from the manually segmented FCD. First, a 2-mm dilation and a 2-mm erosion of the manually
segmented lesion are computed. The 4-mm-wide border label is then obtained by subtracting the 2-mm erosion to the 2-mm dilation.
Lower panels: An FCD lesion label and its border corresponding to the GM–WM interface. A: T1 -weighted MRI with frontal FCD (arrow).
B: Manually segmented FCD. C: Area corresponding to the GM–WM transition on T1 -weighted MRI, excluding parts corresponding to the
GM–CSF transition. D: Border label superimposed on the gradient map.
Epilepsia, Vol. 47, No. 1, 2006
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where Bg is the intensity at the boundary between GM
and WM, and g(i, j, k) represents the intensity at the given
voxel (9). Using the relative difference allows the analysis of voxels located within cortical GM in which the
intensity is higher than normal and may even overlap that
of the WM. On the relative-intensity map, higher intensity corresponds to hyperintense signal within the lesion
(Fig. 1C).
Blurring of the GM–WM transition was modeled with
a gradient magnitude map (17). In the MR image, highest
gradient values are generated in regions of abrupt voxelintensity changes, such as the transition between WM and
GM or GM and CSF. In this 3D map, areas of blurred
GM–WM transition have lower gradient values than areas
of normal GM–WM transition (Fig. 1D).
FCD lesion profiling
Features computation in patients with FCD
To allow computation of each feature within the lesional tissue, FCD lesions were segmented manually on
high-resolution T1 -weighted MRI by a trained rater (V.N.),
with the MNI-Display software, which allows labeling
in the three directions of space. In the seven patients in
whom the FCD lesion had not been recognized by using
the standard MR protocol, the lesion could be seen on
the brain surface as obtained by curvilinear reformatting
of 3D MRI with the in-house–developed software Brainsight (19). This software allows a simultaneous display of
multiplanar and curvilinear slices, thus providing a direct
correspondence between the two views. Once the location
of the lesion was determined on the curvilinear slices, the
FCD was segmented on the orthogonal MRI slices.
For each patient, we computed the mean thickness and
relative intensity in the GM component of the FCD lesion,
defined as the intersection of the lesion label and the GM
segmentation.
The gradient was computed along the edges of the FCD
lesion, at the GM–WM transition (Fig. 2). To this end, we
subtracted a 2-mm erosion from a 2-mm dilation of the
lesion label, producing a 4-mm-wide border label. This
border label was subsequently manually corrected to include only the GM–WM transition (excluding parts corresponding to the GM–CSF transition) (Fig. 2C and D).
To analyze quantitatively the spatial distribution of FCD
lesions, we constructed a statistical parametric anatomic
map (SPAM) (Fig. 3). This SPAM, obtained by computing
the addition of all lesion labels in all 23 patients, indicates
the proportion of FCD lesions that were present at a given
voxel.
Features computation in healthy controls
The computation of each feature in healthy controls
was performed as described earlier only in brain areas
corresponding to the distribution of FCD lesions in the
patients as determined by the SPAM. To define our region
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FIG. 3. Statistical parametric anatomic map (SPAM) of focal cortical dysplasia (FCD) distribution superimposed on the ICBM 152
average template of healthy control subjects. The color-coding
indicates the proportion of lesions present in a given voxel.

of interest, we first drew a mask on an average template
of 152 linearly registered healthy subjects. Then cortical
thickness and relative intensity were computed in the GM
part of the mask. The gradient was computed on a region
corresponding to the GM–WM transition as defined by the
2-mm dilation of the intersection of two gaussian peaks
fitted to GM and WM.
Analysis
Numeric values
Group differences were assessed by using Student’s
t test. For analysis of individual patients, a given feature
was considered abnormal if its value was 2 SD above or
below the mean of healthy controls.
The degrees of abnormalities were assessed by subdividing the patients into three groups constructed by using
intervals of equal width: 4–6 mm, 6–8 mm, and >8 mm
for cortical thickness; 82–85, 85–88, and >88 (arbitrary
units) for relative intensity; and 100–80, 80–60, and < 60
(arbitrary units) for gradient.
Associations between computational features and the
FCD volume, as determined by manual segmentation,
were assessed by using the Pearson correlation coefficient
(r).
Histograms
To determine possible local variations of features
throughout the FCD lesion, we calculated the histogram of
each feature within the manually segmented lesion label.
The normalized histogram is defined as a function h equal
to the proportion of voxels in the lesion corresponding to
each possible feature value. Formally,
h(x) = N x /N
where N x is the number of lesion voxels having a value
equal to x, and N is the number of voxels in the lesion.
For example, on Fig. 4A, in the thickness histogram, a
value of 12% on the ordinate corresponding to 4 mm on
the abscissa means that 12% of the voxels of the lesion
have a thickness value equal to 4 mm. The normalization
Epilepsia, Vol. 47, No. 1, 2006
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FIG. 4. Examples of histograms of cortical thickness in two patients with normal mean (numeric) values. The histogram of each
patient (continuous line) is superimposed on the mean histogram
corresponding to the healthy controls (dashed line). Details concerning histogram construction are given in the text. A: The almost
identical graphs indicate that the focal cortical dysplasia (FCD)
does not exhibit any area of increased gray matter (GM) thickness. B: The lesion has an area of GM thickening (revealed by
the oval on the histogram). The normal mean thickness value of
this patient is explained by the fact that higher values are counterbalanced by a substantial number of low thickness values.

makes the histogram independent of the lesion size and
makes it possible to compare histograms across subjects.
We also computed the histogram of each control subject in a similar manner. We then computed the mean histogram h from the histograms h1, . . ., h39 of all 39 healthy
controls:
h(x) = (h 1 + h 2 + . . . + h39)/39.
To assess the local abnormalities in a given patient, we superimposed its histogram on the mean histogram of controls. Whenever the patient has a higher histogram value
than the control histogram, it means that it has a higher percentage of voxels with that feature value than do normal
subjects. Two examples of patients’ histograms superimposed on the control histogram are shown in Fig. 4.
RESULTS
Group analysis
Descriptive statistics for each feature in healthy controls
and FCD patients are presented in Table 1. For controls, the
coefficient of variability was 13% for cortical thickness,
2% for relative intensity, and 5% for gradient.
Mean thickness in the GM component of the FCD lesion
was higher in patients than in the corresponding GM area
in healthy controls (6.5 mm vs. 3.2 mm; p < 0.001). The
mean relative intensity of the MR signal within the FCD

lesions also was higher than that of the corresponding GM
in controls (84.9 vs. 79.4; p < 0.001). The gradient was
lower (73.3 vs. 112.9; p < 0.001), indicating a significant
blurring of the GM–WM transition along the edges of the
FCD lesion.
FCD lesions volumes ranged from 734 mm3 to 80,726
mm3 (mean, 8,629 mm3 ± 16,238). No correlation was
found between FCD volume and cortical thickness, relative intensity, and blurring of the GM–WM transition
along the edges of the FCD lesion.
In the seven patients in whom the FCD had not been
detected before surgery, the mean thickness was higher
than that in the corresponding GM areas of controls (5.6
mm vs. 3.2 mm; p < 0.001). The mean relative intensity
was also higher than that of controls (85.4 vs. 79.4; p <
0.005), and the gradient was lower (81.3 vs. 112.9; p <
0.005). Compared with the 16 patients in whom the FCD
had been recognized on the preoperative MRI, these seven
patients had smaller lesions (1,610 mm3 vs. 11,700 mm3;
p < 0.05) and exhibited lower cortical thickness (5.6 mm
vs. 7.0 mm; p < 0.05). However, they did not differ in
terms of relative intensity (85.4 vs. 84.6; p = 0.56) or
blurring of the GM–WM transition (81.3 vs. 69.8; p =
0.20).
When comparing feature values of FCD lesions with
balloon cells to those without balloon cells, we found no
differences in the mean cortical thickness (7 mm vs. 5.7
mm), relative intensity (85.2 vs. 84.3), and blurring of the
GM–WM transition along the edges of the FCD lesion (72
vs.76).
Individual analysis
The ranges of feature values across FCD lesions are
presented in Fig. 5 and Table 2. Twenty-one (91%) patients
exhibited an increased cortical thickness, 20 (87%), an
abnormal relative intensity, and 22 (96%), a blurring of
the GM–WM transition. Table 2 shows the distribution of
abnormalities across patients. Eighteen (78%) patients had
all three features abnormal, four (17%) had two abnormal
features (two patients, cortical thickening and blurring;
one, hyperintensity and blurring; one, cortical thickening
and hyperintensity), and one (4%) had only one abnormal
feature (which was a blurring). No patient had all three
features normal.

TABLE 1. Descriptives for cortical thickness, tissue relative intensity, and blurring of the GM–WM
transition for healthy controls (n = 39) and patients with FCD (n = 23)

Controls
FCD patients

Cortical
thickness (mm)

Relative intensity
(arbitrary units)

Gradient
(arbitrary units)

3.2 ± 0.4 (2.4–4.0)
6.5 ± 1.9 (2.7–10.2)

79.4 ± 1.3 (76.8–82.6)
84.9 ± 3.0 (78.6–90.2)

112.9 ± 5.8 (100.2–127)
73.3 ± 17.1 (42.8–115.5)

Each cell of the table displays the mean ± SD and the range in brackets.
FCD, focal cortical dysplasia; GM, gray matter; WM, white matter.
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FIG. 5. Range of variation for (A) cortical thickness, (B) relative intensity, and
(C) gradient in focal cortical dysplasia.
The X-axis corresponds to the 23 patients. The Y-axis represents the values of
cortical thickness (in millimeters), relative
intensity, and gradient (arbitrary units).
The two horizontal lines indicate the interval mean (dashed line) ±SD (continuous
line) corresponding to the values found in
the healthy controls.

The histogram analysis showed that one of the two patients with normal mean thickness had a portion of the
lesion with abnormal cortical thickening (see Fig. 4). In
the three patients with normal relative intensity as well
as in the patient with normal gradient, histogram analysis revealed no focal area of abnormality within the FCD.
Adding these cases to the analysis, the proportion of patients with abnormal thickening in the GM component of
the FCD lesion increased to 96% (22 of 23). The proportion of patients with two abnormal features increased to
22% (five of 23).
Table 3 presents feature values and lesion size corresponding to the seven patients whose conventional MRI
was considered normal before surgery. Representative examples of the various feature patterns, including FCD lesions with normal features and those with various degrees
of abnormalities, are presented in Fig. 6. This figure includes images of patients whose MRIs had been reported
as normal (panels A and B) as well as those of a patient whose lesions had been recognized before surgery
(panel C).
DISCUSSION
By using a set of computational models, we were able
to assess quantitatively the abnormal MRI characteristics

of FCD lesions on high-resolution MRI and provide an
objective evaluation of both the presence and degree of
these abnormalities. Specifically, we could analyze intraand interlesional variations of thickness and relative intensity in the GM component of the FCD lesion and blurring
of the GM–WM transition along its edges.
Group analysis revealed that all three features were significantly different in the FCD lesions compared with topographically similar areas in healthy controls, indicating
that these features discriminate FCD from normal brain
tissue. The low interindividual variability of mean cortical thickness, GM intensity, and blurring of the GW–WM
transition in healthy controls indicates the high reliability
of our measurements and underlines their potential in distinguishing subtle changes along the continuum of disease
severity.
The simultaneous presence of GM thickening, hyperintense signal within the FCD lesion, and blurring of the
GM–WM transition characterized more than three fourths
of the FCD lesions included in this study. Moreover, all
FCD lesions were characterized by statistically significant changes in at least two features. Some FCD lesions
were composed predominantly of voxels with normal
feature values resulting in normal mean values for each
characteristic, thus obscuring the relatively few abnormal

TABLE 2. Degree of abnormality in cortical thickness, tissue relative intensity, and blurring of the GM–WM transition for FCD
lesions
Cortical thickness (mm)
Number of patients with normal values
Degree of abnormality

Relative intensity (arbitrary units)

Gradient (arbitrary units)

Interval

2 (9%)
Patients

Interval

3 (13%)
Patients

Interval

1 (4%)
Patients

4–6 mm
6–8 mm
>8mm

8 (35%)
7 (30%)
6 (26%)

82–85
85–88
>88

12 (52%)
3 (13%)
5 (22%)

100–80
80–60
< 60

7 (30%)
9 (39%)
6 (26%)

FCD, focal cortical dysplasia; GM, gray matter; WM, white matter.
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TABLE 3. Cortical thickness, relative intensity, and gradient
in the seven patients whose conventional MRI had been
reported as normal before surgery

Patient 02
Patient 03
Patient 04
Patient 06
Patient 08
Patient 09
Patient 19

Lesion
size
(mm3 )

Cortical
thickness
(mm)

Relative
intensity
(arbitrary units)

Gradient
(arbitrary units)

734
1559
807
773
3,093
2,460
1,850

3.9 a
5.7
6.8
5.5
5.0
6.9
5.1

81.0
84.5
90.0
83.7
85.5
88.4
85.0

71.4
115.5
55.0
89.6
90.7
74.1
73.0

Values falling in the range of healthy controls are indicated in bold.
a Subtle local abnormalities were revealed by the histogram analysis.

voxels. By using a complementary histogram-based analysis of the three features, we were able to uncover abnormalities, even though they were present in a minority of
lesional voxels. Overall, we found that the most common
abnormal MRI features of FCD were a blurring of the
GM–WM transition along the edges of the lesion (present
in 96% of lesions) and GM thickening (96%), followed by
lesion hyperintensity (87%). The three features occurred
regardless of the FCD volume, indicating that they characterize not only large lesions, but also very subtle ones.

FIG. 6. Examples of different patterns of features profiles in focal
cortical dysplasia lesions. MR images in patients A and B had
been reported as normal before surgery. In patient C, the lesion
had been recognized before surgery. For each lesion, a representative slice of the T1 -weighted MRI, the cortical-thickness map,
the relative-intensity map, and the gradient map are shown from
left to right. A: Patient 4, with dominant hyperintensity (90), high
blurring (55), and medium cortical thickening (6.8 mm). B: Patient
3, with low cortical thickening (5.7 mm), low hyperintensity (84.5),
and no blurring (115.5). C: Patient 10, with both dominant blurring (48) and hyperintensity (90.2) and low cortical thickening (5.8
mm). Numbers between brackets represent mean feature values.

Epilepsia, Vol. 47, No. 1, 2006

The seven patients whose conventional MRIs were reported as normal before surgery had significantly smaller
lesions. Even though these lesions were overlooked by
visual inspection, our quantitative analysis demonstrated
that they were characterized by increased GM thickness,
signal hyperintensity, and blurring of the GM–WM transition, compared with healthy controls. This indicates that
MRI abnormalities associated with subtle FCD lesions
may be inaccessible to standard radiologic analysis mainly
because of the size of the lesion rather than the absence of
typical FCD characteristics. However, it should be noted
that in three patients, the FLAIR sequence, which has been
shown to be sensitive to subtle signal abnormalities associated with FCD (6), was not performed.
Although the vast majority of lesions are characterized
by cortical thickening, signal hyperintensity, and blurring
of the GM–WM transition, the individual analysis showed
that a large variability exists in the degree of abnormalities
across patients. Moreover, the histogram analysis revealed
a substantial intralesional variability of the three features.
A significant portion of lesional voxels may be characterized by normal feature values. We advocate that these
findings should be taken into account when designing automated procedures for the identification of FCD lesions.
The inherent complexity of the brain’s convolutional
pattern makes the visual identification of MRI findings
associated with subtle FCD a difficult task. The evaluation of the blurring of the GM–WM transition, usually
done on low-resolution T2 -weighted MRIs, is very subjective, and signal intensity in the FCD lesion may be difficult to differentiate from the one of the surrounding GM
(8,14,23). Previous MRI studies (12–16,24,25), based exclusively on qualitative examination of T1 -weighted MRI
with thick partitioning and T2 -weighted images in a small
number of adult patients, reported a wide range of abnormalities. Focal GM thickening was described in 45–100%
of the patients. Blurring of the GM–WM transition and
hyperintense T2 -weighted signal within the lesion were
evaluated only in some studies and were reported in 30–
100% of cases. To our knowledge, this is the first study
providing quantitative in vivo profiles of FCD tissue characteristics. Compared with other studies, our approach to
FCD lesion profiling presents several advantages. Computational models operate in 3D and allow the simultaneous
analysis of consecutive MR sections, whereas a human observer performing standard visual analysis examines the
brain volume a slice at a time, and therefore must mentally
synthesize information from consecutive slices. Furthermore, our method provides an automatic and objective
evaluation of MRI characteristics of FCD in a large series of patients and a reliable comparison with healthy
controls. Because our analysis is based on high-resolution
3D T1 -weighted MRI, we were able to provide a very
sensitive measurement of the different degrees of abnormalities. In addition, the histogram analysis allowed the
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detection of local feature differences that remained undetected by the global numeric analysis over the entire
lesion.
The in vivo MRI identification of subtypes of FCD may
be clinically relevant, in particular with respect to surgical planning. Some studies indicate that different FCD
types may be differently related to ictal generation and
preservation of function (16,26,27). A recent report suggested that FCD lesions without balloon cells harbor the
ictal-onset zone and retain motor function, in contrast to
those with balloon cells, which are functionally silent and
not associated with seizure onset (28). When comparing
features values of FCD lesions with and those without
balloon cells, we found no significant differences in the
mean cortical thickness, relative intensity, and blurring
of the GM–WM transition along the edges of the lesion.
Therefore in our patients, MRI signal alterations were not
sufficiently different to allow in vivo discrimination between the two types of FCD. It should nevertheless be
noted that the group without balloon cells included only
eight patients.
To date, information about the location of the FCD lesions has been based on qualitative assessment done by
visual inspection of MR images. The analysis of several
studies indicates that Taylor-type FCD is typically found
in extratemporal areas and frequently involves either the
frontal lobe only, the frontocentral, the perirolandic areas,
or the posterior quadrant (12–15,29). Using lesion labeling and statistical parametric anatomic maps, we were
able to demonstrate that, although FCD lesions were diffusely distributed within cerebral hemispheres, they predominated in the frontal lobe. In particular, they were more
frequent in the mesial aspect of right frontobasal area (see
Fig. 3). However, this finding must be confirmed in a larger
series.
In our previous publications, we demonstrated the clinical utility of quantitative analysis of FCD characteristics
by showing a significant increase in the FCD detection
rate compared with conventional MR analysis (9,18). In
this study, by using our quantitative profiling based on
computational models of FCD, we demonstrated that the
majority of FCD lesions are characterized by the simultaneous presence of various degrees of blurring of the GM–
WM transition, GM thickening, and hyperintense signal
within the lesion. These features characterize not only
large FCD lesions but also those that could be easily overlooked on conventional MRI visual examination because
of their small size. Furthermore, the individual analysis
revealed large inter- and intralesional variability in the degrees of abnormalities. We believe that this new finding is
relevant for clinical practice because it could influence the
way that clinicians evaluate the MRI visually in patients in
whom FCD is the suspected cause for intractable seizures.
Furthermore, the information provided by the in vivo profiling of FCD has the potential to improve the sensitivity
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of existing tools for automatic detection of FCD (18). It is
hoped that, in the near future, these techniques will be integrated in the routine clinical evaluation of patients who
are candidates for epilepsy surgery.
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