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Abstract: The study describes brain areas involved in medial temporal lobe (mTL) seizures of 12 patients. All
patients showed so-called oro-alimentary behavior within the first 20 s of clinical seizure manifestation
characteristic of mTL seizures. Single photon emission computed tomography (SPECT) images of regional
cerebral blood flow (rCBF) were acquired from the patients in ictal and interictal phases and from normal
volunteers. Image analysis employed categorical comparisons with statistical parametric mapping and prin-
cipal component analysis (PCA) to assess functional connectivity. PCA supplemented the findings of the
categorical analysis by decomposing the covariance matrix containing images of patients and healthy subjects
into distinct component images of independent variance, including areas not identified by the categorical
analysis. Two principal components (PCs) discriminated the subject groups: patients with right or left mTL
seizures and normal volunteers, indicating distinct neuronal networks implicated by the seizure. Both PCs
were correlated with seizure duration, one positively and the other negatively, confirming their physiological
significance. The independence of the two PCs yielded a clear clustering of subject groups. The local pattern
within the temporal lobe describes critical relay nodes which are the counterpart of oro-alimentary behavior:
(1) right mesial temporal zone and ipsilateral anterior insula in right mTL seizures, and (2) temporal poles on
both sides that are densely interconnected by the anterior commissure. Regions remote from the temporal lobe
may be related to seizure propagation and include positively and negatively loaded areas. These patterns, the
covarying areas of the temporal pole and occipito-basal visual association cortices, for example, are related to
known anatomic paths. Hum Brain Mapp 27:520–534, 2006. © 2006 Wiley-Liss, Inc.
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INTRODUCTION

Single photon emission computed tomography (SPECT)
using 99mTc ECD has proved a promising method for the
study of focal seizures. One procedure combines ictal and
interictal data sets and calculates the regional cerebral blood
flow (rCBF) increase between them [O’Brien et al., 1998b].
Due to the diversity of semiology—seizure origin and extent
of seizure propagation may vary considerably—both within
an individual and among individuals, interest focused
mainly on the analysis of singular seizures. Furthermore, the
pattern observed is strongly influenced by the elapsed time
between first seizure signs and application of the radiophar-
macon [Kahane et al., 1999]. Hyperperfused regions have
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been observed as late as the early postictal phase; however,
a changing time pattern from early to late ictal scans has to
be accounted for [Berkovic, 2000]. These hemodynamic
changes are assumed to be caused mainly by enhanced
firing rates of neuron populations. Subtraction of interictal
from ictal SPECT images has been shown to yield circum-
scribed clusters of hyperperfusion, consistent with the hy-
pothesized seizure focus [Weder et al., 1996; Zubal et al.,
1995]. Coregistration of the SPECT images with high-reso-
lution magnetic resonance (MR) images facilitates their pre-
cise anatomical location. This approach, called subtraction
ictal spet coregistered to MRI (SISCOM), has been validated
in another study [O’Brien et al., 1998a].

Recently, the subtraction paradigm has been extended by
Van Paesschen et al. [2003] to a group analysis of complex
partial seizures in patients with hippocampal sclerosis asso-
ciated with refractory temporal epilepsy. The authors were
able to delineate a common pattern of hyper- and hypoper-
fused areas, indicating the epileptic focus in the temporal
lobe and propagation of seizure activity to the border zone
of ipsilateral middle frontal and precentral gyrus, both oc-
cipital lobes and contralateral precentral gyrus. Conversely,
large areas of ipsilateral frontal lobe, contralateral posterior
cerebellum, and precuneus were functionally depressed.
These findings suggested widely distributed, hyperperfused
networks activated by the seizure focus within the temporal
lobe. From a theoretical point of view, distributed networks
elude categorical analysis because subtraction methods are
univariate, i.e., image voxels are analyzed independently.
The method has several limitations, such as missing regions
of a network that do not attain the defined level of signifi-
cance, or showing activations incidental to the studied phe-
nomenon [Horwitz, 1994]. Instead of evaluating changes in
regional activity, covariance analysis determines voxels of
the brain that vary together. Principal component analysis
(PCA) decomposes the residual matrix into components.
Each component corresponds to a distributed system of
brain regions that vary together but independently of the
other components, indicating functional connectivity. The
hypothesis of functional connectivity has been proposed and
substantiated in numerous regions-of-interest [Alexander
and Moeller, 1994] and voxel-based analyses [Friston et al.,
1993; McIntosh et al., 1994; Seitz et al., 2001]. A recent study
has performed a PCA of volumes-of-interest derived from
SPECT images of rCBF in healthy subjects and explored the
effects of age and gender [Pagani et al., 2002]. Also, perform-
ing a PCA of the normal deviants from mean SPECT images,
Houston et al. [1994] were able to differentiate patients with
Alzheimer’s disease and ischemic infarction from a control
group of healthy subjects. By computing a numerical coef-
ficient representing the expression of a principal component
(PC) in each image contributing to the residual matrix, PCA
permits the comparison of, e.g., patients and controls, sub-
groups of patients or different conditions using inferential
statistics. These comparisons reveal the physiological inter-
pretation of the PC images and the relation to function. Just
as important, the coefficient of expression can be computed

for images not included in the original set, facilitating pre-
diction and diagnosis.

The aim of the present study is the application of PCA to
ictal SPECT data without an a priori assumption and com-
parison of the findings with the subtraction method. Both
methods employ exclusively voxel-based computation pro-
cedures. In order to restrict the study to a particular seizure
type, the common criterion for inclusion in the study was
oro-alimentary behavior, i.e., epigastric aura and/or oral
automatisms, within the first 20 s of seizure manifestation.
This clinical criterion, associated with the term medial tem-
poral lobe (mTL) seizures, was chosen since early oro-ali-
mentary behavior, comprising epigastric aura and oral au-
tomatisms, has been shown to be characteristic of
hippocampal temporal lobe seizures, distinguishing them
clearly from extrahippocampal temporal lobe seizures [Gil-
Nagel and Risinger, 1997]. Relying on recent data from
electrocorticography [Isnard et al., 2000] and cortex stimu-
lation by transopercular electrodes [Ostrowsky et al., 2000],
we predict in mTL seizures involvement of critical relay
nodes consisting of hippocampus or perihippocampal zone,
temporal pole, and anterior insula. From this core zone,
functional connectivity to distant areas may be assessed
with PCA and compared to known anatomical connections.
PCs differentiating among groups are our primary interest.

SUBJECTS AND METHODS

Patients

Twelve patients, seven males and five females, afflicted
with drug-resistant mTL epilepsy, were prospectively in-
cluded in the study (for detailed summary of patients, see
Table I). Their age ranged from 16–54 years. All patients
except one were right-handed according to the Edinburgh
inventory handedness test [Oldfield, 1971] and speech dom-
inance in all patients was located in the left hemisphere
according to the Wada test.

Morphological findings in cerebral MR images were me-
sial temporal sclerosis as defined by Kuzniecky et al. [1987]
(n � 7), hippocampal atrophy as judged by two independent
observers (n � 4), tubera at mTL (n � 1), previous anterior
two-thirds resection of one temporal lobe and severe volume
loss of the contralateral hippocampus (n � 1), and normal (n
� 1). This last patient showed on histological analysis of a
biopsy specimen significant gliosis of CA1 hippocampal
subregions. Therefore, all patients had either neuropatho-
logically proven features or radiological evidence of signif-
icant unilateral hippocampal affection. Neuropathological
features included loss of hippocampal pyramidal neurons,
gliosis and shrinkage of the CA1 subregion and the dentate
hilus (n � 8), and tubera at medial temporal lobe (n � 1).
Radiological evidence was given by the typical evidence of
atrophy and disruption of the internal hippocampal struc-
ture on T2-weighted MR images or abnormal signal in the
hippocampus on fluid attenuated inversion recovery
(FLAIR) sequences, oriented at right angles to the hippocam-
pus (n � 9), a criteria described by Jackson et al. [1993].
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In the course of treatment, nine surgical procedures in-
cluded selective amygdalo-hippocampectomy (n � 7) and
anterior two-thirds resection of temporal lobe (n � 2). In the
mean follow-up period of 2.9 years, all operated cases
showed a beneficial course, with a proportion of 78% (n � 7)
remaining in Engel class IA; the others remained free of
seizures for 1 year and fell in Engel class IIA and IIB,
respectively, after that period [Engel et al., 1993].

Controls

Controls were 13 normal volunteers, seven males and six
females, ages 23–55 years. All were right-handed according
to the Edinburgh inventory handedness test [Oldfield, 1971].
None of the subjects suffered from a known neurological or
psychiatric illness. Prior to scanning subjects gave written
informed consent in accordance with the Declaration of
Human Rights (Helsinki, 1975). The study was approved by
the Ethics Committee of the University Clinic of Berne.

SPECT Imaging

We measured rCBF using SPECT with the tracer 99mTc
ECD (Du Pont Pharmaceuticals, Brussels, Belgium). The
scanner room was slightly darkened and the environment
quiet. The subjects were placed comfortably on the scanner
bed in supine position. The head was fixed in a head holder
to avoid movements; positioning of the head with reference
to the CA-CP line was done using a laser system. For injec-
tion of the radiotracer, an intravenous access was prepared.

The subject was requested to relax. EEG was monitored
during the examinations. For normal volunteers and for
interictal SPECT, 740–1,000 MBq were injected 10 min after
the subject reclined on the scanner bed; he/she was re-
quested to remain relaxed for an additional 5 min. Both
interictal and ictal examinations of the patients were part of
the presurgical evaluation program for drug-resistant epi-
lepsies. Interictal SPECT was performed only after a seizure-
free interval of at least 24 h, then ictal SPECT was acquired
after cautious reduction of antiepileptic medication.

For ictal SPECT the patients were monitored in the telem-
etry unit, consisting of a room equipped with one bed for
synchronized registration of digital EEG (32 channels, Stel-
late System, Canada) and video (Glonner System, Germany).
The EEG registration included four channels on both sides
for recording from electrodes placed at the mTL using the
foramen ovale technique [Wieser et al., 1985]. Due to the
short half-life of the tracer, it was prepared every 4 h. The
tracer was held in a lead container close to the patient until
utilization or replacement. EEG technicians, especially
trained in handling radiotracers, educated in recognition of
seizure semiology, and familiar with the case history of the
patients, were advised to inject the tracer immediately after
the first signs of seizures, i.e., within 2̃0 s. The applied
dosages were 500–900 MBq of 99mTc ECD.

Image acquisition was performed 60–120 min postinjec-
tion using a triple-head SPECT camera (Prism 3000, Picker
International, Bedford Heights, OH) equipped with high-
resolution fan beam collimators (magnification factor 1.0)
having a resolution of between 7 and 8 mm FWHM. The
data were recorded on a 128 � 128 matrix by a step-and-shot
mode; 40 steps of 30 s, 3° per step, acquisition time �25 min.
Postacquisition data processing of the ictal and interictal
scans of each subject included iterative reconstruction,
which does not utilize pre- or postfiltering, and attenuation
correction [Chang, 1978]. The method preserved the spatial
resolution of 8 mm FWHM. No scatter correction was ap-
plied. Images of dimensions 128 � 128 � 64 and voxel sizes
2 � 2 � 1.95 mm3 resulted.

Data Analysis

The SPECT images were mapped into the stereotactic
space described by Talairach and Tournoux [1988] using the
standard linear affine spatial transformation with 12 param-
eters implemented in the SPM99 software using Matlab
(MathWorks, Sherborn, MA). The dimensions of the result-
ing images were 79 � 95 � 34 voxels with a voxel size of 2
� 2 � 4 mm3. Visual inspection established the absence of
anomalies due to the transformation of ictal and interictal
images. The SPM analyses included two types of compari-
sons. Comparisons between control subjects and patients
with right mTL seizures (19° of freedom) involved a two-
sample t-test after proportional scaling to a common global
mean. The resulting voxel maps of t-statistics were then
evaluated for significance according to height and extent
thresholds: P � 0.001 uncorrected and eight voxels. Com-
parison between ictal and interictal states in the eight pa-

TABLE I. Patient data (N � 12)

Characteristic Value

Chronic, drug-resistant mTL epilepsy (n) 12
Age range (yr) 16–54
Duration of seizure disease (yr) 8–48
Interictal EEG, n 12
Unilateral rt paroxysmal activity 7
Unilateral lt paroxysmal activity 2
Predominant rt paroxysmal activity 1
Predominant lt paroxysmal activity 1
Bilateral paroxysmal activity 1
MR images (n) 12
Mesial temporal sclerosis 7
Hippocampal atrophy 4
Tubera at mesial temporal lobe 1
Prior epilepsy surgery 1
Epilepsy surgery following evaluation (n) 9
Selective amygdalo-hippocampectomy 7
2/3 anterior temporal lobectomy 2
Histological examination 9
Hippocampal neuronal loss, shrinkage of CA1 and

dentate hilus 8
Tubera at mTL 1
Course after epilepsy surgery (n � 8)a 9
Engel Class IA 7
Engel Class IIAb 1
Engel Class IIB, after 100% seizure reduction for one year 1

a At mean during 2.9 years � 1.4 (SD).
b After 100% seizure reduction for one year.
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tients affected on the right mTL (7 df) involved a paired
t-test; the criteria for significance was an uncorrected thresh-
old of P � 0.01 and an extent threshold of 16 voxels. The
extent thresholds were chosen to be the mean cluster size of
a random t-distribution with the same degrees of freedom as
the comparisons.

The voxel-based PCA involved the 13 healthy controls
and 12 patients in the ictal state. Complementing the cate-
gorical comparisons, the analysis relates the brain in the ictal
state to the healthy brain of normal volunteers. As described
in the Introduction, the first step of the analysis is the com-
putation of the residual matrix: all images of the analysis
were merged into a matrix of subjects and voxel values. In
order to exclude extracerebral voxels, only those voxels were
included for which the values exceeded a fixed proportion of
the subject mean: 80% for all subjects. Visual inspection of
the mean images used by the PC algorithm as mask verified
the validity of the procedure. Due to the size of the SPECT
image sets the matrix consisted of few rows (25 images) and
many columns (186,156 voxel values). In order to eliminate
effects due to global differences among the images, each row
was divided by its row mean, implying that the grand mean
and each row mean of the transformed matrix were equal to
unity.

From this matrix was derived the matrix of residuals by
subtracting from each voxel value the mean of the voxel
value across subjects. Squaring the matrix of residuals
yielded the covariance matrix, a square matrix of dimension
25 � 25. Singular value decomposition of the covariance
matrix supplied the proportion of variance described by
each component and the coefficients of expression; weighted
projection of the expression coefficients on the residual ma-
trix produced 25 PC images. Involving the singular value
decomposition of a relatively small matrix and a simple
projection onto the larger matrix of residuals, this procedure
is efficient and reliable. As mentioned in the Introduction,
the expression coefficient indicates the degree to which a
component is expressed in an input image. The PC images
represent voxels of the brain varying together. The voxel
values of the images, i.e., the loads, represent the contribu-
tion of the voxel to a component. The component images
and expression coefficients are orthonormal, i.e., are uncor-
related and normalized to unity. Display of the PC images
and analysis of the expression coefficients used programs
adapted from SPM99.

Lacking a validated theory to evaluate statistical signifi-
cance in PCA, we empirically selected voxels with values
exceeding 99.5% of all voxel values in the PC image for the
delineation of positively loaded regions and those with less
than 0.5% of all voxel values for the delineation of negatively
loaded regions. Coordinates of the maximum loads in a
region were transformed from the MNI-space used by SPM
to Talairach-space [Talairach and Tournoux, 1988] using a
MatLab script provided online (http://www.mrccbu.cam.
ac.uk/Imaging/mnispace.html; Matlab, Natick, MA) [Brett
et al., 2002].

RESULTS

Seizure Analysis by EEG Video Monitoring

Seizure manifestation of ictal SPECT examinations is
summarized in Table II. All relevant data, including EEG,
were stored for nine patients in digitized form, which
provided full flexibility in seizure analysis, including de-
tailed offline analysis. In the remaining three patients,
videorecording data were available only in analog format.
However, the main parameters, i.e., all time relationships
between seizure semiology, electroencephalography, and
timing of radiopharmacon application, could be deter-
mined precisely according to protocol. On average, the
radiopharmacon was injected 21 � 13 s (SD) after the first
clinical seizure signs. Offline analysis yielded an average
latency of 24 � 17 s (SD) relying on EEG. This corre-
sponded to the a priori expected delay. As the criterion for
inclusion in the study intended, all patients exhibited
signs of the so-called oro-alimentary behavior within the
first 20 s of seizure manifestation. Other signs towards the
end of the first manifestation phase were motor automa-
tisms of contralateral hand or versive head and eye move-
ments. Motor automatisms and dystonic motor symptoms
persisted or occurred with increased frequency within the
next phase; speech arrest ensued in cases involving the
left hemisphere. In no case was an experiential aura re-

TABLE II. Seizure analysis of ictal SPECT examinations
(N � 12)

Semiology N

Phase I: �20 s after first seizure begins
Oro-alimentary behavior 12

Viscero-sensory disturbances 8
Viscero-mot. manifestation 10

Somesthetic disturbances 3
Motor automatisms of contralateral hand 3
Versive movements of head and eyes 1

Phase II: �20 s and �31 s after first seizure
begins

Speech arrest 3
Dystonic extension of upper extremities 3
Versive movements 2
Motor automatisms of both hands 1
Leg movements 1
Total arrest 1
Vocalization 1
Cough 1

Phase II: 31–62 s after first seizure begins
Secondary generalization 3

EEG
Fast temporal activity
R temporal origin 8
L temporal origin 3
R and L simultaneous origin 1

SPECT (mean � SD)
�t radioph. application: clinical ictal activity 21 � 13 s
�t radioph. application: ictal activity in EEG 24 � 17 s
Seizure duration (mean � SD)
Clinical manifestation 102 � 146 s
Seizure discharge in EEG 112 � 143 s
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ported. Finally, as indicated by the occurrence of gener-
alized cloni, three cases ended in a secondary general-
ized seizure. Mean duration of seizure discharges in
EEG and clinical manifestation were 112 � 143 s (SD)
and 102 � 146 s (SD). Initial seizure activity was re-
corded at foramen ovale electrodes, in eight patients
on the right, in three patients on the left, and in one
patient simultaneously on both sides. This served as the
primary selection criterion for inclusion into the right and
left mTL seizure group and basis for the classification in
Table II.

Neuroimaging Using SPECT

Paired categorical comparison of ictal and interictal
stage by SPM99

In the eight right mTL seizures, paired categorical com-
parison of ictal and interictal stage showed significant rCBF
increases within the temporal lobe, involving both medial
and lateral areas, and the adjacent anterior insula. Medial
areas involved hippocampus, parahippocampal, and fusi-
form gyrus. Extratemporal rCBF increases were observed in
the right occipito-temporal lobe (i.e., lingual gyrus), in the
right pre- and postcentral gyrus, in the right postero-lateral
cerebellum, in the left inferior and middle frontal gyrus, in
the left insula (Brodmann area 13), in the left inferior parietal
lobule, and in the left anterior cerebellum. Subcortically, a
significant increase was observed for the right posterolateral
thalamus. In contrast, significant rCBF decreases were ob-
served in a large area of the right hemisphere including
middle frontal gyrus and anterior cingulate, in the right
superior occipital gyrus, and in the posterior cingulate. Fur-
thermore, rCBF declined in small areas of left middle frontal
gyrus. The left column of Figure 1 displays the regions of
rCBF changes and Table IIIa presents details.

Unpaired categorical comparison of ictal stage and
normal volunteers by SPM99

Intended as basis for comparison with the PCA, an un-
paired t-test comparing the eight patients with right mTL
seizures in ictal stage with normal volunteers was made. As
the second column of Figure 1 indicates, a pattern similar to
that described above was seen. However, perfusion in-
creases more clearly involved left frontal and decreases right
frontal areas. Table IIIb presents details.

PCA of Ictal Stage and Normal Volunteers

According to the expression coefficients, two principal
components, PC1 and PC3, representing the dominant and
third-largest proportion of the variance, differentiated be-
tween healthy subjects and patients according to a two-
tailed t-test (P � 0.005). These two components constitute
7.7% and 6.5% of the total variance, respectively. The third
and fourth columns of Figure 1 display the corresponding
component images and Table IV presents details of the
patterns. The scatterplot of expression coefficients shown in

Figure 2 clearly distinguishes among healthy subjects and
patients with right and left mTL seizures.

Table V presents a summary of the first 14 PCs. The decrease
of proportion of variance with PC shows no obvious disconti-
nuity that could serve as a basis for discarding PCs from
analysis, as is often done in PCA. However, both the number of
clusters and the maximum cluster size do evidence disconti-
nuities for PCs higher than PC12. The number of clusters
increases and the maximum cluster size decreases markedly,
suggesting the onset of noise and plausible criteria for selecting
PCs to be analyzed.

A single patient determined PC2, constituting 7.2% of the
variance. The expression coefficient of the patient in PC2
was 0.92; the expression coefficients of the patient in the
other PCs were unexceptional. The individual had under-
gone a previous anterior temporal lobe resection of one side
and continued to have seizures originating from the nonop-
erated right side. The pattern showed extensive positively
loaded involvement of right temporal lobe, comparable to
PC1 and including hippocampus, but leaving free the mesial
and anterior pole of left temporal lobe. PC4 exhibited gender
differences in temporo-limbic and frontal brain volumes,
characterized by positive loading of the orbito-frontal cortex
in women (P � 0.05, two-tailed t-test), which may be related
to gender differences in emotion processing [Gur et al.,
2002]. Neither the patients nor the healthy subjects evi-
denced effects of age in the analysis.

In the following, we confine the analysis and discussion to
our primary interest: the two components, PC1 and PC3, dis-
criminating between patients and healthy subjects and corre-
lated with seizure activity. In a representation of the respective
expression coefficients as the 2-D graph shown in Figure 2,
normal volunteers and patients with right and those with left
mTL seizures appear in three disjoint clusters. The ellipses
follow from applying a minimal distance criterion to the center
of gravity of each group. This segregation of the study popu-
lation into clusters determined by PC1 and 3 is an important
finding, but the data are insufficient to construct the 2D confi-
dence regions that would provide statistical reliability. The
cluster of right mTL seizures includes the patient with simul-
taneous onset of ictal activity at right and left foramen ovale
electrodes, suggesting that this patient expressed the same
networks as the right mTL seizure group. As evident in Figure
2, PC1 was expressed differentially in right and left mTL sei-
zures, in contrast to PC3. The PC images of the first component
show clear unilateral involvement of right mTL, corresponding
to seizure origin as signified by the ictal EEG data in most
patients. Concerning the temporal lobe, PC images of the third
component showed rather a bilateral pattern, with positively
loaded involvement of the temporal pole and a large nega-
tively loaded area at inferior temporal gyrus.

For the right mTL seizure group, a positive linear correlation
could be demonstrated between the expression coefficients of
PC1 and the natural logarithm of seizure duration [ln(duration
of seizure discharge in EEG) � 3.6 � 3.4*PC1; r � 0.75, P
�0.02], indicating an exponential relationship. Conversely, a
negative linear correlation could be demonstrated for the same
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Figure 1.
The left column displays representa-
tive planes of the statistical parametric
maps of the paired comparison of ictal
and interictal states in the eight pa-
tients affected on the right mTL. Pos-
itive t-values are colored yellow and
negative t-values blue; the intensity
threshold corresponds to P � 0.01
and the extent threshold was set to
16 voxels. The second column shows
the same planes for the unpaired com-
parison of eight right mTL patients
and the 13 healthy subjects; the color
coding and intensity threshold were
identical to the paired comparison
and the extent threshold was 8 vox-
els. The third and fourth columns ex-
hibit the corresponding planes of PC1
and PC3, respectively; voxels belong-
ing to the 99.5 percentile of voxel
values are colored red, and voxels be-
longing to the 0.5 percentile green.
The selected regions are superim-
posed on the magnetic resonance
(MR) image of the brain of a single
subject provided by SPM99. The z-
coordinates indicated on the left refer
to the bi-commissural plane according
to Talairach and Tournoux [1988].
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Figure 1.
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TABLE III. Significant SPECT perfusion changes

Anatomic region Side
Perfusion

change

Talairach
coordinates

(max. t value) Cluster size

Paired comparison of ictal and interictal stage in right mTL
seizuresa

Inferior temporal gyrus, hippocamp. g. R � 14, 	33, 2 917
Middle temporal and sup. temp. g. � 53, 	3, 	13

Extending to anterior insula � 32, 8, 	37
Temporal lobe, fusiform gyrus R � 46, 	15, 	26 29
Inferior temporal gyrus L � 	46, 28, 	15 39
Insula (BA13) L � 	32, 	20, 19 24

Inferior parietal lobule � 	38, 	22, 27
Precentral gyrus, MI R � 20, 	24, 64 39
Precentral gyrus, MI L 	26, 	28, 60 17
Posterior-laterial thalamus R � 22, 	25, 1 69
Claustrum R � 32, 	9, 12 25
Cerebelloum, post. L., pyramis R � 8, 	75, 	23 55
Cerebellum, ant. L., dentate nc. L � 	16, 	48, 	25 45
Anterior cingulate, medial front. G. extending to middle front g. R – 18, 28, 17 493
Anterior cingulate L – 	16, 28, 24 97
Superior frontal gyrus (BA 10) L – 	18, 59, 15 22
Middle temporal gyrus R – 46, 	72, 29 53
Posterior cingulate extending to inferior parietal lobule R – 8, 	40, 24 695
Cerebellum, post. L. lobule L – 	46, 	66, 	40 23

Unpaired comparison of ictal data in right mTL seizures (n � 8)
and normal volunteers (n � 13)b

Ictal data, normal volunteers
Inferior temporal gyrus (including BA 20) R � 48, 	11, 	33 12

40, 	4, 	37
Superior temporal gyrus R � 38, 5, 	20 372

40, 11, 	14
Inferior frontal gyrus L � 	57, 13, 29 195

Including BA 45 � 	53, 25, 2 131
	51, 29, 	8

	38, 23, 	11
Middle frontal gyrus L � 	53, 19, 23 46

	48, 6, 40
Including BA 46 	40, 49, 16

Lingual gyrus (including BA 19) R � 16, 	66, 	3 18
Cerebellum, post. Lobe., uvula R 4, 	71, 	27 .372

Declive of vermis L 2, 	69, 	17
Cerebellum, post. Lobe, declive R 	14, 	65, 	14

Normal volunteers: ictal data
Superior temporal gyrus R – 51, 	52, 10 12

50, 	43, 	5 9
Middle frontal gyrus R – 40, 10, 40 40
Precentral gyrus (including BA6) – 46, 0, 33
Middle frontal gyrus (including BA46) R – 26, 33, 35 12
Middle frontal gyrus (including BA10) R – 28, 51, 5 10
Inferior frontal gyrus R – 50, 27, 6 90

42, 35, 9
32, 33, 9

Superior frontal gyrus L – 	16, 24, 54 10
Inferior parietal lobule (including BA40) R – 38, 	37, 39 609

46, 	45, 24
42, 	31, 35

Precuneus (including BA40) R – 16, 	62, 40 471
8, 	63, 51
4, 	58, 40

Inferior parietal lobule L – 	48, 	31, 31 74
	42, 	43, 39

a Seven degrees of freedom, uncorrected threshold of P � 0.01; extent threshold of 16 voxels.
b Nineteen degrees of freedom, uncorrected threshold of P � 0.001; extent threshold of 8 voxels.
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group between expression coefficients of PC3 and the natural
logarithm of seizure duration [ln(duration of seizure discharge
in EEG) � 4.8 – 6.5*PC3; r � 0.81, P �0.01]. Thus, the statisti-
cally independent expression coefficients of PC1 and PC3 ap-
pear related to seizure duration, the former reflecting a positive
and the latter a negative effect. After adjusting the signs ac-
cording to the observed correlations, we tested this hypothesis

further by incorporating both sets of expression coefficients
into one regression equation: ln(duration of seizure discharge
in EEG) � 4.3 � 1.8*PC1 – 4.5*PC3. The equation is insensitive
to the extreme points and outliers; the adjusted coefficient of
determination is very high and deleting the outliers yields an
increase of adjusted multiple r2 from 0.7 to 0.885 (P � 0.000).
Analysis of this regression equation, i.e., without outliers for

TABLE IV. Principal component analysis, PCA, of ictal SPECT data

Anatomic region Side max. load* (E-4)
Talairach coordinates

(max. load)
Cluster

size

PC1
Inferior temp. g R 114 50, 	9, 	33 490

Hippocampal g., (incl. BA20,21) 64, 	9, 	16
Sup. temp. g., ant. insula, R 81 46, 19, 	11 21

Inf. front. g., (incl. BA13) 78 34, 8, 	4
Middle front. g. L 77 	51, 21, 28 3
Precentral g. L 75 	61, 6, 11 6
Occ. lobe, cuneus, (incl. BA17) L 84 	16, 	77, 11 30
Caudate nc. L 73 	14, 22, 6 1
Cerebellum, post. 1., R 93 34, 	64, 	41 41

Semi-lunar lobule, tonsil 74 44, 	60, 	37
Cerebellum, post. 1., R 94 14, 	64, 	41 25

Semi-lunar lobule
Cerebellum, post. 1., R 75 30, 	83, 	23 7

Uvula, Tuber
Cerebellum, post. 1., L 99 0, 	73, 	30 254

Semi-lunar lobule, vermis 	8, 	79, 	30
Sup. temp. g., (incl. BA22) R 	86 50, 	56, 14 132

Inf. parietal lobule 	76 51, 	45, 28
Sup. temporal g. L 	82 	44, 	25, 5 71
Middle front. g. R 	80 26, 55, 12 123
Sup. front. g., (incl. BA6) R 	71 18, 24, 54 3
Parietal 1., angular g., R 	74 32, 	61, 33 31

Occ. 1., precuneus 	66 14, 	61, 29
Inf. parietal lobule L 	75 	40, 	43, 39 30
Parietal 1., angular g. L 	66 	40, 	64, 33 1
Occ. 1., lingual g., (incl. BA17) L 	128 	8, 	95, 	2 498

PC3
Sup. temp. g., (incl. BA38) R 64 36, 20, 	28 9
Inf. temp. g. R 64 63, 	5, 	17 4
Sup., middle temp. g., (incl. BA38,21) L 93 	44, 18, 	31 234

	55, 10, 	24
Middle, sup. temp. g L 68 	42, 	62, 10 241

Supramarg. g. 86 	40, 	47, 32
Occ. Lobe, inf. occ. g., R/L 53 14, 	92, 	9 161
Cuneus 75 	18, 	92, 	9

Postcentral g., (incl. BA3) L 68 	30, 	32, 50 8
Cerebellum, post. 1. R 95 6, 	54, 	34 64

Tonsil
Cerebellum, post. 1., L 79 	16, 	79, 	33 65

Pyramis
Basal temp. 1., R 	121 48, 	17, 	33 388

Inf. temp. g. (Parahippocamp. g.)
Basal temp. 1., L 	129 	44, 	17, 	33 252

Inf. temp. g. (Parahippocamp. g.)
Inferior parietal 1., (incl. BA40) R 	79 61, 	39, 42 6
Inferior parietal 1., (incl. BA40) L 	103 	59, 	47, 39 227
Cerebellum, post. 1. R 	82 24, 	66, 	40 4

Group differentiating principal components: Patients vs. normal volunteers by P � 0.005.
*Max. Load � greatest voxel value within a cluster, representing the contribution to a defined PC.
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quality control, is shown in the footnote1 and represented by
the plane in Figure 3; it indicates that the seizure duration is
more sensitive to the negative effects of PC3 than the positive
effects of PC1.

PC1 (Table IV, Figs. 1, 4A–C) showed extensive, positively
loaded involvement of right temporal lobe, including hip-
pocampus and parahippocampal gyrus, extending to the
anterior two-thirds of the insular cortex. In addition to the
temporal lobe, positively loaded areas included right infe-
rior frontal gyrus, small parts of mesial and left middle
frontal gyrus, right claustrum, left cuneus, posterior cerebel-
lum on both sides, right anterior cerebellum, and left cau-
date nucleus at the subcortical level. Negatively loaded main
foci were within the right posterior part of superior tempo-
ral gyrus and in the heteromodal association cortices of right
middle frontal gyrus, right superior frontal gyrus, right in-
ferior parietal lobule, right angular gyrus, right precuneus,
and left occipital lobe, including lingual gyrus.

PC3 (Table IV, Figs. 1, 4D–F) exhibited a bilateral pattern
in the temporal lobes with positively loaded zones in the
middle and superior temporal gyrus, including the temporal
pole, and negatively loaded zones in the inferior temporal
gyrus. Note the marked negatively loaded zone at the basal

aspect of temporal lobe of both sides in Figure 4E, extending
medially and involving parahippocampal and probably
dentate gyrus. Besides the temporal lobe, positively loaded
zones were located in the left supramarginal gyrus and
bilaterally in the visual association cortices, including lin-
gual gyrus, and posterior cerebellum; negatively loaded
zones were observed mainly in the right middle and supe-
rior frontal gyrus and in the inferior parietal lobe on both
sides.

DISCUSSION

PCA of 12 patients exhibiting oro-alimentary behavior
during the initial phase of mTL seizures demonstrates char-
acteristic patterns of covarying regions distinguishing pa-
tients from healthy subjects. It complements three published
studies [Chang et al., 2002; Lee et al., 2000; Van Paesschen et
al., 2003] which applied categorical analysis using statistical
parametric mapping in patient groups with mesial temporal
lobe epilepsy. In the published studies, patient selection
criteria were mainly morphological criteria of hippocampal
sclerosis or post-hoc beneficial response to epilepsy surgery.
Lee et al. [2000] and Chang et al. [2002] were primarily
interested in the validation of categorical analysis using SPM
in comparison to conventional localization of the primary
focus by the ictal–interictal subtraction method. In addition,
Van Paesschen et al. [2003] showed the associated remote
cortical involvement and evaluated pairwise connectivity of
the remote regions to the primary focus by calculating Pear-
son correlation coefficients. In contrast, we have deliberately
chosen a common seizure semiology during the SPECT ex-
amination for patient selection. The selection of a homoge-
nous patient population exhibiting a distinct seizure mani-
festation provided the basis for a multivariate voxel-based
covariance analysis without a priori assumptions. The PCA
demonstrated cortical interrelations during the ictal stage
suggesting distributed functional connectivity related to the
observed semiology: (1) locally within the right temporal
lobe and the adjacent anterior insula, and (2) between pri-
mary seizure focus and remote cortical and subcortical ar-
eas. The power of PCA to discriminate among groups serves
to uniquely characterize the patterns for the studied seizure
type.

Temporal Lobe and Insular Cortex

The main finding within the temporal lobe is the assign-
ment of the medial temporal lobe and temporal pole to
different PCs despite their dense interconnection through
reciprocal innervation [Mesulam and Mufson, 1982a,b; Pen-
field and Faulk, 1955]. The appearance of the anterior insula
is also significant because of its particular interconnection
with amygdalo-hippocampal structures. The lateralization
of PC1 on the right side reflects the predominance of right-
sided mTL seizures in our study group. In a recent analysis
of the role of the insular cortex in temporal lobe epilepsy,
Isnard et al. [2000] found that seizure activity invaded the
insular cortex in all temporal lobe epilepsy patients studied

1Table AI. Two sets of expression coefficients incorporated into one
regression equation

Effect Coefficient Std Error Std Coeff t P (2-tail)

Constant 4.23 0.25 0.00 17.06 0.000
PC 1 1.92 0.73 0.45 2.63 0.060
PC 3 	4.20 1.13 	0.63 	3.73 0.020

Figure 2.
Classification of individuals with right mTL seizures (empty dots),
individuals with left mTL seizures (gray dots), and healthy subjects
(black dots) into circumscribed, nonintersecting clusters by the
expression coefficients of PC1 and PC3. One individual with
simultaneous onset of seizure discharge in right and left foramen
ovale electrodes is located in the right mTL seizure cluster (high-
lighted by the sign �).
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with chronic depth stereotactic recordings. Furthermore,
they were unable to differentiate between symptoms evoked
by insular discharges and those attributed to the medial
temporal area. This phenomenon was investigated further
by Ostrowsky et al. [2000] using intracortical stimulation of
the insula during stereo-electroencephalography. Providing
functional mapping of this zone, the method indicated a
clear topographic specificity within the insular cortex fea-
turing an anterior–posterior gradient of viscero-sensitive,
viscero-motor, and somaesthetic sensations, respectively.
The former indications mimic mTL seizure symptomatol-
ogy. Thus, definite segregation of visceral and somaesthetic
pathways may take place between anterior and posterior
insula. Similarly, mTL analog seizures may proceed in rare
cases from the temporal pole [Coste et al., 2002; Kahane et
al., 2002]. Intracortical stimulation of the anteromedial part
of the temporopolar cortex evoked also symptoms of “tem-
poro-limbic” epilepsies, i.e., viscero-sensitive and viscero-
motor responses [Ostrowsky et al., 2002]. Thus, the medial
temporal area, anterior insula and temporal pole, as delin-
eated by positive loads in PC1 and 3, respectively, may all
represent critical relay nodes for seizures characterized by
oro-alimentary behavior and constitute the core zone of this
seizure type [Weder et al., 2001]. Exceptional cases of seizure
origin in the anterior insula and temporal pole, with the
potentially misleading manifestation of mTL seizures, may
be of practical importance and explain the persistence of
seizures after selective amygdalo-hippocampectomy.

The temporal pole and the hippocampal gyrus are parts of
the associative limbic or paralimbic cortex [Moran et al.,
1987] and connected by the anterior commissure to the
homotopical contralateral area [Chabardes et al., 2002]. This
relation explains the observed bilateral pattern of PC3 and
reflects the underlying interhemispheric pathway, i.e., effec-
tive connectivity. Considering the patients’ expression coef-
ficients, we observe that the left mTL seizures as well as the

Figure 3.
The eight patients presenting right mTL seizures show both a
positive linear correlation between the expression coefficients and
the natural logarithm of seizure duration as defined by EEG for
PC1 and a negative correlation between these two parameters for
PC3. In the 3D space determined by the two sets of expression
coefficients and the seizure duration, the pairs of expression
coefficients are located in a common regression plane (adjusted
multiple r2 of 0.885 after deleting two outliers, P � 0.000 ). The
slopes given by intersection of the regression plane with the
PC1-seizure duration and PC3-seizure duration planes indicates
that the seizure duration depends more strongly on the expres-
sion coefficients of PC3 than on those of PC1. Note: The two
points outside of the plane have been identified as outliers.

TABLE V. Data structure of the first 14 principal components

PC
Variance

(%)

Subject weight
controls, mean

(SD)

Subject weight
patients, mean

(SD)

t-test
(Controls

vs. Patients)

Null
hypothesis

(P)
Max.
load

Max.
cluster

size
Clusters

(n)*

1 7.7 	0.106 (0.099) 0.114 (0.230) 3.149 0.0045 0.0128 498 22
2 7.2 	0.008 (0.061) 0.008 (0.294) 	0.195 0.8472 0.0133 796 16
3 6.5 	0.128 (0.139) 0.138 (0.173) 4.26 0.0003 0.0129 388 20
4 5.9 	0.026 (0.109) 0.028 (0.276) 	0.643 0.5268 0.0129 522 34
5 5.5 	0.052 (0.176) 0.057 (0.225) 	1.355 0.1886 0.0139 465 29
6 5.2 0.025 (0.152) 	0.027 (0.025) 0.631 0.5342 0.0142 722 15
7 5.1 0.005 (0.180) 	0.006 (0.235) 0.130 0.8977 0.0105 478 38
8 4.8 0.035 (0.161) 	0.038 (0.245) 0.883 0.3862 0.0121 809 16
9 4.4 0.014 (0.237) 	0.015 (0.170) 0.350 0.7293 0.0132 686 31

10 4.2 0.019 (0.209) 	0.021 (0.206) 0.484 0.6329 0.0135 505 27
11 3.9 0.005 (0.162) 	0.005 (0.249) 0.114 0.9099 0.0127 292 32
12 3.7 0.026 (0.253) 	0.029 (0.140) 0.662 0.5148 0.0150 811 19
13 3.6 0.024 (0.229) 	0.026 (0.180) 0.601 0.5536 0.0107 325 54
14 3.5 	0.007 (0.255) 0.008 (0.142) 	0.176 0.8621 0.0122 329 55


(PC1–PC14) � 71.3.
*Clusters composed of voxels exceeding 99.5% or less than 0.5% of all voxel values in the PC.
PC, principal component.
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right mTL seizures contributed to this pattern, indicating a
bilateral network. Also within the paralimbic system was
involvement of a circumscribed area at the border between
anterior cingulate and medial frontal cortex. A special ele-
ment of the paralimbic system, the insula–orbital–temporal
complex, projects from the temporal pole cortex to insular
cortex, i.e., to the long anterior and posterior gyrus of the
insula [Augustine, 1996; Eberstaller, 1887; Mesulam and
Mufson, 1982a].

The negatively loaded parahippocampal gyrus in the PC3
image, extending bilaterally from the basis of temporal lobe
medially and probably including the dentate gyrus, is
known to show suppressed metabolism in interictal PET
studies of fluorodeoxyglucose [Foldvary et al., 1999; Viel-
haber et al., 2003]. The implication of the dentate gyrus in
the inhibition of seizures is substantiated by studies of ro-
dents and humans. In a mouse model, upregulation of
GABA(A)-receptors within the dentate gyrus was a compen-
satory response to seizures [Fritschy et al., 1999]. In a rat
model for temporal lobe epilepsy, reduced granule cell in-
hibition within the dentate gyrus preceded recurrent sei-
zures by days or weeks [Kobayashi and Buckmaster, 2003].
In surgical hippocampal specimens obtained from patients
with TLE, upregulation of the glutamate receptor mGluR4
found especially in the dentate gyrus may counteract hip-
pocampal seizure activity [Lie et al., 2000]. Considering the
negative sign of the load and the inverse relation between
seizure duration and expression coefficients for PC3 sug-
gests that this negatively loaded region, especially the den-
tate gyrus, is likely to fail in counteracting, and thus in
limiting the seizures.

PC1 and Extratemporal Covarying Regions

A relatively large, positively loaded area was observed in
the left cuneus and a large, negatively loaded area in the left
lateral and basal visual association cortex, i.e., the lingual
and fusiform gyri, including the striate cortex. The involved
visual association cortices lie at one end of the occipito-
temporal connections supplied by inferior longitudinal fas-
ciculus, which has been studied recently in vivo by diffusion
tensor MR-imaging [Catani et al., 2003]. This study was able
to discriminate this pathway from the optic radiation and
the U-shaped fibers connecting adjacent gyri and forming a
chain of indirect projections between occipital and temporal
lobes [Tusa and Ungerleider, 1985]. Several points deserve
attention: (1) The clear asymmetric involvement of the oc-
cipital lobe may be caused by partial deafferentiation of the
right side of the medial temporal area due to morphological
lesions in most patients (Table I). However, deafferentiation
may be transient and induced by local edema during seizure
discharge. (2) Regions of positive and negative loads in the
visual association areas probably correspond to different
branches within the fascicle, i.e., a cuneate and a lingual
branch. (3) Involvement of the primary visual cortex may be
due to local U-shaped gyral connections, since direct fiber
projections from anterior temporal lobe spare this area in
most anatomical studies of nonhuman primates [Kuypers et
al., 1965; Tusa and Ungerleider, 1985] as in the work of
Catani et al. [2003].

Paired categorical comparison of ictal and interictal stages
identified large areas within the right prefrontal cortex and
parietal lobe on both sides undergoing significant rCBF de-
creases. Involvement delineated by PCA was much more

Figure 4.
Renderings of PC1 (A–C) and
PC3 (D–F) on right lateral
(A,D), basal (B,E), and posterior
views (C,F) of the single subject
T1-reference brain of SPM99.
Shown are voxels with values ex-
ceeding 99.5% of all voxel values
for the delineation of positively
loaded regions (red), and those
with less than 0.5% of all voxel
values for the delineation of neg-
atively loaded regions (green).
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restricted and confined to the right superior (Brodmann
area, BA6) and middle frontal gyrus (BA9,10) and to the
inferior parietal lobe on both sides. Similar rCBF decreases
have also been observed by others and explained by several
mechanisms [Van Paesschen et al., 2003], i.e.: (i) a vascular
steal phenomenon [Rabinowicz et al., 1997]; (ii) the interrup-
tion of cognitive processes during the interictal stage [Fuster,
2001]; and (iii) a surrounding inhibition around the epilep-
togenic focus [Prince and Wilder, 1967]. However, the much
more restricted zone found with PCA might rather reflect
neuronal interaction or modulation, respectively. Similar
interactions between the medial temporal lobe and prefron-
tal cortex could be observed in animal experiments on rats
[Maroun and Richter-Levin, 2003]. For example, Takita et al.
[1999] induced a persistent depression within the medial,
i.e., prelimbic, frontal cortex following repetitive stimulation
of ventral hippocampus. Interaction has been shown also to
take place between the hippocampus and associative pari-
etal cortex during visuospatial and self-motion processing
[Save and Poucet, 2000].

In a detailed study of temporal lobe epilepsy by Shin et al.
[2001] using SISCOM, hyperperfusion of both vermis and
cerebellar hemispheres were found on both sides, ipsilateral
and contralateral, of the putative epileptogenic focus. Later-
alization is usually associated with additional involvement
of the frontal lobe and related to the extensive efferent
projections from this lobe onto contralateral anterior cere-
bellar hemispheres [Dietrichs, 1985; Takeuchi et al., 1982].

Maximal rCBF increase in the right mTL seizure group has
been shown for the vermis unilaterally. However, covari-
ance analysis indicated interactions of vermian structures
and posterior cerebellar hemisphere ipsilateral to the right
temporal lobe core zone of PC1, i.e., semilunar lobe. This is
consistent with sparse but predominant ipsilateral projec-
tions to the cerebellum from the medial temporal lobe [Di-
etrichs, 1985; Heath and Harper, 1974; Snider and Maiti,
1976; Takeuchi et al., 1982] and early observations of lower
cerebellar metabolism in the hemisphere ipsilateral to the
temporal lobe of seizure origin [Theodore et al., 1987].

PC3 and Extratemporal Covarying Regions

The third PC image indicates a dense connection to visual
association fields characterized by a symmetrical pattern
and sparing the primary visual cortex. As stated above, this
pattern fits well the theory of a direct path connecting ante-
rior temporal and visual association areas [Catani et al.,
2003]. Moreover, the implication of the occipital lobe would
have been overlooked in an exclusively categorical analysis
of flow differences, an example of Horwitz’s criticism of the
subtraction method [Horwitz, 1994]. The appearance of the
right and left inferior parietal lobes, both with negative
loads, may signal interaction with paralimbic associative
fields in the parahippocampal gyrus [Divac et al., 1977;
Mesulam et al., 1977].

Within cerebellar hemispheres, the posterior and parame-
dian fields covaried bilaterally in this PC image. Thus, the
pattern provides a differentiated view of cerebellar involve-

ment during a seizure in two PCs, in contrast to observations
of varying cerebellar rCBF increases deduced using the sub-
traction method [Duncan et al., 1987; Marks et al., 1992; Shin
et al., 2001]. A role of the cerebellum in inhibiting seizure is
suggested by the observation that cerebellar atrophy, and
the associated loss of inhibitory activity, may negatively
affect prognosis for surgical treatment of drug resistant tem-
poral lobe epilepsy [Specht et al., 1997]. Moreover, animal
studies [Paz et al., 1985] and stimulation of the anterior
cerebellum in humans [Cooper, 1973; Davis and Emmonds,
1992] indicate that the palaeocerebellum may inhibit seizure
activity.

CONCLUSIONS

PCA yielded two patterns of cortical and subcortical in-
teraction during mTL seizures which distinguish patients
from normal volunteers [Andersson et al., 1998; Seitz et al.,
2001]. In contrast to the categorical analysis using the sub-
traction paradigm, PCA permitted a differentiated survey of
both temporal lobe and extratemporal areas including (1)
decomposition and attribution to different PCs of activation
regions leading to results concerning the temporal lobe and
paramedian zone of the cerebellum; (2) demonstration of
covarying regions in both PCs which did not achieve signif-
icance in categorical analysis using statistical parametric
mapping, e.g., the visual association cortices in PC3; and (3)
more precise delineation of covarying areas compared to the
subtraction paradigm, e.g., the restricted negatively loaded
areas of right middle frontal gyrus belonging to PC1 com-
pared to an extensive flow decrease in frontal lobe observed
using SPM.

The possibility furnished by PCA of relating expression
coefficients to external measures [Seitz et al., 2001] is essen-
tial to establishing the physiological significance of the PCs.
Thus, the expression coefficients associated with both PC1
and PC3 correlate highly with seizure duration. Concerning
the signs of the correlation coefficients, we conjecture that
PC1 comprises brain areas within the temporal lobe that
sustain seizure duration, while the regions of PC3 limit the
duration. The 3-D regression analysis of seizure duration in
terms of the expression coefficients of PC1 and PC3 suggests
that the inhibition mechanisms associated with PC3 may
outweigh the sustaining mechanisms associated with PC1.
Considering the negative sign of the load and the inverse
relation between seizure duration and subjects weight for
PC3 suggests that areas involved at the basis of temporal
lobe, mainly dentate gyrus, are likely to fail in counteracting,
and thus, in limiting the seizures. The interplay of the two
PCs may help to understand seizure semiology in ambigu-
ous cases when symptoms evolve only after propagation
from a primary focus.

Summarizing, without a priori assumptions, PCA pro-
vides two patterns found in ictal rCBF images that describe
cortical and subcortical brain interactions during mTL sei-
zures. Many aspects of the functional connectivity indicated
by the analysis of covarying regions are in excellent agree-
ment with recent findings regarding effective connectivity
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demonstrated recently in tensor fused MR-images [Catani et
al., 2003]. Structural equation modeling or path analysis
offers a procedure for refining the analysis of effective con-
nectivity [Friston, 1994; McIntosh et al., 1996; McIntosh and
Gonzalez-Lima, 1994]. Its application is a compelling future
activity.
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