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The aim of this study was to evaluate an observer-independent
analysis of 18F-fluorodeoxyglucose (FDG) PET studies in pa
tients with temporal or extratemporal epilepsy. Methods: Twenty-
seven patients with temporal epilepsy and 22 patients with
extratemporal epilepsy were included in the study. All patients
with temporal epilepsy and 7 patients with extratemporal epilepsy
underwent surgical treatment. In patients who showed significant
postoperative improvement (temporal, n = 23; extratemporal,
n = 6), the epileptogenic focus was assumed to be located in the
area of surgical resection. In extratemporal epilepsy patients who
did not undergo surgery, the focus localization was determined
using a combination of semiology, ictal and interictal electroen-
cephalography, [99mTc]ethylcysteinate dimer SPECT, MRI and
[11C]flumazenil PET. Visual analysis was performed by two

experienced and two less experienced blinded observers using
sagittal, axial and coronal images. In the automated analysis
after anatomic standardization and generation of three-dimen

sional stereotactic surface projections (SSPs), a pixelwise com
parison of 18F-FDG uptake with an age-matched reference
database (n = 20) was performed, resulting in z score images.
Pixels with the maximum deviation were detected, summarized
and attached to one of 20 predefined surface regions of interest.
For comparison with 18F-FDG PET and MR images, three-

dimensional overlay images were generated. Results: In pa
tients with temporal epilepsy, the sensitivity was comparable for
visual and observer-independent analysis (three-dimensional
SSP 86%, experienced observers 86%-90%, less experienced
observers 77%-86%). In patients with extratemporal epilepsy,
three-dimensional SSP showed a significantly higher sensitivity
in detecting the epileptogenic focus (67%) than did visual
analysis (experienced 33%-38%, each less experienced 19%).
In temporal lobe epilepsy, there was moderate to good agree
ment between the localization found with three-dimensional SSP

and the different observers. In patients with extratemporal epi
lepsy, there was a high interobserver variability and only a weak
agreement between the localization found with three-dimen
sional SSP and the different observers. Although three-dimen
sional SSP detected multiple lesions more often than visual
analysis, the determination of the highest deviation from the
reference database allowed the identification of the epileptogenic
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focus with a higher accuracy than subjective criteria, especially in
extratemporal epilepsy. Conclusion: Three-dimensional SSP

increases sensitivity and reduces observer variability of the
analysis of 18F-FDGPET images in patients with extratemporal

epilepsy and is, therefore, a useful tool in the evaluation of this
patient group. The benefit of this analytical approach in patients
with temporal epilepsy is less apparent.
Key Words: extratemporal; epilepsy; 18F-fluorodeoxyglucose;
PET; computer-assisted image processing
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At has been known for almost two decades that epilepto
genic foci induce a reduction of interictal glucose metabo
lism (1). PET studies using l8F-fluorodeoxyglucose (FDG)

have been performed in epileptic patients to detect and
localize epileptogenic foci. Numerous studies, some of
which consisted of large numbers of patients, have reported
a sensitivity of 70%-85% for I8F-FDG PET in patients with

temporal epilepsy (2-4). In extratemporal epilepsy, how

ever, the patient populations investigated were smaller, and
the values for diagnostic sensitivity and accuracy reported
for interictal studies were significantly lower: 45% or less
depending on the localization of the focus (3,5,6). It is
unclear to what extent this significantly lower diagnostic
accuracy in patients with extratemporal epilepsy is caused
by the lower sensitivity of the method itself or by a higher
dependency of the visual interpretation of the PET images
on the experience of the observer (7,8). The variability in the
localization of the epileptogenic lesion, the high incidence
of multiple lesions and the greater variability of interaction
between epileptogenic tissue and functionally associated
cortical regions, compared with temporal foci (5,9-72),

make visual assessment of the PET images in this patient
population more difficult. Furthermore, localization with
extra- and intracranial electroencephalography (EEG) has
also been shown to be unreliable in patients with extratempo-

ral epilepsy (9,13).
The poor diagnostic accuracy of PET and other diagnostic
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modalities may explain why few patients with extratemporal
epilepsy receive surgical treatment and why postoperative
results are often unsatisfactory. After temporal lobe resec
tion, approximately 70% of patients with refractory tempo
ral epilepsy become seizure free, whereas an average of
approximately 45% of patients with extratemporal epilepsy
were reported to be seizure free postoperatively (4). The
unsuccessful surgeries may be caused in part by indetermi
nate localization and, in particular, the extent of the epilepto-

genic lesion, even when combining results from EEG, MRI
and functional imaging (14). Therefore, increasing the
diagnostic accuracy of interictal 18F-FDG PET may improve

these poor therapeutic results.
Thus, the aim of this study was to evaluate the usefulness

of an observer-independent approach (initially designed for

the investigation of dementing disorders [75]) to identify
and localize a seizure focus in 18F-FDG images in compari

son with visual assessment in patients with temporal or
extratemporal epilepsy.

MATERIALS AND METHODS

Patient Characteristics
A total of 27 patients with temporal epilepsy ( 18 women, 9 men;

mean age 37 Â±9 y) and 22 patients with extratemporal epilepsy (9
women, 13 men; mean age 27 Â±9 y) who underwent a routine PET
investigation with I8F-FDG as part of their presurgical diagnostic

program were included in this study. The mean duration of the
disease for the temporal and extratemporal epilepsy groups was
29 Â±6 y and 20 Â±4 y, respectively. All patients had focal seizures
(classified according to a new seizure and EEG classification by
Luders and Noachtar [16.17]), and 81% of the patients had
experienced occasional secondary generalization ( 19 of the patients
with extratemporal and 21 of the patients with temporal epilepsy).
All patients were integrated into a presurgical diagnostic program
for possible surgical treatment because of unsuccessful antiepilep-

tic drug therapy. Only patients who had epilepsy surgery or who
showed a single epileptogenic focus defined by noninvasive means
were included in the study.

All 27 patients with temporal epilepsy and 7 patients with
extratemporal epilepsy underwent surgical intervention. The re
sected specimens were analyzed histopathologically. Postoperative
outcome was rated using a classification introduced by Engel (18).
It consists of four classes, each containing several subgroups: class
I, free of disabling seizures; class II, rare disabling seizures; class
III, worthwhile improvement; class IV, no worthwhile improve
ment.

In all patients who had successful resection (Engel class I or II),
the area of resection was assumed to be the localization of the
epileptogenic focus. Patients without significant postoperative
improvement were not included in the sensitivity analysis. For
patients who did not undergo surgery (15 patients with extratempo-
ral epilepsy), the focus was defined by a combination of seizure-
semiology, ictal and interictal EEG, MRI, ictal ["mTc]ethyl cystein-
ate dimer (BCD) SPECT imaging and ["C]flumazenil (FMZ) PET.

For the purpose of this study, localization of the epileptogenic focus
required that ictal surface EEG semiology correspond with at least
one additional method (invasive EEG recording, MRI, ["C]FMZ
PET or ictal [WmTc]ECD SPECT). Because MRI was performed in
all patients, ictal ["mTc]ECD SPECT or ["C]FMZ PET was used

for focus localization if MRI showed no abnormalities or ambigu
ous abnormalities. Patients who did not fulfill these criteria were
not included in the study.

For patients who underwent surgery, the cause of the epilepsy
was defined by postoperative histopathologic analysis of the
resected brain tissue. In the remaining patients, a synopsis of
history, semiology and MRI findings was used to define the
probable cause.

18F-FDG PET Imaging Technique
PET scans were obtained in the interictal state with 18F-FDG

under standard resting conditions (eyes closed in dimmed ambient
light) using a Siemens 951 R/31 PET scanner (CTI, Knoxville,
TN). Acquisitions were in two-dimensional mode with a total axial

field of view of 10.5 cm and no interplane dead space. To obtain
transaxial images approximately parallel to the Â¡ntercommisural
line (AC-PC line), patients were positioned with the canthomeatal

line parallel to the detector rings. For attenuation correction, a
transmission scan was obtained with an external 68Ge ring source

before tracer injection. Thirty minutes after injection of 370 MBq
I8F-FDG, a sequence of three 10-min frames was started and later

combined into a single frame.

Image Analysis
Image analysis was performed on a Sun workstation (Sun

Microsystems, Inc., Mountain View, CA). Automated analysis of
the 18F-FDG PET images was performed using a modification of a

program that generates standardized three-dimensional stereotactic

surface projections (SSPs) of the individual dataset followed by a
pixelwise comparison with a normal database resulting in z score
images. This routine has been described previously and evaluated
in patients with dementing disorders (8,15,19-22).

The most important steps of the program are described below:
The initial step included a rotational correction and centering of the
dataset in three dimensions, resulting in a realignment of the
AC-PC line (19). To adjust the individual's brain to the propor

tional grid system proposed by Talairach and Tournoux (23), linear
scaling and nonlinear warping of the data were performed,
resulting in a standardized image set with a uniform voxel size of
2.25 mm (20).

Three-dimensional SSPs were generated to visualize cortical

gray matter activity (75). In this approach, the maximum pixel
values on predefined vectors perpendicular to the surface and
covering the entire standardized outer brain contour were deter
mined with a search depth of 6 pixels (13.5 mm). The detected
maximum pixel values were then assigned to the corresponding
surface pixel of the standardized surface. The resulting three-

dimensional SSP images allowed the visualization of all aspects of
the brain surface (75).

The thalamus was chosen as the most robust reference region for
the subsequent analysis of the patient data. Because regional
temporal or extratemporal hypometabolism can affect the meta
bolic activity of the ipsilateral thalamus (24), the side containing
the higher average value was selected for normalization. (8,15).

Comparison of the normalized brain activity of each patient with
a reference normal database consisting of 20 age-matched normal

controls was performed by means of a z score (75). Z scores were
calculated pixelwise on the three-dimensional-SSP format. A high,

local z score represents reduced local glucose metabolism relative
to the control mean. To allow visualization, z scores were projected
on surface views in the same manner as the three-dimensional SSP

images.
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To minimize interobserver variability in determining the loca
tion of the most significant hypometabolic zone, further steps were
added to the analysis: A predefined set of 20 surface regions of
interest (ROIs) was placed automatically onto the three-dimen

sional SSPz score images (Fig. 1). The ROIs were defined to reflect
the known functional divisions of the cerebral lobes (25), and each
hemisphere was divided into the following regions: orbitofrontal,
prefrontal, premotor, central, parietal superior and inferior, occipi
tal, temporal-lateral anterior, temporal-lateral posterior and temporal-

mesial.
All clusters containing more than 50 adjacent pixels with a z

score > 2 were then identified, and the cluster containing the
maximum z score was selected and attributed to one of the
predefined ROIs. If this cluster contained pixels of 2 or more ROIs,
the center of gravity of the cluster was identified using an
automated routine that has been previously validated (26). The
focus was assumed to be located in the ROI containing the center of
gravity of this cluster. Total processing time of this automated
program was less than 90 min per patient.

Visual Definition of Lesion
For visual identification of abnormalities suggestive of an

epileptogenic lesion, two blinded experienced observers and two
blinded less experienced observers analyzed the PET data in
standard axial, sagittal and coronal views. To obtain a reliable

FIGURE 1. Twenty predefined anatomic ROIs placed on sur
face-projected z score images. Views: right lateral (A), left lateral
(B), anterior (C), posterior (D), superior (E) and inferior (F).

comparison between the observers and the automated procedure,
the suspected lesions were assigned by the observers to 1 of the
ROIs dividing the cerebral lobes into sectors that were used for the
automated procedure (25) (Fig. 1). If multiple abnormalities were
detectable, observers selected the suspected focus by following
subjective criteria, such as size or intensity of the hypometabolic
areas.

Statistical Analysis
For interobserver comparison and comparison of three-

dimensional SSP with the visual analyses, a Ktest and a Cochran Q
test were used. P = 0.05 was considered significant.

Noninvasive Methods Used to Identify Seizure Origin
EEC and Seizure Semiology. All patients underwent continuous

interictal and ictal EEG video monitoring of several habitual
seizures. Ictal and interictal EEG recordings (32-64 channel,

Vangard Systems, Cleveland, OH) were obtained in all patients,
using closely spaced scalp gold disks, sphenoidal electrodes, the
10/20 system of electrode placement and additional 10/10 elec
trodes according to the guidelines for a standard electrode position
nomenclature of the American Electroencephalographic Society
(27). The EEG was digitized at a sampling rate of 200 Hz ( 12 bit),
amplified and stored for further analysis.

Seizures were analyzed according to a new classification (Â¡6,17)
with special regard to the possible localization of the seizure onset.
In all patients with extratemporal epilepsy and in 2 patients with
temporal epilepsy undergoing surgical treatment, additional inva
sive EEG videos using subdural electrodes (Adtech, Racine, WI)
and a digital EEG system (NeuroScan; NeuroSoft, Herndon, VA)
were recorded preoperatively. All seizures were analyzed on video
and EEG and classified according to the seizure and EEG
classification by Luders and Noachtar (16,17).

MR1, Ictal [â„¢mTc]ECDSPECT and Interictal Â¡"CJFMZ PET.

High-resolution cerebral MRI studies in axial, sagittal and coronal
planes were performed in all patients (1.5-T Magnetom Vision;
Siemens, Erlangen, Germany). Images included Tl, T2 and proton-

density weighted techniques. In patients showing no abnormalities,
additional sequences were used (magnetization-prepared rapid
gradient echo, fluid-attenuated inversion recovery, three-dimen
sional fast low-angle shot and ultra-high-resolution MRI with two
dual-phase array coils).

For comparison between PET and MRI, an overlay of the
nonstereotactically normalized 18F-FDG PET dataset and the
Tl-weighted MR image was obtained using an interactive tool for

image coregistration (28). This procedure allowed the accurate
identification of the anatomic structure corresponding to the
abnormality detected by three-dimensional SSP.

To obtain additional information regarding the focus localization
(see Patient Characteristics), ictal SPECT studies with [WmTc]ECD
(29) or interictal PET studies with ["C]FMZ were performed (30).

RESULTS

Temporal Epilepsy
Preoperative Diagnosis, Postoperative Outcome, Cause

and Localization. Of the 27 patients with temporal epilepsy,
23 patients showed clear postoperative improvement (Engel
class I or II). Nine of these patients were classified as Engel
class la, 3 as Ib, 3 as Ic, 4 as Id, 2 as Ha and 2 as lid. Of the 4
patients who had little or no benefit from surgery, 3 were
classified as Engel class Ilia and one as IVb.
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In the 23 patients who showed significant improvement
postoperatively, histopathologic analysis of the resected
brain tissue yielded hippocampal scleroses in 20 patients, 2
hamartomas and 1 cavernoma. In the 4 patients who showed
no improvement, 1 was found to have gliosis of the resected
temporal lobe in addition to a known hypothalamic astrocy-

toma, and 3 patients were found to have hippocampal
sclerosis.

The subsequent sensitivity analysis was performed on the
basis of the 23 patients who were classified as Engel class I
or II (see Materials and Methods). In this patient group,
localization by ictal EEG was consistent with the location of
the focus defined by histopathologic criteria. The location
within the temporal lobe is summarized in Table 1.

Sensitivity. In 19 of the 23 patients (86%) who improved
significantly postoperatively (Engel class I or II), the
three-dimensional-SSP localization of the lesion in I8F-FDG

PET was consistent with the area of resection.
Experienced observers found a lesion corresponding to

the region of resection in 19 of the 23 patients (86%,
observer 1) and in 20 of 23 (90%, observer 2), and the less
experienced observers found a corresponding lesion in 19 of
23 (86%, observer 3) and 17 of 23 patients (77%, observer 4)
(Fig. 2).

MRI findings revealed focal abnormalities in 18 of the
patients showing improvement (78%), all in concordance
with the definite postoperative focus localization. In the 5
patients in whom no lesions suggestive of a focus were
detectable by MRI, the correct localization of the epilepto-
genic focus was found in 2 patients by three-dimensional

SSP and all observers and in 1 patient by observers 1,2 and 3
but not by three-dimensional SSP.

Of the 4 patients who showed no or minor postoperative
improvement, the area of resection coincided with three-

dimensional SSP, all observers and MRI in 1 patient. In
another patient, the area of resection corresponded to the
MRI location and in 1 additional patient with the location
defined by observer 2. Of the 2 patients with negative MRI
findings, 1 showed an abnormality on ["mTc]ECD SPECT
and 1 on ["C]FMZ PET, both at a localization correspond

ing to the EEG.
Observer Agreement. Visual definition of the epilepto-

genic focus generally showed moderate agreement with the
localization found by three-dimensional SSP in patients with

temporal epilepsy.
Kappa analysis revealed similar agreement between three-

dimensional SSP and the experienced observers (K value:
observer 1, 0.39; observer 2, 0.41) as with the less experi-

TABLE1
Localization of Focus in Temporal Epilepsy (n = 23)

TemporallobeMesial

Lateral
AllLeft14

1
15Right6

28All20 3
23

3D-SSP exp.obs.1 exp.obs.2 less less
exp.obs.1 exp.obs2

MRI

FIGURE 2. Sensitivityof three-dimensionalSSP and ofobserv
ers for detection of epileptogenic focus Â¡ntemporal epilepsy
patients (n = 23) compared with MRI.

enced observers (K value: observer 3, 0.39; observer 4,
0.39). Agreement between experienced observers was good
(K = 0.62) and moderate between less experienced observ
ers (K = 0.49).

The Cochran Q test showed no significant difference
between the results of three-dimensional SSP and the

observers. A significant difference was found only when
comparing the results of observer 2 with those of observer 4
(P < 0.05).

Multiple Lesions on Three-Dimensional SSP and MRI.
Three-dimensional SSP showed multiple lesions (minimum

50 pixels of a z score > 2) in 11 of the 27 (40%) patients
with temporal epilepsy. In 8 of these patients, the automati
cally selected lesion with the maximum SD was localized in
concordance with the actual focus. Of the 3 patients with
lesions that were not localized correctly, 2 showed the
cluster with the highest maximum in the contralateral
temporal lobe and 1 in the ipsilateral parietal lobe. For 2 of
these patients, the cluster with the second highest maximum
was localized in correspondence with the actual focus.

Compared with three-dimensional SSP, the four observers

generally described multiple foci less frequently. MRI
showed multiple lesions in 2 patients with temporal epilepsy.
Both patients had hippocampal sclerosis in the left temporal
lobe; 1 had an additional arachnoidal cyst in the left parietal
lobe, and the other had a venous malformation of the left
frontal lobe. These abnormalities corresponded to hypometa-
bolic areas detected by three-dimensional SSP and all

observers. In the first patient, this morphologic abnormality
resulted in mislocalization of the focus by all observers and
three-dimensional SSP, whereas in the second, the correct

localization could be determined by all observers and
three-dimensional SSP.

Extratemporal Epilepsy
Preoperative Diagnosis, Postoperative Outcome, Cause

and Localization. Of the 7 patients who underwent epilepsy
surgery, 5 were classified as Engel class la and 1 patient as
IVa.

The follow-up of the remaining patient, who improved

postoperatively (see Case Study) was not long enough to
allow definite classification. Histopathologic analysis of the
resected brain material of the 6 improved patients revealed 4
with cortical dysplasia and 2 with cavernomas. In the patient
who did not improve, a cerebral abscess was found.
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In 14 of the patients who did not undergo surgery, the
information from history, semiology and typical abnormali
ties on MRI allowed a clear definition of cause. This
synoptical diagnosis revealed cortical dysplasia in 5 patients
and cavernomas in 2 patients. Furthermore, 1 case of
postencephalitic and 1 of post-traumatic epilepsy, 1 brain

abscess, 2 tumors, 1 schizencephaly and 1 perinatal infarc
tion were diagnosed.

MRI showed focal irregularities in 11 of the 15 patients
with extratemporal epilepsy who did not undergo surgery. In
9 of those patients, the MRI abnormalities were localized in
correspondence with the EEG localization. The other 2
showed a hypothalamic hamartoma and a vascular malforma
tion, both in discordance with the EEG localization. Of these
2 patients, 1 showed a lesion on ["C]FMZ PET and 1 on
[nC]FMZ PET and ictal ["mTc]ECD SPECT concordant

with the EEG. Of the remaining 4 patients with no apparent
abnormalities on high-resolution MRI, 1 showed an abnor
mality on [UC]FMZ PET and 3 on both ["C]FMZ PET and
ictal ["mTc]ECD SPECT in a localization corresponding to

ictal EEG and seizure semiology.
The location of the epileptogenic area defined by the

methods described above is summarized in Table 2.
Sensitivity. All patients with extratemporal epilepsy were

included in the sensitivity analysis, with the exception of the
patient who did not improve significantly after surgery.

In 14 of the 21 included patients (67%), three-dimen

sional SSP enabled an accurate localization of the epilepto
genic focus compared with the predefined localization.
Experienced observers detected the focus in 8 (38%, ob
server 1) and 7 patients (33% observer 2). Less experienced
observers localized the focus correctly in only 4 patients
(19%, both observers). MRI was able to localize the focus
correctly in 12 of the 21 patients with extratemporal epilepsy
(57%, Fig. 3).

MRI showed no abnormalities in 7 patients, and in 2 other
patients the MRI abnormalities described did not correspond
with the final focus localization. In these 9 patients, a correct
localization was found by three-dimensional SSP in 6

patients and by observers in 3 patients by some and 4 by
others.

Regarding selectively the patients who underwent sur
gery, ictal EEG was consistent with the focus defined by
histopathologic criteria in all patients with postoperative
improvement. In 3 of the 6 patients who improved postopera-

tively, MRI showed a lesion corresponding in localization

TABLE 2
Localization of Focus in Extratemporal Epilepsy (n = 21)

LobeFrontalCentralParietalOccipitalAllLeft23106Right1111215All1342221

% 100

3D-SSP exp.obs.1 exp.obs.2 less less
exp.obs.1 exp.obs2

FIGURE 3. Sensitivityof three-dimensionalSSP and ofobserv
ers for detection of epileptogenic focus in extratemporal epilepsy
patients (n = 21) compared with MRI.

with the resected region. Localization was defined accu
rately by three-dimensional SSP in 5 patients, by observer 1

in 3, by observer 2 in 1 and by each less experienced
observer in 1 of the 6 improved patients. In the 1 patient who
showed no postoperative improvement (Engel class IVa), the
epileptogenic lesion had been determined in correspondence
with the ictal EEG by MRI, three-dimensional SSP and by

all observers.
Observer Agreement. Visual analysis generally showed

weak agreement with the localization found by three-
dimensional SSP in extratemporal patients. Kappa-analysis
revealed better agreement of three-dimensional SSP with the

experienced observers (K value: observer 1, 0.32; observer
2, 0.35) than with the less experienced observers (K value:
observer 3, 0.17; observer 4, 0.23). Agreement between
experienced observers was good (K = 0.58) but weak
between less experienced observers (K = 0.38).

The Cochran Q test revealed a significant difference
between the results of three-dimensional SSP compared with

all observers (P < 0.05). In addition, there was a significant
difference between observer 1 and observer 4 (P < 0.05).

Multiple Lesions on Three Dimesional SSP and MRI.
Three-dimensional SSP showed multiple lesions (minimum

50 pixels of a z score > 2) in 17 of the 22 (77%) patients
with extratemporal epilepsy. Using the algorithm described
above, a correct localization was possible in 12 of the 17
patients. In the other 5 patients, the highest maximum was
localized in the temporal lobe ipsilateral to the actual focus
in 3 patients, in the occipital lobe in 1 and in the frontal lobe
in 1 patient, both contralateral to the actual focus. The
second highest maximum represented the correct focus
localization in 2 of these patients.

As in temporal epilepsy, observers found multiple lesions
less frequently than three-dimensional SSP. However, alto

gether more cases of multiple lesions were found in extratem
poral epilepsy by observers and three-dimensional SSP

compared with temporal epilepsy. MRI showed multiple
lesions in 4 patients with extratemporal epilepsy (18%). In
these patients, the definition of the final focus localization
was based on correspondence with other methods (EEG,
[UC]FMZ PET and ictal [99mTc]ECDSPECT]). The multiple

lesions in these 4 patients were all detected on PET imaging
by three-dimensional SSP. Table 3 summarizes the fre-
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TABLE 3
Frequency of Detection of Multiple Lesions by Different Observers/3D-SSP/MRI

ExperiencedobserversMultiple

lesionsTemporal

(n = 27)

Correct lesions selected
Extratemporal (n = 22)

Correct lesions selected3D-SSP11

(40%)
8

17(77%)
1215(19%)

4
9(41%)
225(19%)

4
12(55%)
4Less

experienced
observers36

(22%)
4
8 (36%)
247

(26%)
2
9(41%)
2MRI2

(9%)

4(18%)

3D-SSP = three-dimensional stereotactic surface projection.

quency of multiple lesions and the correct focus selection
with three-dimensional SSP and by the different observers

compared with MRI for temporal and extratemporal epi
lepsy.

Case Study
An 18-y-old woman suffered from seizures since the age

of 3. Seizures started as tonic spasms of the face, extremities
and the neck and subsequently changed into a clonic seizure
of the left arm and the head and then into a versive seizure of
the left side of the head. The patient reported occasional,
generalized seizures. Continuous EEG showed intermittent
slowing, interictal spikes and ictal seizure onset in the right
frontal lobe in paramedian location corresponding to the
supplementary motor area (SMA) (Fig. 4D). These findings
were confirmed by invasive EEG with subdural electrodes.
High-resolution MRI and ["C]FMZ PET showed no abnor
malities (Figs. 4C, 5A and 5D). Ictal [WmTc]ECD SPECT

showed diffusely enhanced regional cerebral blood flow in
the mesial and lateral premotor to prefrontal cortex of the
right side.

Subsequently, a resection of the right superior and medial
frontal gyrus anterior to the precentrai gyrus was performed.
The histopatholgical analysis revealed a small dysplasia as
the cause of the disease. Postoperatively, the patient has been
seizure free (8 wk), but due to the short postoperative
interval no definite classification of the postoperative out
come according to the Engel criteria is possible.

Figure 3 shows three-dimensional SSP images after

stereotactic surface mapping and a z score image resulting
from the comparison with the normal database. The superior
view (Fig. 4A) shows a small hypometabolic area in the
right paramedian frontal lobe corresponding to the SMA. In
the z score image (Fig. 4B), the lesion is more clearly visible.
This paramedian frontal area contains the highest maximum
in the z score image, i.e., the highest deviation from the
normal control population. The ictal onset in the EEG (Fig.
4D, superior view) at a right paramedian prefrontal localiza
tion corresponds exactly with the automatically defined
abnormality on I8F-FDG PET. Figure 4C is the ["C]FMZ

PET scan of the patient, which showed no abnormalities.
Because of the nonlinear warping procedure, the lesion
shown on the surface images does not represent the exact

localization on the patient's brain. For this reason, an

overlay of the original PET scan on the individual MR image
was performed. After detection of the lesion on the surface
images and attachment to a circumscript brain region,
identification in the original slice display is easily possible.
An overlay of the transversal and sagittal slices with the
individual MR image was generated to identify the corre
sponding localization on the MR image, on which no
abnormality was apparent (Figs. 5C and 5F). Compared with
the three-dimensional SSP surface-rendered images and the
three-dimensional SSP z score images, the subtle character

of the changes in the slice display is apparent. Visual

FIGURE 4. Case study.(A) Superiorview on surface-projected
18F-FDG PET image. (B) Corresponding z score image. (C)
Corresponding ["CJFMZ image of 18-y-old woman. (D) Seizure

onset during EEG.
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FIGURE 5. Case study. (A and D) Indi
vidual MR images. (B and E) 18F-FDGPET

(arrow pointing at hypometabolic area). (C
and F) Overlay. A-C show inferior views on
axial slices. D-F show medial views on
sagittal slices.

analysis by two experienced and two less experienced
observers using transaxial, sagittal and coronal slices did not
lead to correct localization of the lesion. The exact identifica
tion of the epileptogenic focus with I8F-FDG PET was of

particular interest in this patient, because neither MRI nor
[UC]FMZ PET showed specific abnormalities.

DISCUSSION

In this study, a fully automated observer-independent
analytic approach (three-dimensional SSP), previously evalu

ated for the identification of abnormalities in dementing
disorders (8,15), was applied for the first time to the analysis
of PET studies in patients with focal epilepsy. In addition to
patients with temporal epilepsy, the patient population
included a comparatively large group with extratemporal
seizure origin, a population in which the overall sensitivity
of PET is known to be unsatisfactorily low (3,5,6). An
improvement of diagnostic accuracy is, therefore, of special
relevance for this population. To increase the number of
patients with extratemporal epilepsy for this study, patients
were added in whom noninvasive diagnostic procedures
localized the epileptogenic area with high confidence.
However, whenever possible, focus localization was con
firmed by surgical treatment.

In the temporal epilepsy group, there was no clear
improvement in the diagnostic accuracy of three-dimen

sional SSP compared with visual analysis. In this selected
patient sample, the sensitivity of the visual analysis (86%-
90%) and of three-dimensional SSP (86%) was consistent

with previously published results of larger populations of
epilepsy patients (2-3,14,18). Postoperative outcome in this

population was good considering international standards (4).
In the clinical setting, three-dimensional SSP did not add

additional information for the correct lateralization of the

temporal focus in patients with suspected temporal lobe
epilepsy compared with visual and semiquantitative analysis
with ROIs. However, the program provided sufficient infor
mation to exclude other extratemporal abnormalities.

In addition, it is important to note that in 3 of 4 patients
with temporal epilepsy who did not improve significantly,
surgical resection was performed in a region that did not
correspond with the three-dimensional SSP localization.

One of these patients had, in addition to the temporal gliosis
where the resection was performed, a hypothalamic astrocy-

toma corresponding to the area with the highest abnormality
on three-dimensional SSP. Because seizures continued after

temporal lobe resection, a possible explanation could be that
the astrocytoma was the actual seizure origin. letal EEG,
however, localized the seizure onset in the temporal region.
In another of these patients, localization of ictal spikes by
EEG was not possible until 29 s after seizure onset and thus,
might not have localized the seizure origin sufficiently. This
patient continued to have ictal patterns on EEG localized in
the temporal region after anterior temporal lobe resection.
Perhaps the epileptogenic tissue in this patient was dissemi
nated throughout wider parts of the temporal lobe and,
therefore, the anterior resection was not sufficient. The 2
other patients showed no conspicuous irregularities in their
history or in their pre- and postoperative findings. The

limited number and the heterogeneity of the patients do not
justify speculations about the relationship between patient
outcome and the localization of the hypometabolic lesions
determined by three-dimensional SSP.

In the extratemporal epilepsy group, this observer-

independent approach localized the epileptogenic area cor
rectly significantly more often than the visual observer
approach. The sensitivity of the visual assessment, at least of
the experienced observers (33%-38%), was comparable
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with data published by other groups reporting their results of
nonselected populations (3,5,6). The sensitivity of three-

dimensional SSP, therefore, was higher than in most other
studies reporting on comparable patient populations (3,5,6).
Using this observer-independent analysis clinically is help

ful in reducing observer variability. Specifically, it can
improve the quality of rating of inexperienced readers. In
addition to the higher sensitivity in the clinical setting, this
approach has been shown to be beneficial because it allows
fast detection of abnormalities, which can then be identified
on the conventional slice display needed for the overlay with
the MR image for preoperative planning, as demonstrated in
the case study. Although only a minority of patients in this
group underwent surgical therapy, the agreement between
the results of three-dimensional SSP and the final localiza

tion of the epileptogenic lesion indicates a high diagnostic
accuracy.

Because of the design of the study, specificity could not be
determined. This is also true for the MRI results reported in
this study. Positive MRI was an inclusion criterion for the
patients, and therefore, the high number of correctly positive
MRI studies (78% for temporal and 57% for extratemporal)
can be expected. These figures are indeed higher than the
results reported from unselected samples (3). It is, therefore,
remarkable that three-dimensional SSP correctly localized

the lesion in 6 patients in the extratemporal group, with MRI
being negative or incorrect even in high-resolution tech

nique, as demonstrated in the case study. Three of these
lesions were not detected by any of the observers.

In both the temporal and the extratemporal epilepsy
groups, the three-dimensional SSP analysis detected mul

tiple abnormalities in more cases than the observers and
MRI. The overall number was lower in the temporal group,
which is consistent with previously reported results (5).
However, the lesions detected by this approach do not
represent an actual abnormality of cerebral glucose metabo
lism in all cases. In some cases, anatomic variabilities, such
as wide sulci, led to inaccuracies in the stereotactic normal
ization, yielding small areas with high values in the z score
image (8). The selection of clusters of pixels of a sufficient
size should have minimized misinterpretations of these
areas. Furthermore, the visual comparison with the non-

normalized images in the slice display would make such
artificial lesions apparent, especially when overlaid on the
individual MR images.

By selection of the highest deviation from the reference
database, three-dimensional SSP had a significantly higher

sensitivity in the extratemporal group and a higher accuracy
compared with the observers, who used subjective criteria
for selection among multiple lesions. However, it has to be
taken critically into consideration that although only patients
with extratemporal epilepsy with high probability for a
single focus were included in the study, the presence of
multiple foci cannot be completely excluded in the subgroup
that did not undergo surgical therapy and may represent a
more widespread distribution of epileptogenic brain tissue.

This has also been suspected previously to render EEC
localization difficult in these cases (9).

Multifocal epilepsy can be ruled out for the temporal
group, in which the successful resection provided evidence
for a single epileptogenic area.

Several approaches have been used for the quantitative
analysis of I8F-FDG PET images in epilepsy (31-35). The

vast majority evaluated in patients with epilepsy were based
on ROIs. Basically, two kinds of ROI structures were used
for quantitative analysis of PET data in most of these
studies: (a) predetermined geometric configurations (circles
or squares) and (b) irregular shapes formed to fit the margins
of the subdivisions of the images (13). The visual placement
of geometrical ROIs is currently the most widely used
method (10,31,33,34). Absolute measurement of the re
gional metabolic rate of glucose and relative quantification
using values such as the asymmetry index have been applied
(34,36). Compared with the analytic method used in this
study (three-dimensional SSP), these approaches have sev

eral disadvantages. The visual placement of ROIs is highly
subjective and has poor reproducibility. Furthermore, contra-
lateral lesions might lead to false-negative results, especially

in semiquantitative approaches. The use of ROIs in selected
slices and selected regions is sufficient for the detection of
foci in typical localization, e.g., in mesial temporal lobe
epilepsy, but will most probably miss circumscript foci in
atypical regions (such as in the orbitofrontal cortex or near
the corpus callosum), as was shown for the SMA in the case
study. To avoid this, one has to cover the entire brain with
ROIs. Swartz et al. (34) achieved improved sensitivity of
18F-FDG PET in extratemporal epilepsy patients with such

an approach. In their study, 87 individualized ROIs were
manually drawn in every dataset, covering all gray matter
areas. Although the sensitivity of this method is relatively
high, it is time consuming and requires a person experienced
in this procedure. In contrast, three-dimensional SSP reveals

similar results but requires user interaction for less than 15
min. Therefore, it appears to be much more suitable in a
routine clinical setting.

Although three-dimensional SSP has no advantages for

correct lateralization of the epileptogenic focus over simple
ROI-based analysis in patients with temporal epilepsy, the

comparison with a normal database can be helpful for
patients with bilateral abnormalities. Furthermore, as men
tioned above, additional extratemporal foci can be easily
detected because the entire brain is visualized in surface
projections.

There are several methods using a three-dimensional

display of the brain surface, for example, the one proposed
by Hashikawa et al. (37). However, without stereotactic
normalization, no direct comparison with a normal database
is possible, allowing only visual assessment and no observer-

independent quantification of abnormalities. A disadvantage
of stereotactic normalization is that because of the nonlinear
warping procedure, the localization of the epileptogenic
focus on the surface map does not represent the actual
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localization on the individual brain; it only illustrates the
localization on a standardized brain surface. Thus, for the
further preparation of surgical therapy, e.g., the placement of
invasive EEC electrodes, it is necessary to identify the
abnormality detected in the statistical comparison in the
nondeformed individual images, which then can be overlaid
on the MR image to allow accurate anatomic identification
of localization and extent of the functional abnormalities.
However, as illustrated in the case study, this is easily done
and cannot be regarded as a serious limitation of the
application of three-dimensional SSP in this setting.

Other software packages based on stereotactic normaliza
tion and pixelwise comparison of different dataseis such as
statistical parametric mapping (SPM) (38) can also be
adapted to allow comparison of patients with a normal
database and a surface display of the results similar to
three-dimensional SSP. However, these packages have never

been systematically tested for their reliability in analyzing
clinical 18F-FDG PET studies during preoperative evaluation

of focal epilepsy. Richardson et al. (59) and Koepp et al. (40)
have used SPM in scientific studies with ["C]FMZ in

epilepsy patients for the comparison of abnormalities in
benzodiazepine receptor binding with a normal database.
The goal of these studies, however, was not to determine the
diagnostic accuracy of this approach, and they did not report
surgical results in the patients with extratemporal epilepsy.
Therefore, it is not possible to deduce from these results the
usefulness of this analytical package for the analysis of
18F-FDG PET studies of epilepsy patients. Differences in the

algorithms used for stereotactic normalization and statistical
comparison between three-dimensional SSP, SPM and other

programs originally developed for PET activation studies
require a separate evaluation for every software package.

Although the patient population evaluated was limited,
this study has demonstrated that these statistical approaches
are generally suitable for the clinical routine analysis of PET
studies of epilepsy patients and can be especially helpful for
the detection of extratemporal foci.

CONCLUSION

In this study, it was shown that the automated observer-
independent three-dimensional SSP routine increases sensi

tivity and reduces observer variability of the analysis of
18F-FDG PET images in patients with extratemporal epi

lepsy and is, therefore, a useful tool in the evaluation of this
patient group. In patients with temporal epilepsy the benefit
is less apparent, but the routine proved to be valuable for the
exclusion of additional extratemporal foci.
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