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Abstract

Objective Inter-ictal IgF-Z-ﬂUOfO-dCOXy-D-glUCOSe—pOSi-
tron emission tomography (FDG-PET) is widely used for
preoperative evaluation to identify epileptogenic zones in
patients with temporal lobe epilepsy. In this study, we
combined statistical parametric mapping (SPM) with the
asymmetry index and volume-of-interest (VOI) based
extent analysis employing preoperative FDG-PET in uni-
lateral mesial temporal lobe epilepsy (MTLE) patients. We
also evaluated the detection utility of these techniques
for automated identification of abnormalities in the uni-
lateral hippocampal area later confirmed to be epilepto-
genic zones by surgical treatment and subsequent good
seizure control.

Methods FDG-PET scans of 17 patients (9 males, mean
age 35 years, age range 16-60 years) were retrospectively
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analyzed. All patients had been preoperatively diagnosed
with unilateral MTLE. The surgical outcomes of all
patients were Engel class 1A or 1B with postoperative
follow-up of 2 years. FDG-PET images were spatially
normalized and smoothed. After two voxel-value adjust-
ments, one employing the asymmetry index and the other
global normalization, had been applied to the images sep-
arately, voxel-based statistical comparisons were per-
formed with 20 controls. Peak analysis and extent analysis
in the VOI in the parahippocampal gyrus were conducted
for SPM. For the extent analysis, a receiver operating
characteristic (ROC) curve was devised to calculate the
area under the curve and to determine the optimal threshold
of extent.

Results The accuracy of the method employing the
asymmetry index was better than that of the global nor-
malization method for both the peak and the extent anal-
ysis. The ROC analysis results, for the extent analysis,
yielded an area under the curve of 0.971, such that the
accuracy and optimal extent threshold of judgment were 92
and 32.9%, respectively.

Conclusion Statistical z-score mapping with the asym-
metry index was more sensitive for detecting regional
glucose hypometabolism and more accurate for identify-
ing the side harboring the epileptogenic zone using inter-
ictal FDG-PET in unilateral MTLE than z-score mapping
with global normalization. Moreover, the automated
determination of the side with the epileptogenic zone in
unilateral MTLE showed improved accuracy when the
combination of SPM with the asymmetry index and extent
analysis was applied based on the VOI in the parahippo-
campal gyrus.

Keywords Asymmetry index - Statistical parametric
mapping - FDG-PET - Mesial temporal lobe epilepsy
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Introduction

Epilepsy surgery has been established as an effective
treatment for patients with refractory temporal lobe epi-
lepsy (TLE) [1, 2]. For successful surgical treatment,
preoperative lateralization or localization of the epilepto-
genic zone (EZ) is important. Inter-ictal '®F-2-fluoro-
deoxy-p-glucose (FDG) positron emission tomography
(PET) is a widely used preoperative method of identifying
the EZ. On inter-ictal FDG-PET, areas with metabolic
alterations, probably related to epileptogenicity, show
decreased FDG accumulation, and these findings of altered
metabolism contribute to EZ detection. In preoperative
evaluation with inter-ictal FDG-PET, FDG distributions are
generally evaluated by visual inspection. However, visual
inspection is inevitably associated with inter-observer
variation and it is usually difficult to provide numerical
values, such as the most appropriate threshold for diagno-
sis, or statistical parameters derived from comparisons with
controls. Therefore, objective semi-quantitative analysis
has been anticipated as a method complementing visual
evaluation.

Objective semi-quantitative analysis with the region-of-
interested (ROI) technique or voxel-based statistical para-
metric mapping [SPM; Wellcome Department of Cognitive
Neurology, London, UK (http://www.fil.ion.ucl.ac.uk/spm/)]
has been demonstrated to have utility for preoperative
detection of EZ [3-6]. In addition to these methods, some
studies incorporated inter-hemispheric asymmetries, such
as left to right subtraction, or the asymmetry index (AI),
and showed improvement of preoperative evaluations for
TLE; however, in most such studies, inter-hemispheric
asymmetry was calculated from the mean ROI value or the
volume-of-interest (VOI) [7-9]. Few studies have applied
asymmetries to voxel-based analysis. Bogaert et al. [10]
prepared brain FDG-PET and mirror-reversed images of a
patient, and compared them with those of normal controls
by SPM. An 'SF-4-(2'-methoxyphenyl)-1-[2'-(N-2-pyridi-
nyl)-p-fluorobenzamido]-ethyl-piperazine PET study dem-
onstrated improved localization of EZ using Al calculated
for each voxel, probably because the broad range of vari-
ation across normal controls was decreased using AI [11].

In this study, we calculated voxel-based Al images with
FDG-PET of unilateral mesial temporal lobe epilepsy
(MTLE) patients and compared them with those of normal
controls, i.e., we conducted SPM employing Al. With this
method, the most significant voxel in the hippocampal area
on either side was identified (peak analysis). In addition,
we combined the AI-SPM with VOI-based extent analysis,
in which we estimated the number of voxels exceeding a
threshold, because the EZ is often associated with an
extensive area of hypometabolism. These methods were
designed to allow automatic processing to provide
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objective assessments. Then, we applied these methods to
preoperative FDG-PET in patients who were candidates for
epilepsy surgery, and evaluated the detection utility of
these methods for identifying abnormalities in the unilat-
eral hippocampal area later confirmed to harbor the EZ by
surgical treatment and subsequent good seizure control. We
also compared the diagnostic accuracy of our methods with
that of the conventional global normalization (GN) method,
employing SPM.

Materials and methods
Patients and controls

FDG-PET for epilepsy evaluation was performed in 145
patients between 2003 and 2009. Among these patients, 51
underwent surgical treatment of the unilateral hippocampal
area, and we selected 17 of these patients (9 males, mean
age 35 years, range 16-60 years) for this study based on
the following inclusion criteria; (1) good postoperative
outcome, corresponding to Engel’s classification 1A or 1B
[12] for more than 2 years; (2) preoperative evaluations
including inter-ictal EEG, MRI and inter-ictal FDG-PET
had been performed. All preoperative examinations were
performed as part of routine evaluations for patients with
medically refractory epilepsy who were candidates for
epilepsy surgery. Exclusion criteria for this study were;
(1) a history of previous cranial surgery, (2) space
occupying lesion exceeding 1 cm on MRI; (3) a history
of encephalomyelitis. We selected patients with good
postoperative outcomes because the EZ was confirmed
only by seizure disappearance after surgical treatment of
EZ.

The control group of FDG-PET was obtained employing
an identical protocol for 20 normal controls (11 males,
mean age 47 years, range 24-60 years), who had no neu-
rological or mental diseases, and no history of taking
psychotropic drugs.

This retrospective study was performed according to the
guidelines of the Ethical Review Board of Tokyo Univer-
sity Hospital. Written informed consent was obtained from
all patients and controls. We also obtained permission to
analyze the clinical data.

FDG-PET procedure

The patients fasted for at least 5 h and then underwent
FDG-PET scanning. A 296 MBq dose of FDG was injected
intravenously, and 45 min later, emission scans were
obtained in two-dimensional mode for 10 min, and trans-
mission scans were subsequently obtained to correct for
photon attenuation using a 68Ga/68Ge rotating rod source.

—379—



Ann Nucl Med (2012) 26:319-326

321

The PET scanner was an Advance NXi (General Electric
Medical Systems), with 12096 bismuth-germanate crys-
tals arranged in 18 rings and a 15.2 cm axial field-of-
view. The scanner has an intrinsic spatial resolution in the
center of the field-of-view of 4.8 mm full width of half
maximum (FWHM) and an axial resolution of 4.0 mm
FWHM.

During the examination, the patient rested in the supine
position with an eye mask to minimize the confounding
factor of environmental noises, and was observed to
exclude clinical seizure activity. During the scan, the
patient’s head was kept in the head holder, and when the
head moved, a radiology technician corrected the move-
ment according to a mark on the patient’s head and a laser
pointer device. The FDG-PET data were reconstructed with
ordered subset expectation maximization iterative recon-
struction, with 2 iterations and 28 subsets. An 8-mm
FWHM Gaussian filter was applied to the image. The data
were collected for 37 transaxial slices of a 128 x 128
matrix, with a pixel size of 2.03 x 2.03 mm, and 35 suc-
cessive slices were separated by 4.25 mm.

BF was synthesized using the Cypris Model 370
Cyclotron (Sumitomo Heavy Industries), and FDG was
generated with an automated FDG synthesis system (F100:
Sumitomo Heavy Industries) on the day of each scan.
Radiochemical purity was greater than 95%.

Data analysis

Data analysis was performed using SPM8 and MATLAB
version R2011a (MathWorks Inc., Natick, MA, USA). We
used MATLAB for SPMS, and to calculate a statistical
value for each voxel on images pre-processed by SPMS.

The data analysis steps were: (1) spatial normalization;
(2) smoothing; (3) voxel-value adjustment; (4) z-score
mapping; (5) peak analysis with z-score mapping; and (6)
extent analysis with z-score mapping (Fig. 1). Further
details of each step are presented below.

Spatial normalization and smoothing

All FDG-PET images (17 MTLE patients and 20 controls)
were spatially normalized to a standardized stereotactic
Montreal Neurological Institute (MNI) space [13] based on
the Talairach and Tournoux atlas [14], using 12-parameter
linear affine normalization and another 16 nonlinear iteration
algorithms with our in-house FDG template. The in-house
FDG template was created as follows. First, the 20 control
group images were spatially normalized with an FDG tem-
plate which had been provided by the National Center
Hospital for Mental, Nervous and Muscular Disorders [15]
using the same parameter as described above. Second, the 20
normalized images were averaged, and a flipped image was

Fig. 1 The data analysis
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made by reversing the mean image in the left—right direction.
Third, by adding the flipped and non-flipped mean images, a
symmetrical image was prepared as a semifinal template.
Finally, a similar procedure was performed with the semi-
final template, once again, that is, the original 20 control
images were spatially normalized with the semifinal tem-
plate, the 20 normalized images were averaged, a flipped
image was made by reversing the mean image in the left—
right direction, and the final symmetrical template was
obtained by adding the flipped and non-flipped mean images.

All spatially normalized images were then smoothed
using a three-dimensional isotropic Gaussian kernel with a
full width at half maximum (FWHM) of 8 mm.

Voxel-value adjustment

Voxel values of normalized and smoothed images were
adjusted by two methods. One method was to divide voxel
values by the estimated average whole brain value of each
normalized and smoothed image [16]. This method is the
“global normalization with proportional scaling (GN)”
generally used in SPM analysis for PET data. The other
method was calculation of the Al This method was as
same as the procedure employed by Didelot and associates
[11]. Each normalized and smoothed image was right and
left reversed, and Al images were calculated with the non-
flipped image and the corresponding flipped image using:

Var = (Var — Vi) /(Var + Vi) (1)

where V,; represents the Al image, Vi is the non-flipped
image, and Vi is the flipped image.

The second spatial smoothing was applied to each Al
image using a three-dimensional isotropic Gaussian kernel
with 4-mm FWHM.

Z-score mapping

Voxel-based comparisons between the patient and control
groups were performed on voxel values adjusted with GN

&

32mm  28mm  -24mm 20mm -16mm  -14mm

Fig. 2 A set of right and left volumes-of-interest (VOIs) in the
parahippocampal gyrus was selected for determination of the side
with the epileptogenic zone in a patient with mesial temporal lobe
epilepsy. Transaxial and sagittal sections on the upper row indicate
VOIs (red regions) on our in-house FDG template. The lower images
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and with Al, as described above. The resulting images for
the comparisons were mapped using z scores, calculated on
a voxel-by-voxel basis using:

Z = (Ve — V;)/SD, 2)

where Z represents the z score, Vi, the mean of the controls’
corresponding voxel values, V, the value of the patient’s
corresponding voxel, and SD the standard deviation of the
controls’ corresponding voxel values.

VOI of parahippocampal gyrus

To decide right- and left-VOIs for the bilateral hippo-
campal areas, we set the parahippocampal gyrus, based on
the Talairach and Tournoux atlas, at the gyrus level using
Talairach Deamon [17, 18]. The area of the parahippo-
campal gyrus was converted into the MNI space [19] and
the symmetrical VOIs were defined as the overlapping
areas of the right and left sides (the left-side area was
flipped over to the right and vice versa) of the parahippo-
campal gyrus (Fig. 2).

Peak analysis

Peak analysis was performed for each z-score map of two
types, one being the map with GN and the other the map
with AL The abnormal side was judged by the maximum
z score, which had to exceed 2, in the VOIs of the para-
hippocampal gyrus bilaterally.

Extent analysis

Extent analysis was also performed for each z-score map of
both types, one being the map obtained with GN and the other
that obtained with AI. Abnormalities were judged based on
extent, that is, the ratio of the number of voxels which had
z scores exceeding a z-score threshold to the total number of
voxels in the VOI. The extent was computed by varying the
z-score threshold by 0, 0.5, 1, 1.5 and 2. Subsequently, the

-10mm  -8mm

~dmm Omm

indicate VOIs (red region) on a spatially normalized T;-weighted
magnetic resonance image. Horizontal lines on the sagittal sections
correspond to transaxial slices displayed on the left. Numerical scales
below the lower images show z coordinates on the Montreal
Neurological Institute (MNI) space
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side of the VOI exceeding the extent threshold was judged to
be the abnormal side. In short, extent analysis was performed
using two types of threshold: z score and extent. In this study,
the abilities to accurately judge and determine optimum
thresholds for z score and extent were evaluated as described
in the following section.

Sensitivity, specificity and ROC analysis

The sensitivity and specificity of extent analysis were
defined as follows. Sensitivity was the proportion of the
number of patients in whom the side with the EZ was
accurately judged as the abnormal side. Specificity was the
proportion of patients in whom the non-abnormality was
accurately judged on the side contralateral to the EZ. These
sensitivity and specificity values were calculated by vary-
ing the extent threshold and used in the receiver operating
characteristic (ROC) analysis. The ROC analysis was
performed using the ROCKIT 1.1/2 program developed by
Metz et al. [20] (http://xray.bsd.uchicago.edu/krl). The
program calculates the area under the ROC curves (A,), the
statistical significance of the difference between the two
A,, accuracy, sensitivity and specificity. Accuracy and
optimal threshold of extent were determined based on the
value at the point at which sensitivity is the same as
specificity on the ROC curve. Then, applying the PlotROC
program (http://xray.bsd.uchicago.edu/krl), we drew ROC
curves with the interpolated values statistically calculated.
The extent analysis with Al at a z-score threshold of 0 was

Table 1 Results of peak analysis with z-score mapping

Correct Incorrect Rate (%)
Global normalization 12 5 70.6
Asymmetry index 15 88.2

The number in the “Correct” or “Incorrect” column is the number of
patients in which the side with the epileptogenic zone was or not
correctly identified. “Rate” is the rate of correct identifications

excluded, because the extent of either right- or left-side
VOI always exceeded 50% with this method.

Results
Peak analysis

The results of peak analysis are shown in Table 1. The rate
of correct answers was better with the AI method than with
the conventional GN method. For 12 patients in whom the
side harboring the EZ was correctly identified using both
the AI and the conventional method, the peak z scores were
6.2 £ 1.6 (mean & standard deviation) and 3.6 £ 1.0,
respectively, and the difference in peak z scores between
the Al and conventional methods was significant by paired
Student’s ¢ test at p < 0.001 (two-tailed p value).

Extent analysis

The results of ROC analysis are shown in Table 2 and
Fig. 3. Among all methods, the highest A, of 0.971 was
obtained at z-score thresholds of both 0.5 and 1 with the Al
method. Applying the AI method at a z-score threshold of
0.5, the accuracy and the optimal extent threshold for
judgment were 92 and 32.9%, respectively. With this
extent threshold, the side harboring the EZ was correctly
identified in 16 of 17 patients (94.1%). The extents at the
ipsilateral and contralateral sides of the EZ were 70.3 &
22.3% (mean =+ standard deviation) and 11.3 & 13.2%,
respectively, such that the difference in extent between the
sides ipsilateral and contralateral to the EZ was significant
by paired Student’s ¢ test at p < 0.001 (two-tailed p value).
Applying the AI method at a z-score threshold of 1, the
result of ROC analysis were also similar.

Among conventional GN methods, the highest A, of
0.869 was obtained at a z-score threshold of 0.5, and the
accuracy and the optimal extent threshold for judgment

Table 2 Receiver operating characteristic (ROC) curve results for the extent analysis

Asymmetry index

Global normalization

Z  Extenttrue (%) BExtentfalse (%) A, Ac (%) Th(%) Extenttrue (%) Extent-false (%) A, Ac (%) Th (%)
0 = = = = = 743 £ 226 332+ 243 0.854 78 62.1
05 703 %223 113 + 132 0971 92 32.9 61.5 £ 237 19.9 + 20.1 0.869 79 492
1 58.0+247 57+78 0971 92 19.0 446 + 234 10.6 £ 16.6 0853 77 16.2
1.5 453 +254 25+39 0.963 91 9.9 29.7 + 20.7 57+ 137 0814 74 72
2 340+ 234 1.0 £ 1.8 0931 88 3.2 17.8 £ 155 3.1 £ 101 0776 71 3.7

Values in “Extent-true” and “Extent-false” columns are presented as the mean = standard deviation. “Ac” and “Th” indicate the accuracy and
threshold, respectively, for the extent analysis at the point at which sensitivity is the same as specificity on the ROC curve

Z z-score threshold, Extent-true extent on the side harboring the epileptogenic zone in a patient with MTLE, Extent-false extent on the

contralateral side, A, area under the ROC curve
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were 79 and 49.2%, respectively. With this extent thresh-
old, the side harboring the EZ was correctly identified in 14
of 17 patients (82.4%). No significant difference in A,
between the Al method at a z-score threshold of 0.5 and the
conventional method at a z-score threshold of 0.5 was
detected by the z-score test (p = 0.1017, two-tailed
p value). Similarly, there was no significant difference in
A, between the Al method at a z-score threshold of 1 and
the conventional method at a z-score threshold of 0.3, as
demonstrated by the z-score test (p = 0.1017, two-tailed
p value).

Conventional Binormal ROC Curves

-

—

o o
w w

True Positive Fraction
© o o @ 0o 9 @
- [~ W - [4)] o -

me

with Al at Z>0.5, Az=0.9705
— — with GN at Z>0.5, Az=0.8693

D i L L i i i i i L
0 01 02 03 04 0506 07 08 09 1
False Positive Fraction

Fig. 3 Receiver operating characteristic (ROC) curves for the two
methods employing the Asymmetry index (AI) and global normal-
ization (GN) at the z-score threshold of 0.5

-24m -2Dm -14mm

With Global Normalization

Fig. 4 Representative z-score maps obtained with the asymmetry
index (AI upper row) and conventional global normalization (GN
lower row) for comparison of FDG images from a patient with mesial
temporal lobe epilepsy and controls. Color-scaled z-score maps are
displayed as regions exceeding a z-score threshold of 0.5 on a
spatially normalized T;-weighted magnetic resonance image. Numer-
ical scales above the upper images show z coordinates on the
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Representative z-score maps obtained by the AI and
conventional GN methods are shown in Fig. 4.

Discussion

We applied Al, z-score mapping, and extent analysis
techniques to preoperative FDG-PET in MTLE patients
who were candidates for epilepsy surgery, and detected
regional glucose hypometabolism. Moreover, we evaluated
the detection utility of these methods to identify abnor-
malities in the unilateral hippocampal area later confirmed
to harbor the EZ by surgical treatment and subsequent good
seizure control. The AI method was more sensitive for
detecting regional glucose hypometabolism and more
accurate for identifying the EZ side than the conventional
GN method. Automated identification of the side harboring
the EZ showed improved accuracy with the combination of
statistical z-score mapping employing Al and extent anal-
ysis based on VOIs of the parahippocampal gyrus.

Usefulness of SPM with Al

Similar to the results of previous studies on MTLE [10,
11], the Al technique was found to be more sensitive than
the conventional GN technique for detecting regional glu-
cose hypometabolism on unilateral PET images from
MTLE patients as compared to those of a control group by
automated analysis with a z-score peak (Table 1) and with
extent analysis (Table 2; Fig. 3), although A, values did
not differ significantly between the AI and conventional
methods.

-12mm

Montreal Neurological Institute (MNI) space. This patient’s epilep-
togenic zone is to the left of the parahippocampal gyrus. Peak z scores
with Al and GN are 6.0 (left side) and 3.7 (left side), respectively, by
peak analysis. Extents (left side) with AI and GN for this patient are
90.8 and 78.0%, respectively. Z-score mapping with the AI shows
glucose hypometabolism in the parahippocampal gyrus (arrow) to be
more severe and widespread than that mapped with GN
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Laterality on FDG-PET images is a very important piece
of information for radiologists making a clinical diagnosis.
Conventional voxel-based analyses, such as SPM, the easy
z-score imaging system (eZIS) [21] and three-dimensional
stereotactic surface projections (3D-SSP) [22], detect dif-
ferences in voxel values (employing voxel-value adjust-
ment, as with GN, normalization of the cerebellum count,
and normalization pertaining to other reference areas)
between control and patient groups at the same coordinates.
Thus, abnormalities cannot be detected, if the patient’s
voxel value is within the deviation of the control group’s
voxel values, even if abnormal laterality is seen in the
patient’s image. On the other hand, the method employing
inter-hemispheric Al used in the present study can detect
abnormal laterality in a patient if the Al of the patient’s
voxel value exceeds that of the control group’s deviation in
the AI of the corresponding voxel, even if the patient’s
voxel value is within the deviation of the control group’s
voxel values.

Usefulness of extent analysis

As noted in “Introduction”, regional glucose hypometab-
olism is often observed as an extensive area associated with
EZ rather than as a small area associated with an epileptic
focus. Hence, we studied two indicators (peak and extent)
for automated determination of the side harboring the EZ
employing FDG-PET in patients with unilateral MTLE. In
the present study, the highest accuracy was obtained
employing the method combining Al and extent analysis
(z-score threshold = 0.5, extent threshold = 32.9%, accu-
racy = 92% and the side harboring the EZ was correctly
identified in 16 of 17 patients). Moreover, with both the AI
and the GN method, the extent analysis yielded a higher
rate of correct EZ-side identification than the peak analysis.
It is conceivable that these improvement of accuracy
depended on two benefits of the extent analysis. First of the
benefits is robustness for statistical noise, because the
number of target voxels in the extent analysis is more than
that in the peak analysis. Second of the benefits is the
approach for clinical background that an extensive area of
glucose hypometabolism associated with EZ is observed.
These results suggest that the extent analysis may provide
important information for detecting the region of abnormal
glucose hypometabolism. The usefulness of extent analysis
for identifying this abnormal region as compared with the
severity of the abnormality has been reported, although
prior studies examined regional cerebral blood flow (rCBF)
using SPECT in Alzheimer disease (AD). Mizumura et al.
[23] stated that studying the extent of the region of
abnormal rCBF causing functional disorders was more
rational than assessing the severity of the rCBF abnor-
mality reflecting local tissue degeneration. Matsuda et al.

[24] studied automated discrimination between very early
AD patients and controls using three indicators (referred to
as extent, severity and ratio) and noted in their report that
the contention of Mizumura et al. may be supported by the
fact that the discrimination power of the extent analysis
was slightly higher than that of severity. Our present
results, like those of both of the aforementioned reports,
also showed the usefulness of extent analysis.

Technical limitations

Several technical limitations warrant discussion. First, in
the present study, the normal control group was not age-,
sex- and handedness-matched with each patient. Yanase
and associates studied age-related FDG uptake using
magnetic resonance imaging-based correction of the partial
volume effect (PVE) [25]. Kawachi [26] and associates
investigated sex and age differences and also inter-hemi-
spheric laterality in cerebral glucose metabolism with a
voxel-based analysis employing SPM in healthy right-
handed volunteers. According to our literature search, there
are no previous studies on inter-hemispheric laterality of
glucose metabolism relevant to handedness. Whether there
are age-, sex- and/or handedness-related inter-hemispheric
Al changes in regional glucose metabolism remains
uncertain, though several studies have raised these possi-
bilities. Hence, for statistical analysis using Al of FDG-
PET images, it is unknown whether or not an age, sex and
handedness-matched control group is necessary.

The following (second, third and fourth) limitations
were also mentioned by Didelot et al. [11]. Second, arti-
facts within a limited volume of several tens of voxels were
centered over the inter-hemispheric midline, allowing Al to
be used to generate a z-score map by applying a second
spatial smoothing procedure to AI images. Such midline
artifacts might hamper the interpretation of glucose hypo-
metabolism in the mesial temporal lobe. However, these
artifacts did not have a major impact in this study. The
second spatial smoothing is related to FWHM; hence,
further investigation of the influence of smoothing is
necessary.

Third, the influence of symmetrization of the physio-
logically asymmetrical brain is unknown. Deformation of
the brain, resulting from the normalization step for the
symmetric template, differs between the left and right
hemispheres. Brain deformation may influence the yield of
Al analysis as a function of MTLE lateralization.

Fourth, the method employing Al cannot provide direct
information as to whether an abnormal AI primarily
reflects glucose hypermetabolism on one side or glucose
hypometabolism on the other. In the case of bilateral
MTLE, although not studied herein, the AT method might
not provide adequate information about a bilateral absence
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of abnormalities versus a unilateral abnormality. This
drawback is compensated for by the z-score mapping with
conventional GN using a low z-score threshold (e.g. 0 or 1).

Conclusion

In the present study, statistical z-score mapping with Al
was more sensitive for detecting regional glucose hypo-
metabolism and more accurate for identifying the side
harboring the EZ using inter-ictal FDG-PET in unilateral
MTLE than z-score mapping with conventional GN, when
applied to the two approaches of peak analysis and extent
analysis. Moreover, automated identification of the side
harboring the EZ in unilateral MTLE was more accurate
using a combination of statistical z-score mapping with Al
and extent analysis based on VOIs of the parahippocampal

gyrus.
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Abstract Accurate prediction of epileptic seizures will
open novel therapeutic possibilities for patients with
intractable epilepsy. We attempted to identify precursors of
seizures in the functional networks of electrocorticograms
by applying graph theory. Long-term electrocorticograms
for periods of 39-76 h from three patients with temporal
lobe epilepsy were investigated using pair-wise cross-cor-
relations. Time-varying network properties suggested that
there were several distinct brain states. Although functional
networks during seizures could be characterized as having
a regular topography, no consistent characteristics of
functional networks were found immediately prior to sei-
zure onsets. However, it was found that seizures under an
identical state were followed by similar transients of the
network properties. These results suggest that network
properties themselves could not serve as reliable predictors
of seizure onset. Yet, some significant pre-seizure changes
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in the parameters tested appear likely to depend on the
brain state. To predict seizures, it may be necessary to take
into consideration the states of the brain. In addition to
stationary network properties we characterized in the
present study, dynamic interactions of epileptic activities
with the network might be taken into account to predict the
spread of a seizure.

Keywords Graph theory - Electrocorticogram -
Epilepsy - Seizure prediction - Seizure detection

Introduction

Accurate prediction of epileptic seizures will bring con-
siderable benefits for a significant population of patients
with drug-resistant and intractable epilepsy. For example,
warnings of oncoming seizure would reduce the grave
threats posed by sudden, unforeseen seizures. Furthermore,
on-demand interventions such as direct electrical stimula-
tion or biofeedback could be established as novel thera-
peutic options to prevent seizures [1-4].

Seizure prediction based on scalp electroencephalogram
(EEG) results has long been attempted since the 1970s [5],
in which correlations to systematic preictal changes in
linear [6-8] and non-linear parameters [9-11] have been
explored. Despite these extensive efforts, prediction accu-
racy has thus far never been sufficiently reliable for prac-
tical use.

Recently, an increasing number of studies have inves-
tigated prediction based on intra-cranial EEG, or electro-
corticogram (ECoG) results, which provide a significantly
better signal-to-noise ratio and spatial resolution than scalp
EEGs. Some of these studies suggest that potential seizure
precursors are widely distributed in areas remote from the
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Table 1 Subjects

Age at  Gender Location of epileptic Type of Qutcome of surgery # of seizure during Total recording time
surgery focus seizure (Engel class) recording (hours)
Pt#1 40 M Left mediobasal temporal lobe SP, CP, SG Id 2 39
Pt#2 47 M Right lateral temporal lobe SP,CP,5G Ia 2 67
Pt#3 36 F Left temporal tip/uncus SP, CP Ia 5 76
SP simple partial, CP complex partial, SG secondarily generalized
::;I:nfch;‘;:izz:Jf Subject Electrode # Hemisphere Location
Pt #1 #1-#4 Left (LH) Uncus (un)
#5312 Mediobasal temporal lobe (mb)
#13-#16 Posterobasal temporal lobe (pb)
#17-4#22 Orbitofrontal surface (os)
#23-#70 Lateral temporal lobe (If)
#71-#78 Right (RH) Mediobasal temporal lobe
#79-4#86 Lateral temporal lobe
Pt #2 #1-#4 Left Uncus
#5-#12 Mediobasal temporal lobe
#1316 Posterobasal temporal lobe
#17-4#22 Broca's area (Br)
#23-470 Lateral temporal lobe
#71-#74 Right Uncus
#75-#82 Mediobasal temporal lobe
#83-#86 Posterobasal temporal lobe
#37-#92 Broca's area
#93-#120 Lateral temporal lobe
Pt #3 #1-4 Left Temporal tip (1)
#5418 Uncus
#9416 Mediobasal temporal lobe
#1724 Posterobasal temporal lobe
#25-#30 Hippocampus (he)
#31-#74 Lateral temporal lobe
#75-#82 Uncus
#75-#82 Right Mediobasal temporal lobe
#83-4#90 Lateral temporal lobe

Abbreviations as used in Fig. 4

epileptic focus, occasionally in the contralateral hemi-
sphere [12-16]. This suggests an emphasis be placed on
functional network properties that allow seizures to spread.
Therefore, multi-variate measures such as inter-electrode
correlation and synchrony have come to be considered
better predictors of seizure onset than conventional uni-
variate measures [17-19]. These multi-variate measures
can be summarized as global network properties using a
graph theory approach. The global network properties can
potentially serve as useful predictors [20, 21].
Furthermore, recent growth in storage capacity for data
has made viable continuous multi-day recordings, which
provide an opportunity to investigate confounding

_@_ Springer

variables such as circadian fluctuation of bodily state and
vigilance state [22-24]. These variables have long been
considered to affect the ability to predict seizures [7], but
have not yet been intensively investigated.

In the current study, with a goal of improving seizure
prediction, we investigate long-term ECoG results of
patients suffering from temporal lobe epilepsy. First of all,
we characterize how the state of the brain varies hour by
hour in terms of global properties of correlation-based
functional networks. Secondly, we attempt to identify
precursors of seizures in these functional networks.
Thirdly, we test whether these precursors depend on the
brain state.
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Materials and methods
Subjects

Three patients (Patient #1-Patient #3) were randomly selected
from a group that underwent surgical treatment for drug-
resistant epilepsy (Table 1). The patients selected had seizures
that involved the medial or lateral temporal lobe at onset and
that had comparable seizure patterns. All patients had a
comprehensive presurgical evaluation including a detailed
history review and neurological examination, neuropsycho-
logical testing, scalp EEG with sphenoidal leads, magneto-
encephalography, magnetic resonance imaging (MRI), fluoro-
2-deoxy-p-glucose positron emission tomography, Techne-
tium-99m ethyl cysteinate dimer single photon emission
computed tomography (SPECT) (123)I-iomazenil SPECT,
and long-term ECoG monitoring with multiple subdural
electrodes. Abolishment of seizures was verified based on
postsurgical observation for two or more years in all patients.

Long-term ECoG recordings

Electrocorticogram recording was performed during long-
term video-ECoG monitoring in the University of Tokyo
Hospital. It was carried out as a part of the patient’s routine
clinical care. Informed consent was obtained from all
patients for implantation of intracranial electrodes, surgical
treatment, and separately for research use of the ECoG
data. Research use of ECoG data, including this study, was
approved by the local ethical committee.

Following temporal craniotomy, grid electrodes were
placed on the lateral frontotemporal cortices. For the me-
diobasal temporal region, a trapezoid grid with eight con-
tacts aligned in a T-shape fashion was used in combination
with strip electrodes. Using fluoroscopy to align the four
medial contacts of the trapezoid grid at the same height as
and just behind the tip of the dorsum sellae enabled the four
contacts to cover the parahippocampal gyrus in the anter-
oposterior direction. Table 2 shows the locations of the
implanted electrodes. Figure 1 shows the representative
overlaying images of 3D reconstruction from the computed
tomography (CT) and MRI of Patient #1.

The original reference electrode is a scalp reference Cz.
Signals were simultaneously monitored at all of the active
electrodes by a 128-channel EEG recording system
(Nicolet) without any digital filtering and stored on a hard
disk with an A/D resolution of 16 bits/sample and a sample
rate of 400 Hertz (Hz).

The EEG signals were first visually analyzed by an
experienced epileptologist/epilepsy surgeon (K.K), and
typical seizures were selected. Video images of the patients
around the time of the EEG seizures were inspected as
well. Only seizures in which an EEG seizure preceded or

» \
< DL T pe—1B2

q‘h
w®

LB3

Fig. 1 Representative 3D reconstruction from computed tomography
(CT) overlaying CT and MRI images of patient (Pt.) #1. a Left side.
b Right side. ¢ Base

started simultaneously with clinical signs of a seizure were
included in this study.

Data analysis

For specific frequency bands, functional networks within
n recording sites, or n nodes (n = 86-120), were estimated
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Fig. 2 Analytical procedure. a ECoG signals in a representative
sliding window. The signals were aligned according to the identifi-
cation number of the electrode (#1—#120). Regions of each electrode
are designated by a ticked band at the left edge as defined in (b).
Signals from an identical electrode array within a given area are
drawn in the same gray level. b Matrix of normalized cross-
correlation function, yi**. The location of each electrode is indicated
in the right margin. ¢ Adjacency matrices, ay (left), and graph
structures of functional networks (right). The threshold, T, to binarize

on the basis of a pair-wise measurement of maximum
linear cross-correlation and characterized on the basis of
graph theory [20, 21].

Electrocorticogram signals were first divided into five
frequency bands by FFT filters: § 1-3 Hz; 0 4-7 Hz; o 8—
13 Hz; f 14-30 Hz; and y 30-64 Hz. In each band, func-
tional links between any pair of recording sites
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vi* was determined according to the average degree of graph: i
(k) = 5; and ii (k) = 10. A filled element in the adjacency matrices
indicates that a link exists between the corresponding nodes. Markers
in the graphs correspond to recording sites (#1-#120), and the ticked
markers indicate regions as defined in (b). Circles and squares in the
graphs indicate nodes in the left and right hemispheres of the brain,
respectively, and large markers indicate the locations of epileptic foci.
On the upper left hand of the graph, the values of L and C are
indicated

(i, j € [1, n]) were defined in a given sliding window
using the following normalized cross-correlation function:
Tmax

e ¢(xi, x;)(z)
ij

* \/C(xs, x:)(0) ¢(x;, x;)(0)

where
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Fig. 3 Optimization of average degree. a Distribution of the average
shortest path length, L, and the average cluster coefficient, C, at
various values of (k). Dark circles and light crosses correspond to
samples from pre-seizure states and interictal states, respectively. b
Blending probability of pre-seizure state compared with interictal
state as a function of (k)

Table 3 (k) used as threshold in network characterization

Delta Theta Alpha Beta Gamma
Pt #1 6 6 ] 10 8
Pt #2 12 10 8 8 6
Pt #3 14 10 6 8 10

S n( + ) x(), 20
c(x;, x,-)(-—t)‘ <0

c(x,-, xj)('r:) = {

denotes the linear cross-correlation function quantifying
the similarity of two signals x; and x; with a time lag of .
Y5 is confined to [0, 1] with high values indicating the
two signals have a similar course over time though there is
a possible time lag. The duration of the sliding window, w,
was relatively long, 25 s in the current study, in order to
characterize temporally stable links. The duration of the
step of sliding was in increments of 60 s for the entire long-

term data sets, and 1 s for data for the time period within
20 min before or after the clinical onset of seizures.

i was then binarized according to an arbitrary
threshold, T, and the adjacency matrix, a;;, was derived:

b iEIAE T
% 0 otherwise.

Based on ay;, the properties of this functional network, or
graph, were characterized in terms of degree distribution,
average shortest path length, and cluster coefficient. The

degree at each node was defined as:

k' = Zagj‘

=

The average shortest path length was defined as:

2

L=——=) dj

n(n—1) ; ”
where dj; is the smallest number of links that can connect
nodes i and j. When there was no path between two nodes,
dy = n was adopted. As a measure of the typical separation
between two nodes in the graph, L is thus confined to [1, n].

The cluster coefficient at node i was defined as:

2

Ct' = ————
ki(k; — 1)

E;

where k; denotes the number of nodes with a direct link
from node i, and thus k; (k;—1)/2 means the number of
allowable links within these k; neighboring nodes, and E;
denotes the total number of links that actually exist in the
neighboring nodes. The cluster coefficient of the network
was then determined as.

1 n
C==5E

C is confined to [0, 1], evaluating the cliquishness of a
typical neighborhood.

Because L and C depended on T, T was optimized such
that distributions of L and C in pre-seizure periods became
most distinct from those in interictal periods. Sample dis-
tributions in L-C plane were first estimated for the pre-
seizure group and interictal group. The pre-seizure group
included samples from 10-min period before the first onset
of clinical seizures with a time step of 1 s, and the interictal
group was sampled from the whole dataset with a time step
of 20 min. This distribution of L and C from either pre-
seizure group or interictal group was used to estimate a
probability of the corresponding group membership for
each sample, assuming that the squared Mahalanobis’
generalized distance in L-C plane is distributed as Chi-
squared with 2 degree of freedom. For all of pre-seizure
samples, the probability of interictal group membership
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Fig. 4 Long-term characterization of degree distribution for each
subject: a Pt. #1, b Pt. #2, ¢ Pt. #3. The degree distributions shown are
obtained at the indicated time and electrode for the indicated
frequency bands: i delta, ii alpha, iii beta. Abbreviated locations of

was averaged to evaluate how often samples from the pre-
seizure period belonged to interictal periods, and this
average probability was defined as a blending probability.
The blending probability was obtained as a function of the
average degree. Because a low blending probability sug-
gests that the properties of graphs, i.e., L and C, during the
pre-seizure period are distinct from those during interictal
periods, T was determined such that the graph has the

@ Springer

each electrode are indicated on the right and are defined in Table 2. A
broken line indicates the occurrence of a seizure. Some seizures were
simple partial seizures (labeled S), while others were complex partial
seizures

optimal average degree, where the lowest blending prob-
ability was achieved.

Results

Figure 2a shows ECoG signals in a representative sliding
window, from which the alpha-band cross-correlation
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Fig. 5 Representative analyses in the alpha band for Pt. #3. a Degree
distribution. b Graph structures at 10 min prior to onset of seizures
#1, #2 and #3. The values of L and C are indicated at the bottom of
each graph. ¢ Average shortest path length (L): i Long-term
characterization, ii Short-term transient characterization around the
time of the onset of seizures, iii Distribution for the entire period, and
for pre-seizure periods of two minutes (2') and ten minutes (10°)
before the onset of each seizure (#1-#5). On each box, the central

matrix, y ", was obtained as shown in Fig. 2b. Most of the
high correlations were found around the diagonal, indi-
cating that nearby sites in the same anatomically defined
region tended to be tightly linked, yet some pairs between
inter-areal or inter-hemispherical sites also showed rela-
tively high correlations. In order to characterize the prop-
erties of yj* as a graph, two representative adjacent
matrices, a;;, were obtained in Figs. 2c i, ii, in which the
thresholds were determined such that the average degrees
of nodes (k;) became five and ten, respectively, demon-
strating how ay;, and thereby, the properties (L and C), as
well as the structure of graphs, depended on the threshold.

At different thresholds, Fig. 3a shows how L and C were
distributed over a long time scale during interictal periods
and also in a confined pre-seizure period of 10 min before
the first onset of clinical seizures. From these plots, the
blending probabilities were derived as a function of aver-
age degree as shown in Fig. 3b. The optimal average
degree was then determined, where the blending proba-
bility was minimized. Table 3 shows thus-obtained average
degrees, which are used below to characterize a functional
network in each frequency band for each patient.

For each patient Fig. 4 shows how a degree of node was
distributed among recording sites in the band-specific
functional networks and how the distributions of degree

-600 -400 -200 0

. o
_ 200 400 Al Te” 4o 43 44 45
Time, sec

mark is the median, and the edges of the box are the 25 and 75th
percentiles. The whiskers extend to the most extreme data points not
considered outliers. Data points that are larger than the 75th percentile
or smaller than the 25th percentile by 1.5 times the inter-quartile
range were considered to be outliers. The outliers were plotted
individually using a ‘4’ mark. An asterisk indicates statistical
significance between a given pair (Mann-Whitney's U test;
*p < 0.01). d Average cluster coefficient (C)

changed with time. For example, in patient #1, high-degree
recording sites were often found in the alpha band within a
confined region in the left lateral temporal lobe, thus
potentially serving as a hub in this network (Fig. 4a, ii),
while epileptic foci in the left mediobasal temporal lobe
had relatively high degrees in the delta and beta bands
(Fig. 4a, i, iii). In addition, in patients #2 and #3, the pat-
terns of degree distribution, k;, suggest that there are sev-
eral distinct brain states. In patient #2, high-degree
recording sites moved from the right hemisphere to the left
hemisphere during the recording (Fig. 4b). Both of the
seizures in patient #2 occurred in the latter state with high-
degree sites in the left hemisphere. In patient #3, the brain
states were likely to vary from hour to hour, and seizures
did not always occur under a specific state; i.e., degree
distribution patterns for seizures #1, #4 and #5 appeared to
be distinct from those for seizures #2 and #3 (Fig. 4c).
These states are long-lasting on the order of a day (e.g., in
Pt. #2, >2400 min after seizure #1; in Pt. #3, >2700 min
from the beginning of recording) and thus may not be
attributed to shorter changes of state such as sleep cycle,
wake/sleep cycle, or vigilance states.

In Fig. 5, representative analyses in the alpha band of
patient #3 show how the structure and properties of func-
tional networks depend on the states defined by the degree
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C during complex partial seizures (Lieizure and Ciejzure) Wwere
compared to those averaged over the long-term (La, and Ca,).
Standard deviations of Lyeizure/Lay aNd Caeizure/ Cay are indicated by
small lines for each patient in each band. b Values of L and C 2 min
before seizures (Lppmin and Copn) were compared to those 10 min
(L1omin and Cigmin) before seizures. Symbols indicate subjects as
follows: circle Pt. #1, triangle Pt. #2, square Pt. #3. Filled symbols
indicate significant changes (see Table 4)

distribution in Fig. 5a. As shown in Fig. 5b, the structure of
the functional network at 10 min prior to seizure #2 was
distinct from those prior to seizures #1 and #5, confirming a
close link between network structure and brain state. Fig-
ure Sc, i; d, i show the variation of L and C with time over
a long timeframe. The results suggest that global trends
may be associated with a change of brain states. The
transient traces of L and C around the time of the onset of
each seizure are plotted in Fig. 5c, ii; d, ii, respectively, in
order to examine whether these properties serve as a pre-
dictor of seizures. From these data, boxplots in Fig. 5S¢, iii;
d, iii show the distributions of L and C, respectively, for the
timeframes indicated. In some parameters, distribution
10 min (10") and 2 min (2') before seizure onset were
significantly different (Mann—Whitney’s U test, p < 0.01).
Specifically, increases in L were seen just before
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impending seizures #1 and #4 and increases in C preceded
seizure #3. These parameters may be predictive signs of
seizures.

In Fig. 6a, L and C during complex partial seizures
(Lscizure and Cieizure) Were compared to L and C averaged
over the long term (Lsy and Ca,). Aberrant values during
seizures were often observed to be large L and C values,
corroborating previous reports that functional networks
during seizures are characterized as having a consistent,
rather than random, topology [20, 21].

Similarly, in Fig. 6b, the averages of L and C 2 min
before the onset of seizures (i.e., Lymin and Copy,) were
compared with those 10 min before the onset of seizures
(i.e., Liomin and Ciomin). In comparison to apparent
alterations of network properties during seizures (Fig. 6a),
the differences in L and C 10 min and 2 min before the
onset of seizures were less clear, yet there were signifi-
cant differences in some parameters when Ly, and Copmig
were compared to Ligmin and Cjomin, respectively (Mann—
Whitney’s U test, p < 0.01). For all seizures observed,
Table 4 summarizes band-specific significant changes of
Lopin and Chpyy compared to Lygmip and Cigmin, respec-
tively. These results indicate that in some cases L and C
decrease rather than increase prior to the onset of sei-
zures, suggesting that, unlike during seizures, pre-seizure
states cannot be characterized as a shift toward regular
networks. The directions of significant changes in L and C
were sometimes different among seizures within an
identical subject, yet were likely identical under similar
states as defined by degree distribution (Fig. 4). Verifi-
cation of this hypothesis entails testing 60 possible pairs
of parameters since there are ten parameters (i.e., L and C
each for 5 frequency bands) and 6 possible pairs of sei-
zures with the same state (i.e., 1 for patient. #1, 1 for
patient #2, and 4 for patient #3 [seizure sets #1 and #4, #1
and #5, #4 and #5, and #2 and #3]). Among these 60
possible pairs with the same state, nine pairs showed
identical changes (5 Ls and 4 Cs) while only one pair
showed an opposite change (C in delta band of patient
#2), suggesting that, within identical states, consistent
changes of the network parameters immediately preceding
the onset of a seizure, if any, are not a coincidence (i.e.,
9/60 vs. 1/60; z test, p = 0.00104).

Discussion

In the current study, we have characterized long-term
ECoG signals on the basis of pair-wise cross-correlations,
and attempted to identify precursors of seizures in terms of
functional network properties (Fig. 2). First, time-varying
network properties suggested that there were several dis-
tinct brain states. Because these states lasted for more than

—393—



Neurol Sci (2012) 33:1355-1364 1363
Table 4 Significant pre-seizure changes of band-specific L and C found in each patient
Pt #1 Pt #2
L {5 L c
#1 #2 #1 #2 #1 #2 #1 #2
Delta v b 4 A v A X
Theta A VAN ¢ \J A FAN
Alpha JaN VAN AN Ay
Beta v TN
Gamma A4 ¥ A
Pt #3
L &
#1 #2 #3 #4 #5 #1 #2 #3 #4 #5
Delta v v v
Theta FaN A A v Fay JaN ¥
Alpha Pay Py Py
Beta A 4 FaY Pay
Gamma A A v

A increase, ¥ decrease (Mann—Whitney’s U test, p < 0.01)

a day (e.g., in Pt. #2, >2400 min after seizure #1; in Pt.
#3, >2700 min from the beginning of recording), they
were likely unrelated to sleep cycle, wake/sleep cycle or
vigilance state (Fig. 4). Second, while functional networks
during seizure were possible to characterize as having a
consistent topography, no consistent characteristics of
functional networks were found immediately prior to the
onset of seizures, indicating that network properties
themselves could not serve as reliable precursors for pre-
dicting the onset of seizures (Figs. 5, 6). Yet, our data
suggest that significant pre-seizure changes, if any,
depended on the brain state: that is, seizures under an
identical brain state were likely to be followed by similar
transient network properties (Table 4).

The duration of the sliding window, w, and the thresh-
old, 7, that were used to transform y;;** into a;; are ad hoc
parameters in the current study. The selected length of w is
a tradeoff between stationarity of analyses and temporal
resolution. A long window size of 25 s was adopted in our
analyses to extract reliable functional networks; shortening
w, on the other hand, might enhance sensitivity to precur-
sors prior to seizures. The structure of functional networks
also substantially depends on T (Fig. 2c). A large T extracts
reliable functional networks, but in turn results in a sparse
graph, for which network properties cannot be properly
characterized. For example, to estimate small-world prop-
erties, (k;) should be larger than In(n) [e.g., for n = 120
(patient #2), (k;) should be greater than 4.79] [25]. On the
other hand, if T is small, the functional networks are likely
to contain unimportant, distracting links. The blending

probability was thus introduced in the present analyses as a
practical, well-balanced solution to objectively determine
the T at which the network properties in the pre-seizure
period become most distinct from those in an interictal
state (Fig. 3). The adequacy of the range of thus-derived
values for T (i.e., 6-14) confirmed the appropriateness of
this method. Furthermore, large L and C during seizure
were consistent with existing reports [20, 21], verifying
that our analysis is able to adequately extract state-
dependent network properties.

The current study demonstrated only limited effective-
ness in terms of seizure prediction, but helps give direction
for future studies. First, the study suggests that consider-
ation of brain states may be required for seizure prediction.
Limited success to date despite extensive attempts to pre-
dict seizures may be partly the result of overlooking the
possibility that many precursors are state-dependent.
Mormann et al. [14, 15] found relatively consistent seizure
precursors with anticipation time on the order of 1 h.
Therefore, identification of the presentiment state of sei-
zure may be a vital step in seizure prediction. Second,
global properties such as k; L and C can be used for
characterizing states, but not for predicting transient shifts
from pre-seizure states to ictal states. Previous studies also
reported poor predictive abilities of global properties via
either graph theory [20, 21] or other multi-variate measures
[18]. Instead, local synchrony between specific electrode
pairs may be more useful for prediction [14, 15, 19, 26].
Furthermore, dynamic interactions of epileptic activities
[27-30] with pre-determined functional networks should be
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taken into account in attempts to predict the extent of
seizure spreading [17, 31].
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Delayed complication after Gamma Knife surgery for mesial
temporal lobe epilepsy

Clinical article
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Surgery, Saitama Medical University International Medical Center, Saitama; and *Department of
Neurosurgery, Japanese Red Cross Medical Center, Tokyo, Japan

Object. Despite the controversy over the clinical significance of Gamma Knife surgery (GKS) for refractory
mesial temporal lobe epilepsy (MTLE), the modality has attracted attention because it is less invasive than resection.
The authors report long-term outcomes for 7 patients, focusing in particular on the long-term complications.

Methods. Between 1996 and 1999, 7 patients with MTLE underwent GKS. The 50% marginal dose covering the
medial temporal structures was 18 Gy in 2 patients and 25 Gy in the remaining 5 patients.

Results. High-dose treatment abolished the seizures in 2 patients and significantly reduced them in 2 others. One
patient in this group was lost to follow-up. However, 2 patients presented with symptomatic radiation necrosis (SRN)
necessitating resection after 5 and 10 years. One patient who did not need necrotomy continued to show radiation
necrosis on MRI after 10 years. One patient died of drowning while swimming in the sea 1 year after GKS, before
seizures had disappeared completely.

Conclusions. High-dose treatment resulted in sufficient seizure control but carried a significant risk of SRN after
several years. Excessive target volume was considered as a reason for delayed necrosis. Drawbacks such as a delay in
seizure control and the risk of SRN should be considered when the clinical significance of this treatment is evaluated.

(http:/ithejns.org/doilabs/10.3171/2012.2 JNS111296)

Key Worps
delayed complication -«

treatment for intractable MTLE achieves favor-

able outcomes,®*** and medial temporal lobec-
tomy is generally the first choice for the treatment of
intractable MTLE. However, as a complete elimination
of the complications associated with craniotomy is dif-
ficult, GKS has attracted attention as an alternative to cra-
niotomy. Gamma Knife surgery for AVMs,!® glioma 5.1
and other intracranial lesions associated with epilepsy
has shown antiepileptic effects, which have since been
applied in cases of intractable MTLE. Gamma Knife
surgery for MTLE was first performed by Régis et al.,'®
and it began to be used at several other facilities in the
late 1990s.2*11151721 Recently, a multicenter randomized

ﬁ CCUMULATING evidence suggests that surgical

Abbreviations used in this paper: AVM = arteriovenous malfor-
mation; CPS = complex partial seizure; GKS = Gamma Knife sur-
gery; MTLE = mesial temporal lobe epilepsy; SRN = symptomatic
radiation necrosis.
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Gamma Knife surgery
symptomatic radiation necrosis ¢

* mesial temporal lobe epilepsy -«
oncology

study with a 3-year follow-up demonstrated that GKS of-
fered seizure remission rates comparable to those of open
surgery,' while a second report with 8 years of follow-
up failed to demonstrate that GKS successfully controls
seizures over the long term.? The clinical significance of
GKS for MTLE remains undetermined, and its role in the
treatment of MTLE needs to be further evaluated for ef-
ficacy and safety.

In this article, we report the long-term outcomes of 7
patients who underwent GKS for MTLE, and we consider
the potential for the development of delayed complica-
tions.

Methods
Patient Population

Our protocol for GKS in patients with intractable
epilepsy was approved by the ethics committee of the
University of Tokyo in August 1996.!! Between December
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1996 and August 1999, 7 patients were diagnosed with
intractable MTLE; 6 patients had hippocampal sclerosis,
and 1 patient had cavernous hemangioma. All patients
underwent presurgical evaluations that included CT scan-
ning, MRI, ictal and interictal SPECT, FDG-PET, and
simultaneous video-electroencephalography recording.
The side of epileptogenic focus could not be determined
in 3 of the 7 patients after these noninvasive examina-
tions, including a patient with interictal spikes from the
contralateral side of the lesion on MRI and 2 patients
with bilateral hippocampal accumulation in ictal SPECT.
Thus, these patients underwent the placement of bilateral
intracranial electrodes, and the side of epileptic focus was
confirmed (Table 1).

Gamma Knife Surgery Protocol

The 50% isodose line covered the amygdala, hippo-
campal head and body, most of the parahippocampal gy-
rus, and the entorhinal cortex (Fig. 1). The marginal dose
at 50% isodose was 18 Gy in the first 2 cases (low-dose
group). Eight isocenters with an 8-mm collimator and 3
isocenters with a 14-mm collimator were used in the pa-
tient in Case 1, and 8 isocenters with an 8-mm collima-
tor and 4 isocenters with a 14-mm collimator were used
in the patient in Case 2. Because the low-dose protocol
was not effective in these 2 patients, the marginal dose
was increased to 25 Gy, and 4 isocenters with an 18-mm
collimator were used in the remaining 5 patients (high-
dose group). We used the radiosurgical planning software
KULA (Elekta Instruments) until September 1998 (in
Cases 1-4); thereafter, GammaPlan (Elekta Instruments)
was used (in Cases 5-7).

Follow-Up

After GKS, all patients were observed for seizure
frequency and complications, and postoperative changes
were evaluated by periodic MRI examinations.

Results
Low-Dose Group

The patients in the low-dose GKS group (Cases 1 and
2) had no seizure reduction by 30 months (Case 1) and
16 months (Case 2). Both patients underwent an anterior

TABLE 1: Patient characteristics*

K. Usami et al.

medial temporal lobectomy. Each patient experienced
complete seizure remission immediately after surgery.
Detailed descriptions of the early low-dose group have
been reported elsewhere.!!

High-Dose Group

In the high-dose group (Cases 3-7), CPSs had disap-
peared in 2 patients (Cases 3 and 4) and were significantly
decreased in 2 patients (Cases 5 and 7); however, the pa-
tient in Case 7 died of drowning while swimming in the
sea 1 year after GKS. One patient was lost to follow-up
(Case 6). Two patients who became CPS free required a
craniotomy due to SRN after long-term recovery follow-
ing GKS.

The patient in Case 3 developed mild headache 6
months after GKS. A small area of edema and slight con-
trast enhancement in the temporal lobe were noted on
MRI 10 months after GKS. The patient was subsequently
prescribed steroids to treat the persistent headache and for
the enlargement of the enhanced lesion with diffuse ede-
ma on MRI. After steroid administration, the enhanced
lesion and edema did not expand, but it also did not dis-
appear. After 5 years, the patient developed generalized
convulsive seizures, and MRI showed that necrosis and
diffuse edema remained (Fig. 2). The patient underwent a
necrotomy, which abolished her seizures completely. The
resected specimen showed radiation necrosis without ma-
lignant tumor cells.

The patient in Case 4 presented with gait disturbance
8 years after GKS, and MRI revealed hydrocephalus,
augmentation of necrosis, and extension of edema. At
this time she underwent ventriculoperitoneal shunt place-
ment, which improved her hydrocephalus. However, ne-
crosis and edema continued to expand, and a necrotomy
was performed 2 years after ventriculoperitoneal shunt
placement (Fig. 3). She became seizure free after surgery.
The resected specimen revealed radiation necrosis with-
out malignant tumor cells.

The patient in Case 5 has not reported about symp-
toms caused by an increase in intracranial pressure as-
sociated with SRN after GKS. However, the lesion, which
enhanced on Gd administration, cyst formation, and peri-
focal edema were still noted on the MRI studies 10 years
after GKS (Fig. 4). At present, the patient has a few sei-
zure attacks a year.

Age (yrs), Intracranial ~ Age at Seizure Seizure Origin
Case No. Sex FC  Electrode Onset(yrs)  MRIAtrophy Hypometabolism on Video-EEG GKS Side
1 3 F yes yes 6 rt no laterality rt rt
2 22,M yes no 9 rt rt rt rt
3 30,F yes yes 22 It bilat It It
4 66, F no no 45 rt rt rt rt
5 33,F yes yes 18 rt rt rt it
6 24 F no no 15 rt rt rt rt
7 4, M yes no 12 rt rt rt rt

* EEG = electroencephalography; FC = febrile convulsion.
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