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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

H. Takahashi - R. Kanzaki

Research Center for Advanced Science and Technology,
The University of Tokyo, Komaba 4-6-1, Meguro-ku,
Tokyo 153-8904, Japan

H. Takahashi - S. Takahashi - R. Kanzaki

Graduate School of Information Science and Technology,
The University of Tokyo, Hongo 7-3-1, Bunkyo-ku,
Tokyo 113-8656, Japan

H. Takahashi
PRESTO, JST, 4-1-8 Honcho Kawaguchi,
Saitama 332-0012, Japan

K. Kawai ()

Department of Neurosurgery, Graduate School of Medicine,
The University of Tokyo, Hongo 7-3-1, Bunkyo-ku,

Tokyo 113-8655, Japan

e-mail: kenkawai-tky @umin.net

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 Outcome 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 1Ia 2 67
Pt#3 36 F Left temporal tip/uncus SP, CP Ia 5 76
SP simple partial, CP complex partial, SG secondarily generalized
E;i:ntzc dL;c;?g:li:f Subject Electrode # Hemisphere Location
Pt #1 #1-#4 Left (LH) Uncus (un)
#5-#12 Mediobasal temporal lobe (mb)
#13-#16 Posterobasal temporal lobe (pb)
#17-#22 Orbitofrontal surface (os)
#23-#70 Lateral temporal lobe (Ir)
#7178 Right (RH) Mediobasal temporal lobe
#79-#86 Lateral temporal lobe
Pt #2 #1344 Left Uncus
#5-#12 Mediobasal temporal lobe
#13-4#16 Posterobasal temporal lobe
#17-#22 Broca’s area (Br)
#23-4#70 Lateral temporal lobe
#T1-#74 Right Uncus
#75-#82 Mediobasal temporal lobe
#8386 Posterobasal temporal lobe
#37-#92 Broca’s area
#93-#120 Lateral temporal lobe
Pt #3 #1-#4 Left Temporal tip (1)
#5-#8 Uncus
#9-4#16 Mediobasal temporal lobe
#1724 Posterobasal temporal lobe
#25-#30 Hippocampus (hc)
#31-#74 Lateral temporal lobe
#75-#82 Uncus
#7582 Right Mediobasal temporal lobe
#3390 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

9 @ o i B2

o4 14
e lss

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, y;=*. The location of each electrode is indicated
in the right margin. ¢ Adjacency matrices, a; (leff), 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: 6 1-3 Hz; 0 4-7 Hz; o 8-
13 Hz; § 14-30 Hz; and y 30-64 Hz. In each band, func-
tional links between any pair of recording sites
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¥i*® was determined according to the average degree of graph: i
(k) = 5; and i (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 ficked
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:

ax c(x;-, xj)(“)
% \/C(Xf, x;)(0) c(x_,-, xf) (0)

max

Vi

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 6 10 8
Pt #2 12 10 8 8 6
Pt #3 14 10 6 8 10

c(x, %) (1) = { Yoo m+ %), =0

c(xj, x)(-7), <0

denotes the linear cross-correlation function quantifying
the similarity of two signals x; and x; with a time lag of 1.
yii 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.

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

L, i#jAY2T
aj; =
: 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:

kj = Za,}-,
=1
The average shortest path length was defined as:

2

i>j

where dj; is the smallest number of links that can connect
nodes i and j. When there was no path between two nodes,
d;; = 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

i = ——E
G = ml=1

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.

l n
Cc = ;;Ef

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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(a) Degree distribution

(b) Graph structure in pre-seizure state
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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, yj; ", 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

4000 -600 400 200 0

. oy .
200 400 AN Tu” Twr TH3 w4 #5
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 ‘+’ 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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Fig. 6 Band-specific characterization of L and C. a Values of L and
C during complex partial seizures (Lieizye and Ciejzure) Wwere
compared to those averaged over the long-term (L,, and Ca,).
Standard deviations of L.eizure/Lay and Cegizue/Cay are indicated by
small lines for each patient in each band. b Values of L and C 2 min
before seizures (Lymin and Copi,) were compared to those 10 min
(Ligmin and Cipmin) 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 3¢, 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. 5c, 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
(Lseizure and Cqejzure) Were compared to L and C averaged
over the long term (Lu, and C,,). 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., Lypin and Copin) were
compared with those 10 min before the onset of seizures
(i.e., Liomin and Cjomi,). 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 Loy, and Copin
were compared t0 Ly, and Cjomin, respectively (Mann—
Whitney’s U test, p < 0.01). For all seizures observed,
Table 4 summarizes band-specific significant changes of
Lomin and Copy, compared t0 Lygmin and Ciomin, 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
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Table 4 Significant pre-seizure changes of band-specific L and C found in each patient
Pt #1 Pt #2
L c I C
#1 #2 #1 #2 #1 #2 #1 #2
Delta v v A v A A4
Theta JaN A v v FaN JaN
Alpha FaN £ A A
Beta A4 A
Gamma v A4 A
Pt #3
L C
#1 #2 #3 #4 #5 #1 #2 #3 #4 #5
Delta v \J v
Theta A FaN iy v A A v
Alpha JaN A N
Beta v A A
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 ;™ 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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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/doi/abs/10.3171/2012.2 JNS111296)

Key WorDs ¢
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,’!81°
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.,'s
and it began to be used at several other facilities in the
late 1990s 2411151721 Recently, a multicenter randomized

Q 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.

J Neurosurg / Volume 116 / June 2012

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 1996.1! 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)  MRI Atrophy  Hypometabolism on Video-EEG ~ GKS Side
1 3, F yes yes 6 rt no laterality it 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 it rt it
6 24,F no no 15 rt rt rt rt
7 41,M yes no 12 it rt rt rt

* EEG = electroencephalography; FC = febrile convulsion.
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Delayed complication after GKS for MTLE

Fic. 1. Dose planning for Cases 3 (A), 4 (B), and 5 (C). The 50%
isodose line (white line) covers the amygdala, hippocampal head, body,
parahippocampal gyrus, and entorhinal cortex.

Discussion

We observed SRN in 2 of 5 patients who underwent
high-dose GKS for MTLE. Although the CPSs in 2 pa-
tients with SRN were controlled, the patients required a
necrotomy 5 and 10 years after GKS because of SRN. In
most cases of GKS for MTLE, a lesion and surrounding
edema transiently were reported to appear approximately
1 year after GKS and gradually regressed within a few
years.»5 New headaches were noted in 70% of cases, but
most of them could be controlled by steroids.! Although
Barbaro et al.! concluded that GKS was a safe alterna-
tive to craniotomy in a patient population evaluated over
a 3-year follow-up period, 1 patient who received 24 Gy
underwent medial temporal lobectomy early after GKS
for worsening papillary edema despite steroid adminis-
tration. Although Bartolomei et al.? reported the longest
series of GKS for MTLE, no SRN was noted. While there
was a 1-Gy difference between their protocol and ours,
we emphasize the importance of long-term follow-up in
this treatment, since we experienced delayed SRN pre-
senting more than 5 years after GKS.

Predictive factors for radiation necrosis after
GKS have been studied in cases of AVM and tumor.”?
According to Kjellberg et al.’> and Flickinger et al.;” the
predictive factors for radiation necrosis were associated
with dose and volume. The 50% isodose volume ranged
from 5500 to 9000 mm? in a previously reported protocol
for MTLE,21517 whereas in our cases, isodose volumes
in Cases 3, 4, and 5 were 12,000, 7800, and 8300 mm?,
respectively. The target area of previous reports included
the anterior part of the medial temporal lobe, whereas in
our cases these areas extended posteriorly, which provid-
ed such a difference in the target volume. The volume in
the patient in Case 3 was much higher than that in previ-
ously reported protocols, and even the volumes in the pa-

J Neurosurg / Volume 116 / June 2012

Fic. 2. Case 3. Magnetic resonance images. Coronal FLAIR {A) and
axial Gd-enhanced (B) images obtained 10 months after GKS showing
small areas of edema in the temporal lobe and a Gd-enhanced lesion
in the medial temporal lobe. Coronal T2-weighted (C) and axial Gd-
enhanced (D) images obtained 5 years after GKS showing augmenta-
tion of necrosis in the medial temporal lobe and diffuse edema around
the area of necrosis.

tients in Cases 4 and 5 were slightly higher (Table 2). One
possible reason why SRN occurred in a delayed phase
might be the increased irradiation volume. Too large a
target volume might make the radiation necrosis remain
over a long period.

Delayed SRN was observed after GKS for AVM 81424
However, predictive factors for the delayed occurrence of
radiation necrosis have not been determined. Meanwhile,
in thalamotomy, in which the target is the brain parenchy-
ma as in MTLE, the radiation dose is considerably higher,
ranging from 100 to 200 Gy, but the irradiated volume is
too low to result in SRN.#3

Whereas craniotomy for MTLE can achieve control
of seizures immediately after surgery, there is a delay in
antiseizure effects after GKS; in previous studies, an av-
erage of 10-12 months was reported to have elapsed until
seizure control.'**> The patient in Case 7, whose seizures
were decreasing, died of drowning 1 year after GKS.
Srikijvilaikul et al.?! reported that 2 of 5 patients died of
unexplained causes before seizure control after GKS. The
delay of seizure control is a critical drawback of GKS for
patients with epilepsy.

We judged that GKS had no curative effect at 30 and
16 months after GKS in the earlier 2 cases in the low-
dose protocol, and craniotomy was performed in these
patients. In the series of Vojtech et al.,”? 7 of 14 patients
underwent medial temporal lobectomy after GKS due to
a lack of efficacy. The average waiting period was 63.5
months. The time course for seizure reduction or cessa-
tion is another undetermined issue.
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Fic. 3. Case 4. Magnetic resonance images. Coronal T2-weighted (A) and axial T1-weighted (B} images obtained before GKS
showing a cavernous malformation in the right mesial temporal lobe. Coronal T2-weighted (C) and Gd-enhanced (D) images
obtained 8 years after GKS showing hydrocephalus, a small area of radiation necrosis, and edema in the temporal lobe. Coronal
FLAIR (E) and Gd-enhanced (F) images obtained 10 years after GKS showing improvement in hydrocephalus but deterioration

of radiation necrosis and edema.

Conclusions

Two of our patients had SRN that required craniot-
omy more than 5 years after GKS for MTLE. Excessive
target volume was presumed as the possible reason of
SRN. One patient died suddenly before achieving seizure
control. Medial temporal lobectomy results in favorable
outcomes for intractable MTLE. Currently, the indica-
tions for consideration of GKS as an alternative to sur-

Fic. 4. Case 5. Magnetic resonance images. Gadolinium-enhanced
(A and B), T2-weighted (C), and FLAIR (D) images obtained 10 years
after GKS show that a Gd-enhanced lesion and surrounding edema in
}he temporal lobe remain and cyst formation is observed in the temporal
obe.
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gery are limited to a few cases that may be inoperable.
When performing GKS, careful consideration of the
proper target area is needed. Delayed SRN and seizure
remission should be kept in mind, and it is necessary to
continue to monitor patients’ progress carefully and for a
long time. Further studies with controlled protocols are
needed to determine whether GKS should be offered for
patients with MTLE.
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Role of Functional Neuroimaging in the Surgical Treatment of Epilepsy

i & & o

Kensuke Kawai*

1013

Abstract

Functional neuroimaging is one of the most progressing fields in neuroscience and clinical neurological
practice. It has also been contributing to the diagnosis and treatment of epilepsy. Intracranial electroen-
cephalography (EEG) is the gold standard for the diagnostic localization of the epileptogenic zone in the
surgical treatment of epilepsy. Currently, no other modalities, including novel functional neuroimaging
modalities, are superior to IEEG in sensitivity and spatial resolution. However, iEEG is an invasive
procedure and its clinical usefulness is dependent on appropriate coverage of the epileptogenic zone. In
this review article, the author discusses the principles of decision making in surgical indication and
procedures by presenting clinical cases and evaluating the significance of functional neuroimaging in these
processes; the review focuses on magnetoencephalography, 2-deoxy-2-["*F] fluoro-p-glucose positron emis-
sion tomography, and single photon emission computed tomography. The characteristics, advantages,
and disadvantages of each modality are summarized. In some cases, but not all, functional neuroimaging
modalities help avoid invasive iEEG without worsening surgical outcome and aid in determining the
coverage area of iEEG, thereby resulting in better outcome and less complication.
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