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Fig. 3. Word interpretation results, {A) Topographic maps of the high gamina broadband index values {HGBI witl electrode density correction} for the word interpretation
task. HGBI profiles were aligned on the brain surface at representative time poiats, indicating sequential activation of the fusiform gyrus (FuG), posterior middie temporal
2yrus (pMTG), ventral premotor cortex {vPMC), and middle and inferior frontal gyri (MFG and IFG). (B) HGBI time series of each volume of interest (VOI), The VOl included the
FuG {Red), pMTG (Orange), vPMC {Yellow), the superior temporal gyrus (Blue), and the MFG {Green) and IFG {Purple}. Each VOI and the corresponding HGBI line are shown in
the same color. The gray zones indicate the duration of stimulus presentation, Note the differences in the vertical axis scales among different VOL

3.3.2. VOI-based time series analysis of HGA during different tasks

To quantitatively evaluate HGA dynamics, we set VOI (radius
15 mm) in the following six cortical areas: FuG, pMTG, STG, vPMC,
MFG, and IFG. These areas were chosen because they demonstrated
marked HGA augmentation. Figs. 3-5B illustrates the time courses
of the averaged raw HGBI within each VOI for each task.

In the Wi task, HGA augmentation in the FuG occurred first,
beginning at around 100 ms, and the pMTG was recruited slightly
[ater, The FuG augmentation declined after the termination of the
visual stimuli, while the vPMC displayed prolonged response be-
tween 200 and 1000 ms. Both the MFG and IFG were involved at
around 300 ms. The MFG augmentation rapidly decreased at
around 400 ms, whereas the IFG augmentation was sustained until
1000 ms (Fig. 3B).

In the PN task, the FuG augmentation occurred first, beginning
at around 100 ms and was sustained for more than 1000 ms,
reflecting the longer stimulus presentation time of this task. On
the other hand, the HGA augmentation of the pMTG occurred
stightly later than that observed during the WI; ie., from 200 ms
to 700 ms. The vPMC showed prolonged augmentation between
300 and 900 ms during the PN task, which was similar to that seen
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during the WI task. The MFG and IFG demonstrated low HGBI val-
ues during this task (Fig. 4B).

The initial response related to the VG task involved prominent
HGA augmentation of the STG between 100 and 500 ms. The next
peaks appeared simultaneously in the pMTG, IFG, and MFG and
then gradually decreased until 1000 ms. An interesting characteris-
tic of the HGBI profile for this task was late onset of vPMC re-
sponse, which appeared at around 500 ms and peaked at around
1000 ms {Fig. 58).

VOl-based time series analysis demonstrated different HGBL
profiles for each task.

4. Discussion

We demonstrated the spatioterporal dynamics of the brain
oscillations related to three different language tasks using a novel
method in which we superimposed ECoG-HGA from 21 patients
onto a normalized brain. The HGA-dynamics for the W1 task dem-
onstrated posterior-te-anterior sequences of cortical recruitment
involving the FuG, pMTG, vPMC, MFG, and IFG. Although similar
dynamics was observed during the PN task, little HGA was ob-
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Fig, 4. Picture ing results, The pl

ing conventions were the same as those employed for Fig. 3. There were marked activations in the bilateral fusiform gyri. The

posterior middle temporal gyrus and ventral premotor cortex showed similar dynamics to those observed during the ward interpretation task. In contrast to the word

interpretation task, the picture naming task induced little activation in the frontal lobe.

served over the MFG-IFG region. The VG task widely activated the
STG instead of the FuG between 100 and 600 ms after the presen-
tation of auditory stimuli. The HGA produced in the IFG during the
VG task was stronger than those observed during the W1 and PN
tasks, although similar HGA-propagations were seen in other areas.
This report presented a novel technique of ECoG visualization and
successfully elucidated typical HGA profiles for different language
processes.

Neuroimaging studies have accumulated knowledge about the
putative roles of distributed cortical areas. Since W1 task used in
this study could be achieved only through covertly reading the
visually presented words, it seems reasonable to discuss its pro-
cessing in the context of reading function. In previous studies of
the functional areas implicated in word reading, posterior-to-ante-~
rior streams of cortical recruitment have generally been described.
After the perception of visual stimuli, the FuG is activated during
orthographic cognition (Binder et al, 2006; Cohen et al, 2002;
Dehaene et al, 2005; Tsapkini and Rapp, 2010). The pMIG is
related to lexico-semantic knowledge, and the IFG plays more
executive roles in semantic decisions {Badre and Wagner, 2007;
Binder et al,, 2009; Fiez, 1997; Martin et al,, 1995, 1996; Noppeney
et al,, 2004; Thompson-Schill et al., 1997; Wagner et al., 2001), The
Wi task used in this study activated these epicenters, and we
successfully visualized the sequential activation of each of the

abovementioned brain regions. We believe that our findings sup-
port the classical model of reading dynamics.

Picture naming is a common language task employed in neuro-
surgical language mapping (Gjemann et al., 1989; Penfield and Rob-
erts, 1959; Sinai et al,, 2005). However, this task did not activate
frontal language areas as strongly as categorization or verb genera-
tion tasks in fMR1studies (Herholz et al., 1997; Kunii et al,, 2011).In
general, picture naming has one correct answer. On the contrary,
categorization and verb generation tasks require more executive-
level semantic judgment or selection (Edwards et al., 2010; Thomp-
son-Schill et al., 1898), which might account for the stronger
activation in the frontal language areas. Gur results are consistent
with this interpretation as the PN task induced little activation in
the IFG or MFG in contrast to the WI task. Several previous fMRI
studies showed that naming elicited greater cortical activation in
the IFG or MFG than word reading task (MacDonald et al., 2000;
Polk et al,, 2008). Wu et al. directly compared picture naming with
word reading task in their ECoG study and found picture naming
task demonstrated wider frontal lobe activation (Wu et al, 2011).
We assume that the lack of frontal lobe activation in these studies
came from passive reading tasks in contrast to our study, which re-
quired semantic decision. This suggests that performing the PN task
alone in clinical situations carries a risk of underestimating the
cortical areas involved in semantic decision-making.

—359—
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Fig. 5. Verb generation results, The plotting conventions were the same as those employed for Fig. 3. The auditory stimuli resuited in initial activation of the superior
temporal gyrus, followed by the recruitment of the posterior middle temporal gyrus, Activation of the ventral premotor cortex occurred later than in the word interpretation
and picture naming tasks, The prolonged recruitment observed in the inferior frontal gyrus was as marked as that in the word interpretation task.

In the VG task, our most remarkable finding was the strong
activity in the STG and IFG. Several studies have suggested that
the STG responds best to the complex spectro-temporal signals,
such as speech, that comprise the higher levels of the cortical audi-
tory processing hierarchy (Binder et al., 2000; Hickok and Poeppel,
2004; Scott et al,, 2000). As described above, the IFG plays execu-
tive roles in semantic decision-making. The VG task involved
selecting one of generated words, which might require complex
semantic decision-making in the IFG. These task-dependent char-
acteristics might have generated the characteristic activation pat-
terns observed during the VG task.

We observed two cortical areas that were commonly recruited
during language processing. The pMTG was activated not only by
visual tasks, but also by auditory tasks, soon after the initial inte-
grative perception in the FuG and STG, respectively. This suggests
that the pMTG plays a modality-independent role in various
semantic processes. It seems quite reasonable that semantic
knowledge is stored in the pMTG irrespective of the input modality
due to its storage capacity.

The vPMC was also commonly activated by the three tasks. It
was suggested that the vPMC might be involved in imagery articu-
lation during silent rehearsal (Vigneau et al., 2006; Wilson ¢t al,,
2004), which could be used to ensure that the verbal working
memory remains active (Baddeley, 1992; Baddeley and Hiich,

1974; Hickok and Poeppel, 2004). Furthermore, Duffau et al.
{2003} suggested that the functional role of the vPMC involved
articulation planning by observing language impairment using
electrical stimulation of the vPMC, Our results support the asser-
tion that the vPMC plays an important role in basic language func-
tions such as reading, naming, and listening.

Three human ECoG studies have described the HGA dynamics
involved in language processing (Canolty et al., 2007; Edwards
etal., 2010; Mainy et al,, 2008; Pei et al., 201 1). Canolty et al. exam-~
ined 256 subdural electrode channels in 4 epilepsy patients and
provided detailed ECoG dynamics for auditory word processing
in the temporal lobe. They demonstrated the sequential activation
of the posterior STG, middle STG, and superior temporal sulcus,
which added temporal information to functional kiowledge of
these areas gathered by previous studies.

Mainy et al. performed intracranial EEG using 300 depth elec-
trode channels in 10 epilepsy patients. They observed initial gam-
ma-band activation in the mesial basal temporal lobe at 150 ms,
which reached the word form area in the mid fusiform gyrus at
200 ms after word reading. Task specific gamma-band activations
were then observed after 400 ms in the superior temporal gyrus
for both word and pseudo-word stimuli; in the pars triangularis
for word categorization and in the pars opercularis for phonologi-
cal decision-making, Although the brain areas covered by their
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study were subject to practical limitations, they successfully dem-
onstrated consistent dynamics in the frontotemporal language
areas across individuals. Our study succeeded in superimposing
brain activity data from mere than 1500 ECoG-channels onto a
normalized brain, which demonstrated similar activation patterns,
including visual processing in the fusiform gyrus at around 200 ms
and semantic processing in the pars triangularis after 460 ms.

Edward et al. investigated 4 patients with ECoG, using auditory
verb generation and picture naming tasks. Their individual ECoG
analyses clearly showed that in the verb generation task the initial
gamma band activation occurred in the pSTG at around 100 ms, be-
fore rapidly moving to the pMTG at around 300 ms. After speech
perception, activations for semantic processing were detected over
the IFG and MFG. It is worth noting that the verb generation task
activated the IFG and MFG significantly more than the picture
naming task. Despite the limited number of patients in their study,
the time course of cortical activation showed close similarities
with the HGA dynamics observed in our study. Edward et al, aiso
referred to the contribution made by the vPMC to speech percep-
tion. We strongly agree that the vPMC plays an important role in
language tasks.

Pei et al. recently reported spatiotemporal dynamics of ECoG

HGA during overt and covert word repetition. Although the inves-

tigation was limited to the lateral parasylvian area, they projected
each electrodes from 8 subjects onto the template brain for the
first time and presented comprehensive characterization of overt
and covert speech. They also related the resuits to the temporal
envelope of auditory stimulation and the subject's verbal response.
Their study reinforced the important role of HGA as a general index
of cortical activation.

The novel achievement of this study was that we were able to
normalize all of the ECoG electrode positions of the 21 patients,
thereby avoiding inter-individual variability in the obtained spatial
and temporal ECoG profiles, Although we acknowledge that this
method carries a risk of underestimating weak and inconsistent
HGA, it emphasizes the prominent hot spots related to language
processing and is helpful for understanding the mechanisms
underlying language functions. It is important to note that the spa-
tial comparison of this study was not statistically validated, which
implies spatially non-stationary correlation structure of the ob-
served activity. It would be necessary to address the methodolog-
ical issue for future studies.

In this study, we observed little activation in the angular gyrus
or anterior temporal area even though they are considered to be
language related areas. Both areas have been suggested to play a
role in integrating individual concepts into a larger whole and in
sentence-level comprehension (Friederici et al,, 2003; Hickok and
Peeppel, 2007; Humphries et al,, 2001; Newman et al., 2003; Ni
et al., 2600). In this report, we made the tasks as easy as possible,
since single object processing might be appropriate for functional
normalization among patients with a variety of attention levels.
In order to identify additional language areas, we might need to
_use more complex tasks such as sentence comprehension. On the
“other hand, the anterior medial temporal region seems to show
HGA augmentation at around 300 ms in WI and PN tasks. Given
that such augmentation was not observed in VG task; this could
be attributed to artifacts elicited by fixational eye movements
(Nagasawa et al., 2011; Yuval-Greenberg et al., 2008).

Electrede shifts are one of the crucial issues affecting ECoG re-
search (Laviolette et al., 2011). Estimation errors related to elec-
trode localization are also inevitable at each step of
normalization, digitization, and registration. In our study, we con-
firmed the electrode locations in the 2nd operation and that the
normalized electrodes produced using SPM8 uniformly covered
the language-related areas. As a result, a large number of the elec-
tredes (more than 1500 channels) showed representative HGA

dynamics for each semantic task, which suggests that this method
has great potential for improving our understanding of the under-
lying physiclogy supporting language functions. Another issue is
the reference electrode position, that is Cz in all patients. Thus,
high-gamma activity generated by the superior midline region on
either hemisphere might contaminate ECoG data at all channels
(Brown et al., 2008; Koga et al., 2011), In addition, although we
checked all patients achieved the semantic tasks before investiga-
tions, neither behavioral performance nor response time was mea-
sured during ECoG recordings to avoid contamination of motor
responses. Therefore, it was difficult to determine the HGA aug-
mentation according to the response onset. Finally, the accipital
pole or the medial surface of cortex was not sampled in the present
study. Some ECoG studies previously showed the spatial~temporal
characteristics of HGA augmentation involving these areas; thus
these studies might supplement the weakness of this study (Brown
et al,, 2008; Wu et al,, 2011).

We believe that our ECoG-normalization method is a novel and
unique technique and can be used to provide information regard-
ing human brain dynamics, which have been gradually unveiled
by numerous previous language studies involving lesion-based
and non-invasive imaging approaches.
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Abstract

Objective This study aims to elucidate differences in
preoperative cerebral glucose metabolism between patients
who did and did not become seizure free after unilateral
mesial temporal lobe epilepsy (mTLE) surgery. We
hypothesized that regional glucose metabolism on preop-
erative fluorodeoxyglucose positron emission tomography
(FDG-PET) in patients with seizure-free outcomes differed
from that in patients who were not seizure free after
appropriate epilepsy surgery for unilateral mTLE. In this
study, we compared preoperative FDG-PET findings
between these two patient groups by applying a statistical
analysis approach, with a voxel-based Asymmetry index
(Al), to improve sensitivity for the detection of
hypometabolism.

Methods FDG-PET scans of 28 patients with medically
refractory mTLE, of whom 17 achieved a seizure-free
outcome (Engel class 1 a-b) during a postoperative follow-
up period of at least 2 years, were analyzed retrospectively.
Voxel values were adjusted by the Al method as well as the
global normalization (GN) method. Two types of statistical
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analysis were performed. One was a voxel severity analysis
with comparison of voxel values at the same coordinate,
and the other was extent analysis with comparison of the
number of significant voxels in the anatomical areas pre-
defined with Talairach’s atlas.

Results 1In the voxel severity analysis, significant hypo-
metabolism restricted to the ipsilateral temporal tip and
hippocampal area was detected in the postoperative sei-
zure-free outcome group as compared to controls. No sig-
nificant area was detected in the non-seizure-free group
as compared to controls (family-wise error corrected,
p < 0.05). With extent analysis using a low threshold, the
extents of hypometabolism in the ipsilateral hippocampal,
frontal and thalamic areas were larger in the seizure-free
than in the non-seizure-free group (p = 0.01, 0.03 and
0.01, respectively.) On the other hand, in the contralateral
frontal and thalamic areas, extents of hypometabolism were
smaller in the seizure-free than in the non-seizure-free
group (p = 0.01 and 0.01).

Conclusions We found the preoperative distribution of
hypometabolism to differ between the two patient groups.
Severe hypometabolism restricted to the unilateral tempo-
ral lobe, with ipsilateral dominant hypometabolism
including mild decreases, may support the existence of an
epileptogenic focus in the unilateral temporal lobe and a
favorable seizure outcome after mTLE surgery.

Keywords Asymmetry index - FDG-PET - Mesial
temporal lobe epilepsy - Postoperative outcome
Introduction

Epilepsy surgery is an important treatment for patients with
medically refractory epilepsy. Surgery for temporal lobe
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epilepsy (TLE) has become an established treatment [1].
‘While most patients benefit from this surgery, some suffer
persistent seizures or recurrence [2].

Fluorodeoxyglucose positron emission tomography
(FDG-PET) allows us to measure regional cerebral glucose
metabolism semi-quantitatively and to visualize the dis-
tribution of altered glucose metabolism [3-5]. In most
patients with TLE, interictal FDG-PET shows hypome-
tabolism in the temporal lobe harboring the epileptogenic
focus. While the mechanisms underlying metabolic dys-
function have not been elucidated, it is considered to be
closely related to epileptogenicity [6-8]. Therefore, the
cerebral metabolism distribution on preoperative FDG-PET
may differ between the patients with seizure-free outcomes
and those with non-seizure-free outcomes after TLE
surgery.

Previous studies with FDG-PET showed the presence of
hypometabolism in the unilateral temporal lobe ipsilateral
to the surgical site to be predictive of a good seizure out-
come, and that widespread hypometabolism beyond the
temporal lobe is associated with a poor outcome [9-12].
However, hypometabolism is frequently extensive in TLE
patients [13]. It is thus necessary to characterize the
involvement of the extra-temporal area as well as that of
the temporal lobe. However, there is some difficulty in
objective evaluation of metabolic changes in the extra-
temporal area, because the changes are frequently mild,
though they can be detected visually [14].

In this study, we aimed to elucidate the differences
in glucose hypometabolism on preoperative interictal
FDG-PET between patients with and without seizure-free
outcomes. To investigate differences including mild hypo-
metabolism, we applied a voxel-based Asymmetry index (AI)
method, in which each voxel value was calculated as the Al
instead of using an adjustment method with the cerebral
global mean. The Al of hypometabolism is an important
index especially for evaluating unilateral hemispheric dis-
ease. Some studies have applied Al for the evaluation of
hypometabolism; the AI was calculated using the mean
count of the ipsilateral and contralateral region of interest
(ROI) [11, 15, 16]. Instead of using the mean of the ROI, we
calculated the Al for each voxel. Furthermore, we employed
two types of analysis. One was voxel severity analysis,
which is a widely used method of comparing voxel values at
the same coordinate, and the other was extent analysis, in
which we counted the number of voxels exceeding a
threshold in the predefined volume of interest (VOI) and
compared the number of voxels between the two patient
groups. We previously reported the combination of this
voxel-based Al method and extent analysis to improve the
accuracy of epileptogenic zone localization [17]. Therefore,
using this method as well as conventional analysis, we
attempted to evaluate cerebral cortical hypometabolism.

Materials and methods
Patients and controls

We identified all patients (n = 145) who underwent
interictal FDG-PET for epilepsy evaluation between 2003
and 2009. Among these patients, 51 were clinically diag-
nosed as unilateral mesial temporal lobe epilepsy (mTLE)

~and received surgical treatment of the unilateral hippo-

campal area, and we selected 28 of these patients (15 males
and 13 females, mean age 34.5 = 9.7 years) for this study
based on the following inclusion criteria: (1) followed up
for at least 2 years after surgery; (2) preoperative evalua-
tions including interictal electroencephalography (EEG),
interictal and ictal scalp/sphenoidal video-EEG recording,
magnetic resonance imaging (MRI), interictal cerebral
perfusion single photo emission computed tomography
(SPECT), iomazenil SPECT, and interictal FDG-PET had
been performed; (3) no space occupying lesion exceeding
1 c¢m in diameter on MRI; (4) no history of either previous
cranial surgery or encephalomyelitis. These preoperative
examinations were performed as part of routine evaluations
for patients who were surgical candidates for medically
refractory epilepsy. Preoperative identification of the epi-
leptogenic zone (EZ) was based on these preoperative
evaluations and clinical semiology. FDG-PET was used
only for the diagnosis for unilateral mTLE based on
decreased FDG in the temporal lobe. Intracranial electrode
evaluation was also performed when the concordance of
these preoperative evaluations was insufficient.

Al] patients in this study underwent surgical resection
and/or transection of the unilateral hippocampal area [18].
The surgical area was extended to structures neighboring
the hippocampus, as necessary. The extent of surgery was
decided according to intra-surgical electrocorticography
(ECoQG) findings.

Patient characteristics are listed in Table 1. Postopera-
tive seizure outcome was evaluated according to the
Engel’s classification [19] by reviewing medical records. In
all analyses, patients were divided into two groups: (1)
seizure-free (Engel class 1a and 1b) and (2) non-seizure-
free (Engel class 1c and 1d, 2-4). Surgical outcomes were
evaluated at 2 years after surgery, but in cases with
recurrence within the 2-year follow-up period, outcomes
were evaluated at the time of the recurrence. With visual
evaluation for clinical diagnosis of mTLE, preoperative
FDG-PET showed obvious decrease in the ipsilateral
temporal lobe in 20 patients, in other 8 patients, decreases
were unobvious or bilateral. There were no significant
differences between the seizure-free and non-seizure-free
groups in clinical factors, age at onset, epilepsy duration,
age at surgery, seizure frequency, surgical side or temporal
lobe decreases on preoperative FDG-PET by visual
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Table 1 Patient characteristics

SZ-free Non SZ-free p value
(n=17) n=11)

Gender N.S.
Male 9 6 '
Female 8 5

Age at onset (year) 123 £ 106 120+65 N.S.

Duration of epilepsy (year) 23.0 & 11.8 223 +94 N.S.

Age at surgery (year) 353 £ 105 329 +£85 N.S.

Seizure frequency N.S.
(number of patients)

Daily 6 2
Weekly 6
Monthly 4 7

Side of surgery N.S.
Right 2 5
Left 15 6

Visual evaluation of N.S.
preoperative FDG-PET*

Ipsi TL decrease 13 7
Not diagnostic 4 4

SZ-free seizure-free group, N.S. not significant

* With visual evaluation for clinical diagnosis of mTLE, “Ipsi TL
decrease” means obvious decrease in the ipsilateral temporal lobe on
preoperative FDG-PET, and “Not diagnostic” means that the
decreases were unobvious or found in the bilateral temporal lobes

evaluation (Fisher’s exact test at a significance level of
5 %). Of the 28 patients in this study, 11 were classified
into the non-seizure-free group, but most patients had
benefitted from surgical therapy. Two patients required a
second surgery within the 2-year follow-up period.

FDG-PET scans of the controls were obtained employ-
ing an identical protocol for 20 normal controls, as in our
previous study [17]. The controls were 11 males and 9
females. Their mean age was 47, range 24—60 years. None
had neurological or mental diseases, or any history of
cranial surgery or anti-psychotic drug use.

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

FDG-PET acquisition

The patients fasted for at least 5 h and then underwent FDG-
PET scanning. A 296 MBq (8 mCi) dose of FDG was
injected intravenously, and 45 min later, emission scans
were obtained in two-dimensional mode for 10 min, and
transmission scans were subsequently obtained to correct for
photon attenuation using a 8Ga/%Ge rotating rod source.
The PET scanner was an Advance NXi (General Electric
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Medical Systems), with 12096 bismuth-germinate crystals
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, in a quiet room, the patient
rested in the supine position with an eye mask to minimize
the confounding factor of environmental noises, and was
observed for exclusion of 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
movement according to a mark on the patient’s head and a
laser pointer device. The FDG-PET data were recon-
structed with ordered subset expectation maximization
iterative reconstruction, 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 successive slices were separated by 4.25 mm.

R 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 %.

FDG-PET image processing and statistical analysis

Data analysis was performed using SPM8 and MATLAB
version R2011a (MathWorks Inc., Natick, MA, USA). The
data analysis steps were: (1) spatial normalization; (2)
smoothing; (3) right-left flipping of the images of patients
with left TLE; (4) voxel-value adjustment with GN and Al;
(5) z score mapping for extent analysis; (6) statistical
comparison with voxel severity analysis and (7) extent
analysis. This study included patients with right mTLE and
patients with left mTLE. The surgical side was set as the
right side of the hemisphere, and is described as “ipsilat-
eral” throughout this study.

Processes from (1) to (5) were described in detail in our
previous study [17]. In brief, (1) all FDG-PET images (28
mTLE patients and 20 controls) were spatially normalized
and (2) smoothed. (3) The images of left mTLE patients
were flipped so as to place the affected temporal lobe on
the right side in all patients. (4) Voxel values were adjusted
by two methods. One was dividing voxel values by the
mean value of the whole brain [20]. The other was calcu-
lating AI for each voxel. Al images were calculated with
non-flipped and flipped images of normalized control and
patient images using:

Var = (Var — Vo) / (Ve + Vi), (1)

where Vyay represents the Al image, V) is the non-flipped
image, and V; is the flipped image. Al images were

—371—



Ann Nucl Med (2012) 26:698-706

701

smoothed using a three-dimensional isotropic Gaussian
kernel with a FWHM of 4 mm. (5) For extent analysis, the
resulting images were mapped using z scores, calculated on
a voxel-by-voxel basis using:

Z = (Vm—V,)/SD, @)

where Z represents the z score, V, the mean of the corre-
sponding control voxel values, V, the patient’s corre-
sponding voxel values, and SD the standard deviation of
the corresponding control voxel values. (6) Voxel severity
analysis; to compare the severity of the voxel values of
each group (voxel severity analysis), voxel-by-voxel
comparison at the same coordinate was performed between
the seizure-free group and controls, the non-seizure-free
group and controls, and the seizure-free and non-seizure-
free groups. Statistical comparisons were performed by
t test with SPM. We investigated hypometabolic areas at a
height threshold of p < 0.05 with family-wise error (FWE)
correction for multiple comparisons and an extent thresh-
old of 100 voxels. If no significant voxels were detected,
the height threshold was relaxed to p < 0.001 (uncor-
rected). (7) extent analysis; symmetrical right- and left-
VOIs were defined by overlapping areas of the right- and
left-sided VOIs of the Talairach Deamon Atlas (level 3)
[21, 22]. The Talairach Deamon Atlas (level 3) originally
showed 55 VOIs on each side. These VOIs were grouped
into 7 anatomic areas, including the frontal area, hippo-
campal area, lateral temporal area, parietal area, occipital
area, basal ganglia, and thalamic area on each side, and

were converted into the MNI space. Then, we calculated
the percentage of the number of voxels exceeding a
threshold set at z equal to 0.5, 1.0, 1.5 or 2.0, in these
anatomical areas. To compare the extent of hypometabo-
lism of each VOI between the seizure-free and non-seizure-
free groups, the Mann—Whitney test was performed. The
level of statistical significance was set at a two-sided
p value <0.05. The flow chart of data analysis of voxel
severity analysis (6) and extent analysis (7) is depicted in
Fig. 1.

Statistical analyses except for the voxel severity analysis
were performed using SPSS for Windows (version 16;
SPSS Inc, Chicago, IL, USA).

Results
Voxel severity analysis

In comparison with controls, the seizure-free group showed
a significant decrease in the ipsilateral temporal pole with
the GN method (p < 0.05, FWE corrected) (Fig. 2), and in
the ipsilateral mesial temporal area and temporal pole with
the Al method (p < 0.05, FWE corrected) (Fig. 3). The
voxel peak in these significant areas is listed with the
Talairach coordinate, T value, cluster size and anatomical
region on Talairach’s atlas in Table 2. In the non-seizure-
free group as compared with the controls, no significant
decrease was detected with the stringent threshold

Analysis method | Voxel severity analysis ‘

r Extent analysis 1

Voxel value GN Al

adjustment

GN Al

| \

Z score mapping
by comparing with controls data

| 1

Threshold set at

Comparison between
seizure-free group vs. controls,
non-seizure-free group vs. controls, and

seizure-free group vs. non-seizure free group

Z=0.5, Z=1.0, Z=1.5, Z=2.0

I !

Comparison between
seizure-free vs. non-seizure free group

Statistics  Voxel-by-voxel comparison

by t-test

Fig. 1 The flow chart of data analysis depicts two types of statistical
analysis; voxel severity and extent analyses. With regards to the
voxel-value adjustment, the GN method and the AI method were
applied. In the voxel severity analysis, comparison between the
seizure-free group and controls, the non-seizure-free group and
controls, and the seizure-free and non-seizure-free groups were

Number of voxel compared by
Mann Whitney U test

performed with adjustment for each voxel-value. In the extent
analysis, the voxel value was converted to the z score based on control
data. Extent was calculated by counting the number of voxels
exceeding the predefined threshold. We tried 4 thresholds with
z scores ranging from 0.5 to 2.0. Then, the extents of anatomical areas
were compared between the seizure-free and non-seizure-free groups
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Fig. 2 Comparison between seizure-free group and controls by the
GN method (p < 0.05 FWE corrected, voxel size >100). a Surface
view, b axial images of areas with significant decreases. Colored bar
represents ¢ value. Ips ipsilateral to the surgical side, Cont contra-
lateral to the surgical side. The region in color represents the
significantly decreased area in the seizure-free group as compared to
the controls. The surgical side was set as the right side in this display

(p < 0.05, FWE corrected) (Figure not shown). With the
lenient threshold (p < 0.001, uncorrected), a part of the
contralateral frontal gyrus, ipsilateral insular area and
ipsilateral temporal lobe was detected with AI, but not with
GN (Table 3).

Comparison between the seizure-free and non-seizure-
free groups revealed no significant voxels detectable with
the stringent threshold (p < 0.05, FWE corrected). Signif-
icant voxels detected with the lenient threshold (p < 0.001,
uncorrected) are listed in Table 4. The seizure-free group
showed a significant decrease in the posterior part of the
ipsilateral lentiform nucleus with both the GN and the Al
method. On the other hand, when the non-seizure-free
group was compared with the seizure-free group, no sig-
nificantly decreased voxels were detected with the GN
method. With the AI method, a significant decrease was
detected in the contralateral lentiform nucleus, which is the
only contralateral coordinate showing a significant
decrease in the seizure-free group as compared to the non-
seizure-free group, because the absolute value of AI is
equal on the left and right sides at the same coordinate.

Extent analysis

With the AI method and the voxel threshold at z = 1, a sig-
nificant difference was detected in regions of the ipsilateral
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hippocampal (p = 0.01), ipsilateral frontal (p = 0.03), ipsi-
lateral thalamic (p = 0.01), contralateral frontal (p = 0.01)
and contralateral thalamic (p = 0.01) areas between the sei-
zure-free and non-seizure-free groups. In these areas of the
ipsilateral hemisphere, the extent of hypometabolism was
larger in the seizure-free than in the non-seizure-free group.
On the other hand, in the contralateral frontal area and the
thalamus, the extent was smaller in the seizure-free than in the
non-seizure-free group. With the AI method and the voxel
threshold at z = 0.5, a significant difference was detected in
the same areas. With the other combinations of the z threshold
and the voxel value adjustment method, a significant differ-
ence was detected in parts of these areas. With a threshold of
z = 2.0, only the ipsilateral thalamus showed a significant
difference using the GN method (p = 0.03) and the Al
method (p = 0.02). Significantly different areas, median
extents and the p values determined with the z threshold using
the GN method are listed in Table 5, and those obtained using
the AI method in Table 6.

Discussion

We detected differences in the distribution of preoperative
cerebral hypometabolism between patients who obtained
seizure-free outcomes and those who were not seizure free
after surgery. The differences were detected in the bilateral
frontal lobe, thalamus, lentiform nucleus and ipsilateral
temporal lobe. Our results suggest ipsilateral dominance of
hypometabolism in the frontal lobe and subcortical areas,
and severe hypometabolism restricted to the ipsilateral
temporal lobe to be associated with seizure-free outcomes
after unilateral TLE surgery.

In comparison with the controls, the severe hypometab-
olism detected by voxel severity analysis with the stringent
threshold was restricted to the temporal lobe on the surgical
side in the group of patients with seizure-free outcomes,
which agrees with previous reports [9-12]. In contrast, no
significant decreases were detected in the non-seizure-free
group. This suggests that the hypometabolism of patients in
the non-seizure-free group was less restricted to the uni-
lateral temporal lobe and did not show common features
among patients. When using the AI method with the lenient
threshold in voxel severity analysis, decreased areas were
detected in some areas of the ipsilateral temporal lobe, the
ipsilateral insular area, and the contralateral frontal lobe in
the non-seizure-free group. These decreases in the ipsilat-
eral temporal lobe and the insular area are considered to be
closely related to TLE, because all patients in this study
benefitted from surgical therapy involving the unilateral
temporal lobe and neighboring structures.

With regard to the extra-temporal lobe area, extent
analysis with the AI method was most sensitive for
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(a)

Fig. 3 Comparison between seizure-free group and controls with the
Al method (p < 0.05 FWE corrected, voxel size > 100). a Surface
view, b axial images of areas with significant decreases. Colored
bar represents t value. Ips ipsilateral to the surgical side, Cont

contralateral to the surgical side. The region in color represents the
significantly decreased area in the seizure-free group as compared to
the controls. The surgical side was set as the right side in this display

Table 2 Voxel peak in significant area detected by severity voxel analysis in the comparison between the seizure-free group and controls

(p < 0.05, FWE corrected)

Coordinates T value Cluster size Cerebral regions on Talairach atlas
X Y Z
GN method 44 9 -30 6.88 128 Ipsilateral superior temporal gyrus
AI method 45 —-37 1 9.43 2039 Ipsilateral superior temporal gyrus

Table 3 Voxel peak in significant area detected by the severity voxel analysis in the comparison between the non-seizure-free group and

controls (p < 0.001, uncorrected)

Coordinates T value Cluster size Cerebral regions on Talairach atlas
X Y Z

GN method N.S.

Al method —42 40 25 6.48 172 Contralateral middle frontal gyrus
35 13 —34 5.06 136 Ipsilateral superior temporal gyrus
42 17 ~1 5.03 133 Ipsilateral insula
52 —42 8 4.87 517 Ipsilateral middle temporal gyrus

N.S. not significant

detecting differences between the two patient groups. We
consider voxel-based Al to facilitate detection of mild
hypometabolism because Al is a sensitive index, especially
for hemispheric disease. Furthermore, Al calculation using
the voxel-by-voxel approach probably overcomes the dis-
advantages of VOI-based AI, such as the VOI-dependent

fluctuation of AI values and the underestimation caused by
the “averaging effect” [23]. The combination with extent
analysis allows us to compare the number of voxels
exceeding a threshold, even if the threshold is low, corre-
sponding to mild hypometabolism. Also, this method is
probably similar to visual evaluation. We usually conduct
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Table 4 Voxel peak in significant area detected by the severity voxel analysis in the comparison between the seizure-free and non-seizure-free
groups (p < 0.001, uncorrected)

Comparison pair and Method Coordinates T value Cluster size Cerebral regions on
Talairach atlas
X Y zZ

SZ-free < Non-SZ-free

GN method 32 —21 5 4.99 138 Ipsilateral lentiform nucleus

AI method 29 -17 8 5.08 171 Ipsilateral lentiform nucleus
Non SZ-free < SZ-free

GN method N.S.

AI method —29 -17 8 5.08 177 Contralateral lentiform nucleus®

SZ-free seizure-free group

* Symmetrical region detected by comparison between seizure-free and non-seizure-free groups performed with Al because the absolute voxel
value is symmetrical

Table 5 Anatomical areas showing significant difference between seizure-free group and non-seizure-free group in analysis with the combi-
nation of the GN method and the extent analysis

Threshold Anatomical area Median extent (%)* p value
Seizure-free group Non-seizure-free group
z= 05 Ipsilateral hippocampal area 61.5 37.1 0.01
z=10 Ipsilateral hippocampal area 44.6 23.7 0.04
z= 1.5 Ipsilateral hippocampal area 29,7 14.1 0.04
Ipsilateral thalamic area 325 9.9 0.02
z=12.0 Ipsilateral thalamic area 22.4 3.7 0.03

* Median extent (%); Extent (%) is the percentage of the number of voxels exceeding z threshold set at z = 0.5, 1.0, 1.5, or 2.0, respectively, in
the anatomical areas. Median extent (%) is a median value of the extent (%) in each group

Table 6 Anatomical areas showing significant difference between seizure-free group and non-seizure-free group in analysis with the combi-
nation of the AI method and the extent analysis

Threshold Anatomical area Median extent (%)" p value
Seizure-free group Non-seizure-free group

2=035 Ipsilateral hippocampal area 70.3 46.5 0.01
Ipsilateral frontal area 52.6 37.7 0.02
Ipsilateral thalamic area 58.0 26.9 0.02
Contralateral frontal area 17.6 28.6 0.03
Contralateral thalamic area 15.8 37.8 <0.01

z= 1.0 Ipsilateral hippocampal area 58.0 30.3 0.01
Ipsilateral frontal area 36.5 22.7 0.03
Ipsilateral thalamic area 46.7 14.6 0.01
Contralateral frontal area 8.5 16.3 0.01
Contralateral thalamic area 7.4 20.1 0.01

z=15 Ipsilateral hippocampal area 45.3 19.3 0.02
Ipsilateral thalamic area 373 7.2 0.01
Contralateral frontal area 3.9 8.5 0.03
Contralateral thalamic area 33 91 0.01

z=20 Ipsilateral thalamic area 30.0 34 0.02

* Median extent (%); Extent (%) is the percentage of the number of voxels exceeding z threshold set at z = 0.5, 1.0, 1.5, or 2.0 respectively in the
anatomical areas. Median extent (%) is a median value of the extent (%) in each group
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visual evaluation primarily in consideration of inter-
hemispheric asymmetry and the extent of the asymmetry of
each region.

When we used the AI method in extent analysis with a
low threshold of z =05 or 1.0, the differences were
detected in the bilateral frontal lobe and thalamus. With a
high threshold of z = 2.0, a significant difference was
detected only in the ipsilateral thalamus. This may imply
that the extent of hypometabolism including mild changes
differs between the frontal lobe and the thalamus, and that
the extent of relatively severe hypometabolism differs only
in the thalamus between the two patient groups. In these
areas, contralateral dominance of hypometabolism was
observed in the non-seizure-free group, which is consistent
with a previous report describing reverse thalamic meta-
bolic asymmetry in patients with poor outcomes [15].

Ipsilateral dominant hypometabolism in the thalamus is
frequently observed in patients with TLE [13, 24]. Other
studies using ictal perfusion SPECT also showed signifi-
cant hyperperfusion in the ipsilateral putamen and thala-
mus as well as the temporal lobe [25]. The degree of
thalamic hypometabolism in TLE was associated with a
longer duration of epilepsy and a history of secondary
generalized convulsions [26]. An animal study also dem-
onstrated persistent hypometabolism in the hippocampus
and thalamus in the chronic phase [27]. Based on animal
studies, Gale [28] suggested that the thalamus has a reci-
procal connection with all limbic structures, which contain
a population of neurons vulnerable to irritative activity and
also the first to evoke epileptic seizures by stimulation of
various forebrain sites. It seems likely that the thalamus is
involved in the pathway of transmission of seizure activity.
Thalamic hypometabolism may correlate with metabolic
dysfunction of the limbic system through dense connec-
tions and it may also reflect diffuse hypometabolism of
cerebral cortices collectively.

Ipsilateral frontal hypometabolism reportedly has a
close relationship with TLE. Comparing ictal perfusion
SPECT with interictal FDG-PET, concordance of abnor-
malities of ictal hyperperfusion and hypometabolism was
detected predominantly on the ipsilateral orbitofrontal and
insular cortex [29]. In addition, the ipsilateral orbitofrontal
area showed hyperperfusion during the initial phase of the
seizure, shifting to hypoperfusion in a later phase, sug-
gesting the propagation of epileptic activity followed by
surround inhibition [25]. In this study, we also demon-
strated a correlation between the extent of hypometabolism
in the ipsilateral frontal lobe and those of the ipsilateral
hippocampal area in seizure-free outcome patients
(R = 0.52, p = 0.02, Spearman rank correlation test). In
contrast, this correlation was not detected in non-seizure-
free outcome patients. Therefore, ipsilateral frontal hypo-
metabolism may support the existence of an EZ in the

ipsilateral temporal area. However, the interpretation of
frontal hypometabolism requires caution, because depres-
sion and cognitive impairment, which are frequently
associated with TLE, also show frontal hypometabolism
[30-32]. The consistency of the laterality of predominant
hypometabolism between the temporal and frontal lobes
may facilitate distinguishing whether hypometabolism is
closely related to TLE itself or a secondary cognitive
dysfunction due to epilepsy.

All patients in this study were preoperatively diagnosed
as having mTLE based on comprehensive examinations
and semiology. Electrical abnormalities with intra-surgical
ECoG were detected in the hippocampal area of the sur-
gical side, and the extent of surgery for the temporal area
and surrounding structures was decided based on the ECoG
findings. If the EZ exists far from the surgical field, which
cannot be investigated by ECoG, then, surgical interven-
tion cannot be performed, and seizure control may there-
fore be less likely to be obtained. Our non-seizure-free
patients showed contralateral dominant hypometabolism in
the frontal lobe and thalamus, which suggests that the
metabolic dysfunction related to epileptogenesis may not
be limited to the area around the ipsilateral temporal lobe.

We have to mention about the limitation of image
analysis applying asymmetry index. Asymmetry index
cannot differentiate between the ipsilateral hypometabo-
lism and the contralateral hypermetabolism. Van Bogaert
et al. reported that the contralateral temporal hypermetab-
olism was detected in patients with unilateral mTLE with
voxel-based statistical analysis. They interpreted it as
reflecting compensatory mechanisms, but also gave a
caution of the possibility of subclinical epileptic activity
[33]. In this study, we visually evaluated the preoperative
FDG-PET images for diagnosis of mTLE, and did not
detect any focal increased area with suspected epileptic
discharge. In addition, GN method as well as AI method
was applied, and there was no contradictive results between
the two methods, but we cannot exclude the possibility of
the slight contralateral hypermetabolism contributing to
improve the sensitivity of AI method.

The results of this study confounded neither the surgical
method and nor the surgical area. The hypometabolism in the
temporal lobe was used only for the diagnosis of mTLE. In
the future study, multiple regression analysis should be
performed to assess the influences of our observations and
other factors including MRI results, intra-surgical ECoG
findings and surgical method in a large number of patients.

In conclusion, differences in the distribution of preopera-
tive hypometabolism between patients with and without sei-
zure-free outcomes were detected with voxel-based statistical
analysis. Differences were detected in the frontal lobe and the
subcortical area as well as the temporal lobe. The ipsilateral
predominant hypometabolism including mild changes in the
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frontal lobe and thalamus may support epileptogenesis being
limited to the ipsilateral temporal lobe and surrounding area.
Not only whether hypometabolism is restricted to the tem-
poral lobe, but also the laterality of hypometabolism in the
frontal lobe and the thalamus may facilitate predicting seizure
outcomes after unilateral TLE surgery.
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