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AJO History of Ophthalmology Series

Joaquin Rodrigo

mong those remarkable people who are blind since
Achildhood, but who go on to accomplish great
things, should be recognized the Spanish com-
poser, Joaquin Rodrigo (1901-1999). Blinded by diphtheria

at age 3, he became a virtuoso pianist and composer of
classical music, elevating the classical guitar into the

concert repertoire with such popular pieces as the Concierto
de Aranjuez, and the Fantasia para un gentilhombre. Com-
posed in Braille, his music had to be transcribed before it
could be performed. In 1991, the King of Spain awarded
him the noble, hereditary, and inspired title of Marquis of
the Gardens of Aranjuez.

Submitted by Ron Fishman of the Cogan Ophthalmic History Society
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KEYWORDS Summary To investigate involvement of extrafocal regions in mesial temporal lobe epilepsy
lomazenil SPECT; (MTLE), we retrospectively explored abnormalities in distribution of iomazenil (IMZ) activity by
identifying interhemispheric asymmetry on IMZ-SPECT images of patients with MTLE. Fourteen

Interhemispheric
MTLE patients in whom a good surgical outcome was achieved were included in the study. Voxel-

s
:ginal setg‘;ora[ lobe based (VB) analysis and volume-of-interest (VOI) analysis with predefined VOIs were applied to
epilepsy; compare IMZ binding between the hemispheres ipsilateral and contralateral to the epileptic
Central focus. VB analysis showed significant decreases in iomazenil binding not only in the ipsilat-
benzodiazepine eral anterior temporal lobe including the mesial temporal structures but also in the ipsilateral
receptor extratemporal region including the insula, putamen, and medial occipital lobe. VOI analysis

showed similar significant decreases in the ipsilateral parahippocampal gyrus, amygdala, puta-
men, lateral temporal lobe, and lateral occipital lobe. Results of the SPECT analyses suggest
that decreased or dysfunctional IMZ activity extends from the mesial temporal lobe to the
ipsilateral extrafocal region in patients with MTLE.

© 2012 Elsevier B.V. All rights reserved.

Introduction

Mesial temporal lobe epilepsy (MTLE) is one of the main

* Corresponding author at: Department of Neurosurgery, Osaka typ?es of partla!-c}nset .E.'pllepsy‘ and is characterized by
University Graduate School of Medicine, 2-2 Yamadaoka, Suita, ST that or\gmate.m the hippocampus, amygdala, or
Osaka 565-0871, Japan. Tel.: +81 6 6879 3652; fax: +81 6 6879 3659. other mesial structures in the temporal lobe. Several studies

E-mail address: hkishima@nsurg.med.osaka-u.ac.jp have shown that the histologic, morphologic, and func-
(H. Kishima). tional brain abnormalities associated with MTLE extend

0920-1211/$ — see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.eplepsyres.2012.07.001

Please cite this article in press as: Hosomi, K., et al., Altered extrafocal iomazenil activity in mesial temporal lobe
epilepsy. Epilepsy Res. (2012), http://dx.doi.org/10.1016/j.eplepsyres.2012.07.001




+Model
EPIRES-4790; No. of Pages 10

2

K. Hosomi et al.

beyond the mesial temporal lobe to regions adjacent to
the hippocampus as well as extratemporal structures (Henry
et al., 1990; Arnold et al., 1996; Dupont et al., 1998;
Hammers et al., 2001; Bouilleret et al., 2002; Cendes
et al., 2005; Didelot et al., 2010). These abnormalities
have been evaluated in resected specimens, at autopsy,
by magnetic resonance imaging (MRI), and by nuclear
imaging.

Central benzodiazepine receptor (cBZR) labeling is used
in nuclear imaging to identify epileptic foci. Expression
of cBZR, a component of the gamma-aminobutyric acid
(GABA)-A receptor complex, can represent inhibitory func-
tion of the brain (Umeoka et al., 2007). A histological
study of brain tissues obtained from animal epilepsy mod-
els revealed decreased cBZR density in the epileptic foci
(Kurokawa et al., 1994). Examination of slice preparations of
human brain tissues taken from epileptic foci also revealed
decreased cBZR density (Johnson et al., 1992).

"C-flumazenil (FMZ) is a selective cBZR antagonist used
as a positron emission tomography (PET) tracer, and '?I-
iomazenil (IMZ) is a selective cBZR agonist used in single
photon emission computed tomography (SPECT); both have
been used to detect epileptic foci. IMZ-SPECT has come into
widespread use for presurgical detection of epileptic foci
(Kaneko et al., 2006; Umeoka et al., 2007) because of the
availability of both tracer and gamma camera. However,
few IMZ-SPECT studies have examined extrafocal alter-
ations in the whole brain of patients with MTLE, except
for studies examining the diagnostic value of IMZ-SPECT
(Tanaka et al., 1997; Kaneko et al., 2006; Umeoka et al.,
2007). We conducted a retrospective study of IMZ-SPECT
images to explore abnormalities, i.e., interhemispheric
asymmetry, in IMZ activity in patients with MTLE. We used
two different analytical methods: voxel-based (VB) analysis
with statistical parametric mapping (SPM) and predefined
volume-of-interest (VOI) analysis with three-dimensional
stereotactic surface projection (3D-S5P). Both methods are
excellent in terms of reproducibility and objectivity, owing
to automatic spatial normalization and statistical analysis
of the whole brain (Minoshima et al., 1994; Friston et al.,
1995a,b; Minoshima et al., 1995; Hosoda et al., 2005; Takada
et al., 2006).

Methods

Patients

Fourteen patients with refractory MTLE who were treated
surgically at our hospital between 2004 and 2010 and in
whom a satisfactory surgical outcome, i.e., Engel’s class |
or Il (Engel et al., 1993), was achieved were included in the
study (11 females, 3 males; median age at seizure onset: 7.5
years, range: 1—24 years; median age at surgery: 19 years,
range: 13—46 years; median follow-up time after surgery:
57 months, range: 12—85 months). All 14 patients had
undergone preoperative interictal IMZ-SPECT at our hospital
while receiving antiepileptic medications. All antiepilep-
tic medications, including benzodiazepines (clonazepam,
2—6 mg daily; clobazam, 10—30mg daily), were continued.
Clinical characteristics of the 14 patients are summarized
in Table 1.

The preoperative diagnoses of MTLE were based
on clinical history, semiology, and MRI, interictal '8F-
fluorodeoxyglucose (FDG) PET, magnetoencephalographic
monitoring, and long-term video scalp electroencephalog-
raphy (EEG) findings. All patients suffered daily to monthly
seizures despite appropriate medical treatment with several
antiepileptic drugs for more than 1 year after seizure onset.
Most patients showed typical MTLE semiology, i.e., abdom-
inal aura (n=12), automatism (n=10), dystonic posturing
(n=4). Brain MRI revealed ipsilateral hippocampal atrophy
in 10 patients and signal intensity changes in the ipsilateral
hippocampus on T2-weighted and/or FLAIR images in 9 of
these 10 patients. MRl revealed a parahippocampal lesion in
one patient (Patient 1). No MRl abnormalities were seen in
the remaining three patients.

All surgeries had been comprehensively planned on the
basis of preoperative examinations with (n=6) or with-
out (n=8) invasive EEG recordings and were guided by
intraoperative electrocorticography. Selective amygdalo-
hippocampectomy was performed in 13 patients. Outcomes
more than 1 year after surgery were regarded corresponding
to Engel’s class | (Engel et al., 1993), except in one case.
Histopathologic examination of resected tissues revealed
hippocampal sclerosis (n=10), cortical dysplasia of the
parahippocampal gyrus (n=2), gliosis (n=1), and gangli-
oglioma (n=1), confirming that the epileptic foci were
located in mesial temporal structures and that the diagnosis
of MTLE was accurate in all cases.

Acquisition of SPECT images

IMZ-SPECT had been performed in all 14 patients in
the interictal state; all were taking antiepileptic med-
ications. Delayed images, which reflect mainly tracer
binding to cBZR (Beer et al., 1990; Schubiger et al., 1991;
Tanaka et al., 1997), were acquired 3 h after intravenous
injection of 167 MBq '2I-IMZ. A four-headed gamma cam-
era (Gamma View SPECT 2000H, Hitachi, Tokyo, Japan)
equipped with low-energy middle-resolution parallel-hole
collimators (64 x 64 matrix) was used (intrinsic spatial res-
olution, 3.1mm full width at half maximum, useful field
of view) (Kimura et al., 1990). Raw data were obtained at
20s per step over a 360° rotation. Transaxial images (voxel
size, 4mm x 4mm x 4mm) were reconstructed with a But-
terworth filter (cut-off frequency 0.20 cycle/pixel, order
10) and attenuation correction (Chang method, attenuation
coefficient: 0.08/cm). Qualitative images were created, and
the hemispheres ipsilateral and contralateral to the epilep-
tic focus were compared.

VB analysis of IMZ-SPECT images

Because the epileptic focus was left-sided in six
patients and right-sided in eight patients, the IMZ-
SPECT images obtained from the six patients with left
MTLE were left-right flipped before preprocessing (MRIcro;
http://www.sph.sc.edu/comd/rorden/mricro.html) to
align the epileptogenic zone on the right side, as previ-
ously described (Kim et al., 2003; Hammers et al., 2008).
These alignments let all 14 cases be statistically analyzed
together.

Please cite this article in press as: Hosomi, K., et al., Altered extrafocal iomazenil activity in mesial temporal lobe
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Table 1  Patients’ clinical characteristics.

Patient Age (y) Sex Ageat Seizures Medication Later- MRI Histo- Scalp EEG IMZ-SPECT:  FDG-PET: Invasive Out-
seizure (s) ality findings logy decreases decreases EEG come?
onset (y)
1 14 F 1 Weekly SPS CBZ, CLB, Rt Lesion Gangli- Rt T (interictal) Rt m-T Rt m-T — la
and CPS cZp (Rt PHG)  oglioma SP2 (ictal)
2 30 F 8 Weekly SPS, CBZ, CLB, Rt Rt HA, HI  HS Rt FT (interictal) B Rt m-T Rt m-T la
Monthly CPS CZP (ictal)
3 28 F 19 Monthly CPS CBZ Lt Lt HA, HI  HS F3, T3 (interictal) LtT Lt T Lt la
Lt (ictal) tip-m-T
(ictal)
4 21 M 4 Daily SPS, PHT, VPA Rt - HS Rt T (interictal) RtT Rt m-T & la
Monthly CPS
and 5GS
5 13 E 10 Daily SPS, CBZ Rt - cD Rt FT (interictal) Rt TP, Lt Rt T,RtF, Rt m-T la
Weekly CPS Rt FT (ictal) m-T Rt O (ictal)
6 14 F 11 Weekly SPS VPA, INS, Lt Lt HA, HI  HS Lt T (interictal) Lt Lt m-tip-T,  Bil base-T, - la
and CPS CLB T (ictal) Bil m-F Bil Thal
7 46 M 24 Monthly SPS PHT, PB Rt - Gliosis SP2 (interictal) Bil T Rt m-T, Rt — la
I-T
8 19 F 1 Weekly SPS INS, CZP Lt Lt HA, HI  CD BilF-C,Lt T Lt Lt m-T Lt m-T lla
and CPS (interictal) Lt T m-base-T, (ictal)
(ictal) Bil F
9 17 F 10 Daily CPS PHT, ZNS, Lt Lt HA, HI HS Lt FT (ictal) Lt m-tip-T Lt m-tip-l-T — la
AZA
10 16 F 2 Weekly CPS, VPA, TPM Lt Lt HA, HI HS T3, SP1 (ictal) Lt m-T, Lt Lt m-T o la
Yearly SGS L-T
1 33 F 3 Dialy SPS, CLB Rt Rt HA, HI HS F8 (interictal) Rt m-T Rt m-T, Rt = b
Monthly CPS I-T
12 22 F 7 Weekly CPS VPA, LTG Rt Rt HA, HI  HS F8, T4, SP2 Rt m-T Rt m-tip-T Rt base-T la
(interictal) T4 (interic-
(ictal) tal)
13 16 M 3 Daily CPS, LTG, PHT, Lt Lt HA HS F7 (interictal) F7 Lt I-T Lt m-tip-T Lt m-T la
Monthly SGS TPM, ZNS (ictal) (ictal)
14 19 F 12 Monthly CPS CBZ, CLB Rt Rt HA, HI  HS F4 (interictal) Rt Rt m-T, Rt RtT - la
FT (ictal) I-T

y, year; m, month; F, female; M, male; SPS, simple partial seizure; CPS, complex partial seizure; SGS, secondary generalized seizure; CBZ, carbamazepine; CLB, clobazam; CZP, clonazepam;
PHT, phenytoin; VPA, valproate; ZNS, zonisamide; PB, phenobarbital; AZA, acetazolamide; TPM, topiramate; LTG, lamotrigine; Lt, left; Rt, right; Bil, bilateral; HA, hippocampal atrophy;
HI, hippocampal high signal intensity on T2-weighted and/or FLAIR images; PHG, parahippocampal gyrus; HS, hippocampal sclerosis; CD, cortical dysplasia; T, temporal lobe; SP, sphenoidal
electrode; FT, fronto-temporal lobe; TP, temporo-parietal lobe; F, frontal lobe; O, occipital lobe; Thal, thalamus; m-, medial part; base-, basal part; -, lateral part.

2 Reported as Engel’s classification (Engel et al., 1993).
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Spatial preprocessing and statistical analysis of SPECT
images were performed with SPM8 (Wellcome Department
of Imaging Neuroscience, Institute of Neurology, Univer-
sity College London, London, UK) implemented in MATLAB
7.11.0 (MathWorks Inc., Massachusetts, USA) (Friston et al.,
1995a,b; Kugaya et al., 2003; Heinzel et al., 2008).
SPM8 provides for statistical parametric mapping of neu-
roimaging data. Individual SPECT images were spatially
normalized to the standard stereotactic space (voxel size,
2mm x 2mm x 2mm) of the Montreal Neurological Insti-
tute (MNI) brain by applying a symmetrical SPECT template
created from an asymmetrical template provided in SPM8
(Didelot et al., 2010). This spatial normalization was
performed by using the optimum 12-parameter affine trans-
formation and nonlinear deformations. The accuracy of
spatial normalization was visually confirmed on the display
by comparing the normalized images to the template. The
normalized images were smoothed with a 12-mm FWHM
Gaussian filter to increase the signal-to-noise ratio. Global
nuisance effects were removed by including the global
covariate as a nuisance effect in the general linear model
(ANCOVA). Interhemispheric asymmetry was examined in all
14 patients with right or **flipped right’’ MTLE to detect rel-
ative decrease and increase in IMZ binding. IMZ binding in
the ipsilateral (right) hemisphere was compared (voxel-by-
voxel) to that in the contralateral (left) hemisphere, and
the difference was analyzed by paired t test with SPM8.
Differences in uncorrected voxel levels were considered
significant at p<0.001, and those in uncorrected cluster
levels were considered significant at p<0.05. One hundred
or more contiguous voxels were examined in the ipsilat-
eral (right) hemisphere, including the epileptic focus (Van
Bogaert et al., 2000; Kim et al., 2003). Coordinates of inter-
est were converted from MNI space to the Talairach atlas
by using the Brett transform (Brett et al., 2002), and areas

of interest were localized according to the Talairach atlas
(Talairach and Tournoux, 1988).

VOI analysis of IMZ-SPECT images

The automatic VOI analysis toolkit (VOIClassic) included
in NEUROSTAT software library (Nihon Medi-Physics Co.
Ltd., Tokyo, Japan) was applied to evaluate asymmetry
of IMZ binding in each VOI (Hosoda et al., 2005; Takada
et al., 2006). The program automatically calculated the
average count per voxel in a VOI, which was predefined
on the standard stereotactic space of the Talairach atlas
covering the whole brain. Each original SPECT image was
first stereotactically transformed into a standard 3D sur-
face image by making use of the 3D-SSP in NEUROSTAT
(Minoshima et al., 1994, 1995; Ishii et al., 2001). The original
images were spatially normalized to the standard stereo-
tactic space according to the Talairach atlas by applying
the IMZ-SPECT template provided in NEUROSTAT, and the
peak cortical activity within six voxels from the brain sur-
face was projected onto the surface voxels. After accuracy
of the spatial normalization was checked, VOIClassic cal-
culated the average count in each of the 37 predefined
VOlIs on the transformed surface images. The predefined 37
VOlIs were provided by VOIClassic software and consisted of
the bilateral VOIs listed in Table 3, pons, whole cerebral
cortices, and whole brain. For each individual, each aver-
age count was divided by the individual total count of the
whole cerebellum to correct for global inter-individual dif-
ferences. The corrected counts of all 14 patients were then
compared between the ipsilateral and contralateral sides in
each region by paired ¢ test. Values are shown as mean cor-
rected counts + SD. Differences were considered significant
at p<0.05.

Table 2 Areas of significantly decreased iomazenil binding (according to voxel-based analysis).

Area Peak Cluster Talairach coordinates of peaks (x, v,
z, mm)/voxel equivalent Z
p value  Size (voxels)
Anterior temporal, < 0.001 5189
Insula, Putamen,
Supratemporal

Temporal tip (STG, 45, 10, —28/6.14 (A)
BA38)
Medial temporal 20, —13, —15/5.06 (B)
(Hippocampus, BA28)
Lateral temporal 41, —1, —25/4.90 (C)
(MTG, BA21)
Temporal stem 27, 16, —12/4.75 40, 10, —10/4.40 (D)
Temporal tip (BA36) 36, 2, —36/4.71 27, —3, —34/4.56 (E)
Insula, Putamen 33, —23, 15/3.86 (F)
Lateral temporal 56, —5, 1/3.73 (G)
(STG, BA22)
Medial supratemporal 43, —30, 16/3.67 (H)
plane

Medial occipital (Cuneus, BA18) 0.006 173 3, —77,10/3.95 n

STG, superior temporal gyrus; BA, Brodmann’s area; MTG, middle temporal gyrus.

Please cite this article in press as: Hosomi, K., et al., Altered extrafocal iomazenil activity in mesial temporal lobe
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Figure 1

Statistical parametric maps (Z maps) of intensity on normalized images obtained from all 14 patients. Significant

decreases in IMZ binding in the hemisphere ipsilateral to the epileptic focus were present in the anterior temporal lobe (A—E,
G), the insula, putamen, and supratemporal plane (F, H), and the medial occipital lobe (). Color bars show the Z score scale. Panels

A—K correspond to Table 2.

Results

VB analysis of the IMZ-SPECT images from all 14 patients
revealed significantly decreased IMZ binding in the follow-
ing areas of the hemisphere ipsilateral to the epileptic focus:
the anterior temporal lobe, insula, putamen, and supratem-
poral plane (cluster size, 5189 voxels; p<0.001); and the
medial occipital lobe (cluster size, 173 voxels; p=0.006).
Decreases in the anterior temporal lobe included decreases
in the medial, tip, and lateral parts, including the hippocam-
pus. Significant increases in IMZ binding were not seen in the
ipsilateral hemisphere (Table 2, Fig. 1).

VOI analysis of the IMZ-SPECT images from all 14
patients revealed significantly decreased IMZ binding
in the parahippocampal gyrus and amygdala on the

ipsilateral side vs. the contralateral side: 0.620 +0.106 vs.
0.714+£0.061, p=0.004; 0.660+0.118 vs. 0.762 +0.092,
p<0.001. Counts were also significantly lower on the ipsi-
lateral side (vs. contralateral side) in the putamen, lateral
temporal lobe, and lateral occipital lobe: 0.618 +0.108 vs.
0.696 +0.146, p=0.012; 1.270+0.084 vs. 1.301 £0.083,
p=0.023; 1.475+0.108 vs. 1.518 +£0.137, p=0.005. There
were no ipsilateral VOIs with significantly higher counts
(Table 3, Fig. 2).

Discussion

This study is the first to document altered IMZ activity in
the anterior temporal and extratemporal regions in MTLE

Please cite this article in press as: Hosomi, K., et al., Altered extrafocal iomazenil activity in mesial temporal lobe
epilepsy. Epilepsy Res. (2012), http://dx.doi.org/10.1016/j.eplepsyres.2012.07.001
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Table 3 Corrected iomazenil counts within each VOI.

VOI Mean (SD) p value’
Ipsilateral side Contralateral side
Lateral frontal cortex 1.302 (0.099) 1.308 (0.102) 0.475
Lateral temporal cortex 1.270 (0.084) 1.301 (0.083) 0.023°
Lateral parietal cortex 1.411 (0.114) 1.416 (0.110) 0.633
Lateral occipital lobe 1.475 (0.108) 1.518 (0.137) 0.005
Anterior cingulate cortex 0.932 (0.123) 0.937 (0.122) 0.487
Posterior cingulate cortex 1.131 (0.141) 1.114 (0.128) 0.187
Medial frontal cortex 1.229 (0.106) 1.245 (0.096) 0.195
Medial parietal cortex 1.436 (0.111) 1.407 (0.119) 0.139
Primary sensorimotor cortex 1.365 (0.102) 1.385 (0.119) 0.130
Primary visual cortex 1.851 (0.161) 1.863 (0.167) 0.564
Caudate nucleus 0.469 (0.089) 0.474 (0.090) 0.655
Cerebellar hemisphere 0.936 (0.036) 0.939 (0.033) 0.728
Cerebellar vermis 1.170 (0.099) 1.180 (0.087) 0.561
Putamen 0.618 (0.108) 0.696 (0.146) 0.012°
Parahippocampal gyrus 0.620 (0.106) 0.714 (0.061) 0.004
Amygdala 0.660 (0.118) 0.762 (0.092) <0.001"
Thalamus 0.344 (0.074) 0.338 (0.101) 0.706

VOI, volume of interest predefined on the standard stereotactic space of the Talairach atlas. Sides are ipsilateral and contralateral to

the epileptic focus.

" For difference in mean count between the ipsilateral and contralateral sides.

patients by means of IMZ-SPECT. Interhemispheric compar-
ison revealed significant decreases in IMZ activity in the
hemisphere ipsilateral to the epileptic focus, not only in the
anterior and mesial temporal lobe but also in extratemporal
regions.

To analyze altered IMZ activity in MTLE patients, we
investigated asymmetry of IMZ uptake between hemispheres
ipsilateral and contralateral to the epileptic focus. Two dif-
ferent methods, VB analysis with SPM and VOI analysis with
3D-SSP, were applied. VB analysis automatically shows areas
of statistical significance in the whole brain. VOI analysis by
3D-SSP with predefined VOIs is also fully automatic. Manual
delineation of regions of interest (ROIls) is widely used in
comparative imaging. However, it is difficult to place ROIs
manually on SPECT images because of the low spatial reso-
lution. Thus, we used two more objective methods, VB and
VOI analyses, in this study.

For our multi-subject analyses, brains were normalized
into a standard brain space. VB statistical analysis with SPM
can analyze the whole brain exhaustively and can evaluate
the detailed extent of abnormalities on a voxel or cluster
level. Such statistical voxel-based analysis was established
by Friston et al. (1995a,b) and later applied in many studies.
The VOI analysis uses a predefined set of VOIs on the stan-
dard stereotactic space of the Talairach atlas to eliminate
rater-dependent bias (Hosoda et al., 2005; Takada et al.,
2006). Spatial normalization with 3D-SSP, which was applied
before calculation of the average counts in VOls, has a par-
ticular advantage in the atrophic brain (Ishii et al., 2001).

The VB and VOI data represented intra-individual
differences and relative interhemispheric asymmetry. Inter-
hemispheric asymmetry analysis has been widely applied
in both research and clinical settings (Kim et al., 2003;
Aubert-Broche et al., 2005; Hammers et al., 2008; Didelot

et al., 2010). Interhemispheric asymmetry analysis of FDG-
PET images correctly detected the epileptic zone in 69% of
patients in whom simple comparisons revealed no significant
or bilateral temporal hypometabolism (Kim et al., 2003); this
analysis was also thought to reduce the false-positive find-
ings and correctly identify true-positive findings (Hammers
et al., 2008). Moreover, these methods can be applied with-
out a normal control group, can evaluate regions of low IMZ
activity, and may be acceptable for analysis with qualitative
images. Six of our 14 patients were taking benzodiazepines,
which can partially block binding of IMZ. The interhemi-
spheric asymmetry analysis makes results interpretable in
such cases. In line with these reported applications, we
analyzed interhemispheric asymmetry of IMZ uptake in our
patients.

To analyze all data from all 14 of our patients together,
the IMZ-SPECT images obtained from the é patients with
left MTLE were left-right flipped, as previously reported
(Kim et al., 2003; Hammers et al., 2008). The side of the
epileptic focus and the exact histologic diagnosis were con-
firmed in each patient on the basis of the post-surgical
outcomes.

The late IMZ-SPECT images are thought to correspond to
retention of the tracer at specific cBZR binding sites, and
the early images are thought to depict both regional CBF
and cBZR density (Beer et al., 1990; Schubiger et al., 1991;
Tanaka et al., 1997). When we use FMZ-PET, measuring the
arterial input function is important to accurately determine
cBZR density with adequate exclusion of the regional vari-
ations in cerebral blood flow (CBF) (Hammers et al., 2008).
Because of the long half-life of IMZ tracer, we can easily
obtain late Images 3 h after injection. Therefore, we relied
on the late images reflecting cBZR density without measur-
ing arterial input function.
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Ipsilateral

Figure 2

Contralateral

Schematic drawing of the topography of each average count. The ipsilateral gray regions have significantly lower counts

than those on the contralateral side. Each mean corrected count is shown for each region. LF, lateral frontal lobe; MF, medial frontal
lobe; LT, lateral temporal lobe; LO, lateral occipital lobe; VC, primary visual cortex; Amy, amygdala; PHG, parahippocampal gyrus;

CN, caudate nucleus; Put, putamen; Th, thalamus.

We performed only group analysis in this study. If a nor-
mal control set or thresholds of normal asymmetry become
available, further individual analysis could be performed.
Such analysis might be useful for clinical diagnosis in individ-
ual patients and pathophysiologic consideration of individual
symptoms.

Abnormalities in the temporal lobe

VB analysis showed that the most significant decreases in IMZ
binding extended widely from the medial part to the tem-
poral tip and lateral part of the anterior temporal lobe. VOI
analysis also showed significant decreases in the parahip-
pocampal gyrus, amygdala, and lateral temporal cortex.
Previous FMZ-PET studies, using SPM for individual and group
analyses, have depicted reduction of cBZR binding in the
ipsilateral hippocampus in MTLE patients with unilateral hip-
pocampal sclerosis (Koepp et al., 1996; Hammers et al.,
2001) and the TLE patients without MRl abnormalities (Koepp

et al., 2000; Hammers et al., 2002). Other previous studies
revealed histologic, morphologic, or functional abnormal-
ities not only in the medial part of the temporal lobe,
including the hippocampus, but also in the tip and lateral
cortex of the temporal lobe ipsilateral to the epileptic focus
in patients with MTLE (Semah et al., 1995; Coste et al., 2002;
Cendes et al., 2005). Our finding of the anterior tempo-
ral lobe abnormality extending beyond the mesial temporal
structure is consistent with these previously reported find-
ings. Satisfactory surgical outcomes were achieved in 13 of
our 14 patients by means of selective amygdalohippocam-
pectomy without anterior temporal lobectomy, suggesting
that regions of the anterior temporal lobe outside the amyg-
dala, hippocampus, and parahippocampal gyrus are not
likely to be the epileptic foci of MTLE, even if they are
characterized by decreased IMZ activity.

The exact role played by decreased cBZR in this region
is not clear. Lack of correlation between cBZR density and
neuronal density on volumetric MRl prompted Koepp et al.
(1997) to conclude that atrophy with neuronal loss is not the
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sole determinant of reduced cBZR binding in patients with
MTLE. Decreased cBZR density is thought to reflect impaired
GABAergic transmission as well as neuronal loss.

Abnormalities in extratemporal regions

In our study, significant decreases in IMZ bindings extended
to extratemporal regions ipsilateral to the side of seizure
onset. By VB analysis, significant decreases were detected
in the insula and basal ganglia and in the medial cortices
of the occipital lobe. Similarly, VOI analysis showed signif-
icant decreases in the putamen and the lateral occipital
cortex. The extratemporal abnormalities we found by the
two different methods shed some light on the pathology of
MTLE. In line with our results, previous FMT-PET studies have
reported altered extrafocal cBZR distribution in individual
patients with MTLE (Hammers et al., 2001; Bouilleret et al.,
2002) and neocortical partial epilepsy (Juhasz et al., 2009).
Moreover, decreased extrafocal serotonin receptor density
has recently been reported in individual patients with MTLE
(Didelot et al., 2010). An MRI study that tracked the pro-
gression of neocortical atrophy associated with TLE revealed
progressive cortical atrophy in various extratemporal lobes
(Bernhardt et al., 2009). These extrafocal abnormalities
likely represent seizure-induced cortical damage.

Decreased IMZ activity in the insula and the basal ganglia
may be the result of direct abnormal neuronal transmis-
sion propagated from the primary epileptic focus. The
insula is related to generation of the abdominal aura and
epigastric discomfort (lsnard et al., 2004) experienced
by patients with MTLE. The basal ganglia are thought
to be involved in the generation of ictal dystonic pos-
turing (Dupont et al., 1998) and secondarily generalized
tonic-clonic seizures (Blumenfeld et al., 2009). Extratem-
poral glucose hypometabolism in the ipsilateral insula has
been reported in patients with MTLE (Wong et al., 2010).
Another group detected highly significant hypometabolism
and decreased cBZR in the insular cortices of patients with
MTLE (Bouilleret et al., 2002); furthermore, the insular
hypometabolism did not influence outcomes after anterior
temporal lobectomy. Most of our study patients experienced
abdominal auras, some showed contralateral dystonic pos-
turing, and all obtained a satisfactory outcome after surgery.
Therefore, decreased IMZ activity in the insula and basal
ganglia is not necessarily indicative of secondary epileptic
foci.

A decrease in IMZ activity was also revealed in the ipsi-
lateral occipital lobe by both VB and VOI analyses. Various
extratemporal neocortices are reported to be abnormal or
functionally impaired in patients with MTLE (Cendes et al.,
2005). Several FDG-PET-based studies have shown that var-
ious neocortices, including the occipital lobe, can exist as
functional deficit zones (Henry et al., 1990; Arnold et al.,
1996; Wong et al., 2010). Wong et al. (2010) reported ipsi-
lateral glucose hypometabolism in the medial and lateral
occipital lobe in patients with MTLE. The occipital decrease
in IMZ bindings in our study patients is consistent with this
finding. A white matter associative tract connecting the
temporal and occipital lobes is known as the inferior longi-
tudinal fasciculus. A diffusion tensor imaging study showed
direct connections between the temporal and occipital lobe.

The temporal branches start at the parahippocampal gyrus,
amygdala and lateral temporal cortex, and the occipital
branches terminate at the lateral and medial occipital cor-
tex (Catani et al., 2003). This connection, which allows
propagation of abnormal epileptogenic discharges, may be
affected by the occipital decrease we observed.

In conclusion, the data yielded by our VB and VOI analy-
ses of interhemispheric IMZ activity indicate that destructive
inhibitory dysfunction spreads from the mesial temporal
lobe to the anterior temporal lobe and extends to basal
ganglia, insula, and occipital lobe in patients with MTLE.
We expect these findings, along with further individual
investigations, to contribute to understanding of the patho-
physiology of seizure propagation and to the diagnosis of
MTLE.
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