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Summary  Brain  single  photon  emission  computed  tomography  (SPECT)  for  epilepsy  is  divided
into  two  types  (using  three  radionuclide  tracers)—–perfusion SPECT  (123I-IMP  or  99  mTc-ECD),
identifying  epileptogenic  foci  by  detecting  abnormality  in  regional  cerebral  blood  flow,  and  123I-
iomazenil  SPECT,  identifying  epileptogenic  foci  based  on  distribution  of  central  benzodiazepine
receptors.  This  study  aimed  to  statistically  evaluate  and  compare  the  SPECT  effectiveness
for the  three  tracers.  Statistical  parametric  mapping  (SPM)  analysis  was  performed  on  30
mesial  temporal  lobe  epilepsy  (mTLE)  patients.  The  radionuclide  and  patient  data  were  cat-
egorized  as  follows:  abnormality  in  the  medial  temporal  lobe  on  the  operated  hemisphere
Benzodiazepine
receptor;

(AAA), in  the  entire  temporal  lobe  on  the  operated  hemisphere  (AA),  in  the  dominantly  affected
temporal  lobe  on  the  operated  hemisphere  (A),  in  bilateral  temporal  lobes  (B),  with  no  abnor-
malities  in  bilateral  temporal  lobes  (C),  and  with  abnormality  in  the  temporal  lobe  on  the
Statistical  parametric
mapping nonoperated  hemisphere  (D).  For  analyses  of  (AAA),  (AA),  and  (A),  examining  the  hemisphere
containing epileptogenic  foci,  IMP-SPECT  was  significantly  superior  to  ECD-SPECT  (P  <  0.05).  For
(AAA),  indicating  localization,  IMZ-SPECT  was  significantly  superior  to  the  other  two  (P  <  0.05).
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IMP-SPECT  was  superior  for  lateralizing  and  IMZ-SPECT  was  useful  for  localizing  epileptogenic
foci in  mTLE  patients  though  the  applicability  of  the  results  in  extratemporal  lobe  epilepsy  is
unknown.
©  2013  Elsevier  B.V.  All  rights  reserved.
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165 min  after  the  injection.  It  was  reported  that  delayed
SPECT images  reflect  better  distribution  of  the  benzodi-
azepine receptor  than  early  images  (Onishi  et  al.,  1996).
ntroduction

uccessful  seizure  outcome  following  epilepsy  surgery
epends on  how  accurately  the  location  and  extent  of
he epileptogenic  focus  is  identified  preoperatively  (Wiebe
t al.,  2001).  While  EEG  and  MRI  greatly  contribute
o presurgical  evaluation,  recent  developments  in  neu-
ofunctional imaging  techniques  allow  better  assessment
f the  epileptogenic  focus  preoperatively  (Goffin  et  al.,
008; la  Fougère  et  al.,  2009).  123I-iodamphetamine  (123I-
MP), 99  mTc-ethyl  cysteinate  dimer  (99  mTc-ECD),  and
23I-iomazenil (123I-IMZ)  are  the  most  frequently  used
adionuclide tracers  for  presurgical  evaluation  of  patients
ith refractory  partial  epilepsy  (Tanaka  et  al.,  1997;  Kaneko
t al.,  2006;  Van  Paesschen  et  al.,  2007;  Barba  et  al.,  2009).

123I-IMP  and  99  mTc-ECD  are  brain  perfusion  SPECT  tech-
iques that  measure  regional  cerebral  blood  flow  (rCBF).
heir application  to  clinical  practice  for  epilepsy  is  based
n the  assumption  that  decreased  interictal  neuronal  activ-
ty is  associated  with  decreased  metabolism  and  rCBF
O’Brien et  al.,  1998).  Recently,  a  computer-aided  subtrac-
ion method  called  subtraction  ictal  SPECT  coregistered  to
RI (SISCOM)  was  reported  to  be  sensitive  and  specific  in

he detection  of  the  seizure  onset  zone.  However,  ictal
PECT has  several  technical  difficulties.  It  is  difficult  and
oo cumbersome  to  obtain  spontaneous  seizures  because
he seizures  always  occur  unexpectedly.  Accurate  local-
zation of  the  seizure  onset  zone  can  be  achieved  only
hen a  radionuclide  tracer  is  injected  as  quickly  as  possible
efore the  neuronal  activity  is  propagated  from  the  seizure
nset zone  to  other  sites.  Even  if  the  radionuclide  tracer
s promptly  injected  during  the  seizure,  it  is  impossible  for
he tracer  to  immediately  reach  the  brain  when  injected
hrough an  arm  vein;  it  usually  takes  15—20  s  to  reach  the
rain (Goffin  et  al.,  2008;  Kaneko  et  al.,  2006;  Barba  et  al.,
009; Bartolini,  1981;  Shuke  et  al.,  2004).

The  radionuclide  tracer  123I-IMZ  can  detect  reduction
n the  central-type  benzodiazepine  receptor  (BZR).  It  is
pplied to  clinical  practice  for  epilepsy  on  the  basis  that
he BZR  density  is  decreased  in  the  epileptogenic  tissue  of
atients with  partial  epilepsy  (Savic  et  al.,  1988;  Sata  et  al.,
002).

Correct identification  of  the  functional  deficit  area  on
PECT examination  leads  to  a  better  surgical  outcome
Tanaka et  al.,  1997;  Van  Paesschen  et  al.,  2007;  Morimoto
t al.,  2005).  Despite  previous  observations  that  the  result  of
ach SPECT  method  usually  does  not  coincide  (Shuke  et  al.,
004; Venz  et  al.,  1998),  no  study  has  compared  the  sensitiv-
ty and  diagnostic  values  of  all  the  three  SPECT  techniques
n the  same  patient.
In  the  present  study,  we  retrospectively  evaluated  the
bility of  these  three  types  of  SPECT  techniques  to  identify
he epileptogenic  focus  in  patients  with  mesial  tempo-
al lobe  epilepsy  (mTLE)  during  the  interictal  state,  using
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tatistical  parametric  mapping  (SPM),  a  statistical  brain
maging analysis  technique.

ethods

articipants

elective  amygdalohippocampectomy  was  performed  in  152
atients  with  mTLE  at  National  Epilepsy  Center,  Shizuoka
nstitute of  Epilepsy  and  Neurological  Disorders  between
uly 2004  and  September  2008.  In  46  of  these  patients,  IMP-,
CD-, and  IMZ-SPECT  were  all  performed  preoperatively  in
he interictal  state.  A  group  of  20  healthy  volunteers  also
onsented to  participate,  with  their  SPECT  images  used  to
reate the  healthy  brain  template  for  each  radionuclide.
hese databases  were  used  as  control  for  SPM  analysis.  Six-
een of  the  46  patients  were  excluded  for  the  following
easons: one  patient  was  too  young  to  be  compared  with  the
dult-specific database,  one  patient  died  for  an  unknown
eason within  two  years  of  surgery,  six  patients  achieved
oor postoperative  seizure  outcomes,  and  eight  patients’
PECT data  were  unavailable  for  review.  In  total,  30  patients
ere included  in  this  study.  The  clinical  characteristics  of
articipants are  shown  in  Table  1.

The  patient  group  consisted  of  15  male  and  15  female
ndividuals with  age  ranging  from  17  to  56  years  (mean
ge, 30  years)  at  surgery.  Histopathological  diagnosis  was
esial temporal  sclerosis  in  21  cases,  glioma  in  one  case,

amartoma in  the  amygdala  in  one  case,  and  unavailable
n the  others.  The  postoperative  outcome  was  evaluated
sing Engel’s  classification,  and  only  patients  with  class

 and  II  were  selected  for  the  study  to  confirm  that  the
urgically resected  area  encompassed  the  epileptogenic
ocus. In  these  30  patients  with  mTLE,  we  retrospectively
nvestigated SPECT  findings  for  the  aforementioned  three
adionuclides using  SPM  analysis.

canning  protocol

PECT  studies  were  conducted  using  123I-IMP,  99  mTc-
CD, and  123I-IMZ  while  the  patient  was  in  the  interic-
al state.  IMZ-SPECT  technique  was  routinely  performed
n two  separate  phases:  early  scanning  was  performed  for
0 min  starting  at  5  min  after  the  intravenous  injection  of
22 MBq  of  IMZ  (Nihon  Medi-Physics  Co.  Ltd,  Hyogo,  Japan)
nd delayed  scanning  was  performed  for  30  min  starting  at
arly SPECT  images  were  considered  to  be  influenced  by  the
istribution of  cerebral  blood  flow.  Therefore,  the  delayed
MZ-SPECT scans  were  analyzed  in  the  present  study.  For  the
ther two  SPECT  techniques,  SPECT  scanning  was  performed
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Table  1  Clinical  features  of  patients  and  results  of  stratification  of  images  for  each  radionuclide  tracer.

Case  Age  Sex  Lat  Engel  Patho  IMP  ECD  IMZ

1  30  F  R  Ia  MTS  AAA  A  C
2  41  M  L  Ia  MTS  C  C  AA
3  24  M  L  Ia  MTS  AA  A  C
4  21  F  L  Ib  MTS  AA  C  C
5  56  F  R  Id  MTS  AA  AA  AAA
6  19  F  R  Ib  UA  AA  C  AAA
7  22  F  L  Ia  MTS  AA  C  C
8  26  F  L  Ia  MTS  AA  AA  AA
9  35  F  L  I  MTS  AA  AA  AA

10  25  F  L  Ia  Glioma  C  AAA  AAA
11  32  M  L  Ia  UA  B  C  C
12  34  M  R  II  MTS  B  AA  AAA
13  22  M  R  Ic  MTS  AAA  C  AAA
14  43  M  R  Ia  MTS  A  C  AAA
15  31  F  L  Ic  MTS  AA  C  D
16  46  M  R  Ia  UA  AAA  AAA  AAA
17  31  M  L  IIb  MTS  AA  D  C
18  36  M  L  Ia  MTS  C  C  B
19  27  F  R  Ib  MTS  AA  A  AAA
20  21  F  R  I  MTS  AA  C  A
21  36  F  L  IId  MTS  A  B  AAA
22  35  F  L  I  UA  A  AA  C
23  17  M  L  Ia  MTS  A  AA  A
24  17  M  L  Ia  MTS  AA  AA  A
25  39  F  L  II  UA  AA  C  D
26  23  M  R  Ia  MTS  AA  C  AAA
27  20  F  R  Ia  UA  B  AA  AA
28  30  M  L  Ib  MTS  AA  C  C
29  30  M  L  I  Hamar  A  B  AA
30  40  M  R  Ia  UA  D  A  C
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Abbreviations: Engel, Engel’s classification; F, female; Hamar, hama
Patho, pathology; R, right; UA, unavailable.

for  30  min  starting  at  20  min  after  intravenous  injection  of
222 MBq  of  IMP  (Nihon  Medi-Physics  Co.  Ltd,  Hyogo,  Japan)
and 740  MBq  of  99  mTc-ECD  (Daiichi  Radioisotope  Labora-
tories, Tokyo,  Japan).  All  SPECT  techniques  were  performed
using the  same  two-detector  rotating  gamma  camera  system
equipped with  ultrahigh-resolution  fan  beam  collimators  at
an acquisition  matrix  of  128  ×  128  pixels  and  a  zoom  fac-
tor of  1.4,  with  a  step-and-shoot  acquisition  that  had  5◦

per  step,  45  s  per  view,  and  72  views  (Millennium  VG  SPECT
machine, General  Electric  Medical  Systems).  A  filtered  back-
projection method  was  applied  for  image  reconstruction,
with a  Butterworth  ramp  filter  after  preprocessing  (order
10) and  a  cutoff  of  0.45  cycles/pixel.  Slice  thickness  was
3.16 mm,  and  no  attenuation  was  corrected.

Statistical  parametric  mapping  analysis

We  used  SPM5  under  MATLAB  version  6.5  (MathWorks,  Inc.,
Natick, MA,  USA).  The  control  MRI  atlas  images  (constructed

from scans  of  20  healthy  participants)  were  converted  from
DICOM to  Analyze  file  format  using  the  software  MRIcro.  A
unique original  standard  brain  MRI  was  created  on  SPM5  using
a  signal  averaging  procedure  on  all  MRI  data  from  20  normal

I
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b

a; Lat, laterality; L, left; M, male; MTS, mesial temporal sclerosis;

eople.  For  all  participants,  SPECT  data  for  each  of  the  three
uclides was  converted  to  Analyze  with  MRIcro.  SPECT  data
or each  healthy  control  were  standardized  to  be  appropri-
te for  morphological  assessment  of  standard  brain  MRI  using
he  algorithm  that  appeared  when  our  own  standard  brain
RI had  been  created.  Morphologically  standardized  SPECT
ata for  the  20  healthy  controls  were  averaged  for  each
uclide to  produce  a  normalized,  standardized  database.

Similarly,  for  the  30  mTLE  patients,  raw  SPECT  data
ere converted  from  DICOM  to  Analyze  format  using  MRI-
ro. Similar  to  controls,  patient  brains  were  standardized
nd normalized  to  the  database.

Jackknife  analysis  using  SPM  was  performed  to  com-
are each  voxel  between  patients’  standardized  SPECT  data
nd the  control  template.  The  easy  Z-score  imaging  sys-
em (eZIS;  National  Center  of  Neurology  and  Psychiatry,
okyo, Japan)  was  used  to  outline  statistically  significant
ow uptake  regions.
mage  interpretation

hree  independent,  experienced  examiners  who  were
linded to  patients’  pre-  and  postsurgical  outcomes  assessed
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Figure  1  Example  of  the  eZIS  images  (SPM  Tomography:  Axial)
stratified into  the  six  stages.  A  case  of  an  epileptogenic  focus
on the  right  mesial  temporal  lobe.  (AAA)  Decreased  uptake  in
the medial  temporal  lobe  on  the  operated  hemisphere,  (AA)
Decreased uptake  in  the  entire  temporal  lobe  on  the  operated
hemisphere, (A)  Decreased  uptake  dominantly  in  temporal  lobe
on the  operated  hemisphere,  (B)  Decreased  uptake  in  bilateral
temporal lobes,  (C)  No  Decreased  uptake  in  bilateral  temporal
lobes, and  (D)  Decreased  uptake  in  the  temporal  lobe  on  the
n
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Table  2  Summary  of  the  results  of  stratification  and  com-
parison  of  findings  of  localization  and  lateralization  for  each
radionuclide  tracer.

IMP  ECD  IMZ

AAA  3  2  10
AA 15  8  5
A 5  4  3
B 3  2  1
C 3  13  9
D 1  1  2

AAA AAA,  AA  and  A

N  %  N  %

IMP  3/30  10.0  23/30  76.7
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observed in  eight  using  IMP-SPECT,  six  using  ECD-SPECT,  and
onoperated hemisphere.

he  eZIS  images.  For  each  radionuclide  and  patient,  data
ere categorized  as  follows:  abnormality  in  the  medial  tem-
oral lobe  on  the  operated  hemisphere  (AAA),  in  the  entire
emporal lobe  on  the  operated  hemisphere  (AA),  in  the  dom-
nantly affected  temporal  lobe  on  the  operated  hemisphere
A), in  bilateral  temporal  lobes  (B),  with  no  abnormalities
n bilateral  temporal  lobes  (C),  and  with  abnormality  in  the
emporal lobe  on  the  nonoperated  hemisphere  (D)  (Fig.  1).
n cases  of  disagreement  between  the  examiners,  a  dis-
ussion was  conducted  and  consensus  was  reached  for  all
ases.

tatistical  analysis

he  data  sets  mentioned  above  were  evaluated  between
he three  radionuclide  tracers  using  a  Wilcoxon  signed  rank
est. We  defined  two  lines—–one  between  (AAA)  and  (AA)  and
he other  between  (A)  and  (B).  We  created  a  line  between
AAA) and  (AA)  to  divide  the  stages  into  the  groups  from
he viewpoint  that  only  (AAA)  provides  useful  information
n accurate  localization  of  the  epileptogenic  focus,  and  the
ther between  (A)  and  (B)  to  divide  the  stages  into  the
roups from  the  viewpoint  that  (AAA),  (AA),  and  (A)  pro-
ide useful  information  for  determining  the  side  of  surgery.
hat is,  analyses  related  to  focus  localization  and  later-
lization were  performed  using  the  Wilcoxon  signed  rank
est. Statistical  significance  was  set  as  P  <  0.05.  All  statisti-

al analyses  were  performed  using  SPSS  (versions  17.0,  SPSS
nc.)

f
u
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ECD 2/30  6.7  14/30  46.7
IMZ 10/30  33.3  18/30  60.0

esults

e  retrospectively  investigated  IMP-,  ECD-,  and  IMZ-SPECT
echniques for  30  patients  with  mTLE.  Some  patients  had
esial temporal  atrophy  or  hyperintensity,  and  no  patient

ad obvious  tumorous  or  vascular  lesions  on  presurgical  MRI.
ables 1  and  2  show  the  results  of  each  SPECT  technique
nalyzed using  SPM.  Findings  were  categorized  as  previously
escribed.

Decreased radionuclide  tracer  uptake  in  the  mesial  tem-
oral lobe  ipsilateral  on  the  operation  side  (AAA)  was
bserved in  three  patients  using  IMP-SPECT,  two  using  ECD-
PECT, and  10  using  IMZ-SPECT.  Decreased  radionuclide
racer uptake  in  the  entire  temporal  lobe  on  the  oper-
ted hemisphere  (AA)  was  observed  in  15  patients  using
MP-SPECT, eight  using  ECD-SPECT,  and  five  using  IMZ-SPECT.
ecreased radionuclide  tracer  uptake  dominantly  located  in
he temporal  lobe  contralateral  to  the  operated  hemisphere
D) was  observed  in  one  patient  by  both  IMP-SPECT  and  ECD-
PECT, and  in  two  patients  by  IMZ-SPECT.  Of  note,  many
xtratemporal regions  also  demonstrated  minor  low-uptake
ndings for  all  the  three  radionuclide  tracers  in  all  patients.

n this  study,  we  primarily  focused  on  the  extent  of  abnor-
ally reduced  radionuclide  tracer  uptake  in  the  temporal

obes compared  with  the  epileptogenic  focus  as  confirmed
y surgical  resection.

iagnostic  performance  of  IMP-,  ECD-,  and
MZ-SPECT in  lateralizing  the  epileptogenic  focus

ecreased  123I-IMP  uptake  in  the  temporal  lobe  ipsilateral
f the  operated  hemisphere  was  observed  in  26  (86.7%)  of
he 30  patients.  Abnormalities  in  the  ipsilateral  temporal
obe were  observed  in  16  (53.3%)  using  ECD-SPECT  and  in
9 (63.3%)  using  IMZ-SPECT.  Of  these,  decreased  radionu-
lide tracer  uptake  in  the  contralateral  temporal  lobe  was
our using  IMZ-SPECT.  However,  five  of  the  eight  patients
sing IMP-SPECT,  four  of  the  six  using  ECD-SPECT,  and
hree of  the  four  using  IMZ-SPECT  demonstrated  dominant
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Statistical  parametric  mapping  of  interictal  123I-iomazenil  S

laterality  of  the  ipsilateral  temporal  lobe.  Therefore,  diag-
nostic performance  with  respect  to  focus  lateralization  was
23 (76.7%)  using  IMP-SPECT,  14  (46.7%)  using  ECD-SPECT,
and 18  (60.0%)  using  IMZ-SPECT.  All  the  three  techniques
showed similar  results  with  respect  to  laterality  in  seven
patients (23.3%).  IMP-SPECT  and  ECD-SPECT  corresponded
to the  surgically  resected  side  in  10  patients.  IMP-SPECT
and IMZ-SPECT  corresponded  to  the  surgically  resected  side
in 14  patients.  ECD-SPECT  and  IMZ-SPECT  corresponded  to
the surgically  resected  side  in  10  patients.  Three  patients
had decreased  123I-IMP  uptake  in  the  contralateral  tem-
poral lobe  despite  decreased  tracer  uptake  observed  in
the ipsilateral  temporal  lobe  with  the  other  two  tracers.
Seven patients  had  decreased  99  mTc-ECD  uptake  and  three
patients had  decreased  123I-IMZ  uptake  in  the  contralat-
eral temporal  lobe  despite  showing  decreased  tracer  uptake
located in  the  ipsilateral  temporal  lobe  using  the  other  two
tracers.

Diagnostic  performance  of  IMP-,  ECD-,  and
IMZ-SPECT in  localizing  the  epileptogenic  focus

Decreased  123I-IMZ  uptake  localized  in  the  mesial  temporal
lobe ipsilateral  to  the  operated  hemisphere  was  observed  in
10 (33.3%)  of  the  30  patients.  Exact  localization  in  the  ipsi-
lateral mesial  temporal  lobe  was  found  in  three  (10%)  using
IMP-SPECT and  in  two  (6.7%)  using  ECD-SPECT.  Of  the  three
cases with  localized  findings  in  the  ipsilateral  mesial  tempo-
ral lobe  using  IMP-SPECT,  two  also  demonstrated  localized
findings using  IMZ-SPECT,  but  one  demonstrated  no  appar-
ent findings  on  either  temporal  lobe  using  IMZ-SPECT.  The
two cases  with  localized  findings  in  the  ipsilateral  mesial
temporal lobe  using  ECD-SPECT  also  demonstrated  ipsilat-
erally localized  findings  using  IMZ-SPECT.  Only  one  patient
(no. 16)  had  an  exact  co-localization  in  the  ipsilateral  mesial
temporal lobe  using  all  three  radionuclide  tracers.

Lateralization  and  localization

IMP-SPECT  was  statistically  superior  to  ECD-SPECT  in  later-
alizing the  epileptogenic  focus  in  mTLE  patients  (IMP  76.7%
vs. ECD  46.7%;  P  =  0.029  <  0.05).  Lateralization  of  the  focus
to the  correct  temporal  lobe  was  achieved  more  often  using
IMP-SPECT than  IMZ-SPECT.  However,  this  was  not  signifi-
cantly different  (IMP  76.7%  vs.  IMZ  60.0%;  P  =  0.166  >  0.05).
On the  other  hand,  IMZ-SPECT  correctly  localized  the  focus
significantly more  often  than  the  other  two  perfusion  SPECT
techniques (IMZ  33.3%  vs.  IMP10.0%,  P  =  0.020  <  0.05;  IMZ
33.3% vs.  ECD  6.7%,  P  =  0.003  <  0.01).  There  was  no  sig-
nificant difference  between  IMP-SPECT  and  ECD-SPECT  in
localizing the  epileptogenic  focus  in  mTLE  patients  (IMP
10.0% vs.  ECD  6.7%;  P  =  0.157  >  0.05)  (Table  2  and  Fig.  2).

Case  study  (Fig.  3)

A  23-year-old  male  presented  with  a  history  of  intractable

epileptic seizures.  He  had  no  remarkable  medical  history
(e.g., febrile  convulsions  or  head  trauma).  He  reported
an episode  with  sudden  onset  at  age  20,  in  which  he  lost
consciousness and  convulsed  for  several  minutes.  Following
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hat  episode,  he  suffered  from  monthly  complex  partial
eizures, which  involved  repeating  nonsensical  phrases  fol-
owed  by  lack  of  response.  MRI  did  not  reveal  obvious
ippocampal sclerosis.  With  respect  to  the  SPECT  tech-
iques, IMZ-SPECT  demonstrated  an  apparent  decrease  in
he BZR  density  restricted  to  the  right  mesial  temporal  lobe,
hich was  compatible  with  high  frequency  rhythmic  activity
ppearing predominantly  at  the  right  sphenoidal  electrode
n ictal  EEG.  According  to  IMP-SPECT,  regional  blood  flow
as decreased  in  the  right  mesial  temporal  lobe  accompa-
ied by  wider  area,  including  the  ipsilateral  lateral  temporal
obe and  bilateral  orbitofrontal  region.  On  the  contrary,
CD-SPECT yielded  no  apparent  decrease  in  rCBF,  even  in  the
ight mesial  temporal  lobe.  Based  on  presurgical  evaluation,
hich included  examination  of  these  SPECT  techniques,

ight amygdalohippocampectomy  was  performed.  Pathologi-
al examination  of  the  resected  surgical  specimens  revealed
ippocampal sclerosis.  The  patient  suffered  no  neurological
eficit following  surgery  and  remained  seizure  free  at  follow
p 24  months  later  (Engel  Class  Ia).

iscussion

n  the  present  study  of  patients  with  mTLE,  IMP-SPECT
emonstrated decreased  uptake  in  the  temporal  lobe  ipsi-
ateral to  epileptogenic  focus  more  frequently  than  the
ther two  radionuclide  tracers.  In  this  study,  findings  were
bserved in  the  temporal  lobe  ipsilateral  to  the  epilepto-
enic focus  using  IMP-SPECT  in  more  than  75%  of  cases,  while
ates for  IMZ-SPECT  and  ECD-SPECT  were  <60%  and  <50%,
espectively. Our  results  suggest  that  when  lateralization  of
he epileptogenic  focus  is  necessary  for  surgical  interven-
ion, IMP-SPECT  may  be  valuable.  If  the  aim  of  examination
as to  confirm  laterality  in  conjunction  with  other  examina-

ions, such  as  EEG  and  MRI,  IMP-SPECT  would  be  most  useful
f the  three  radionuclide  tracers.  However,  IMP-SPECT  could
ot accurately  localize  the  focus.  Decreased  123I-IMP  uptake
ocalizing to  the  resected  area  was  no  more  than  10.0%
f cases.  The  area  identified  on  IMP-SPECT  often  extended
eyond the  surgically  resected  area.  The  decreased  123I-
MP uptake  represents  not  the  epileptogenic  area  but  the
ypoperfused or  hypometabolic  area,  which  includes  the
urrounding region  with  depressed  neuronal  function.  This
s the  reason  behind  more  frequently  observed  decreased
ptake using  IMP-SPECT  than  IMZ-SPECT,  which  makes  it  an
nsuitable tracer  for  localizing  the  focus.

Because  99  mTc-ECD  can  be  retained  in  the  brain  without
edistribution for  a  sufficient  time  to  permit  image  acqui-
ition, it  is  currently  the  most  frequently  used  tracer  for
ctal SPECT  (Goffin  et  al.,  2008;  la  Fougère  et  al.,  2009;
azemi et  al.,  2010).  It  has  been  well  established  that  ictal
ubtraction technique  improves  the  ability  to  evaluate  the
pileptogenic focus.  However,  ictal  subtraction  technique
as several  disadvantages.  This  method  routinely  requires
wo images,  i.e.,  ictal  and  interictal.  Moreover,  we  could  not
lways  obtain  successful  ictal  SPECT  images.  Radionuclide
racer injection  is  performed  briefly  after  the  seizure  starts,

ut delay  must  be  overcome  before  the  tracer  reaches  the
rain. That  indicates  the  possibility  of  propagation  from
pileptogenic focus,  which  results  in  false  localization  or
ateralization. Patients  with  fast  propagation  are  profoundly
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Figure  2  Comparison  of  findings  of  localization  and  lateralization  for  each  radionuclide  tracer  with  circle  graphs  Lateralization:
I  0.24
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MP vs.  ECD,  P  =  0.029*;  IMP  vs.  IMZ,  P  =  0.166;  IMZ  vs.  ECD,  P  =
MP vs.  ECD,  P  =  0.157.

ffected  by  the  time  lag  between  seizure  onset  and  tracer
pplication. Although  ictal  subtraction  technique  is  highly
seful, it  is  fraught  with  uncertainty.  SPECT  examination

ecomes useful  only  after  we  obtain  successful  images.
ome patients  could  never  get  the  successful  image  no  mat-
er how  many  times  we  repeated  the  studies.  Although

t
fi

igure  3  SPECT  images  of  a  23-year-old  patient  with  mesial  temp
emisphere  (case  26  in  Table  1).  Axial  raw  data  and  tomography  wit
n  IMZ  SPECT  was  restricted  to  the  right  mesial  temporal  lobe.  MRI  i
emisphere.
8  Localization:  IMZ  vs.  IMP,  P  =  0.020*;  IMZ  vs.  ECD,  P  =  0.003*;

e  cannot  realize  the  importance,  it  is  an  advantage  of
nterictal SPECT  that  we  can  always  obtain  the  image  with
ertainty.
Interictal ECD-SPECT  can  be  used  to  detect  the  epilep-
ogenic focus  by  identifying  the  hypoperfused  area,  this
nding was  less  frequently  observed  using  ECD-SPECT  than

oral  lobe  epilepsy  due  to  mesial  temporal  sclerosis  on  the  right
h  eZIS  of  IMP,  ECD,  and  IMZ  SPECT  images.  The  decreased  area
ndicated  pre-  and  postamygdalohippocampectomy  in  the  right
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Statistical  parametric  mapping  of  interictal  123I-iomazenil  S

IMP-SPECT.  This  discrepancy  in  findings  regarding  cerebral
blood flow  distribution  between  IMP-SPECT  and  ECD-SPECT
is well  established  and  not  specific  to  epilepsy.  Although
ECD-SPECT demonstrates  high  diagnostic  accuracy  in  cere-
brovascular disease,  its  image  contrast  is  not  as  high  as  that
of IMP-SPECT  (Moretti  et  al.,  1994;  Tsuchida  et  al.,  1994).
123I-IMP has  higher  first  pass  extraction  and  smaller  back
diffusion, resulting  in  a  linear  relationship  between  tissue
activity and  rCBF.  In  contrast,  99  mTc-ECD  has  been  reported
to have  a  lower  extraction  fraction  and  back  diffusion  of  the
unmetabolized tracer  during  the  initial  phase  after  intra-
venous injection  (Walovitch  et  al.,  1989).  Retention  of  99
mTc-ECD is  reported  to  occur  because  of  the  metabolism
of polar  acid  products  that  are  trapped  in  the  brain.  Such
differences in  the  mechanism  of  uptake,  as  specific  enzyme
reactions responsible  for  conversion,  may  modify  the  images
(Moretti et  al.,  1994;  Matsuda  et  al.,  1993).  Though  enzy-
matic transformation  of  99  mTc-ECD  in  neuronal  cells  in
epilepsy patients  is  unspecified,  the  present  study  demon-
strated that  ECD-SPECT  delineates  lesser  prominent  image
contrast than  IMP-SPECT  in  interictal  epilepsy  patients.

Some  studies  reported  an  advantage  conferred  by  IMZ-
SPECT compared  to  other  SPECT  techniques  and  PET
radionuclide tracers.  A  multicenter  European  study  of  89
epilepsy cases  revealed  a  sensitivity  of  93%  for  IMZ-SPECT
and 80%  for  cerebral  blood  flow  SPECT  for  identification
of epileptogenic  foci  (Schubiger  et  al.,  1991).  Shuke  et  al.
(2004) reported  a  case  of  temporal  lobe  epilepsy  with
discordant findings  observed  between  IMZ-SPECT,  IMP  inter-
ictal, and  ECD  ictal  cerebral  blood  flow  SPECT.  The  authors
advocated the  use  of  IMZ-SPECT  because  it  determines  the
location of  seizures  based  on  the  BZR  density,  which  in  turn
reflects neuronal  tissue  integrity  and  could  not  be  influenced
by temporal  changes  in  electrical  neuronal  activity  or  cere-
bral blood  flow.  Kaneko  et  al.  (2006)  compared  the  efficacy
of IMZ-SPECT,  IMP-SPECT,  and  FDG-PET  in  seven  patients
with temporal  lobe  epilepsy.  The  authors  suggested  that
IMZ-SPECT was  more  useful  than  FDG-PET  and  IMP-SPECT
because it  had  the  highest  level  of  agreement  with  the  oper-
ative findings.

Although our  data  is  concordant  with  these  previous  stud-
ies in  terms  of  demonstrating  the  advantage  of  IMZ-SPECT,
the present  study  has  addressed  two  potential  limitations
of the  previous  studies.  Firstly,  these  previous  studies  may
have included  not  only  mesial  but  also  lateral  temporal  lobe
epilepsy cases.  Because  most  studies  performed  anterior
temporal lobectomy,  not  selective  amygdalohippocampec-
tomy, there  is  a  possibility  that  the  epileptogenic  focus  may
have  been  located  in  the  lateral  temporal  lobe  in  the  case
diagnosed as  mTLE  preoperatively  in  their  studies.  That  is,
because the  resected  area  investigated  in  their  studies  might
be much  wider  and  extended  than  the  actual  epileptogenic
focus, their  studies  have  a  limitation  in  terms  of  determining
the exact  location  of  the  epileptogenic  zone.  Therefore,  it
is difficult  to  argue  about  focus  localization  with  their  study.

The  present  study  included  only  mTLE  cases  that  were
confirmed by  successful  selective  amygdalohippocampec-
tomy. The  present  study  confirmed  that  the  decreased

uptake area  of  123I-IMZ  was  more  restricted  to  the  ipsi-
lateral mesial  temporal  lobe  than  those  observed  using
123I-IMP or  99  mTc-ECD.  Our  results  suggest  that  IMZ-
SPECT is  more  valuable  than  cerebral  perfusion  SPECT  if
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he  purpose  of  the  SPECT  study  was  the  precise  presurgi-
al localization  of  the  epileptogenic  focus  in  mTLE.  It  may
nvite the  criticism  that  IMZ-SPECT  is  not  so  useful  since
nly 33%  of  IMZ-SPECT  studies  showed  the  (AAA)  pattern
nd the  rest  of  the  patients,  as  much  as  67%,  comprised
he false-negative  group.  However,  it  is  not  even  possible
o determine  the  exact  location  of  epileptogenic  focus  with
PECT examination  alone.  The  clinical  usefulness  depends
n whether  SPECT  examination  could  have  additional  diag-
ostic value  on  EEG  and  MRI  in  presurgical  evaluation  at
resent. Once  IMZ-SPECT  image  shows  the  (AAA)  pattern,
e have  a  great  chance  of  finding  the  focus  on  ipsilateral
esial temporal  lobe  because  the  false  positive  rate  is  con-

idered to  be  low.  We  can  know  it  from  the  low  rate  of  (B)
nd (D)  of  IMZ-SPECT  reflecting  the  finding  in  the  temporal
obe on  the  nonoperated  hemisphere.  Therefore,  if  discrim-
nation between  mesial  and  lateral  temporal  lobe  epilepsy
s the  aim  of  SPECT  examination,  IMZ-SPECT  has  a  greater
dvantage over  the  other  radionuclide  tracers  examined  in
his study.

Secondly, previous  studies  have  made  evaluations  primar-
ly using  visual  assessment.  It  can  be  difficult  to  identify  the
ocus using  traditional  visual  interpretation  of  SPECT  scans.
ven if  images  are  assessed  by  the  same  doctor,  there  may
e some  variability  in  assessment.  Furthermore,  if  brain  vol-
me decreases  with  atrophy,  partial  volume  effects  reduce
adioactivity on  the  SPECT  image  even  if  the  cerebral  blood
ow remains  unchanged.  Therefore,  diagnosing  the  focus

ocalization with  raw  SPECT  data  alone  may  merely  reflect
he atrophy  of  the  concerned  brain.  We  were  able  to  rule
ut this  variability  by  using  SPM-based  computed  statistical
rain imaging  analysis.  Our  results  suggest  that  IMZ-SPECT  is
ess likely  to  delineate  the  finding  than  IMP-SPECT.  However,
nce abnormality  in  the  mesial  temporal  lobe  is  identified,
MZ-SPECT may  be  useful  in  terms  of  localization  (Umeoka
t al.,  2007).

The principal  limitation  of  our  study  is  that  it  included
nly mTLE  cases.  Further  examinations  are  required  to  judge
he applicability  of  the  results  of  the  present  study  in
xtratemporal lobe  epilepsy.

In  conclusion,  IMZ-SPECT  was  superior  to  IMP-SPECT  and
CD-SPECT in  accurate  evaluation  of  the  focus  localization
n mTLE  patients.  IMP-SPECT  was  superior  to  IMZ-SPECT  and
CD-SPECT in  sensitive  evaluation  of  the  focus  lateralization
n mTLE  patients.  Although  SPECT  examination  is  only  an
id to  EEG  or  MRI  in  preoperative  evaluation  at  present,  the
ppropriate radionuclide  tracers  should  be  selected  as  the
ituation demands  to  maximize  its  value.
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