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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 In 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 Al 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 cm in diameter on MRT; (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.

All 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 lc 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 = 6.5 N.S.
Duration of epilepsy (year) 23.0 & 11.8 223 494 N.S.
Age at surgery (year) 3534+ 105 329 +38S N.S.
Seizure frequency N.S.
(number of patients)
Daily 6 2
Weekly 6 2
Monthly 4 7
Side of surgery N.S.
Right 2
Left 15
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 **Ga/%*Ge rotating rod source.
The PET scanner was an Advance NXi (General Electric

@ Springer

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.

BE 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 Al for each voxel. Al images were calculated with
non-flipped and flipped images of normalized control and
patient images using:

Var= (Vae = V&) / (Ve + V), - (1)

where Vjay represents the Al image, Vi is the non-flipped
image, and V; is the flipped image. Al images were
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smoothed using a three-dimensional isotropic Gaussian
kemnel 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, 2)

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 (Ievel 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 ]

1 Extent analysis 7

Vo‘xe! value GN Al
adjustment

GN Al

| |

Z score mapping
by comparing with controls data

i 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=15, 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 AT 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 Whithey 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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Z=-40 mm Z=-36mm

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 Al 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

@ Springer

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 Al 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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-78 mm

Fig. 3 Comparison between seizure-free group and controls with the
AI 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
AT 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.

AI 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 AI 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 Al, such as the VOI-dependent

fluctuation of Al 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 Z

SZ-free < Non-SZ-free

GN method 32 —-21 5 499 138 Ipsilateral lentiform nucleus

AI method 29 ~17 8 5.08 177 Ipsilateral lentiform nucleus
Non SZ-free < SZ-free

GN method N.S.

Al 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 A, 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=1.0 Ipsilateral hippocampal area 44.6 23.7 0.04
z=15 Ipsilateral hippocampal area 29.7 14.1 0.04
Ipsilateral thalamic area 325 9.9 0.02
z=20 Ipsilateral thalamic area 224 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 Al method and the extent analysis

Threshold

Anatomical area Median extent (%)* p value
Seizure-free group Non-seizure-free group
z=05 Ipsilateral hippocampal area 70.3 46.5 0.01
Ipsilateral frontal area 52.6 377 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 58.0 303 0.01
Ipsilateral frontal area 36.5 227 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 453 193 0.02
Ipsilateral thalamic area 373 72 0.01
Contralateral frontal area 39 8.5 0.03
Contralateral thalamic area 33 9.1 0.01
=20 Ipsilateral thalamic area 30.0 3.4 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 Al method in extent analysis with a
low threshold of z = 0.5 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 Al 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 Al 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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Abstract

Objective Inter-ictal '*F-2-fluoro-deoxy-p-glucose-posi-
tron emission tomography (FDG-PET) is widely used for
preoperative evaluation to identify epileptogenic zones in
patients with temporal lobe epilepsy. In this study, we
combined statistical parametric mapping (SPM) with the
asymmetry index and volume-of-interest (VOI) based
extent analysis employing preoperative FDG-PET in uni-
lateral mesial temporal lobe epilepsy (MTLE) patients. We
also evaluated the detection utility of these techniques
for automated identification of abnormalities in the uni-
lateral hippocampal area later confirmed to be epilepto-
genic zones by surgical treatment and subsequent good
seizure control.

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

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

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

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

Epilepsy surgery has been established as an effective
treatment for patients with refractory temporal lobe epi-
lepsy (TLE) [1, 2]. For successful surgical treatment,
preoperative lateralization or localization of the epilepto-
genic zone (EZ) is important. Inter-ictal 18F_2-fluoro-
deoxy-D-glucose (FDG) positron emission tomography
(PET) is a widely used preoperative method of identifying
the EZ. On inter-ictal FDG-PET, areas with metabolic
alterations, probably related to epileptogenicity, show
decreased FDG accumulation, and these findings of altered
metabolism contribute to EZ detection. In preoperative
evaluation with inter-ictal FDG-PET, FDG distributions are
generally evaluated by visual inspection. However, visual
inspection is inevitably associated with inter-observer
variation and it is usually difficult to provide numerical
values, such as the most appropriate threshold for diagno-
sis, or statistical parameters derived from comparisons with
controls. Therefore, objective semi-quantitative analysis
has been anticipated as a method complementing visual
evaluation.

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

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

Materials and methods
Patients and controls

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

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

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

FDG-PET procedure

The patients fasted for at least 5 h and then underwent
FDG-PET scanning. A 296 MBq dose of FDG was injected
intravenously, and 45 min later, emission scans were
obtained in two-dimensional mode for 10 min, and trans-
mission scans were subsequently obtained to correct for
photon attenuation using a 68Ga/68Ge rotating rod source.
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The PET scanner was an Advance NXi (General Electric
Medical Systems), with 12096 bismuth-germanate crys-
tals arranged in 18 rings and a 15.2 cm axial field-of-
view. The scanner has an intrinsic spatial resolution in the
center of the field-of-view of 4.8 mm full width of half
maximum (FWHM) and an axial resolution of 4.0 mm
FWHM.

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

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

Data analysis

Data analysis was performed using SPM8 and MATLAB
version R2011a (MathWorks Inc., Natick, MA, USA). We
used MATLAB for SPMS8, and to calculate a statistical
value for each voxel on images pre-processed by SPMS8.

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

Spatial normalization and smoothing

All FDG-PET images (17 MTLE patients and 20 controls)
were spatially normalized to a standardized stereotactic
Montreal Neurological Institute (MNI) space [13] based on
the Talairach and Tournoux atlas [14], using 12-parameter
linear affine normalization and another 16 nonlinear iteration
algorithms with our in-house FDG template. The in-house
FDG template was created as follows. First, the 20 control
group images were spatially normalized with an FDG tem-
plate which had been provided by the National Center
Hospital for Mental, Nervous and Muscular Disorders [15]
using the same parameter as described above. Second, the 20
normalized images were averaged, and a flipped image was
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made by reversing the mean image in the left-right direction.
Third, by adding the flipped and non-flipped mean images, a
symmetrical image was prepared as a semifinal template.
Finally, a similar procedure was performed with the semi-
final template, once again, that is, the original 20 control
images were spatially normalized with the semifinal tem-
plate, the 20 normalized images were averaged, a flipped
image was made by reversing the mean image in the left—
right direction, and the final symmetrical template was
obtained by adding the flipped and non-flipped mean images.

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

Voxel-value adjustment

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

VAI — (an - Vf)/(vnf F Vf) (1)

where Vay represents the Al image, Vy¢ is the non-flipped
image, and V¢ is the flipped image.

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

Z-score mapping

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

and with Al, as described above. The resulting images for
the comparisons were mapped using z scores, calculated on
a voxel-by-voxel basis using:

Z = (Vm — V,)/SD, 2)

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

VOI of parahippocampal gyrus

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

Peak analysis

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

Extent analysis

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

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

-32mm

Fig. 2 A set of right and left volumes-of-interest (VOIs) in the
parahippocampal gyrus was selected for determination of the side
with the epileptogenic zone in a patient with mesial temporal lobe
epilepsy. Transaxial and sagittal sections on the upper row indicate
VOISs (red regions) on our in-house FDG template. The lower images
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-12mm

-10mm +dmm

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

Sensitivity, specificity and ROC analysis

The sensitivity and specificity of extent analysis were
defined as follows. Sensitivity was the proportion of the
number of patients in whom the side with the EZ was
accurately judged as the abnormal side. Specificity was the
proportion of patients in whom the non-abnormality was
accurately judged on the side contralateral to the EZ. These
sensitivity and specificity values were calculated by vary-
ing the extent threshold and used in the receiver operating
characteristic (ROC) analysis. The ROC analysis was
performed using the ROCKIT 1.152 program developed by
Metz et al. [20] (http://xray.bsd.uchicago.edu/krl). The
program calculates the area under the ROC curves (4,), the
statistical significance of the difference between the two
A,, accuracy, sensitivity and specificity. Accuracy and
optimal threshold of extent were determined based on the
value at the point at which sensitivity is the same as
specificity on the ROC curve. Then, applying the PIotROC
program (http://xray.bsd.uchicago.edu/krl), we drew ROC
curves with the interpolated values statistically calculated.
The extent analysis with Al at a z-score threshold of 0 was

Table 1 Results of peak analysis with z-score mapping

Correct Incorrect Rate (%)
Global normalization 12 5 70.6
Asymmetry index 15 2 88.2

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

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

Results
Peak analysis

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

Extent analysis

The results of ROC analysis are shown in Table 2 and
Fig. 3. Among all methods, the highest A, of 0.971 was
obtained at z-score thresholds of both 0.5 and 1 with the Al
method. Applying the AT method at a z-score threshold of
0.5, the accuracy and the optimal extent threshold for
judgment were 92 and 32.9%, respectively. With this
extent threshold, the side harboring the EZ was correctly
identified in 16 of 17 patients (94.1%). The extents at the
ipsilateral and contralateral sides of the EZ were 70.3 +
22.3% (mean =+ standard deviation) and 11.3 4+ 13.2%,
respectively, such that the difference in extent between the
sides ipsilateral and contralateral to the EZ was significant
by paired Student’s # test at p < 0.001 (two-tailed p value).
Applying the AT method at a z-score threshold of 1, the
result of ROC analysis were also similar.

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

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

Asymmetry index

Global normalization

VA Extent-true (%) Extent-false (%) A, Ac (%) Th (%) Extent-true (%) Extent-false (%) A, Ac (%) Th (%)
0 - - - - - 743 £ 226 332+ 243 0.854 78 62.1
05 703 +223 1134182 0971 92 329 61.5 + 23.7 19.9 + 20.1 0.869 79 492
1 58.0 + 24.7 5.7+£78 0971 92 19.0 44.6 + 234 10.6 £+ 16.6 0.853 77 16.2
15 453 +£254 25+ 3.9 0.963 91 9.9 29.7 + 20.7 5.7 == 13.7 0.814 74 12
2 34.0 £+ 234 1.0+ 1.8 0.931 88 3.2 178 £ 155 3.1 £ 10.1 0776 71 3.7

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

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

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

Conventional Binormal ROC Curves

——

09
08
07}

06}

05!
04f
03f

True Positive Fraction

02f

01f

——with Al at Z2>0.5, Az=0.9705
— — with GN at Z>0.5, Az=0.8693

o 1 1 1 1 1 I L' 1 1
0 0102 03 04 05 06 07 08 09 1
False Positive Fraction

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

-24pm -2 -16mm -14mm

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

@ Springer

Representative z-score maps obtained by the AI and
conventional GN methods are shown in Fig. 4.

Discussion

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

Usefulness of SPM with Al

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

-12mm

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

Usefulness of extent analysis

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

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

Technical limitations

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

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

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

Fourth, the method employing Al cannot provide direct
information as to whether an abnormal Al primarily
reflects glucose hypermetabolism on one side or glucose
hypometabolism on the other. In the case of bilateral
MTLE, although not studied herein, the AI method might
not provide adequate information about a bilateral absence
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