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The functional changes that occur throughout the human brain after the selective removal of an epileptogenic lesion remain
unclear. Subtemporal selective amygdalohippocampectomy (SAH) has been advocated as a minimally invasive surgical procedure
for patients with medically intractable mesial temporal lobe epilepsy (MTLE). We evaluated the effects of subtemporal SAH on
cerebral glucose metabolism and memory function in 15 patients with medically intractable MTLE with hippocampal sclerosis
using ['8F]-fluorodeoxyglucose PET (FDG-PET) and the Wechsler Memory Scale-Revised. The patients were evaluated before
and 1-5 years (mean 2.6 years) after surgery. In patients with MTLE of the language-dominant hemisphere, the basal temporal
language area was presetved by this surgical approach. Voxel-wise comparison of FDG-PET lmages was conducted using
SPM5 to identify the brain regions showing postoperative changes in glucose metabolism (height threshold, P=0.01 corrected
for multiple comparisons; extent threshold, 100 voxels). During spatial normalization of the postoperative FDG-PET images,
we used cost-function masking to minimize any inappropriate image distortion as a result of the abnormal signal within the
surgically resected region. Postoperative glucose metabolism increased in extratemporal areas ipsilateral to the affected side,
such as the dorsolateral prefrontal cortex, and the dorsomedial and ventromedial frontal cortices. Glucose metabolism also
increased in the bilateral inferior parietal lobules and in the remaining temporal lobe regions remote from the resected mesial
temporal region, such as the superior temporal gyrus and the temporal pole. By contrast, postoperative glucose metabolism
decreased only in the mesial temporal area adjacent to the resected region. Postoperative verbal memory, delayed recall and
attention/concentration scores were significantly better than preoperative scores regardless of the resected side. This study
suggests that the selective removal of the epileptogenic region in MTLE using a subtemporal approach improved cerebral
glucose metabolism in the areas receiving projections from the affected mesial temporal lobe. Cognitive improvement might
result from a combination of good seizure control and minimizing the regions of the brain with postoperative functional
impairment.
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Introduction

Mesial temporal lobe epilepsy (MTLE) with hippocampal sclerosis
is the most common localization-related epilepsy in adults. MTLE
is characterized by epileptic activity arising from the mesial tem-
poral region where there are neuropathological changes. MTLE is
also associated with broad temporal lobe functional abnormalities,
shown by an alteration of cerebral glucose metabolism and neu-
ropsychological deficits such as memory dysfunction. Moreover,
neuroimaging studies using [*®*Fl-fluorodeoxyglucose  (FDG),
[("*Cl-flumazenil PET or magnetic resonance spectroscopy have
shown that functional abnormalities extend beyond the temporal
lobe (Arnold et al., 1996, Hammers et al., 2002; Mueller et al.,
2004).

For patients with medically intractable MTLE, surgery is one
of the more favourable options in order to achieve good seizure
control (Wiebe et al., 2001). Anterior temporal lobectomy, where
the anterior one-third of the temporal lobe is resected, has been a
standard surgical procedure because the anterior part of the tem-
poral lobe was considered to be a functionally ‘silent area’ (Gibbs
et al., 1948; Falconer et al., 1955). However, recent FDG-PET and
neuropsychological studies have described a postoperative
decrease in cerebral glucose metabolism and associated cognitive
impairments following anterior temporal lobectomy (Lee et al.,
2002; Joo et al., 2005b; Tellez-Zenteno et al., 2007). Decreased
glucose metabolism inside and outside the remnant temporal
lobe is assumed to be the result of deafferentiation following
the massive resection of anterior temporal structures (Joo et al.,
2005b).

Selective amygdalohippocampectomy (SAH) has been advo-
cated as a less-invasive surgical procedure in order to preserve
postoperative cerebral functions. Trans-sylvian SAH, however,
resulted in postoperative verbal memory decline in patients with
MTLE of the language-dominant hemisphere (Gleissner et al.,
2002; Gleissner et al., 2004; Morino et al., 2008; Helmstaedter
et al., 2008). One hypothesis is that the procedure disconnects
the long-tract fibres that pass through the white matter of the
temporal stem, such as the uncinate fasciculus or the cholinergic
projection fibres from the nucleus basalis of Meynert (Selden
et al., 1998; lkeda et al., 2005; Helmstaedter et al., 2008).

It is thought that subtemporal SAH could offer an alternative
procedure that prevents damage to the lateral temporal neocortex
and temporal stem white matter (Hori et al., 1993; Park et al.,
1996). Recent studies indicate that subtemporal SAH results in
the preservation or improvement of postoperative cognitive func-
tion in patients with intractable MTLE (Hori et al., 2003; Mikuni
et al., 2006; Hori et al., 2007). A preliminary study suggested
that subtemporal SAH preserving the basal temporal language
area achieved good seizure control and improved verbal memory
in patients with MTLE in the language-dominant hemisphere
(Mikuni et al., 2006). Although such neuropsychological studies

suggest that cerebral function improves after subtemporal SAH,
the neural substrate for this remains unclear.

The purpose of the current study was to evaluate the effects
on cerebral glucose metabolism and memory function of subtem-
poral SAH that preserved the basal temporal language area in
patients with medically intractable MTLE. Elucidating the func-
tional changes in the human brain after the selective removal of
an epileptogenic lesion is of both clinical and neuroscientific
interest.

Patients and Methods

Patients

All patients over the age of 16 years who underwent subtemporal
SAH for intractable MTLE with hippocampal sclerosis between 2002
and 2006 at Kyoto University Hospital were considered potential can-
didates for the study. Among them, 15 patients met the inclusion
criteria for this study (8 left MTLE patients and 7 right MTLE patients).
All patients underwent preoperative and postoperative neuropsycho-
logical testing. All but two patients (Patients 6 and 14) consented
to undergo postoperative FDG-PET. The interval between surgery
and postoperative assessment was 1-5 years (mean 2.6 years). The
results of the neuropsychological tests 1 year after surgery in five
patients with dominant-side MTLE have been reported elsewhere
(Mikuni et al., 2006).

The inclusion criteria were as follows: (i) medical history and seizure
semiology consistent with MTLE, such as epigastric, autonomic or
psychic auras, followed by motor arrest, progressive clouding of con-
sciousness, oro-alimentary or manual automatisms and autonomic
phenomena; (i) a unilateral epileptic focus in the anterior temporal
regions confirmed by prolonged video-electroencephalography (EEC)
monitoring and (iii) unilateral hippocampal sclerosis detected by
conventional 1.5T MRI and glucose hypometabolism determined by
EDG-PET in the affected side of the temporal lobe in accordance with
the EEG findings. The exclusion criteria were as follows: (i) focal neu-
rological abnormalities on physical examination or psychiatric diseases;
(ii) significant past medical history suggesting causes of temporal lobe
epilepsy other than MTLE with hippocampal sclerosis (that is, ence-
phalitis or severe head trauma); (ii)) MRI abnormalities including
significant brain atrophy outside the mesial temporal lobe; (iv) epileptic
paroxysms in the extratemporal area on EEGs and (v) a full-scale
intelligence quotient (1Q) <65.

The preoperative full-scale IQ was significantly lower in patients
with dominant-side MTLE than in those with non-dominant-side
MTLE. There were no statistical differences between the two groups
with respect to the male/female ratio, level of education (number of
years), duration of the disease, age at surgery, postoperative interval
or number of seizure-free patients within each group. At postoperative
evaluation, the numbers or dosages of antiepileptic drugs (AEDs)
remained unchanged from the preoperative state in seven patients,
decreased in six patients (based on >2 years freedom from seizures)
and increased in two patients because of poor seizure control.
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Table 1 Patients’ data
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Patient Age (years) Age (years) Language- Resected Pathological Postoperative Seizure AEDs (mg)

AEDs (mg)

No.  at surgery, of onset  dominant side findings interval outcome preoperetion postoperation
Sex side (years) (Engel's
class)
Dominant side resection
1 25, F 7 L L HS 4.0 l C (900), V (800), P (325) C (850), V (700),
’ P (325
2 22, F 8 L L HS 1.2 | C (800), P (212.5), N (1), Unchangt)ad
M (2.5), A (500)
3 39, F 8 L L HS 3.9 1 C (900), V (800), M (10), C (900, V (800},
Z (150) M (10), P (100),
G (200), A (500)
4 30, M 21 L L HS 5.0 | C (800), M (20) C (200), M (20)
5 25, M 9 L L HS 1.3 | C (700}, P (250) Unchanged
6 24, F 4 L L HS 1.0 ! C (600), A (625) Unchanged
7 28, F 4 L L HS 2.8 1 C (800), P (300}, D (6) C (1000), P (350), D (6)
Nondominant side resection
8 31, F 1" L R HS 3.4 1 V (600), N (2), M (5) V (200), N (1.5),
M (2.5)
25, F 15 L R HS 4.6 i C (900) C (500)
10 38, M 20 L R HS, FCD 4.1 | I C (900), V (400), P (250), C (600, P (225),
M (2.5) M (2.5)
11 19, F 10 L R HS 1.3 1 P (200), V (800) Unchanged
12 16, M » 1" L R HS 2.4 i C (1000), P (200), M (2.5) C (800), P (200),
M (2.5)
13 55, F 14 L R HS 1.0 | P (250), Z (300) Unchanged
14 23, M 1" L R HS, FCD 24 | P (200), B (90), M (15)  Unchanged
15 20, F [ R L HS 1.0 1 C (400), P (200) Unchanged

HS =hippocampal sclerosis, FCD = forcal cortical dysplasia. AEDs=antiepileptic drugs, C=carbamazepine, V= valproate, P = phenytoin, B= phenobarbital, Z= zonisamide,
N = clonazepam, M= clobazam, G= gabapentin, D =diazepam, A= acetazolamide. The doses of AEDs are indicated in parentheses.

Table 2 Demographic and clinical data

Side of resection

Dominant  Non-dominant
side (n=7) side (n=8)

Males/females 2/5 3/5 P=057, NS°
Education (year) 13.9 (1.5) 13.4 (1.9) P=0.60, NS°
Preoperative 1Q 77.9 (89) 99.1 (9.8) P<0.005°
Duration of the 189 (7.1) 16.1 (11.2) P=0.56, NS°

disease (year)
Age at surgery (year) 27.6 (5.7) 28.4 (12.9) P=0.88, NS¢
Postoperative 2.7 (1.6) 25 (1.4 P=0.79, NS¢

interval (year)
Seizure free patientsal 5 (71%) 8 (100%) P=0.20, NS®

The cells contain the number of patients (for gender and postoperative seizure
status) or group means (with standard deviation in parentheses).

a Engel outcome class |

b Fisher's exact test

¢ t-test, NS=not significant.

This study was approved by the Ethics Committee of the Kyoto
University Graduate Schoo! of Medicine, and written informed consent
was obtained from all patients (Tables 1 and 2).

Surgical procedures and outcome

The language-dominant hemisphere was determined pre-surgically by
the Wada test. In one patient, the right hemisphere was language-
dominant; as she was to undergo surgery on the left hemisphere, she

was classified into the non-dominant MTLE group. In patients with
dominant-side MTLE, the basal temporal language area was defined
using long-term subdural electrodes (Usui et al., 2003). All patients
underwent SAH by a combined subtemporal, transventricular, trans-
choroidal fissure approach. When the temporal horn was opened from
the basal surface of the temporal lobe, the basal temporal fanguage
area was preserved and a transsulcal approach was used as much
as possible to avoid damage to the surrounding cortices. The details
of the surgical procedure are provided elsewhere (Miyamoto et al.,
2004; Mikuni et al., 2006). Intraoperative electrocorticograms were
performed and additional corticotomies were conducted in the
small, potentially epileptogenic areas adjacent to the hippocampus.
In all patients, hippocampal sclerosis was confirmed by pathological
examination.

At the postoperative evaluation, 13 of the 15 patients were seizure-
free following subtemporal SAH. The overall seizure-free ratio (Engel
class 1) was 87% (95% confidence interval 62-96%). This is compar-
able with the seizure-free rates achieved using other surgical proce-
dures for patients with MTLE with MRI-defined hippocampal sclerosis;
freedom from disabling seizures has been reported in 66-89% of
patients 2-3 years after a non-subtemporal SAH or anterior temporal
lobectomy (Wieser et al., 2003; Paglioli et al., 2004; Janszky et al.,
2005; Paglioli et al., 2006).

Image data acquisition

Preoperative and postoperative EDG-PET scans were performed using
a PET scanner (Advance, General Electric Medical Systems, Milwaukee,
W1, USA). ['8F1-FDG at 370 MBq (10 mCi) was injected intravenously
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into patients who had been fasting for at least 4 h. Then, 40min after
the administration of the radiotracer, 35 slices of brain-emission
images were acquired over a 20-min period. The patients were studied
in an awake, resting state, with their eyes closed and their ears
unplugged in a dimly lit environment. Although EEG was not per-
formed during the FDG-PET study, ictal studies were uniikely, because
no abnormal behaviours were observed, and patients did not
report any subjective manifestations of seizures during the examina-
tion. Emission images were reconstructed into a 128 x 128 matrix
image with a pixel size of 1.95x1.95 rmm? and a slice thickness of
425 mm. All reconstructed images were corrected for attenuation
using %8Ge-58Ga transmission scans performed before the actual scan.

To increase the accuracy of the spatial normalization in the post-
operative FDG-PET images when performing voxel-wise analysis using
mask images for the surgically resected region, three-dimensional
anatomical MRI images were obtained on the same day as the post-
operative FDG-PET scanning. The scans were performed using a 37
MRI scanner (Trio, Siemens, Erlangen, Germany) with the following
sequence: magnetization-prepared ~rapid-acquisition gradient-echo
sequence, repetition time (TR)/echo time (TE) = 2000/4.38; matrix
size, 240 x 256; field of view, 24 cm; slice thickness, 1.0mm.

FDG-PET data analyses

In order to increase the statistical power of the group analyses, the
FDG-PET images from the patients with right MTLE were flipped hor-
izontally so that the epileptogenic zone was lateralized to the left side
in all of the images. The voxel-wise analysis of the FDG-PET images
was performed using SPM5 (Wellcome Department of imaging
Neuroscience, UCL, London, UK).

The preoperative FDG-PET images were spatially normalized to fit
to the standard FDG-PET template using affine and nonlinear warping.
In the presence of a focal brain lesion, automated methods for spatial
normalization are liable to cause inappropriate image distortion due
to the abnormal signal within the lesion, particularly during nonlinear
transformation; furthermore, cost-function masking provides better
and more reliable matching to the standard template (Brett et al.,
2001). Thus, we used cost-function masking with a mask image for
the surgically resected lesion when normalizing the postoperative
FDG-PET images. The procedure was as follows. The surgically
resected region was defined in the anatomical postoperative MR! of
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each individual using MRicron (http://www.sph.sc.edu/comd/rorden/
mricron/), as shown in Fig. 1B. This mask image was modified with
a value of 0 within the resected region and a value of 1 elsewhere
(Fig. 1C). The mask image was smoothed and expanded using a
Gaussian filter of a full-width at a half maximum (FWHM) of 8mm
with a 0.1% threshold border. This resulted in the expansion of
9.6mm of the masked area (Fig. 1D). Then, the anatomical MRI
was co-registered onto the postoperative FDG-PET image of each
individual using the mutual information algorithm implemented in
SPMB5, and the transformation matrix was adjusted to the expanded
mask image of the same subject. The result was used for the cost-
function masking during the spatial normalization of the postoperative
FDG-PET image of each individual. Note that this process does
not imply that the areas under the mask remained untransformed,
but rather that a continuation of the solution for the unmasked portion
of the image was applied to the masked regions.

The spatially normalized images were smoothed with an isotropic
Gaussian kernel with 16mm FWHM to increase the signal-to-noise
ratio and to account for normal inter-individual variation in macro-
anatomy. To remove the effects of global activity, each voxel count
was normalized to the total count of the whole brain using propor-
tional scaling (Van Bogaert et al., 2000).

A paired t-test was used for the voxel-wise group comparison
of the FDG-PET images before and after surgery. We investigated brain
regions showing increases and decreases in glucose metabolism after
surgery, at a height threshold of P=0.01 corrected for multiple com-
parisons using the false discovery rate (FDR) algorithm and an extent
threshold of 100 voxels (Genovese et al., 2002). Regional glucose
hypometabolism adjacent to the surgically resected region—due
to deafferentiation or the partial volume effect—could reduce the
global count in the postoperative FDG-PET images. This might result
in the overestimation of increases and the underestimation of
decreases in postoperative regional glucose metabolism. To minimize
this effect, we first confirmed the region of the brain showing a post-
operative decrease in glucose metabolism, which was located in a
restricted area adjacent to the resected region (Fig. 2). This area was
expanded as described above and used as an explicit mask in the
group-comparison analysis. Again, each voxel count was normalized
to the total count by masking this area, and the second analysis was
conducted to find the brain regions that showed either an increase
or a decrease in glucose metabolism.

~ ®

Fig. 1 Pracess of constructing the cost-function masking images for the spatial normalization of the postoperative FDG-PET images
in a representative case. (A) A postoperative anatomical MRI of each individual was obtained. (B) The surgically resected region was
defined manually. (C) The mask image was made with the value of 0 within the resected region and 1 elsewhere. (D) The mask image
was expanded using a Gaussian filter of 8 mm FWHM with 2 0.1% threshold border and then was coregistered onto the postoperative

FDG-PET image of each individual.
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For visualization, the significant clusters were projected onto a sur-
face-rendered anatomical template provided by SPMS5. The spatial
coordinates of the local maxima from the t-statistics were used to
identify the corresponding brain areas according to the atlas of
Talairach and Tournoux (Talairach and Tournoux, 1988). The non-
linear transformation of the Montreal Neurological institute (MND)
coordinates to the Talairach coordinates was performed using appro-
priate converter software (mni2tal.m; http://www.mrc-cbu.cam.ac.uk/
lmaging/Common/mnispace.shtml)‘

Neuropsychological tests

Preoperative general intelligence was assessed using the Japanese ver-
sion of the Wechsler Adult Intelligence Scale-Revised (WAIS-R).
Preoperative and postoperative memory function was evaluated
using the Wechsler Memory Scale-Revised (WMS-R). Postoperative
WMS-R testing and the FDG-PET scanning were conducted within a
1-week interval. The memory scores were evaluated in each of four
domains: verbal memory, visual memory, delayed recall and attention/
concentration.

Statistical analyses

A two-sample t-test and Fisher's exact test were used for the statistical
analyses of the clinical features. To evaluate the effect of surgery on
memory function at the group level, we evaluated the changes in the
WMS-R memory scores using a repeated-measures analysis of variance
(ANOVA), with time (before or after surgery) as the within-subject vari-
able, and group (MTLE in the dominant or non-dominant hemisphere) as
the between-group variable. To assess the change in memory function at
the individual level, we counted the number of patients showing an
increase or a decrease of 1 SD or more of the preoperative scores on
each memory variable in WMS-R. We used SPSS 16.0J for Windows for
these statistical analyses.

Height threshold

p = 0.01, FDR-corrected
Extent threshold

k = 100 voxels

Fig. 2 Three-dimensional orthogonal projection of the areas
showing a significant decrease in glucose metabolism after
subtemporal SAH. The analysis was conducted without an
explicit mask at a height threshold of P=0.01, FDR-corrected,
and an extent threshold of 100 voxels. Focus side: side of the
epileptogenic focus.
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Results
FDG-PET

The postoperative glucose metabolism decreased only in the
mesial temporal lobe ipsilateral to the resection, in regions such
as the parahippocampul gyrus and the area immediately adjacent
to the resected hippocampus (Fig. 2 and Table 3). When we
reanalysed the data using this region as an explicit mask, no addi-
tional areas were detected that showed decreased glucose meta-
bolism. The group comparison using the explicit mask revealed
that postoperative glucose metabolism increased in the middle
and inferior frontal gyri [Brodmann area (BA) 9, 46, 44 and 45],
the dorsomedial and ventromedial frontal gyri (BA 8, 10, 9, 6 and
11), the posterior part of the superior temporal gyrus (BA 22/42)
and the temporal pole (BA 38) ipsilateral to the resection, and
bilaterally in the inferior parietal lobules (BA 7/40) (Fig. 3 and
Table 4). Even in the analysis conducted without the explicit
mask, no increase in glucose metabolism was detected adjacent
to the surgically resected region.

Neuropsychological tests

In both the dominant and non-dominant MTLE groups, there
was a trend towards postoperative improvement in all domains
of memory function. For verbal memory, delayed recall and atten-
tion/concentration, the repeated-measures ANOVA demonstrated
significant effects of time of testing (P<0.005 for verbal memory
and delayed recall; P<0.05 for attention/concentration), but did
not show a time x group interaction (P=0.94 for verbal memory;
P=0.94 for overall delayed recall; P=0.77 for attention/concen-
tration). For visual memory, there was no significant effect of time
of testing (P=0.09) and no time x group interaction (P=0.98)
(Fig. 4). At the individual level analyses, postoperative improve-
ment was more frequent in the dominant side MTLE group for
delayed recall and in the non-dominant side MTLE group for
attention/concentration, although it did not reach significance
(Table 5).

Discussion

This study had three main findings related to the change in human
cerebral function after the selective removal of the epilepto-
genic region in the mesial temporal lobe using a subtemporal

Table 3 Brain regions showing significant decrease in
glucose metabolism after subtemporal amygdalohippo-
campectomy. P<0.01, FDR-corrected; without an explicit
mask

Brain region . side Coordinate of the peak T-value
X y z

Hippocampus 1 -24 -15 -19 14.07

parahippocampal gyrus | -30 -7 -23 12,10

{=ipsilateral side to the focus.



