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ABSTRACT – Aims. Temporal lobe epilepsy with amygdala enlargement
(TLE-AE) has been considered a subtype of TLE. We evaluated the epilepto-
genic zone in patients with TLE-AE, who underwent intracranial video-EEG
(ivEEG) and/or intraoperative electrocorticography (ioECoG) as well as
epilepsy surgery.
Methods. Eleven patients with TLE-AE were enrolled and investigated
based on seizure profile, volumetric MRI, the Wechsler Memory Scale-
Revised (WMS-R), the location of seizure onset zone (SOZ) and irritative
zone (IZ) based on ivEEG (n=8), the location of interictal epileptiform
discharges (IEDs) based on ioECoG (11), surgical procedure, and seizure
outcome.
Results. The mean age at seizure onset was 34.9 years (range: 23-57). The
mean duration of seizures was 5.0 years (range: 1-10). The number of AEDs
was 2.3 (range: 1-5). The mean seizure frequency was nine per month
(range: 1-30/month). All patients presented with focal impaired awareness
seizures with (n=9) and without (2) secondary generalized convulsions.
Volumetric MRI analysis showed unilateral enlarged amygdala with sta-
tistical significance (p<0.01). None of the patients’ hippocampi had any
abnormality based on MRI. Pre-operative mean verbal, visual, and delayed
recall scores based on the WMS-R were over 100. The SOZ and IZ were
identified in both the amygdala and hippocampus in seven patients and in
only the amygdala in one patient based on ivEEG. IEDs were identified in the
hippocampus in six patients and in both the amygdala and hippocampus in
four patients based on ioECoG. All 11 patients underwent anterior tempo-
ral lobectomy, including amygdala resection, with multiple hippocampal
transections (dominant hemisphere: seven patients) and resection (non-
dominant hemisphere: three patients). Nine (81.8%) of 11 patients achieved
seizure freedom with a mean follow-up of 26 months (range: 12-47). Post-
operative WMS-R results did not show any significant deterioration, with a
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mean follow-up of 15 months (range: 12-24). The resected amygdala showed
no histopathological abnormality.
Conclusion. The epileptogenic zone of TLE-AE involves both the amygdala
and hippocampus. ivEEG may be needed to explore the SOZ in normal
hippocampus in addition to enlarged amygdala. Amygdala resection and
multiple hippocampal transections may control the epileptogenic limbic
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mygdala enlargement (AE) on MRI was first reported
y Tebartz van Elst et al. in patients with tem-
oral lobe epilepsy (TLE) and dysthymia (Tebartz
an Elst et al., 1999). Asymmetrical volumes of
mygdala related to comorbidity of psychiatric disor-
ers. Because amygdala caused psychosis including
ggressive behaviours, morphological changes of the
mygdala were extensively studied using CT and MRI
Tebartz Van Elst et al., 2002).
n 2003, Bower et al. described seven patients with
LE-AE but without hippocampal sclerosis (Bower
t al., 2003). Coan et al. reported that TLE-AE was
ound in 12% of MRI-negative TLE (Coan et al.,
013). The asymmetric enlarged amygdala became

valuable sign of temporal lobe seizures. Four-
een articles of TLE-AE revealed that 28 resected
mygdala specimens from 107 patients with TLE-AE
howed histopathological lesions consisting of dys-
lasia, hamartoma, and focal cortical dysplasia (Beh
t al., 2016).

he epileptogenic zone in TLE-AE

he epileptic network between the amygdala and
ippocampus is a key player in temporal lobe
eizures. The common pattern of seizure onset
s regional, involving both the hippocampus and
mygdala simultaneously (Quesney, 1986; So et al.,
989). The amygdala kindles much faster than any
ther part of the brain, significantly faster than the
ippocampus (Racine, 1986; Cain, 1992). The impor-

ance of the amygdala as a crucial structure in the
athogenic mechanism of temporal lobe seizures is
nderestimated.
v et al. reported that 22 out of 33 patients with
pileptic Disord, Vol. 21, No. 3, June 2019

LE-AE demonstrated good seizure control and sig-
ificantly reduced volume of the enlarged amygdala
fter taking AEDs (Lv et al., 2014). Beh et al. reported
hat 81.8%-100% of patients with TLE-AE responded
ell to AEDs but 26% of patients with pharmaco-

esistant TLE-AE proceeded to surgical resection (Beh
t al., 2016).

m
s
m
T
E
J
p

ory function in patients with TLE-AE.

ial video-EEG, seizure onset zone, MRI negative hip-
ippocampal transections, saving memory

ultiple hippocampal
ransection (MHT)

himizu et al. reported hippocampal transections for
1 TLE patients with normal hippocampus, sparing ver-
al memory (Shimizu et al., 2006). Of 17 patients with
ore than one year of follow-up, 14 (82%) patients

ecame seizure-free. Verbal memory functions of the
ominant hemisphere remained the same as before
urgery, at six months post-operation. MHT has been
pplied in TLE with MRI-negative hippocampus and
ntact memory functions but with extra-mesial tempo-
al lesions (Usami et al., 2016; Girgis et al., 2017; Ishida
t al., 2018). Minami et al. described 11 patients with
harmaco-resistant TLE-AE who underwent epilepsy
urgery consisting of hippocampal resection in nine
atients and MHT in two, in addition to amygdala
esection (Minami et al., 2015). The intraoperative
lectrocorticography (ioECoG) showed that the sharp
aves did not originate from the amygdala but from

he hippocampus. There is no report of intracrani-
al video-EEG (ivEEG) to localize the seizure onset
one (SOZ) or irritative zone (IZ) with active inter-
ctal epileptiform discharges (IEDs) in patients with
harmaco-resistant TLE-AE. This paper is the first
reliminary report regarding ictal recording using

vEEG and epilepsy surgery in patients with pharmaco-
esistant TLE-AE and MRI-negative hippocampus.

ypothesis

e hypothesized that the epileptogenic zones in
harmaco-resistant TLE-AE involve both an enlarged
mygdala and MRI-negative hippocampus. Surgical
ntervention for both the amygdala and hippocampus
ould control seizures. In patients with intact verbal
253

emory functions and dominant-side temporal lobe
eizures, MHT is an option to control seizures and save
emory function.

he study was approved as #16-163 by the Research
thics Committee of Juntendo University, Tokyo,
apan. We obtained written informed consent from all
articipants.
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aterials and methods

atients

etween 2013 and 2017, 96 patients with pharmaco-
esistant TLE underwent epilepsy surgery at Juntendo
niversity-Epilepsy Center in Tokyo, Japan.
e selected patients with pharmaco-resistant TLE-AE

ased on the following criteria:
enlargement of amygdala compared to the contralat-

ral side based on MRI;
seizure semiology related to ipsilateral temporal

obe epilepsy;
and seizures refractory to appropriate AEDs for one

ear.

calp video-EEG

ll patients underwent long-term scalp video-EEG
onitoring (EEG-1200, Nihon Kohden, Tokyo, Japan)

sing the 10-20 international system with 500-Hz sam-
ling rate before surgery.

RI data

e performed 3T MRI with T1 and T2-weighted spin-
cho, three-dimensional fluid-attenuated inversion
ecovery (FLAIR) and double inversion recovery (Van
54

aesschen et al., 1996; Mitsueda-Ono et al., 2011;
ong-Kisiel et al., 2016). The sections were oriented

erpendicular to the long axis of the hippocampal
ody with section thickness of 1 mm. We defined

he enlarged amygdala in axial and coronal sections.
e excluded patients with additional hippocampal

trophy/sclerosis or any other signal changes. Patients

I

W
u
e
d

A B

igure 1. Fusion MRI and post-implantation CT. (A) Axial fluid-attenuat
ircle) of the depth electrode in the enlarged amygdala (Case 3). (B) A
he depth electrode towards the enlarged amygdala (Case 3). (C) 3D
ippocampus, the uncal strip, and a part of the grid that covers the la
ith suspected tumours or vascular lesions were
xcluded.
o confirm visual diagnosis of TLE-AE in the included
atients, amygdala and hippocampus volumes were
uantified using fully automated volumetry using Free
urfer Software (Version 6.0.0; Martinos Center, Har-
ard University, Boston, MA, USA) with T1-weighted
mages (Pardoe et al., 2009; Coan et al., 2013). The MRI
cans of 10 normal controls (20-29 years old; mean age:
3.2) were used for comparison.
mygdala and hippocampus volumes were statistically
nalysed using paired t-tests between the epileptic
nd non-epileptic side of each patient with TLE-AE.
he amygdala and hippocampus volumes of both the
pileptic and non-epileptic sides of patients with TLE-
E were also compared to the normal controls using
npaired t-tests. These analyses were performed using
3.4.4 statistical software (The R Development Core

eam).

ada test

he Edinburgh Handedness Inventory Test was con-
ucted for all patients to estimate language dominancy

Oldfield, 1971). We performed the WADA test for
hree patients (Cases 2, 7 and 9) whose dominant hemi-
phere was ambiguous (Abou-Khalil, 2007).
Epileptic Disord, Vol. 21, No. 3, June 2019

ntracranial video-EEG

e performed intracranial video-EEG (ivEEG) to eval-
ate the IZ and SOZ in eight patients. One depth
lectrode (four contacts) was placed into the amyg-
ala (figure 1A, B). Mesial temporal strip electrodes

C

ed inversion recovery (FLAIR) shows the deepest contact (yellow
xial FLAIR shows three consecutive contacts (yellow circles) of

-MRI shows the mesial temporal strip (T shape) that covers the
teral temporal region (Case 4).
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The frequency of seizures at the time of surgery ranged
from one to 30 per month (with a mean of nine per
month).
All 11 patients presented with seizures during scalp
ere subtemporally inserted according to Shimizu’s
ethod (Shimizu et al., 1992). One T-shape strip

lectrode covered the hippocampus (four contacts)
nd subtemporal region (four contacts) (figure 1C).
ne uncal strip electrode (four contacts) was placed

o cover the caudal end of the amygdaloid nuclear
omplex, continuing to the uncus and the parahip-
ocampal gyrus (Carpenter, 1985). Other subdural
rids were placed on the lateral temporal region
Unique Medical, Tokyo, Japan).
he ivEEG was recorded using EEG-1200 (Nihon
ohden, Tokyo, Japan) with a 2-kHz sampling rate. We
efined the SOZ as:
rhythmic spikes or sharp waves;
paroxysmal fast activity;
and attenuation of background activity.

ntraoperative ECoG

ll patients underwent ioECoG recordings. Anaesthe-
ia was maintained using 2.5% sevoflurane with an
dequate muscle relaxant. End-tidal CO2 levels were
aintained at approximately 30 mmHg during ioECoG

ecordings (Sugano et al., 2007).
oECoG was recorded on the surface of the hippocam-
us and amygdala using platinum electrodes (Unique
edical, Tokyo, Japan). IoECoG monitoring continued

or 3-10 minutes before hippocampal resection or mul-
iple transections.

urgery

e applied the trans-sylvian approach to the infe-
ior horn of the lateral ventricle (Yasargil et al., 1985).
irst, the amygdala was resected. Subsequently, stan-
ard anterior temporal lobectomy was performed 3 cm

rom the temporal tip. When ivEEG showed the SOZ in
he hippocampus and/or ioEEG showed IEDs from the
ippocampus, additional hippocampal multiple tran-
ections or resection were performed.

eizure outcome

ll patients were followed for at least one year
fter surgery. Postoperative seizure outcomes were
ssessed at the last visit according to Engel’s classifi-
ation (Engel et al., 1993).
pileptic Disord, Vol. 21, No. 3, June 2019

emory function

e performed Wechsler Memory Scale-Revised
WMS-R) to evaluate memory functions before
urgery, six months after surgery, and between 12
nd 24 months after surgery. We compared the
cores at observation points in each subcategory of

v
a
s
n
m
a
s

Temporal lobe epilepsy-amygdala enlargement

MS-R. Changes in memory scores were analysed
sing repeated measures one-way ANOVA with SPSS
tatistics software version 22 (IBM Corp, Chicago, IL,
SA). A level of p < 0.05 was considered statistically

ignificant.

istopathology

mygdala and hippocampus specimens were fixed
ith phosphate-buffered 20% formalin, and embed-
ed in paraffin for histological evaluation. The surgical
pecimens were sectioned with 4-�m thickness, and
tained with haematoxylin-eosin and Klüver-Barrera
yelin stain. Representative sections were immunos-

ained with antibodies directed against neuronal
uclei antigen (NeuN) and glial fibrillary acidic pro-

ein (GFAP). Histopathological diagnosis was made by
n independent neuropathologist (AK).

esults

haracteristics of patients

leven patients (five females) with TLE-AE were
ncluded in this study. The clinical features are
escribed in table 1.
he mean age at surgery was 34.9 years (range: 23-
7). The age at seizure onset was 29.9 years (range:
3-55). The mean duration of seizures was 5.0 years
range: 1-10). One patient had a history of febrile
onvulsions. No patient had any comorbidity of psy-
hiatric disorders. The number of AEDs ranged from
ne to five with a mean of 2.3; multiple AEDs were

aken by nine (81.8%), levetiracetam by nine (81.8%),
arbamazepine and valproic acid were each taken
y five (45.5%), lamotrigine by two, and clonazepam,
abapentin, lacosamide, zonisamide were each taken
y one patient.

haracteristics of seizures
255

ideo-EEG. Five patients presented with preceding
uras. None of them complained of fear. All 11 patients
howed behavioural arrest of focal impaired aware-
ess seizures (FIAS). Eight (72.7%) patients showed
anual automatisms, one (9.1%) patient showed oral

utomatisms, and later generalized convulsions were
een in nine (81.8%) patients.
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Table 1. Clinical profiles of our 11 patients included in the present study.

No. Age at surgery
(years)/gender

Duration of
seizure
(years)

Preoperative
AEDs

Seizure
frequency
(per month)

Seizures during scalp video-EEG

Aura Seizure type

1 27/M 10 CBZ / LEV / VPA 2 Déjà vu / Olfactory
hallucination

FIAS, 2G

2 28/F 2 CBZ / LTG 10 - FIAS, 2G

3 31/F 11 CBZ / LEV / LTG / VPA / ZNS 4 Unexplainable
strange sensation

FIAS, 2G

4 32/F 12 LEV 4 - FIAS, 2G

5 23/F 10 CBZ / GBP / VPA 8 Gastrointestinal
sensation

FIAS, 2G

6 51/M 1 LEV 3 - FIAS

7 57/M 2 LCM / LEV 30 - FIAS

8 27/M 2 LEV / VPA 30 - FIAS, 2G

9 39/M 1 CZP / LEV 8 - FIAS, 2G

10 39/F 1 LEV / VPA 1 Palpitations FIAS, 2G

C enes
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11 30/M 3 CBZ / LEV

BZ: carbamazepine; CZP: clonazepam; FIAS: focal impaired awar
TG: lamotrigine; VPA: valproic acid; ZNS: zonisamide; 2G: secon

RI results

RI showed left amygdala enlargement in seven
63.6%) patients and right amygdala enlargement in
our (36.4%) patients (table 2). There was no abnor-

al finding of hippocampus on MRI in all 11 patients.
igure 2A, B shows representative MRI of the enlarged
mygdala and normal hippocampi. There was no other
xtratemporal abnormality on MRI. Enlarged amyg-
ala of all 11 patients exhibited subtle increased signal
hanges on FLAIR.
he MRI data of 10 TLE-AE cases, except for Case 7,
s well as 10 normal controls, were applicable to the
utomated volumetric MRI analysis. Figure 3 shows the
mygdala and hippocampus volumes on the epileptic
nd non-epileptic side of 10 patients with TLE-AE and
0 normal controls.
n the epileptic side of patients with TLE-AE, amygdala

olume ranged from 1,768.6 mm3 to 2,486.4 mm3 (mean:
56

,051.5 mm3). On the non-epileptic side, amygdala vol-
me ranged from 1,503.4 mm3 to 2,471.3 mm3 (mean:
,789.8 mm3). Amygdala volumes on the epileptic side
ere significantly greater than those on the non-
pileptic side (p<0.01).
n the 10 normal controls, amygdala volume ranged
rom 1,441.5 mm3 to 2,209.7 mm3 (mean: 1,802.5 mm3).

T
p
I
p
f
r
d

1 Gastrointestinal
sensation

FIAS, 2G

s seizure; GBP: gabapentin; LCM: lacosamide; LEV: levetiracetam;
generalized seizure.

mygdala volumes on the epileptic side of patients
ith TLE-AE were significantly greater than those of
ormal controls (p<0.01).
n the epileptic side of patients with TLE-AE, hip-

ocampus volume ranged from 4,061.2 mm3 to
,299.0 mm3 (mean: 4,477.7 mm3). On the non-epileptic
ide, hippocampus volume ranged from 3,625.5 mm3

o 4,987.3 mm3 (mean: 4,297.4 mm3). Hippocampus vol-
mes on the epileptic side of patients with TLE-AE were
reater than those on the non-epileptic side (p<0.05).
n the 10 normal controls, hippocampus volume
anged from 3,591.1 mm3 to 5,085.2 mm3 (mean:
,401.6 mm3). Hippocampus volumes on the epilep-
ic side of patients with TLE-AE were not smaller than
hose of normal controls.

emisphere dominance based on the WADA test
Epileptic Disord, Vol. 21, No. 3, June 2019

en patients were right-handed and left-hemispheric
redominant based on the Edinburgh Handedness

nventory Test and WADA test. In the remaining
atient (Case 9) who had poor verbal memory

unctions despite right amygdala enlargement and
ight-handedness, the WADA test showed language
ominance in the right hemisphere.
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A B

Figure 2. The enlarged amygdala and MRI-negative hippocampus (Case 6). (A) Axial fluid-attenuated inversion recovery (FLAIR) shows
the left enlarged amygdala with slightly increased intensity (white arrow). (B) Axial FLAIR shows normal bilateral hippocampi.
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Figure 3. Comparison of amygdala and hippocampus volumes in patients with TLE-AE (epileptic side and non-epileptic side) and
normal controls. Boxes signify the upper and lower quartiles of amygdala and hippocampus volumes. The black line within each
box marks the median. The “x” in each box represents the mean. The whiskers extending above and below each box represent the
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he hippocampus volumes on the epileptic side were larger th
he hippocampus volumes on the epileptic side of patients w
ontrols.

ntracranial video-EEG

e performed ivEEG in eight patients. The other three
atients refused implantation of intracranial elec-

rodes. The mean recording time was 68 hours (range:
7-202).
58

even patients had IEDs on both the amygdala and hip-
ocampus. The other patient (Case 8) showed IEDs on
nly the amygdala (table 2).
e captured a total of 21 seizures (range: 1-6) with a
ean of three seizures. The seizure onset was found in

oth the amygdala and hippocampus in seven patients
figure 4). The other patient (Case 8) showed seizures

I
t
t
h
p
p

R). Open circles demonstrate values outside this range. *p<0.05,
ntly larger than those on the non-epileptic side in patients with
ignificantly larger than those of the normal controls (p<0.01).
ose on the non-epileptic side in patients with TLE-AE (p<0.05).
E-AE had no atrophic signs compared to those of the normal

erived from only the amygdala. The seizures sub-
equently involved the hippocampus and manifested
ith FIAS and generalized convulsion.

ntraoperative electrocorticography
Epileptic Disord, Vol. 21, No. 3, June 2019

n all 11 patients, we performed the ioECoG on
he amygdala and hippocampus before the resec-
ion/transections. The ioECoG showed IEDs on only
ippocampus in five (45.5%) patients. Four (36.4%)
atients had IEDs on both the amygdala and hippocam-
us. The remaining two patients did not show any IEDs.
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Figure 4. Intracranial video-EEG at the time of seizure onset (Case 6). Referential montage using an epidural electrode for reference.
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lue: four amygdala depth electrodes (top) and three uncal stri
hree subtemporal electrodes (bottom) of the T-shape strip. Prior
een synchronously over the amygdala, uncus, and hippocamp
ncus, and hippocampus at the seizure onset, with following evo
trip and the other from the subtemporal electrode) were elimin

ecause of the refusal of ivEEG in three patients (Cases
-11), only ioEEG was peformed. The ioECoG showed
EDs from both the hippocampus and amygdala in
atient 9 and from only the hippocampus in Patient
0. The ioECoG in Patient 11 showed no IEDs at ini-
ial surgery, however, he had recurrent seizures after
he amygdala resection alone, and 12 months later,
he epileptic-side hippocampus showed IEDs and was
esected during the second surgery.

urgical procedure

n all 11 patients, the amygdala was resected.
HT was performed in seven (63.6%) patients. All

even hippocampi were located in the dominant hemi-
pheres (six left and one right). The only patient
Case 9) with right-handedness and right-hemispheric
ominance underwent multiple right-hippocampal

ransections.
hree (27.2%) patients underwent hippocampal resec-
ion in the non-dominant right hemisphere. Patient 11
nderwent amygdala resection at initial surgery, which
id not improve his seizures. We then performed right-
ippocampal resection 12 months after initial surgery.
atient 8 underwent only amygdala resection because
he ivEEG showed a seizure onset and IEDs in only the
mygdala.
pileptic Disord, Vol. 21, No. 3, June 2019

eizure outcome

he mean follow-up period was 26 months (range: 12-
7). Engel Class I outcome was achieved in nine (81.8%)
atients, consisting of eight with Ia and one with Ib.
ight (72.7%) patients were able to reduce AEDs: six
atients with Class Ia, one patient with Class Ib, and
ne patient with Class IIa.

S
n
g
p
H
u
s

ctrodes (bottom). Red: four hippocampal electrodes (top) and
izure onset, high-amplitude rhythmic spike and slow waves are
roxysmal low-amplitude fast activities started in the amygdala,

n of amplitude and frequency. Two contacts (one from the uncal
due to artefacts.

re- and post-operative memory function

ata for pre- and post-operative verbal, visual, and
eneral memory, attention/concentration, and delayed
ecall of serial WMS-R are presented in figure 5. Before
urgery, mean ± standard deviation for verbal memory
as 110 ± 14.6, visual memory 104 ± 12.5, general mem-
ry 110 ± 12.1, attention/concentration 102 ± 8.7, and
elayed recall 101 ± 12.9. Pre-operative cognitive per-

ormance was not significantly different between left
seven patients) and right-sided (four patients) TLE-AE.
t six months after surgery, mean ± standard devi-
tion for verbal memory was 99 ± 18.7, visual
emory 108 ± 8.5, general memory 100 ± 16.4, atten-

ion/concentration 109 ± 12.1, and delayed recall 102 ±
3.7. Verbal memory and general memory at six months
fter surgery showed a decline compared to before
urgery without statistical significance, using one-way
epeated ANOVA.
t one to two years after surgery, mean ± standard
eviation for verbal memory was 102 ± 21.0, visual
emory 108 ± 5.6, general memory 104 ± 15.7, atten-

ion/concentration 108 ± 8.7, and delayed recall 103 ±
3.2, with a mean follow-up of 15 months. There was
o significant post-operative decline in any memory

unction.

istopathology
259

pecimens from the amygdala in all 11 patients showed
o histopathological abnormality. Non-specific mild
liosis in the amygdala was observed in three (27%)
atients who underwent ivEEG.
ippocampal specimens from three patients who
nderwent hippocampal resection did not show any
clerosis, gliosis, or inflammatory change. Subtle
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igure 5. Pre- and post-operative memory functions of verbal, v
ecall (WMSR). The horizontal line inside each box indicates the
IQR). The extremities of the whiskers indicate the data within
utliers. The diamond plots indicate the mean score of memory
4 months). There is no significant difference between any of the

ranular cell dispersion was found in all three hip-
ocampal specimens.

iscussion

ummary of findings

e investigated 11 patients with pharmaco-resistant
LE-AE. We confirmed unilateral enlarged amygdala
nd normal hippocampus without any atrophy by vol-
metric MRI analysis. The ivEEG in seven out of eight
60

atients showed a SOZ involving the hippocampus
n addition to the amygdala. The ioECoG revealed
EDs on the hippocampus in 10 out of 11 patients,
ncluding four patients with IEDs on the amygdala.
ll 11 patients underwent amygdala resection. Ten of

hem underwent additional hippocampal treatments:
even patients with MHT in the dominant hemisphere

T
i
h
s
t
(
2

and general memory, and attention/concentration and delayed
ian, and the length of each box indicates the interquartile range

R from the upper or lower quartile. The open circles indicate
tions before and after surgery (six months, and between 12 and
- or post-operative memory functions.

nd three patients with hippocampal resection in
he non-dominant hemisphere. Nine (81.9%) patients
chieved seizure freedom, including eight patients in
hom AEDs had been reduced after more than a year
f follow-up. Postoperative memory functions were
pared in all patients, even after MHT in the dominant
emisphere (seven patients) and hippocampal resec-

ion in the non-dominant hemisphere (three patients).

pileptogenic enlarged amygdala
Epileptic Disord, Vol. 21, No. 3, June 2019

his paper is the first to report that the SOZ
nvolves both the enlarged amygdala and MRI-negative
ippocampus in TLE-AE patients. Amygdala-involved
eizures were characterised by ictal fear, gastroin-
estinal sensations, and marked autonomic symptoms
Cendes et al., 1994; Wieser, 2000; Biraben et al.,
001). In our study, three (27.3%) patients reported



Journal Identification = EPD Article Identification = 1075 Date: June 26, 2019 Time: 2:45 pm

E

g
r
n
M
p
t
r
s
a
l
d
a
o
O
t
W
f

T

T
p
T
M
r
S
r
M
w
i
a
t
i
r
e
w
a
t
h
b
s
p
l
c
c
i
c
b
a
O
T
p
p
p
l

T
w
p
s
2
a
i
a
s
t
M
o
d
t
m
M
w
t
2
o
1
e
A
f
s
s
M
t
s
W
s
d
c
W
i
p
p
m
h
u
M
I
r
c
m
t
a
a

astrointestinal and autonomic symptoms, but none
eported ictal fear. The seizure semiology alone could
ot localize the SOZ in a subset of patients with TLE-AE.
inami et al. reported that, based on ioECoG in

atients with TLE-AE, no sharp waves originated from
he amygdala (Minami et al., 2015). Our ioECoG
evealed the IEDs in the amygdala were less frequently
een than those in the hippocampus. Because we used
trans-sylvian approach to the inferior horn of the

ateral ventricle, the amygdala may have been injured
uring the approach. IEDs based on ioECoG could not
ccurately localize the epileptogenic zone in a subset
f patients with TLE-AE.
ur ivEEG revealed active interictal spikes in addition

o SOZs localized in the amygdala and hippocampus.
e treated both the amygdala and hippocampus with

avourable seizure outcomes.

he hippocampus in TLE-AE

he ivEEG localized the SOZ and IZ in the hip-
ocampus in seven out of eight patients with
LE-AE. In patients with pharmaco-resistant TLE-AE, the
RI-negative hippocampus could provoke seizures

efractory to AEDs.
even (29.2%) out of 24 patients with pharmaco-
esistant TLE had normal MRI (Cascino et al., 1991).

uhlhofer et al. reported that for 38-72% of patients
ith MRI-negative TLE, ivEEG revealed seizures aris-

ng from mesial temporal structures (Muhlhofer et
l., 2017). An MRI-negative hippocampus was one of
he high-risk factors for the epileptogenic network
n pharmaco-resistant TLE. The SOZ of pharmaco-
esistant TLE based on ivEEG demonstrated the
xistence of strong interactions between limbic net-
orks (Bartolomei et al., 2004). Patient 11 did not

chieve seizure control without hippocampal resec-
ion at initial surgery of the enlarged amygdala, and
e subsequently required hippocampal resection to
ecome seizure-free. The most common pattern of
eizure onset was regional, involving both the hip-
ocampus and amygdala simultaneously in temporal

obe seizures (Quesney, 1986; So et al., 1989). ivEEG
onsistently showed ictal onset and interictal dis-
harges in both the amygdala and hippocampus,
ncluding Case 8 with intra-ictal hippocampal dis-
harges. The epileptic network can be establised
etween the MRI-negative hippocampus and enlarged
pileptic Disord, Vol. 21, No. 3, June 2019

mygdala in patients with TLE-AE.
ur small series of patients with pharmaco-resistant

LE-AE did not show any memory problems, as
atients presented with MRI-negative TLE. Com-
ared to patients with mesial temporal sclerosis, TLE
atients with MRI-negative hippocampus showed a

ower rate of memory disturbance (Bell et al., 2011).

L
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he negative hippocampus pathology in our patients
as similar to other reports of MRI-negative hip-
ocampus (Immonen et al., 2010). The onset of
eizures in our 11 patients showed late onset (mean:
9.9 years) and short duration (mean: 5.0 years). As
mygdala kindling is faster than hippocampal kindling
n provoking limbic seizures, hippocampal sclerosis
nd memory dysfunction may not appear at the time
eizures become pharmaco-resistant, secondary to
he enlarged amygdala.

HT was performed in seven patients with a mean age
f 39.5 (range: 28-57) and a mean verbal score of 102 for
ominant hemispheres. The MHT succeeded in saving

heir verbal memory score with a mean of 93 at 12-24
onths.
HT was developed to terminate the epileptic net-
ork and seizure spread in the hippocampus but save

he normal neural memory network (Shimizu et al.,
006). Usami et al. reported that MHT spared mem-
ry functions in 24 patients (14 dominant side and
0 non-dominant side) for up to five years (Usami
t al., 2016). In patients with pharmaco-resistant TLE-
E, MRI-negative hippocampus, and normal memory

unctions, MHT and amygdala resection might be a
urgical option after multiple AED trials fail to control
eizures.

inami et al. reported that pathological findings of
he nine resected hippocampi showed mild gliosis and
ix of them were classified as Grade I according to

atson’s pathological grading for hippocampal sclero-
is (Minami et al., 2015). Our hippocampal specimens
id not show any sclerosis, gliosis, or inflammatory
hange, but showed subtle granular cell dispersion.
e could not find histopathological abnormalities

n the epileptogenic hippocampus and amygdala. In
harmaco-resistant TLE-AE, both amygdala and hip-
ocampal pathology play an important role, but the
echanism for the enlarged amygdala and normal

ippocampus that leads to intractable TLE remains
nclear. The combination of amygdala resection and
HT might disrupt the epileptogenic limbic system.

n the right/non-dominant hemisphere, hippocampal
esection did not affect visual memory in our three
ases, however, further studies of postoperative visual
emory function following either multiple transec-

ions or resection of the non-dominant hippocampus
re required to establish how visual memory may be
ffected.
261

ack of histopathological abnormality
n the enlarged amygdala

ifferent types of pathology have been found based
n previous studies of TLE-AE: focal cortical dysplasia,
lioneuronal tumours, low-grade gliomas, or neuro-
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nflammatory processes (Kim et al., 2012; Beh et al.,
016; Malter et al., 2016). In this series, we excluded
hese abnormalities of the amygdala based on MRI.
espite the similarity of clinical features between
atients with these different types of pathology and

hose from our series, we did not observe any
istopathological changes in any of the resected amyg-
alas.
ecovery of amygdala enlargement based on MRI has
een reported following good seizure control by AEDs

Lv et al., 2014). The reversible change in amygdala
ndicates that amygdala enlargement occurs as a sec-
ndary, reactive phenomenon and not actual neuronal
amage or malformation. Our 11 patients suffered
ith seizures for more than one year with multiple
EDs, secondary to the enlarged amygdala. The size
f the amygdala did not change before surgery. Their
eizures never remitted during medical treatments.
he epileptogenicity of the enlarged amygdala in our
eries probably provoked pharmaco-resistant tempo-
al lobe seizures.

mygdala volumetry

olumetric MRI analysis of hippocampi has been
stablished to detect even subtle degrees of hip-
ocampal atrophy (Cascino et al., 1991; Cook et al.,
992). Lateralized hippocampus volume loss on the
pileptic side was shown to predict the presence
f histopathological hippocampal sclerosis (Cascino,
995).
ower et al. were the first to attempt to estimate
mygdala volumes in “MRI-negative” TLE (Bower et
l., 2003). The boundaries between the amygdala and
he adjacent structures of the hippocampus, putamen,
nd parahippocampal gyrus are poorly demarcated
Watson et al., 1992; Cendes et al., 1993). Normal amyg-
ala volumes were shown to span a wide range (Brabec
t al., 2010). The level of volumetric MRI analysis with
egard to TLE-AE has not yet reached the same level as
hat for hippocampus volumetry (Mitsueda-Ono et al.,
011; Kimura et al., 2015; Beh et al., 2016).
n our series of TLE-AE without mesial temporal scle-
osis, the laterality of amygdala volume, confirmed by
oth visual inspection and amygdala volumetry, corre-

ated with the epileptogenic mesial temporal network.
62

imitations of intracranial recording

e applied depth electrodes for the amygdala and sub-
ural electrodes for the hippocampus and the lateral

emporal region.
inami et al. reported that it was not possible to

etect IEDs from the amygdala based on ioECoG using
trip electrodes (Minami et al., 2015). We, however,

v
t

B
m
B

B
c
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ecorded ictal and interictal epileptiform discharges
rom the amygdala in all eight patients who underwent
vEEG using depth electrodes into the amygdala. The
epth electrode was inserted using a navigation sys-

em after the temporal lobe was exposed. Both depth
nd subdural electrodes were effective for presurgi-
al assessment in temporal lobe epilepsy (Valentín et
l., 2017). The epileptic discharges originating from the
ippocampus were clearly indicated by the “T”-shape
trip electrode which longitudinally covered the hip-
ocampus (Shimizu et al., 1992). The combination of
epth electrode for the amygdala and T-shape strip
lectrode for the hippocampus was efficient in reveal-

ng epileptic discharges during ivEEG in our patients
ith TLE-AE. We do not have stereotactic electroen-

ephalography (SEEG) capability in our institution, and
his may be accurate and less invasive for patients with
LE-AE.

onclusions

hen TLE-AE becomes pharmaco-resistant, the epilep-
ogenic zone involves both the amygdala and
ippocampus. ivEEG may be required to explore the
OZ in the normal hippocampus in addition to the
nlarged amygdala. For patients with dominant-side
LE-AE, amygdala resection and MHT control the
pileptogenic limbic system and save memory func-
ion in patients with TLE-AE. �

upplementary data.
ummary didactic slides are available on the
ww.epilepticdisorders.com website.
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TEST YOURSELF
EDUCATION

(1) Where is the seizure onset zone in patients with pharmaco-resistant temporal lobe epilepsy with amygdala
enlargement?

(2) What is the surgical treatment for pharmaco-resistant temporal lobe epilepsy with amygdala enlargement
and MRI-negative hippocampus?

Watson C, Andermann F, Gloor P, et al. Anatomic basis of
amygdaloid and hippocampal volume measurement by mag-
netic resonance imaging. Neurology 1992; 42: 1743-53.

Wieser HG. Mesial temporal lobe epilepsy versus amygdalar
epilepsy: late seizure recurrence after initially successful
amygdalotomy and regained seizure control following hip-
pocampectomy. Epileptic Disord 2000; 2: 141-52.

Wong-Kisiel LC, Britton JW, Witte RJ, et al. Double inversion
recovery magnetic resonance imaging in identifying focal
cortical dysplasia. Pediatr Neurol 2016; 61: 87-93.

Yasargil MG, Teddy PJ, Roth P. Selective amygdalo-
hippocampectomy. Operative anatomy and surgical tech-
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(3) What is the histopathological finding of the enlarged
enlargement?

Note: Reading the manuscript provides an answer to all q
website, www.epilepticdisorders.com, under the section
Epileptic Disord, Vol. 21, No. 3, June 2019

amygdala in temporal lobe epilepsy with amygdala

uestions. Correct answers may be accessed on the
“The EpiCentre”.
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