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not with scalp electrodes. IEDR decreases started with resec-
tion of the superior temporal gyrus. A larger patient cohort is 
necessary to confirm the high predictive values of IEDR mon-
itoring that could become a tool for surgery customization. 

 © 2016 S. Karger AG, Basel 

 Introduction 

 Anterior temporal lobe resection (ATLR) including 
mesial temporal structures  [1]  (mesial ATLR) can lead to 
seizure suppression in more than 70% of patients with 
temporal lobe epilepsy (TLE)  [2–4] , even in the long term 
 [5] . Following ATLR, patients report an improvement 
in their quality of life  [6] , but nonetheless, ATLR can be 
sometimes associated with important cognitive declines, 
in particular when lesions are located in the left temporal 
lobe  [7]  or when neuropsychological performances are 
thought to have been normal prior to surgery  [3, 8] . Neu-
ropsychological impairments are proportional to the ex-
tension of the resection  [9] . In this sense, a trade-off be-
tween benefits and risks of surgery must be made, and 
seizure freedom should be ensured with the smallest 
amount of tissue resected.

  In this perspective, this work introduces a method to 
monitor the ongoing effect of ATLR by observing the 

 Keywords 

 Intraoperative neuromonitoring · Temporal lobe epilepsy · 
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 Abstract 

  Background/Aims:  The monitoring of interictal epileptiform 
discharge rates (IEDRs) all along anterior temporal lobe resec-
tions (ATLRs) has never been reported. Here the effect of ATLR 
on continuous IEDR monitoring is described.  Methods:  IEDRs 
computed automatically during entire interventions were re-
corded in 34 patients (38.2%, 13/34 depth; 61.8%, 21/34 scalp 
electrodes only). Monitorings were invalidated when burst 
suppression occurred or if initial IEDRs were <5.  Results:  Mon-
itoring was successful for 69.2% (9/13) of the patients with 
depth recordings and for 4.8% (1/21) of the patients with 
scalp recordings. Burst suppressions precluded it in 30.8% 
(4/13) of the depth and in 57.1% (12/21) of the scalp record-
ings. Initial IEDRs were <5 for 38.1% (8/21) of the scalp record-
ings. Significant IEDR decreases were observed in 8/10 pa-
tients with successful monitoring. These decreases started 
with resection of the superior temporal gyrus. IEDRs de-
creased further with amygdalohippocampectomy in 3/5 pa-
tients. At the 12-month follow-up, all patients with IEDR de-
creases remained seizure free; both patients without did not. 
 Conclusion:  IEDR monitoring was possible with depth, but 
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temporal evolution of the interictal eptileptiform dis-
charge rate (IEDR) during surgery. Interictal eptilepti-
form discharges (IEDs) are spontaneous, short-time du-
ration (<200 ms) abnormalities of the electroencephalo-
gram (EEG). Even if they are supposed to result from 
pathological synchronized neuronal firing, this statement 
is still under debate  [10] . In animal models, their roles are 
linked to either seizure prevention or facilitation  [11] . 
The IEDR has been used as a neurophysiological marker, 
allowing quantifying the epileptiform activity. In deep 
brain stimulation  [12, 13]  or vagal nerve stimulation  [14–
18] , it has been shown that IEDR reduction is correlated 
with seizure frequency decrease. In the domain of tempo-
ral lobe surgery, Oliveira et al.  [19]  intraoperatively com-
pared IEDs before and after resection of the temporal pole 
and after resection of the mesial structures. They con-
cluded that the observation of isolated discharges only, 
opposed to more complex epileptiform patterns, was pre-
dictive of the patients’ outcome. A previous attempt to 
assess the predictive value of IED recorded intraopera-
tively was conducted by McBride et al.  [20] . They report-
ed that a persistence of 50% or more epileptiform activity 
after temporal lobe resection was correlated with poor 
outcome in 80% of the patients ( n  = 5). Nevertheless, in 
this study the comparisons of postresection EEGs to pre-
resection EEGs were certainly biased by the use of thio-
pentone sodium, well known to increase epileptiform ac-
tivity  [21] . In an extensive review of epilepsy surgery, Ra-
thore and Radhakrishnan  [22]  showed that presence or 
absence of IED after surgery is significantly associated 
with the outcome of temporal lobe resection. In this re-
view, IEDs were treated as a binary variable (present or 
absent), and due to the variety of studies grouped togeth-
er  [23]  the postoperative EEG protocols as well as IED 
detection were not homogeneous. These studies, based 
on electrocorticography, also share some technical limi-
tations: they require the surgery to be stopped, they are 
intermittent, and they can be modified by the position of 
the cortical electrodes.

  The goal of the present study was to describe how 
IEDRs were modified during whole ATLRs with or with-
out mesial structure resections. They were computed 
continuously, every minute, all along the surgery, and 
automatically to guarantee reproducible marking, elimi-
nating human EEG reviewing variability  [24] . In the 
present study, brain activity was recorded continuously 
during the whole surgery, from ipsilateral hippocampal 
depth electrodes, contralateral mesial depth electrodes, 
or ipsilateral scalp electrodes, including all resection pe-
riods.

  Methods 

 Patients 
 EEGs were recorded in 34 patients with pharmacoresistant 

TLE. Patients with any extratemporal lesion resection were exclud-
ed. Intraoperative monitoring of epileptiform discharges with 
IEDRs was performed in 38.2% (13/34) of cases from depth elec-
trodes and in 61.8% (21/34) of cases from scalp electrodes.

  All patients underwent a comprehensive workup, in order to 
determine whether they were suitable candidates for surgery. This 
included high-resolution brain magnetic resonance imaging 
(MRI), video-EEG telemetry, interictal positron emission tomog-
raphy, ictal and interictal single-photon emission computerized 
tomography, and neuropsychological and psychiatric examina-
tion.

  Additional intracranial invasive exploration could be per-
formed because of discordant scalp EEG data collected during the 
noninvasive preoperative workup. Patients were implanted with 
depth or grid electrodes in order to localize the epileptogenic zone. 
Stereotactic depth electrodes were implanted including the follow-
ing structures: amygdala, hippocampus, and frontal lobe. Ipsilat-
eral, longitudinal depth electrodes could be kept in place during 
the surgery as well as contralateral depth electrodes.

  To all of them ATLR was proposed. Among the patients, 3 were 
diagnosed with hippocampal sclerosis, which was defined as in-
creased FLAIR signal and reduced volume on T1-weighted MRI 
(patients P1, P3, and P10).

  As described in the Results section, IEDRs were successfully 
monitored in 69.2% (9/13) of patients with depth recordings and 
only in 4.8% (1/21) of patients with temporal scalp recordings. The 
mean age at surgery of patients with successful recordings was 32.6 
years (standard deviation, SD: 13.5) and at epilepsy onset 15.4 
years (SD: 7.8;  Table 1 ; 7 male, 3 female). Regarding seizure type, 
8 patients suffered from complex partial seizure only, 2 from sec-
ondary generalized seizure.

  Two patients received amygdalohippocampal deep brain stim-
ulation until surgery was programmed (P4, P5), with moderate-to-
poor improvements in seizure rates  [25] . ATLR was decided as an 
option consequently to this lack of results. In the case of patient 
P4, subsequent preoperative electrical source imaging performed 
with high-resolution interictal EEG (256 channels, distributed lin-
ear inverse solution) allowed us to localize an interictal epileptic 
focus at the anterior part of the temporal lobe  [26] .

  The research was conducted according to the recommended 
ethical guidelines of the Declaration of Helsinki and was approved 
by the Ethics Committee of the University Hospitals of Geneva 
(CER 11-088).

  IEDR and Statistics 
 EEGs were sampled at 5 kHz (BrainAmp MR plus, Brain Prod-

ucts GmbH, Munich, Germany). IEDRs were computed from EEG 
of intracranial depth electrodes located contralaterally into the 
amygdala or hippocampus, or longitudinally into the hippocam-
pus on the surgery side (Ad-Tech Instruments, Racine, WI, USA), 
or from temporal and ipsilateral scalp electrodes (DME1001, 
Medtronic Xomed Inc., Jacksonville, FL, USA).

  Before IEDRs were computed, burst suppression stages were 
detected: they were defined as the occurrence of 2 consecutive slid-
ing EEG windows of amplitude, peak to peak, lower than 35 μV 
(0.5 s duration with sliding steps of 0.1 s  [27] ). If at least 1 burst 

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

itä
ts

bi
bl

io
th

ek
 B

er
n 

   
   

   
   

   
   

   
   

   
   

   
   

  
13

0.
92

.1
75

.1
66

 -
 4

/6
/2

01
7 

10
:2

5:
36

 A
M



 Tyrand/Momjian/Pollo/Lysakowski/
Lascano/Vulliémoz/Schaller/Boëx

 

Stereotact Funct Neurosurg 2016;94:404–412
DOI: 10.1159/000452842

406

 T
a

b
le

 1
.  P

re
op

er
at

iv
e 

ch
ar

ac
te

ri
st

ic
s o

f p
at

ie
nt

s

Pa
-

tie
nt

A
ge

/
ag

e 
at

on
se

t

G
en

de
r/

do
m

i-
na

nc
e

Pr
eo

p.
(s

ei
zu

re
 ty

pe
/

se
iz

ur
e 

fr
eq

.)

Pr
eo

p.
A

ED
, m

g
M

RI
In

te
ri

ct
al

 E
EG

 Ic
ta

l E
EG

IA
T 

sit
e

al
te

ra
tio

n
Ps

yc
hi

at
ri

c 
ev

al
ua

tio
n

no
ni

nv
as

iv
e

in
va

siv
e

no
n i

nv
as

iv
e

in
va

siv
e

Pa
tie

nt
s w

ith
 d

ep
th

 el
ec

tr
od

es
P1

44
/1

4
M

/R
C

PS
 (4

/d
; 2

/y
)

LE
V

 2
50

R 
H

S
R 

Sp
h 

> 
L 

Sp
h

R 
A

nt
 T

 >
 L

 T
R 

T 
> 

L 
T

R 
H

ip
p

N
P

N

P2
21

/1
3

M
/R

C
PS

 (3
/d

; 1
/w

)
O

X
C

 3
00

-0
-6

00
N

L 
Sp

h 
> 

R 
Sp

h
L 

A
nt

 T
 >

 R
 T

R 
A

nt
 T

N
eo

co
rt

ic
al

 T
N

P
N

P4
51

/4
F/

R
C

PS
 (5

 – 
6/

m
)

O
X

C
 6

00
-0

-6
00

M
D

L 
50

0-
0-

25
0

N
R 

T 
> 

L 
T

R 
T 

> 
L 

T
L 

H
ip

p
V

is 
M

em
 D

ef
D

P5
35

/1
5

M
/R

C
PS

 (7
/m

)
LE

V
 1

,0
00

-0
-1

,0
00

N
L 

H
ip

p 
> 

R
L 

H
ip

p 
> 

R
L 

H
ip

p
V

er
b 

M
em

 D
ef

A

P6
49

/3
3

M
/A

m
C

PS
 (1

 – 
2/

m
)

C
BZ

 2
00

-0
-4

00
LC

M
 1

00
-0

-1
00

A
sy

m
m

et
ri

c
m

am
m

ill
ar

y
bo

dy
; L

 <
 R

L 
T

L 
La

t p
ol

ar
 T

L 
T

L 
T 

po
la

r
N

C
N

P7
13

/1
1 

m
M

/R
C

PS
 (2

/d
)

Se
cG

S 
(2

/y
)

LT
G

 1
50

-0
-1

50
V

PA
 4

50
-0

-4
50

C
BZ

 1
-0

-1
00

C
LB

 0
-0

-1
0

M
ul

tip
le

 tu
be

rs
;

w
hi

te
 m

at
te

r
ab

no
rm

al
iti

es
;

ce
re

be
lla

r
ar

ac
hn

oi
d 

cy
st

L 
Fr

 T
L 

Po
st

 T
 b

as
al

L 
T 

> 
he

m
isp

he
re

L 
A

nt
 T

 b
as

al
N

P
N

P

P8
27

/2
3

M
/R

C
PS

 (1
 – 

2/
m

)
C

BZ
 6

00
-0

-6
00

V
PA

 5
00

-0
-5

00
N

L 
Fr

 T
 >

 R
L 

T
L 

T 
po

la
r,

ba
sa

l, 
L 

H
ip

p
L 

H
ip

p
N

P
H

yp
er

-
ac

tiv
ity

P9
26

/1
3

F/
R

C
PS

 (1
5/

m
)

Se
cG

S 
(2

 – 
3/

m
)

C
LB

 1
5-

10
-1

5
C

BZ
 6

00
-0

-8
00

N
L 

T 
> 

R 
T

L 
A

nt
 T

, L
 H

ip
p

–
L 

A
nt

 T
,

H
ip

p 
> 

L 
La

t
N

C
D

P1
0

42
/1

7
F/

L
C

PS
 (1

/w
)

LT
G

 2
00

-0
-2

00
PR

M
 1

25
-0

-1
25

L 
H

S;
 L

 L
at

ab
no

rm
al

ity
 T

L 
T 

> 
R 

T
L 

T 
> 

R 
T

L 
T 

> 
R 

T
L 

T 
> 

R 
T

N
P

D

Pa
tie

nt
 w

ith
 sc

al
p 

el
ec

tr
od

es
P3

18
/1

1
M

/R
C

PS
 (1

/d
)

C
BZ

 6
00

-0
-6

00
R 

H
S

R 
A

nt
 T

> 
R 

Fr
 T

R 
A

nt
 T

> 
R 

Fr
 T

 >
 L

 T
R 

T
R 

A
 →

 R
 H

ip
p

N
P

N

 A
ge

 at
 im

pl
an

ta
tio

n 
in

 y
ea

rs
; a

ge
 at

 ep
ile

ps
y 

on
se

t i
n 

ye
ar

s; 
ge

nd
er

: f
em

al
e (

F)
, m

al
e (

M
); 

do
m

in
an

ce
: a

m
bi

de
xt

ro
us

 (A
m

), 
le

ft 
(L

), 
ri

gh
t (

R)
; s

ei
zu

re
 ty

pe
s: 

co
m

pl
ex

 p
ar

tia
l s

ei
zu

re
 (C

PS
), 

se
co

nd
ar

y 
ge

ne
ra

liz
ed

 se
iz

ur
e (

Se
cG

S)
; 

ra
ng

e 
of

 se
iz

ur
e 

fr
eq

ue
nc

y:
 p

er
 y

ea
r (

/y
), 

pe
r m

on
th

 (/
m

), 
pe

r w
ee

k 
(/

w
), 

pe
r d

ay
 (/

d)
; a

nt
ie

pi
le

pt
ic

 d
ru

gs
 (A

ED
s)

: c
ar

ba
m

az
ep

in
e 

(C
BZ

), 
la

co
sa

m
id

e 
(L

C
M

), 
cl

ob
az

am
 (C

LB
), 

le
ve

tir
ac

et
am

 (L
EV

), 
la

m
ot

ri
gi

ne
 (L

TG
), 

m
id

az
ol

am
 

(M
D

L)
, o

xc
ar

ba
ze

pi
ne

 (O
X

C
), 

va
lp

ro
at

e (
V

PA
), 

pr
im

id
on

e (
PR

M
); 

M
RI

: n
or

m
al

 (N
), 

hi
pp

oc
am

pu
s s

cl
er

os
is 

(H
S)

; l
oc

al
iz

at
io

n 
of

 in
te

ri
ct

al
 an

d 
ic

ta
l E

EG
 ab

no
rm

al
iti

es
: a

m
yg

da
la

 (A
), 

hi
pp

oc
am

pu
s (

H
ip

p)
, f

ro
nt

al
 o

r f
ro

nt
o-

 (F
r)

, 
la

te
ra

l o
r l

at
er

o-
 (L

at
), 

an
te

ri
or

 (A
nt

), 
sp

he
no

id
al

 (S
ph

), 
po

st
er

io
r (

Po
st

), 
te

m
po

ra
l (

T)
; i

nt
ra

-a
rt

er
ia

l a
m

ob
ar

bi
ta

l t
es

t (
IA

T)
: n

ot
 p

er
fo

rm
ed

 (N
P)

, n
ot

 c
on

tr
ib

ut
iv

e 
(N

C
), 

de
fic

it 
(D

ef
), 

m
em

or
y 

(M
em

), 
vi

su
al

 (V
is)

, v
er

ba
l (

V
er

b)
; 

ps
yc

hi
at

ri
c 

ev
al

ua
tio

n:
 a

nx
ie

ty
 (A

), 
de

pr
es

sio
n 

(D
).

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

itä
ts

bi
bl

io
th

ek
 B

er
n 

   
   

   
   

   
   

   
   

   
   

   
   

  
13

0.
92

.1
75

.1
66

 -
 4

/6
/2

01
7 

10
:2

5:
36

 A
M



 Intraoperative Epileptiform Discharge 
Monitoring 

Stereotact Funct Neurosurg 2016;94:404–412
DOI: 10.1159/000452842

407

suppression period was detected per minute, then the IEDR for 
that particular minute was discarded. The burst suppressions de-
tected were verified visually (BESA, MEGIS Software GmbH, Ger-
many).

  An automated continuous IED detector was applied as previ-
ously described  [12] . It computed the number of IEDs per minute 
(IEDR per se; Matlab, Mathworks, Natick, MA, USA). Its algo-
rithm combines wavelet transform and basic detection theory  [28] . 
A bayesian hypothesis test is applied to the putative IED in order 
to take into account the scarcity of these events into the EEG.   Mul-
tiple discharges occurring within 300 ms were merged and associ-
ated with a single event. Hence detected spikes were equivalent to 
the so-called isolated discharges and to the continuous discharges 
described by Oliveira et al.  [19] .

  This method was first described and compared to IED marked 
by expert neurologists within the framework of 1 previous deep 
brain stimulation study  [12] . Since the recording conditions of an 
operating room are different from the ones of this previous study, 
the comparison to human EEG marking was conducted again: 
IEDs were marked by our EEG experts in 4 samples of 10 min each. 
The samples were taken from recordings performed in 2 patients, 
P1 and P2: 1 sample prior to and 1 sample after resection for both 
patients. The sensitivities of automated IEDs were: for patient P1, 
68.9 and 79.6%; for patient P2, 84.4 and 77.5% (before and after 
resection, respectively). Using the same golden rule, i.e. IEDs 
marked by at least 2 of the 3 EEG experts are retained, the detector 
achieved a performance comparable to that of the EEG specialists 
with a combined sensitivity of 76% (event frequency and recording 
length weighted  [29] ). This result is equivalent to that previously 
described  [30]  (73.9%). Additionally, our 3 neurophysiologists 
were individually evaluated, each according to their own mark-
ings, by applying the same aforementioned rule: they achieved sen-
sitivities of 55.2% (less experimented), 80.3% (experimented) and 
98.8% (most experimented neurophysiologist), in agreement with 
their professional experience. Hence, the automated IED detector 
performed as well as experimented neurophysiologists in this 
comparison while it was disfavored because not considered being 
within the golden rule.

  EEGs were again submitted to visual inspection to discard re-
maining artifacts not detected by the automated artifact rejection 
 [12] , e.g., artifacts from the radiofrequency cut or blend systems.

  The changes in IEDR medians were assessed by a Wilcoxon 
rank sum test. The IEDRs computed up to the beginning of the 
resection were compared to the IEDRs computed between the 
beginning and the end of the ATLR. The IEDRs computed 10 
min before the resection of the mesial structures were compared 
to those computed 10 min after that last resection when per-
formed.

  The difference between proportions of successful monitoring 
performed with depth versus scalp electrodes was examined with 
z-tests and was accepted as significant with a 1% risk (i.e.,  p  < 0.01).

  Anesthesia Protocol 
 Antiepileptic drugs were not interrupted before surgery. Anes-

thesia was conducted using target controlled infusion (Base 
Primea, Fresenius-Vial, Brezins, France) of propofol  [31, 32]  and 
sufentanil  [33, 34] . For induction, concentrations were for propo-
fol 4.5–5.0 μg/mL and for sufentanil 0.3–0.4 ng/mL. During main-
tenance these concentrations were carefully monitored and kept 
constant, and burst suppression was avoided ( Table 2 ).

  Resective Surgery 
 In all cases, the surgery was planned according to the patient’s 

presurgical evaluation and was not modified according to the 
changes in IEDRs during the surgery. In the operating room, 
coregistration of the head surface and the preoperative MRI was 
performed with a neuronavigation system (Stealthstation, 
Medtronic, Minneapolis, MN, USA). Consequently, the head was 
rotated approximately 45° to the opposite side and in slight hyper-
extension.

  Approximately a length of 3.5 cm was measured from the pole 
along T1, which was considered as being the posterior limit of the 
temporal polectomy. T1 was first resected subpially to the pole and 
hence towards the uncus. The temporal lobe was then transected 
transversally from T1 and the anteroinferior border of the insula 
down to the collateral sulcus, allowing the lateral temporal pole to 
be removed on bloc: it allowed then the proper identification of the 
temporal horn and the temporomesial structures. When an amyg-
dalectomy was performed, the amygdala was resected up to the 
optic tract. In case of hippocampectomy, the hippocampus was 
removed from the choroidal fissure superomedially to the collat-
eral eminence inferolaterally, and as posteriorly as possible. The 
adjacent uncus and parahippocampal gyrus were aspirated.

  Long-Term Outcome 
 Postoperative outcome was evaluated 12 months after the sur-

gery. Effects of surgery on the seizure occurrences and types were 
assessed by using the International League against Epilepsy scale 
 [35] . This is a 6-class scale, with classes 1–4 covering absence of 
seizures to significant seizure reduction and classes 5 and 6 includ-
ing nonsignificant reduction and an increase in seizure frequency 
(International League against Epilepsy scores 1–6). Possible 
changes in antiepileptic drugs were monitored.

  Results 

 EEGs were recorded in 38.2% (13/34) of patients from 
depth and in 61.8% (21/34) from scalp electrodes only. 
Too low IEDRs, i.e., lower than 5 at the beginning of the 
surgery, precluded the monitoring in 38.0% (8/21) of pa-
tients with scalp electrodes. The occurrence of burst sup-
pression precluded the monitoring in 30.8% (4/13) of pa-
tients with depth electrodes and in 57.1% (12/21) of pa-
tients with scalp electrodes.

  The IEDR monitoring was achieved in 10 patients, i.e., 
69.2% (9/13) of depth and 4.8% (1/21) of temporal scalp 
recordings. The proportion of successful IEDR monitor-
ing was significantly higher when performed with depth 
than with scalp electrodes ( z  = 3.72,  p  < 0.001). The con-
tributive depth electrodes were located longitudinally 
into the hippocampus on the surgery side (5/9 patients) 
or contralaterally into the amygdala or hippocampus (4/9 
patients;  Table 2 ).

  Within the group of 10 patients with successful IEDR 
monitoring, ATLRs were performed in conjunction with 
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amygdalohippocampectomy in 60.0% (6/10), with amyg-
dalectomy in 10.0% (1/10) of patients and without mesial 
structure resection in 30.0% (3/10) of patients with suc-
cessful IEDR monitoring ( Table 2 ).

  The IEDRs computed successfully all along the surgi-
cal procedures are described in  Figure 1  for the depth re-
cordings and in  Figure 2  for the single contributive scalp 
recording. A significant decrease in IEDRs was observed 
in 80.0% (8/10) of patients once the ATLR was performed 
( p  < 0.001). These decreases started with the resection of 
the superior temporal gyrus and continued with the pos-
terior section of gyri T1, T2, T3, and T4, taking place be-
fore the section of the temporal stem and the “en bloc” 
removal of the lateral temporal pole. They were observed 
ipsilaterally or contralaterally. This is expectable as con-
tralateral invasive exploration was performed in these pa-
tients to exclude a bilateral epileptic focus suspected be-
cause of bilateral epileptiform activity. This observation 
indicates an immediate effect of the ATLR of the primary 
epileptic focus that has an immediate effect on the con-
tralateral mesial structures. Within these 8 patients with 

significant decreases, 1 patient underwent – in addition 
to ATLR – resection of the amygdala, and 5 patients 
amygdalohippocampal resection. In 1 of these patients, 
only scalp recordings were performed, preventing the 
measurements of possible subsequent decreases in IEDRS, 
as IEDs were not observed anymore from scalp record-
ings once ATLR had been performed. Subsequent de-
creases, beyond ATLR, were observed with mesial struc-
ture resection in 60% (3/5) of patients with depth record-
ings.

  IEDR decreases could be interrupted by temporary re-
crudescence of IEDs observed at the time of hippocam-
pectomy (e.g., P3, P7, P9). This could be due to a new 
deafferentation. Patient P5 presented very numerous bi-
lateral hippocampal spikes. In his case, the absence of 
IEDR decrease and seizure reduction suggested a right 
TLE focus.

  At the 12-month follow-up, 100% (8/8) of patients 
with significant IEDR decreases remained seizure free af-
ter ATLR with mesial structure resection; both patients 
without IEDR decreases had still seizures (P5, P10). The 

 Table 2.  Surgical and postsurgical characteristics of patients

 Resection Seizure frequency
1 year after surgery

ILAE Long-term AED Mood Long-term
EEG

Anesthetic Recording sites

side site propofol,
μg/mL

sufentanil,
ng/mL

Patients with depth electrodes
P1 R Ant Am Hipp SF 1 Free for

last 6 m
Constant
improvement

R T slowing U U Contra Am

P2 L Ant SF OXC 300-0-300 Fragility N U U Contra Hipp

P4 R Ant SF 1 OXC 600-0-600
LEV 1,000-0-100

N Scarce Fr
interictal
discharges

4.0 ± 2 0.2 Ipsi Hipp
(DBS 
electrode)

P5 L Ant Am CPS (7/m) 5 LEV 1,000-0-1,000
LCM 100-0-200

A NP U U Ipsi Hipp
(DBS 
electrode)

P6 L Ant SF 1 CBZ 200-0-400
PGB 100-0-100
CLB 5-0-5

N L T slowing 4.5 0.2 Ipsi Hipp

P7 L Ant Am Hipp SF 1 CBZ 200-0-200 NP NP 4 0.25 Ipsi Hipp

P8 L Ant Am Hipp SF 1 CBZ 600-0-600
VPA 500-0-500

N NP 4.5 0.1 Ipsi Hipp

P9 L Ant Am Hipp SF 1 CBZ 600-0-400 NP N 4.5 0.15 Ipsi Hipp

P10 L Ant Am Hipp CPS (2/y) 3 LTG 200-0-200
PRM 125-0-125

D N U U Contra Hipp

Patient with scalp electrodes
P3 R Ant Am Hipp SF 1 At 36 m: 0-0-0

At 24 m: CBZ 200-0-200
N R T slowing Isoflurane sufentanil

0.25 ng/mL
Ipsi T

 Localization of resection: left (L), right (R), anterior temporal lobe (Ant), amygdala (Am), hippocampus (Hipp); seizure types: complex partial seizure (CPS), seizure free (SF), per 
month(/m), per year (/y); seizure occurrences using the International League against Epilepsy scale (ILAE); antiepileptic drugs (AED): oxcarbazepine (OXC), carbamazepine (CBZ), 
clobazam (CLB), levetiracetam (LEV), pregabaline (PGB), lamotrigine (LTG), primidone (PRM); mood: normal (N), anxiety (A), depression (D), not performed (NP); long-term EEG: 
temporal (T), frontal (Fr); anesthetic dosages: unknown (U); recording sites: contralateral depth electrode (Contra); ipsilateral depth electrode (Ipsi), ipsilateral scalp electrodes (Ipsi T).
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positive and negative predictive values of intraoperative 
IEDR changes on seizure occurrence were 100% at the 
12-month follow-up.

  Discussion 

 The IEDR monitoring was successful in the patients 
recorded with depth electrodes but it was merely not pos-
sible in patients recorded with scalp electrodes. Its feasi-
bility relies on the absence of EEG burst suppressions and 
on a minimum number of IEDs per minute.

  This study shows that intraoperative and continuous 
monitoring of IEDRs can be performed with depth elec-
trodes to describe the effects of the surgery on the princi-
pal neurophysiological marker of TLE. The observation 
of a significant decrease in IEDRs was observed in all sei-
zure patients evaluated 1 year after the surgery. In all cas-
es this decrease started with the resection of the superior 
temporal gyrus, terminating with the posterior section of 
temporal gyri. This decrease continued further with me-
sial structure resection in only a subpopulation of the 
group of patients.
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  Fig. 1.  Each graph describes the IEDR monitoring of a single patient recorded from depth electrodes all along the 
surgery. On the ordinate: number of interictal epileptiform discharges per minute (IEDR); on the abscissa: time; 
⚪, ipsilateral recording;  △ , contralateral recording; white symbols, before beginning of resection; light gray, dur-
ing ATLR; dark gray, during uncus and amygdala resections; black, hippocampectomy. 
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  Temporal Lobe Surgery 
 The significant decrease in IEDRs observed in all sei-

zure-free patients at the time of ATLR, before the mesial 
structure resection when performed, advocates a key role 
of ATLR in TLE. This is particularly true when a localized 
neocortical epileptic focus is found. This alleged key role 
of ATL is reinforced by the observation that polectomy 
with mesial structure resection has been shown to be 
more efficient than selective amygdalohippocampectomy 
(SAH) alone  [36] . This is in agreement with prior state-
ments suggesting that “the pole was implicated early in 
the onset of epilepsy”  [37, 38] . In this sense, Thom et al. 
 [39]  observed a disorganization of the temporopolar cor-
tex in TLE with hippocampal sclerosis, suggesting an an-
terior-mesial progression of an acquired pathology.

  Subsequent decreases, beyond those produced by 
ATLR, could be observed with mesial structure resection, 
supporting also the important role of mesial structures in 
some TLE. Conversely to Sindou et al.  [36] , SAH was also 
shown to be as efficient as mesial ATLR  [40] . Different 
surgical methods (“center effect”) can explain the fact that 
SAH is reported as less efficient than mesial ATLR  [41] . 
A concomitant collateral lesion of the ATL is also present 
when SAH is performed, either by transsylvian (entrance 
through “the temporal stem in the inferior circular sul-
cus”) or transcortical approaches  [1] . As Schramm and 
Clusmann  [1]  underlined, the only method that did not 
seem to be as efficient as ATLR in suppressing seizures 
was the stereotactic ablation, which did not injure the 

 entorhinal cortex. The role of the ento rhinal and perirhi-
nal cortices in TLE has been recently further underlined 
 [42] .

  These observations altogether make us question what 
part of resections, which extinguishes a possible anterior 
temporal lobe epileptiform focus, is common to ATLR, 
performed with or without mesial structures, and to SAH. 
In all procedures, (1) the temporal stem is sectioned, al-
tering the temporal network which sustains the epileptic 
process, and (2) the enthorinal cortex is either resected or 
isolated from the temporal network.

  Predicitive Values of IEDR 
 In this series of patients, a significant decrease in IEDRs 

observed with the ATLR could be used as a predictive neu-
rophysiological marker of surgical success in terms of sei-
zure occurrence (100% positive and negative predictive 
values at a 1-year follow-up). Conversely, the presence of 
residual or new spikes does not predict seizure outcome 
in TLE  [30, 43–45] . The current study may have been suc-
cessful in predicting seizure outcome because it considers 
the whole surgery and thus accounts for a general tenden-
cy. As mentioned above, Oliveira et al.  [19] , comparing 
intraoperatively IEDs before and after resection of the 
temporal pole and after resection of the mesial structures, 
concluded that the observation of isolated postresection 
discharges was the only variable predictive of patient out-
come. The present study, continuously and automatically 
analyzing IEDRs along the entire surgery, confirms this 
first observation. Hence, intraoperative monitoring of 
IEDRs appears to be an indirect measure of ATLR success, 
therefore showing its potential value as another evaluation 
modality in epilepsy surgery, in addition to more re-
nowned and well-established techniques such as intra-
operative electrocorticography  [46–49] .

  In the future if no IEDR drop is observed during ATLR, 
the relevance of mesial structure resection in nonlesional 
cases could be reevaluated before amygdalohippocam-
pectomy is performed, in particular in cases of bilateral 
TLE, or in cases of other extratemporal lesions. A larger 
cohort of patients could confirm this statement.

  Limitations of IEDR Monitoring 
 The principal limitation of the continuous IEDR mon-

itoring was that of the anesthesia which should avoid EEG 
burst suppression  [50] . All patients received targeted 
controlled infusions of propofol and sufentanil. To avoid 
the periods of burst suppression, the Bispectral Index TM  
may be employed. Unfortunately this was not the case in 
all recorded patients at the time of the study.
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  Fig. 2.  IEDR monitoring in the single patient with recordings from 
contributive scalp electrodes all along the surgery. On the ordinate: 
number of interictal epileptiform discharges per minute (IEDR); 
on the abscissa: time; white symbols, before beginning of resection; 
light gray, during ATLR; dark gray, during uncus and amygdala 
resections; black, during hippocampectomy. 
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  The other limitation of the IEDR monitoring was the 
need for a consequent number of IEDs per minute at the 
beginning of the surgery, in order to be able to assess its 
changes (i.e., >5/min). Hence, so far, not all ATLRs can 
be monitored with IEDRs; in this sense, patients present-
ing with longer disease duration might be more frequent-
ly eligible  [23] .

  Continuous monitoring with IEDR was possible with 
depth electrodes but not merely with scalp electrodes. The 
rates of IEDs were certainly limited with scalp recordings 
because of their distant localization from the temporal 
cortex and from the impedance of the skull. In particular, 
IEDs generated in mesial structures were not recorded 
correctly from subdermal scalp electrodes, as illustrated 
by patient P3 and as discussed by Wennberg et al.  [35] . 
The indication of positioning 1 depth temporal lobe elec-
trode before the resection starts, when none are available 
from the invasive preoperative exploration or when this 
exploration was not performed, could be valuable in veri-
fying the efficiency of the resection intraoperatively.

  Conclusion 

 The continuous IEDR monitoring of ATLR was pos-
sible from depth but not from scalp electrodes when ad-
equate anesthesia was performed (i.e., no burst suppres-
sion). The resection of the superior temporal gyrus al-
ready decreased the IEDRs that could or not decrease 
further with the amygdalohippocampectomy. IEDR 
monitoring was fully reliable in predicting the success of 
surgery as evaluated 1 year after surgery. Larger cohorts 
of patients are required to verify whether IEDR monitor-
ing can be used as a marker of successful surgery, and 
possibly as a tool for tailoring this surgery.
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