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EpilEpsy is one of the most common neurological 
disorders; its prevalence is 0.5%–1% in the adult 
population.12 Of the many different types of epilep-

sy, temporal lobe epilepsy (TLE) is the most common, and 
it is often intractable despite treatment with antiepileptic 
drugs. In the first randomized trial to investigate the ef-

fectiveness of surgery versus optimum drug treatment in 
patients with TLE, researchers found a 7-fold increase in 
the likelihood of freedom from seizures in patients treated 
surgically.35 A recent meta-analysis reported significantly 
improved seizure control in about 60%–70% of patients 
treated surgically.33 Despite seizure-free outcomes, how-

AbbREvIATIoNs ATL = anterior temporal lobectomy; EEG = electroencephalography; FDG-PET = fluorodeoxyglucose positron emission tomography; fMRI = functional 
MRI; HFO = high-frequency oscillation; MEG = magnetoencephalography; MMSE = Mini-Mental State Examination; PES = parahippocampal electrical stimulation; PHG = 
parahippocampal gyrus; SAH = selective amygdalohippocampectomy; TLE = temporal lobe epilepsy; WMS-R = Wechsler Memory Scale-Revised.
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obJECTIvE Epilepsy surgery is of known benefit for drug-resistant temporal lobe epilepsy (TLE); however, a certain 
number of patients suffer significant decline in verbal memory after hippocampectomy. To prevent this disabling compli-
cation, a reliable test for predicting postoperative memory decline is greatly desired. Therefore, the authors assessed the 
value of electrical stimulation of the parahippocampal gyrus (PHG) as a provocation test of verbal memory decline after 
hippocampectomy on the dominant side.
mEThods Eleven right-handed, Japanese-speaking patients with medically intractable left TLE participated in the 
study. Before surgery, they underwent provocative testing via electrical stimulation of the left PHG during a verbal en-
coding task. Their pre- and posthippocampectomy memory function was evaluated according to the Wechsler Memory 
Scale-Revised (WMS-R) and/or Mini-Mental State Examination (MMSE) before and 6 months after surgery. The rela-
tionship between postsurgical memory decline and results of the provocative test was evaluated.
REsuLTs Left hippocampectomy was performed in 7 of the 11 patients. In 3 patients with a positive provocative rec-
ognition test, verbal memory function, as assessed by the WMS-R, decreased after hippocampectomy, whereas in 4 
patients with a negative provocative recognition test, verbal memory function, as assessed by the WMS-R or MMSE, 
was preserved.
CoNCLusIoNs Results of the present study suggest that electrical stimulation of the PHG is a reliable provocative test 
to predict posthippocampectomy verbal memory decline.
http://thejns.org/doi/abs/10.3171/2015.7.JNS15408
KEY woRds temporal lobe epilepsy; verbal memory function; depth electrodes; hippocampus; entorhinal cortex; 
functional neurosurgery
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ever, a certain number of patients suffer considerable de-
cline in memory function, especially verbal memory func-
tion, after surgery.11,16

Verbal memory function is of particular concern in 
patients with relatively high preoperative verbal memory 
performance who will undergo hippocampectomy on the 
language-dominant side; these patients have an increased 
risk of postoperative decline in verbal memory function.14 
Currently, the severity of hippocampal sclerosis, as as-
sessed by left hippocampal volume loss, is considered one 
of the predictors of memory outcome, with mild or no hip-
pocampal sclerosis posing an increased risk of postopera-
tive memory decline.15 Older age at the time of surgery, 
late onset of seizures, and male sex are also risk factors for 
memory decline after left anterior temporal lobectomy.10,17 
Patients at high risk for postoperative memory decline may 
undergo the intracarotid amytal procedure (Wada test).19,25 
This procedure provides a reasonable index of the risk for 
developing amnesia, but its predictive value for the degree 
of verbal memory decline remains controversial.19,25

Together, concerns about postoperative memory de-
cline and limitations in predicting it play a pivotal role 
in keeping patients away from potentially seizure-curing 
surgery. Thus, a reliable means of predicting, and thus 
circumventing, disabling postoperative memory compli-
cations is eagerly awaited. Direct electrical stimulation 
of functional cortical regions, such as the motor and lan-
guage areas, is performed in patients scheduled for epi-
lepsy or glioma surgery.1,4,18 Its utility for identifying the 
essential language cortex has been demonstrated in a large 
number of patients,27 and it is considered the gold stan-
dard for predicting postoperative functional impairment. 
Implanted electrodes are also used for ictal recordings be-
fore surgery in patients with intractable epilepsy.23 Direct 
electrical stimulation of the hippocampus during memory 
encoding in humans has been shown to disrupt subsequent 
recognition memory.9,22

Herein we describe our preliminary experience with 
parahippocampal electrical stimulation (PES) during a 
memory encoding task in a series of patients who had 
depth electrodes already implanted for presurgical iden-
tification of the seizure focus. This is the first reported at-
tempt to evaluate this technique as a provocation test for 
the prediction of verbal memory decline after hippocam-
pectomy on the dominant side.

methods
study patients

The study group comprised 11 consecutive right-hand-
ed, Japanese-speaking patients with medically intractable 
left TLE who had undergone implantation of electrodes 
in the left temporal lobe for the purpose of localizing the 
epileptogenic focus. These patients, described in Table 
1, were all treated at Osaka University Hospital. Patients 
ranged in age from 16 to 66 years (mean 37.4 years), and 
the average duration of complex partial seizures was 17.4 
years. Preoperative diagnostics consisted of high-resolu-
tion MRI, surface ictal and interictal electroencephalog-
raphy (EEG), interictal magnetoencephalography (MEG), 
seizure semiology, and neuropsychological examination. 

Upon MRI, radiologists blinded to the other evaluations 
reported hippocampal atrophy in 4 patients (Cases 1, 3, 
5, and 6). No other abnormality was noted except in the 
patient in Case 4, who had a left middle cranial arachnoid 
cyst. Interictal fluorodeoxyglucose positron emission to-
mography (FDG-PET) hypometabolism was seen in the 
ipsilateral mesial temporal lobe in all but 2 patients (Cases 
3 and 10).

All 11 patients underwent the intracarotid amytal pro-
cedure (Wada test) for determination of hemispheric lan-
guage and memory dominance. For language, 10 patients 
were judged to have left-side dominance and 1 patient to 
have bilateral dominance. For verbal memory, 6 patients 
were judged to have left-side dominance (i.e., preserved 
asymmetry; memory better after right-side injection than 
after left-side injection), and 5 patients were judged to 
have bilateral dominance (symmetry).

The study protocol was approved by the Ethics Com-
mittee of Osaka University Hospital.

Neuropsychological Tests for memory Function before 
and After surgery

All but 1 patient underwent neuropsychological exam-
ination for memory function before and 6 months after 
surgery by means of both the Wechsler Memory Scale-
Revised (WMS-R) and the Mini-Mental State Examina-
tion (MMSE); the patient in Case 3 was assessed using 
only the MMSE. A total of 5 domains were scored: verbal 
memory, visual memory, general memory, attention/con-
centration, and delayed recall. An increase or decrease of 
more than 10% in the WMS-R score after surgery was 
defined as a significant improvement or decline.

provocative memory Testing by pEs
Presurgical provocative memory testing was per-

formed using the electrodes implanted for localizing the 
epileptogenic focus. Intracerebral depth electrodes and 
surface strip and sheet electrodes had been implanted in 
the left temporal lobe in all 11 patients (implantation was 
bilateral in 2 patients). The location and number of elec-
trodes depended on the potential area of the epileptogenic 
zone. The depth electrodes were implanted in the target 
area with the aid of an MRI-guided stereotactic system 
(Leksell Coordinate Frame G, Elekta Instrument AB; 
Fisher ZD stereotactic frame, Stryker Leibinger; or Var-
ioGuide, BrainLAB) and planning software (iPlan, Brain-
LAB AG; or iNtellect Cranial Navigation System, Stryker 
Leibinger). The electrode locations were confirmed by 
postimplantation MRI (Fig. 1) or CT. The depth electrode 
bundles consisted of 6 cylindrical 1-mm-long platinum 
contacts spaced 5 mm apart (Unique Medical Co., Ltd.).

For the provocative test, electrical stimulation was per-
formed in the left parahippocampal gyrus (PHG) during a 
verbal encoding task. The patient was first asked to memo-
rize 3 target words, each presented for 5 seconds, while 
his or her left PHG was stimulated. For some patients, de-
pending on the results of the preexamination, only 1 or 
2 words were presented. The PHG was stimulated by a 
pair of adjacent electrodes under the conditions described 
below, after which the patient was distracted for 60 sec-
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onds by a simple calculation task. The patient was then in-
structed to retrieve the target words, either by recall or by 
recognition (recall: the patient must answer the question 
“What are the words presented a little while ago?” without 
being given a clue; recognition: the patient is presented 
with 2 to 6 words—target and nontarget words—and must 
respond with a “yes” or “no” as to whether or not he or she 
recognizes the target words; Fig. 2). The test result was 
considered positive when 1 or more answers were incor-
rect. Positivity was confirmed by comparing the patient’s 
memory function with and without electrical stimulation. 
When at least 1 pair of electrodes produced a positive re-
sponse, the test was judged positive.

stimulation Conditions
Stimulation was current regulated and charge bal-

anced, with biphasic rectangular pulses set below the af-
terdischarge threshold. The patients were unaware of the 
stimulation conditions, and no patient reported noticing 
any effect. Electrode contacts were stimulated through 
an interface with an electric stimulator (NS101, Unique 
Medical Co., Ltd.). Stimulation was bipolar at a frequency 
of 50 Hz and a pulse width of 200 msec. The surface area 
of each electrode was 1.77 cm2, and the impedance was 
< 10 kW. The limit for stimulation was a current of up to 
6.0 mA (0.68 mC/cm2/phase), which is considered safe and 
is well tolerated in patients with epilepsy who have depth 
electrodes in the temporal lobe.7,34 During stimulation, 
EEG responses, especially afterdischarges, were recorded 
by the electrodes not used for stimulation by means of a 
128-channel digital EEG system (EEG 2000, Nihon Koh-
den Corporation).

surgical procedures
Ictal EEG recordings obtained via the intracranial elec-

trodes revealed that the epileptic focus was located in the 
left medial temporal lobe in 6 patients, in the left lateral 
temporal lobe in 2 patients, in both the left medial and 
lateral temporal lobes in 1 patient, and in the left and right 
temporal lobes in 2 patients. Locations of the epileptic foci 

are shown in Table 2 along with the types of surgeries per-
formed. Of the 6 patients diagnosed with left medial TLE, 
1 (Case 4) underwent anterior temporal lobectomy (ATL) 
combined with hippocampectomy, 4 (Cases 2 and 5–7) 
underwent selective amygdalohippocampectomy (SAH), 
and 1 (Case 8) underwent only electrode removal. Of the 
2 patients diagnosed with left lateral TLE, 1 (Case 1) un-
derwent ATL, and 1 (Case 9) underwent focal resection 
within the left lateral temporal lobe without hippocam-
pectomy. The patient (Case 3) diagnosed with left medial 
and lateral TLE underwent left ATL. A total of 7 patients 
with left TLE underwent resection of the left hippocam-
pus. Six of these 7 patients were seizure free after surgery 
(Engel Class I), and 1 (Case 3) showed substantial seizure 
reduction (Engel Class IIIA). Two patients diagnosed with 
bilateral TLE underwent only electrode removal (Cases 10 
and 11).

Results
provocative Test Results

PES during memory encoding was performed in all 11 
patients. Verbal memory was assessed by means of recog-
nition in all patients; recall was not used for assessment 
in 2 patients (Cases 6 and 11) because they were not able 
to give an appropriate response even under normal condi-
tions without the electrical stimulation.

Eight of the 11 patients showed transient verbal memory 
decline with PES (a positive test). These 8 patients are list-
ed in Table 3. In 7 of the 8 patients, the positive result was 
observed with stimulation of the anterior part of the PHG, 
including the entorhinal cortex. An MR image of electrode 
positions in a representative case (Case 9) is shown in Fig. 
1. In this patient, verbal memory disturbance was provoked 
with electrical stimulation at 6 mA via the depth electrode 
implanted in the entorhinal cortex, which served as the 
cathode. In 2 (Cases 8 and 11) of the 7 patients, verbal 
memory was disturbed with stimulation of the anterior and 
posterior parahippocampal cortex. In 1 patient (Case 3), 
the verbal memory decline was induced with stimulation 
of the posterior PHG but not the anterior PHG.

TAbLE 1. study patients and their clinical characteristics

Case No.
Age (yrs)/

Sex
Epilepsy 

Duration (yrs)
FDG-PET Findings 

in MTL MRI Findings
Wada Test

Verbal Dominance Memory Dominance

1 44/M 29 Decrease HA Lt PA
2 58/F 10 Decrease No lesion Lt Symmetry
3 32/M 13 Intact HA Lt PA
4 25/M 24 Decrease Arachnoid cyst Lt Symmetry
5 28/F 30 Decrease HA Symmetry Symmetry
6 16/M 6 Decrease HA Lt PA
7 38/M 21 Decrease No lesion Lt Symmetry
8 66/M 3 Decrease No lesion Lt Symmetry
9 25/F 13 Decrease No lesion Lt PA
10 34/M 27 Intact No lesion Lt PA
11 45/M 15 Decrease No lesion Lt PA

HA = hippocampal atrophy; MTL = medial temporal lobe; PA = preserved asymmetry.
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Pre- and postsurgical WMS-R scores are summarized 
in Table 4. Seven (Cases 1–3 and 8–11) of the 11 patients 
had a positive recognition test result. Three (Cases 1–3) 
of these 7 patients underwent left hippocampal resection, 
and their WMS-R verbal memory, general memory, and 
delayed recall scores decreased after surgery. The visual 

memory score increased in 2 of these 3 patients. The other 
4 patients (Cases 8–11) underwent surgical procedures 
that preserved the left hippocampus. Upon PES, 3 (Cases 
5–7) of the 11 patients showed no verbal memory distur-
bance (a negative test). These 3 patients underwent left 
hippocampal resection, and their WMS-R verbal memory 

FIg. 1. Case 9. A representative example of electrode placement. Postimplantation axial (A–C) and coronal (d–F) MR images 
showing the location of depth electrodes and a schematic diagram of the electrode position (g). Axial images are dorsal to ventral, 
and coronal images are anterior to posterior. White dotted lines in panel A indicate the levels of coronal images. The deepest 
electrodes on each electrode bundle (numbered 1, 4, and 7) are located in the left entorhinal area. In this patient, verbal memory 
impairment was provoked by electrical stimulation at 6 mA between electrodes numbered 5 (anode) and 8 (cathode), between 
4 (anode) and 7 (cathode), and between 5 (anode) and 4 (cathode). Amy = amygdala; ERC = entorhinal cortex; FuG = fusiform 
gyrus; HpH = hippocampal head.
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scores, attention/concentration scores, and delayed recall 
scores increased to some extent after surgery (Fig. 3). The 
patient in Case 4, who had a negative recognition test and 
positive recall test, underwent left hippocampal resection 
and showed no change in his MMSE score after surgery.

To some extent, a positive provocative test result cor-
responded to left-side dominance on the Wada memory 
test. Five of 6 patients showing left-side dominance on the 
Wada memory test had a positive provocative test, and 3 
of 5 patients showing symmetry on the Wada memory test 
had a negative provocative test. A patient (Case 6) showing 
left-side dominance on the Wada memory test and a nega-
tive provocative test underwent left SAH, and memory 
function improved after surgery. Of the 2 patients (Cases 
2 and 8) who showed symmetry on the Wada memory test 
and had a positive provocative test, 1 (Case 2) underwent 
left SAH, and memory function declined after surgery. 
The other patient (Case 8) underwent only electrode re-
moval.

For 1 patient (Case 6), the provocative test was post-
poned because a secondarily generalized seizure follow-
ing a complex partial seizure was induced by PES. This 
seizure was considered a habitual seizure induced by stim-
ulation of the epileptogenic zone.

discussion
We found that the provocative test conducted using 

depth electrodes placed in the PHG can provide reliable 
complementary information for estimating the verbal 
memory decline that can be expected after resection of the 
left hippocampus. In all 4 patients with a negative provoc-
ative test for recognition, verbal memory function did not 
deteriorate after left hippocampal resection. In contrast, 
verbal memory function declined after left hippocampal 
resection in 3 patients with a positive provocative test for 
recognition.

One of the most impressive results of our study was 
the apparently strong positive association between a nega-
tive provocative test result and the preservation of verbal 
memory function after hippocampectomy. Thus, a nega-
tive provocative test for recognition appeared to be a clini-
cally important indicator of a favorable prognosis. To the 
contrary, a positive provocative test for recognition was 
related to a poor functional outcome.

Good preoperative memory performance and the ab-
sence of hippocampal sclerosis have been reported as risk 
factors for postoperative memory decline.2,8,17,24 In sup-
port of this, we found that among our patients who un-
derwent hippocampal resection, the postoperative verbal 
memory score decreased in those whose preoperative ver-
bal memory scores were 75, 79, and 102, whereas post-
operative scores surpassed preoperative scores in those 
whose preoperative scores were 72, 75, and 79. Postopera-
tive memory decline was seen in 2 of our 4 patients with 

FIg. 2. Diagram of the provocative test for verbal memory function. The patient was asked to memorize 1 to 3 target words pre-
sented for 5 seconds each while his or her PHG was stimulated (A). The patient was distracted by a simple calculation task for 60 
seconds (B). The patient was instructed to retrieve the 3 words either by recall or by recognition (C).

TAbLE 2. Location of the epileptic focus and type of surgery 
performed in each patient

Case 
No. Epileptic Focus Surgery

1 Lt lateral TL Lt ATL
2 Lt medial TL Lt SAH
3 Lt medial & lateral TL Lt ATL
4 Lt medial TL Lt ATL
5 Lt medial TL Lt SAH
6 Lt medial TL Lt SAH
7 Lt medial TL Lt SAH
8 Lt medial TL Removal of electrodes
9 Lt lateral TL Focal resection w/o hippocampectomy
10 Bilateral TL Removal of electrodes
11 Bilateral TL Removal of electrodes

TL = temporal lobe.

TAbLE 3. Electrode location in the 8 patients with a positive 
provocative test

Case No. Electrode Position*

1 Anterior PHG
2 Anterior PHG
3 Posterior PHG
4 Anterior PHG
8 Anterior & posterior PHG
9 Anterior PHG
10 Anterior PHG
11 Anterior & posterior PHG

*  The location of the electrode was judged by means of postoperative MRI, 
except in Cases 1 and 4, where it was judged by CT.
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hippocampal atrophy and in 1 of our 3 patients without 
hippocampal atrophy. Our study group was rather small 
for strict statistical analysis; however, these results suggest 
that the absence of hippocampal sclerosis is not a perfect 
predictor of postoperative memory decline. Memory func-
tion was preserved if the provocative test was negative, 
even for those without hippocampal atrophy.

The Wada memory test has been used to predict post-
operative memory impairment in patients with left TLE. 
Early studies that examined memory asymmetry patterns 
and postoperative memory outcomes in patients with 
TLE demonstrated poorer memory outcomes in patients 
with left TLE who showed left-side dominance on the 
Wada memory test.25,29 Recently, the Wada memory test 
has been used in the statistical modeling of postoperative 
memory decline, but the reported studies present con-
flicting evidence.3,20,26 Our provocative test results were 

in close agreement with the Wada memory test results. 
Of the 6 patients who showed preserved asymmetry on 
the Wada memory test, 5 had a positive provocative test 
result. However, 1 patient (Case 6) showed left-side domi-
nance on the Wada test and had a negative provocative 
test result, and his verbal memory improved after left hip-
pocampectomy. Language function will inevitably be im-
paired for patients in whom verbal memory is being tested 
on the language-dominant side by the Wada memory test. 
It is possible that this language disturbance influences 
the results of the test.3 Additionally, because the hippo-
campus lies in the watershed zone between the carotid 
and posterior cerebral arteries,32 the Wada memory test 
could be sensitive to individual variations in blood flow 
distribution. Our provocative test can temporarily disturb 
the specific area being tested and elucidate its function. 
Our provocative test is potentially more accurate than the 

TAbLE 4. wada memory test results, provocative memory test results, and pre-/postsurgery memory performance

Case No.
Wada 

Memory Test

Provocative Test
Hippocampal 
Resection

WMS-R (Pre-/Posthippocampectomy)

Recall Recognition
Verbal 
Memory

Visual 
Memory

General 
Memory

Attention/
Concentration

Delayed 
Recall

1 Lt + + Yes 79/54 90/106 80/65 108/99 82/67
2 Symmetry + + Yes 102/68 115/92 107/72 112/112 111/86
3 Lt + + Yes 75/51 62/82 66/53 71/71 69/50
4 Symmetry + − Yes MMSE 30/30
5 Symmetry − − Yes 79/89 94/114 81/95 93/100 93/103
6 Lt  NA − Yes 72/84 86/105 70/86 81/108 70/85
7 Symmetry − − Yes 75/80 115/115 83/88 122/138 69/90
8 Symmetry + + No 68 99 76 72 72
9 Lt + + No 83 99 85 85 87
10 Lt + + No 78 77 74 83 <50
11 Lt  NA + No <50 77 <50 56 54

+ = positive test result; − = negative test result; NA = not assessed.

FIg. 3. Summary of provocative test results and posthippocampectomy memory function. 
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Wada test in predicting memory decline after left hippo-
campectomy, and it is quite practical because implanta-
tion of the depth electrodes is essential for localizing the 
epileptic focus.

We provoked memory impairment with electrical stim-
ulation of the left PHG, especially in the left entorhinal 
area (anterior PHG). Decades of research and clinical ob-
servation have established that declarative memory—the 
ability to remember facts and events—depends on the 
hippocampus and associated structures in the medial tem-
poral lobe, including the entorhinal, perirhinal, and para-
hippocampal cortices.30 Coleshill et al. demonstrated that 
transient unilateral subthreshold electrical stimulation in 
the left medial temporal area during encoding could pro-
duce impairment of subsequent delayed yes–no recogni-
tion memory.9 They stimulated the left hippocampus and 
adjacent area via electrodes under stimulus parameters 
similar to ours, i.e., similar stimulus frequency and charge 
density. The entorhinal cortex receives about two-thirds of 
its cortical input from the perirhinal and parahippocampal 
cortices, and it is the major source of cortical projections 
to the hippocampus.31 Kunii et al. reported observing high-
frequency oscillation (HFO) during the verbal memory 
task with subdural electrodes placed on the PHG in 3 of 6 
epileptic patients with a normal left hippocampus.21 In line 
with their findings, we speculate that the electrical stimu-
lation in our study may affect HFO in the PHG, resulting 
in impaired recall and recognition function. Subthreshold 
electrical stimulation is known to act as a transient lesion 
near the stimulating electrodes and to simulate brain func-
tion after electrode removal.13 By selectively disrupting 
functions of the memory system, including the entorhinal 
cortex, that contribute to memory information processing, 
PES can be used more effectively than the Wada test to as-
sess the specific effect of hippocampal resection on verbal 
memory.

Studies have suggested that functional MRI (fMRI) 
may help predict memory decline following anterior tem-
poral lobe resection.6,28 Verbal memory encoding activity 
that is greater in the left hippocampus than in the right hip-
pocampus has been related to the extent of verbal memory 
decline following left anterior temporal lobe resection.6,28 
Recently, fMRI-based mapping was shown by multiple re-
gression analysis to have strong predictive power for post-
operative memory decline.5 Our provocative test is more 
straightforward than fMRI for predicting posthippocam-
pectomy memory decline in patients who have already had 
depth electrodes implanted for the purpose of presurgical 
seizure localization. Our method does not require us to 
set a threshold for the prediction of memory decline, and 
it takes less than 1 hour to obtain a definitive result. Thus, 
PES seems to be a clinically valuable provocative test for 
predicting postoperative memory decline in surgical can-
didates with medial TLE involving the language-dominant 
hemisphere and depth electrodes implanted in the PHG. 
Because verbal memory decline is a serious postopera-
tive complication, it is essential to improve prediction. In 
terms of mimicking posthippocampectomy, our method is 
quite different from conventional methods. Our study was 
limited by the small patient group, and statistical analy-
sis would not have been informative. A logical next step 

would be to include our provocative testing method in a 
multiple regression analysis to weigh its utility for predict-
ing postoperative memory decline.

To the best of our knowledge, this is the first reported 
study to demonstrate the applicability of provocative ver-
bal memory testing via depth electrodes before epilepsy 
surgery.

Conclusions
Our study showed that provocative memory testing 

performed via depth electrodes is a reliable technique that 
can be used to avoid postoperative verbal memory decline 
in patients with TLE. Such testing could be an important 
adjunct in clinical practice and might be of substantial as-
sistance in determining indications for surgery. Further 
studies in a larger series of patients are needed to confirm 
the reliability of this diagnostic procedure.

Acknowledgments
We thank the Grant-in-Aid for Young Scientists (B) 

(#T24791500) and the Grant-in-Aid for Scientific Research 
(#T26462207) from the Ministry of Education, Culture, Sports, 
Science and Technology of Japan, and the Japanese brain-mapping 
project (Brain/MINDS) from Japan Agency for Medical Research 
and Development for supporting this work.

References
 1. Axelson HW, Hesselager G, Flink R: Successful localization 

of the Broca area with short-train pulses instead of ‘Penfield’ 
stimulation. Seizure 18:374–375, 2009

 2. Baxendale S, Thompson P, Harkness W, Duncan J: Predicting 
memory decline following epilepsy surgery: a multivariate 
approach. Epilepsia 47:1887–1894, 2006

 3. Baxendale S, Thompson P, Harkness W, Duncan J: The role 
of the intracarotid amobarbital procedure in predicting verbal 
memory decline after temporal lobe resection. Epilepsia 
48:546–552, 2007

 4. Berger MS, Kincaid J, Ojemann GA, Lettich E: Brain map-
ping techniques to maximize resection, safety, and seizure 
control in children with brain tumors. Neurosurgery 
25:786–792, 1989

 5. Binder JR, Sabsevitz DS, Swanson SJ, Hammeke TA, Ragha-
van M, Mueller WM: Use of preoperative functional MRI to 
predict verbal memory decline after temporal lobe epilepsy 
surgery. Epilepsia 49:1377–1394, 2008

 6. Bonelli SB, Powell RHW, Yogarajah M, Samson RS, Symms 
MR, Thompson PJ, et al: Imaging memory in temporal lobe 
epilepsy: predicting the effects of temporal lobe resection. 
Brain 133:1186–1199, 2010

 7. Boon P, Vonck K, De Herdt V, Van Dycke A, Goethals M, 
Goossens L, et al: Deep brain stimulation in patients with 
refractory temporal lobe epilepsy. Epilepsia 48:1551–1560, 
2007

 8. Chelune GJ: Hippocampal adequacy versus functional re-
serve: predicting memory functions following temporal lo-
bectomy. Arch Clin Neuropsychol 10:413–432, 1995

 9. Coleshill SG, Binnie CD, Morris RG, Alarcón G, van Emde 
Boas W, Velis DN, et al: Material-specific recognition 
memory deficits elicited by unilateral hippocampal electrical 
stimulation. J Neurosci 24:1612–1616, 2004

10. Davies KG, Bell BD, Bush AJ, Wyler AR: Prediction of ver-
bal memory loss in individuals after anterior temporal lobec-
tomy. Epilepsia 39:820–828, 1998

11. Gleissner U, Helmstaedter C, Schramm J, Elger CE: Memory 
outcome after selective amygdalohippocampectomy: a study 

J Neurosurg  Volume 125 • November 2016 1059

Unauthenticated | Downloaded 05/23/23 11:20 PM UTC



N. Tani et al.

in 140 patients with temporal lobe epilepsy. Epilepsia 43:87–
95, 2002

12. Hauser WA, Annegers JF, Kurland LT: Incidence of epilepsy 
and unprovoked seizures in Rochester, Minnesota: 1935-
1984. Epilepsia 34:453–468, 1993

13. Heit G, Smith ME, Halgren E: Neuronal activity in the hu-
man medial temporal lobe during recognition memory. Brain 
113:1093–1112, 1990

14. Helmstaedter C, Elger CE: Cognitive consequences of two-
thirds anterior temporal lobectomy on verbal memory in 144 
patients: a three-month follow-up study. Epilepsia 37:171–
180, 1996

15. Hermann BP, Wyler AR, Somes G, Berry AD, Dohan FC: 
Pathological status of the mesial temporal lobe predicts 
memory outcome from left anterior temporal lobectomy. 
Neurosurgery 31:652–657, 1992

16. Hermann BP, Wyler AR, Somes G, Dohan FC Jr, Berry AD 
III, Clement L: Declarative memory following anterior tem-
poral lobectomy in humans. Behav Neurosci 108:3–10, 1994

17. Hermann BP, Seidenberg M, Haltiner A, Wyler AR: Relation-
ship of age at onset, chronologic age, and adequacy of preop-
erative performance to verbal memory change after anterior 
temporal lobectomy. Epilepsia 36:137–145, 1995

18. Ikeda A, Miyamoto S, Shibasaki H: Cortical motor mapping 
in epilepsy patients: information from subdural electrodes in 
presurgical evaluation. Epilepsia 43 (Suppl 9):56–60, 2002

19. Jokeit H, Ebner A, Holthausen H, Markowitsch HJ, Moch A, 
Pannek H, et al: Individual prediction of change in delayed 
recall of prose passages after left-sided anterior temporal 
lobectomy. Neurology 49:481–487, 1997

20. Kirsch HE, Walker JA, Winstanley FS, Hendrickson R, 
Wong STC, Barbaro NM, et al: Limitations of Wada memory 
asymmetry as a predictor of outcomes after temporal lobec-
tomy. Neurology 65:676–680, 2005

21. Kunii N, Kawai K, Kamada K, Ota T, Saito N: The signifi-
cance of parahippocampal high gamma activity for memory 
preservation in surgical treatment of atypical temporal lobe 
epilepsy. Epilepsia 55:1594–1601, 2014

22. Lacruz ME, Valentín A, Seoane JJG, Morris RG, Selway RP, 
Alarcón G: Single pulse electrical stimulation of the hip-
pocampus is sufficient to impair human episodic memory. 
Neuroscience 170:623–632, 2010

23. Lesser RP, Kim SH, Beyderman L, Miglioretti DL, Webber 
WRS, Bare M, et al: Brief bursts of pulse stimulation termi-
nate afterdischarges caused by cortical stimulation. Neurol-
ogy 53:2073–2081, 1999

24. Lineweaver TT, Morris HH, Naugle RI, Najm IM, Diehl B, 
Bingaman W: Evaluating the contributions of state-of-the-art 
assessment techniques to predicting memory outcome after 
unilateral anterior temporal lobectomy. Epilepsia 47:1895–
1903, 2006

25. Loring DW, Meador KJ, Lee GP, King DW, Nichols ME, 
Park YD, et al: Wada memory asymmetries predict verbal 
memory decline after anterior temporal lobectomy. Neurol-
ogy 45:1329–1333, 1995

26. Mani J, Busch R, Kubu C, Kotagal P, Shah U, Dinner D: 
Wada memory asymmetry scores and postoperative memory 
outcome in left temporal epilepsy. Seizure 17:691–698, 2008

27. Ojemann G, Ojemann J, Lettich E, Berger M: Cortical lan-
guage localization in left, dominant hemisphere. An electri-

cal stimulation mapping investigation in 117 patients. J Neu-
rosurg 71:316–326, 1989

28. Richardson MP, Strange BA, Thompson PJ, Baxendale SA, 
Duncan JS, Dolan RJ: Pre-operative verbal memory fMRI 
predicts post-operative memory decline after left temporal 
lobe resection. Brain 127:2419–2426, 2004

29. Sabsevitz DS, Swanson SJ, Morris GL, Mueller WM, Seiden-
berg M: Memory outcome after left anterior temporal lobec-
tomy in patients with expected and reversed Wada memory 
asymmetry scores. Epilepsia 42:1408–1415, 2001

30. Squire LR: Memory and the hippocampus: a synthesis from 
findings with rats, monkeys, and humans. Psychol Rev 
99:195–231, 1992

31. Suzuki WA, Amaral DG: Topographic organization of the 
reciprocal connections between the monkey entorhinal cortex 
and the perirhinal and parahippocampal cortices. J Neurosci 
14:1856–1877, 1994

32. Tatu L, Vuillier F: Structure and vascularization of the hu-
man hippocampus. Front Neurol Neurosci 34:18–25, 2014

33. Tonini C, Beghi E, Berg AT, Bogliun G, Giordano L, Newton 
RW, et al: Predictors of epilepsy surgery outcome: a meta-
analysis. Epilepsy Res 62:75–87, 2004

34. Velasco M, Velasco F, Velasco AL, Boleaga B, Jimenez F, 
Brito F, et al: Subacute electrical stimulation of the hippo-
campus blocks intractable temporal lobe seizures and parox-
ysmal EEG activities. Epilepsia 41:158–169, 2000

35. Wiebe S, Blume WT, Girvin JP, Eliasziw M: A randomized, 
controlled trial of surgery for temporal-lobe epilepsy. N Engl 
J Med 345:311–318, 2001

disclosures
The authors report no conflict of interest concerning the materi-
als or methods used in this study or the findings specified in this 
paper.

Author Contributions
Conception and design: Kishima, Kato. Acquisition of data: 
Kishima, Tani, Khoo, Yanagisawa, Oshino, Maruo, Hosomi, 
Hirata, Kazui, Nomura, Aly. Analysis and interpretation of data: 
Kishima, Tani, Kazui, Nomura, Aly. Drafting the article: Tani, 
Maruo. Critically revising the article: Kishima, Khoo, Yanagisa-
wa, Oshino. Reviewed submitted version of manuscript: Kishima, 
Tani, Khoo, Yanagisawa, Oshino, Maruo, Hosomi, Hirata, Aly, 
Kato, Yoshimine. Approved the final version of the manuscript 
on behalf of all authors: Kishima. Study supervision: Yoshimine.

supplemental Information
Previous Presentations
Portions of this work were presented in poster form at the 29th 
International Epilepsy Congress held in Rome, Italy, on August 
31, 2011. 

Correspondence
Haruhiko Kishima, Department of Neurosurgery, Osaka Univer-
sity Graduate School of Medicine, Yamadaoka 2-2, Suita, Osaka 
565-0871, Japan. email: hkishima@nsurg.med.osaka-u.ac.jp.

J Neurosurg  Volume 125 • November 20161060

Unauthenticated | Downloaded 05/23/23 11:20 PM UTC


