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Although postoperative episodic memory decline is 
a major complication of medial temporal lobe re-
section (MTLR), which is the standard treatment 

for medically intractable medial temporal lobe epilepsy 
(TLE),4,12 two-thirds of patients with TLE maintain stable 

or even improved episodic memory function within the 
first 1–2 years after surgery.3,21 With the longstanding his-
tory of neuropsychological evaluation in epilepsy surgery 
programs, increasing studies are now investigating the in-
termediate- to long-term outcomes of memory function.28 
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OBJECTIVE How the brain supports intermediate-term preservation of memory in patients who have undergone unilat-
eral medial temporal lobe resection (MTLR) has not yet been demonstrated. To understand the neural basis of episodic 
memory in the intermediate term after surgery for temporal lobe epilepsy (TLE), the authors investigated the relationship 
between the activation of the hippocampus (HIP) during successful memory encoding and individual memory capacity in 
patients who had undergone MTLR. They also compared hippocampal activation with other parameters, including struc-
tural volumes of the HIP, duration of illness, and age at seizure onset.
METHODS Thirty-five adult patients who had undergone unilateral MTLR at least 1 year before recruiting and who had 
a favorable seizure outcome were enrolled (17 left MTLR, 18 right MTLR; mean follow-up 6.31 ± 2.72 years). All pa-
tients underwent a standardized neuropsychological examination of memory function and functional MRI scanning with 
a memory-encoding paradigm of words and figures. Activations of the HIP during successful memory encoding were 
calculated and compared with standard neuropsychological memory scores, hippocampal volumes, and other clinical 
variables.
RESULTS Greater activation in the HIP contralateral to the side of the resection was related to higher postoperative 
memory scores and greater postoperative memory improvement than the preoperative baseline in both patient groups. 
Specifically, postoperative verbal memory performance was positively correlated with contralateral right hippocampal 
activation during word encoding in the left-sided surgery group. In contrast, postoperative visual memory performance 
was positively correlated with contralateral left hippocampal activation during figure encoding in the right-sided surgery 
group. Activation of the ipsilateral remnant HIP was not correlated with any memory scores or volumes of the HIP; how-
ever, it had a negative correlation with the seizure-onset age and positive correlation with the duration of illness in both 
patient groups.
CONCLUSIONS For the first time, a neural basis that supports effective intermediate-term episodic memory after uni-
lateral MTLR has been characterized. The results provide evidence that engagement of the HIP contralateral rather than 
ipsilateral to the side of resection is responsible for effective memory function in the intermediate term (> 1 year) after 
surgery in patients who have undergone left MTLR and right MTLR. Engagement of the material-specific contralesional 
HIP, verbal memory in the left-sided surgery group, and visual memory in the right-sided surgery group were observed.
https://thejns.org/doi/abs/10.3171/2018.5.JNS18199
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These studies have reported that there is no further de-
cline and even improvement in episodic memory function 
at 1–10 years after MTLR.1,2,19,28

For the purpose of better understanding memory func-
tion in TLE patients, extensive studies have investigated 
the neural basis of episodic memory by using functional 
MRI (fMRI) techniques.4,11 Most previous studies, how-
ever, were conducted only to understand the neural basis 
of preoperative memory function and/or to unveil the pre-
operative predictive factors for postoperative memory out-
comes by using preoperative data. A postoperative neural 
basis associated with memory function is relatively less 
understood, but understanding this matter could help with 
developing not only better prediction models of memory 
outcome after MTLR but also a deeper understanding of 
human memory systems in general.

Moreover, although the stability of intermediate-term 
memory outcomes has been well studied, the manner in 
which the brain supports normal episodic memory func-
tion in the intermediate term (> 1 year) after MTLR has 
not been investigated. Only a few studies have investigat-
ed the neural basis of episodic memory function within 
1 year of TLE surgery.5,7,16,22 Two previous postoperative 
studies, unfortunately, did not compare memory scores 
with solely postoperative brain activation.5,16 Two other 
studies directly correlated postoperative neural responses 
with memory performance and emphasized the role of the 
hippocampus (HIP) on the side contralateral to the site of 
resection for maintaining postoperative episodic memory 
function.7,22 However, one previous study reported that 
hippocampal activation displayed dynamic changes from 
3 to 12 months after surgery,22 which makes it difficult 
to conclude how similar the neural basis of intermediate-
term memory outcomes are to the neural basis during the 
time up to 12 months after surgery. In addition, although 
other clinical parameters, such as the duration of illness 
and age at seizure onset, were shown to influence mem-
ory-related preoperative brain activations,23 no study has 
yet investigated the effect of these factors on postoperative 
brain function.

Therefore, the purpose of the present study was to 
characterize the neural basis that supports effective in-
termediate-term episodic memory function (> 1 year) 
after a unilateral MTLR. To provide intermediate-term 
follow-up neuroimaging evidence of memory outcomes, 
the fMRI activation patterns in regions of interest (ROIs) 
of a bilateral HIP during memory were compared with the 
neuropsychological memory performance data, as well as 
structural volumes of the HIP and other clinical variables, 
including duration of illness and age at seizure onset, in 
patients who underwent unilateral MTLR at least 1 year 
before fMRI memory scanning.

Methods
Patients

Patients who underwent unilateral MTLR for medi-
cally intractable TLE at Seoul National University Hospi-
tal were retrospectively recruited. Inclusion criteria were 
individuals who: 1) underwent unilateral MTLR at least 
1 year before recruitment, 2) had an IQ over 70 on the 
most recent Korean Wechsler Adult Intelligence Scale 

(KWAIS) test, and 3) were between 19 and 50 years of age 
at the time of recruiting. A total of 43 patients agreed to 
participate in this study. Two patients with an unfavorable 
seizure outcome (Engel class III)10 and 3 patients who had 
severe dental metallic artifacts were excluded. To ensure 
proper understanding and engagement of fMRI memory 
tasks, 3 patients who exhibited low memory capacity on a 
standard neuropsychological test (2 borderline, 1 impair-
ment) were also excluded. Overall, 35 patients were in-
cluded in this study (17 left and 18 right TLE) (Table 1). 
There were no statistically significant differences between 
the patient groups in terms of age (p = 0.481), education 
year (p = 0.976), age at seizure onset (p = 0.948), age at the 
time of surgery (p = 0.418), duration of illness (p = 0.622), 
and follow-up duration (p = 0.782).

All patients underwent either a selective amygdalohip-
pocampectomy or anterior temporal wedge resection with 
amygdalohippocampectomy: 6 of 17 in the left MTLR 
(LMTLR) group and 3 of 18 in the right MTLR (RMTLR) 
group underwent selective amygdalohippocampectomy. 
A previous report described the surgical procedures.8 
Groups were not separated by surgical procedures since 
it is still inconclusive as to whether memory outcome dif-
fers according to different surgery types or the extent of 
resection.20 Moreover, memory outcome was not different 
according to the surgery type (Mann-Whitney U-test) in 
this study. This study was approved by the institutional 
review board of Seoul National University Hospital, and 
all patients provided informed consent.

Neuropsychological Testing
The standardized neuropsychological testing instru-

ment KWAIS (full-scale IQ [FSIQ]; verbal IQ [VIQ]; 
and performance IQ [PIQ])29 and the Korean version of 
the Rey-Kim memory test (the Korean version of the Rey 
Auditory Verbal Learning Test [KAVLT] and the Korean 
version of the Rey Complex Figure Test15 [KCFT]) were 
administered before and after surgery. Postoperative neu-
ropsychological tests were performed on a separate day 
within 1 month from the day of the fMRI. Age-adjusted 
memory quotient (MQ) subtest scores of the KAVLT im-
mediate recall and KAVLT delayed recall for verbal mem-
ory and KCFT immediate recall and KCFT delayed recall 
for visual memory were used. To estimate the postopera-
tive changes in cognitive ability, the preoperative scores 
were subtracted from the postoperative scores. All statis-
tical analyses of the behavioral data in the present study 
were calculated using SPSS 19.0 software (IBM Corp.); 
significance was set at p = 0.05. A Student t-test, paired-
sample t-test, and Pearson correlation analysis were used 
as appropriate.

MRI Data Acquisition
All patients were examined before surgery using either 

a GE 1.5- or 3-T MRI unit (GE Horizon Echospeed) or 
a Siemens 1.5-T scanner (Siemens Avento system). T1-
weighted or 3D gradient echo coronal T1-weighted im-
ages were used for preoperative hippocampal volume 
calculation. Postoperative MR images were acquired on 
a research-dedicated 3-T MAGNETOM Trio Tim Syngo 
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(Siemens) using a 32-channel head coil. A series of high-
resolution anatomical T1-weighted images were obtained 
with a 3D turbo-FLASH sequence (TR 1670 msec, TE 
1.89 msec, field of view 250 × 250 mm, flip angle 9°, vox-
el size 1.0 × 1.0 × 1.0 mm3) before the functional scans. 
Functional data were acquired using a T2*-weighted gra-
dient echo planar imaging sequence (36 axial slices, slice 
thickness 3.4 mm [no gap], TR 2750 msec, TE 30 msec, 
field of view 220 × 220 mm, flip angel 80°, voxel size 3.4 
× 3.4 × 3.4 mm3, interleaved).

Memory Task Paradigm
All patients performed a memory-encoding task dur-

ing fMRI scanning. Verbal stimuli (single concrete nouns) 
and visual stimuli (black-and-white unnameable abstract 
figures) were presented on an MRI-compatible screen 
viewed through a mirror. All stimuli were presented using 
the E-prime software (version 2.0, Psychology Software 
Tools Inc.). Cross-hair fixation was presented for 15 sec-
onds after every presentation of 20 items (10 words and 
10 figures, 1 item for 3 seconds). A total of 100 words 
and 100 figures were presented in two separate scanning 
runs. About 30 minutes after encoding, all patients per-
formed out-scanner recognition tasks. The same 100 items 
intermixed with an additional 50 novel words/figures were 
shown in random order. Patients had to select whether the 
presented item was old, familiar, or novel. Recognition 
accuracy (%) was calculated for both words and figures 
as the hit rate (stimuli correctly remembered) - the false 
alarm rate (novel stimuli incorrectly tagged as remem-
bered).

Functional Imaging Data Analysis
Functional imaging data were analyzed using Analysis 

of Functional NeuroImages (AFNI) software (https://afni.
nimh.nih.gov/afni/, version: AFNI_16.0.00). The first two 
repetition times (TRs) of the echo-planar imaging (EPI) 
time series were discarded for magnetization stabilization. 
Motion correction by rigid body registration of the EPI 
images to the first truncated EPI volume and slice tim-
ing correction were performed. Then, the anatomical T1-
weighted images were aligned to the mean EPI volume 
via an affine transformation. In order to reduce the error 
imposed by the surgical cavity, the local Pearson correla-
tion cost function, which had been shown to be superior, 
for this purpose, to more general multimodal cost func-
tions,18,30 was used. Spatial normalization was then per-
formed to affine transform data into the Montreal Neuro-
logical Institute (MNI) stereotactic space using the MNI 
avg152T1 template. All voxels were resampled as a 2 × 2 
× 2–mm size by linear interpolation. Mean-based inten-
sity normalization was performed after spatial smoothing 
using a Gaussian filter with 6-mm full width at half maxi-
mum.

After preprocessing, the hemodynamic response start-
ing from the stimulus onset to 13.75 seconds was esti-
mated using a cubic spline basis function separately for 
words remembered, words familiar, words forgotten, fig-
ures remembered, figures familiar, and figures forgotten. 
To correct motion-related artifacts, 6 motion parameters 

were included in the first-level general linear models and 
censored TRs from the general linear models based on 
threshold of framewise displacement > 0.9. Framewise 
displacement is the sum of the absolute value of tempo-
ral differences across the 6 motion parameters. The mean 
percentage of signal changes was calculated by averaging 
the beta from the second to fifth points (2.75–11 seconds) 
of the estimated response for each patient.

For defining the HIP as ROI individually, bilateral 
HIPs were segmented in each patient’s high-resolution 
structural space by using automatic and manual segmen-
tation methods (Fig. 1). Both automatic and manual seg-
mentation were chosen because automatic segmentation 
could not accurately detect the posterior parts of the HIP 
in some patients. Automatic segmentation was performed 
using the STEPS (Similarity and Truth Estimation for 
Propagated Segmentations) algorithm,6 available online 
at http://cmictig.cs.ucl.ac.uk/niftyweb/. This method has 
been proven to delineate the HIP accurately in TLE pa-
tients with hippocampal lesion.27 The areas that were not 
detected in automatic segmentation were manually delin-
eated using AFNI software by one of the authors (W.J.) 
and confirmed by a neurosurgeon (C.K.C.) who is an ex-
pert in HIP anatomy. The determination of the anatomi-
cal boundaries of hippocampal formation was based on 
previously developed protocols.13 In the present study, we 

TABLE 1. Summary of patient demographics

Variable LMTLR (n = 17) RMTLR (n = 18)

Mean age, yrs 34.53 (6.49) 32.83 (7.52)
Sex (M/F) 8:9 10:8
Mean education, yrs 14.35 (1.93) 14.33 (1.81)
Mean seizure onset, yrs 14.71 (9.98) 14.94 (10.52)
Mean duration of illness, yrs 13.24 (9.40) 11.56 (9.07)
Mean age at surgery, yrs 27.94 (6.11) 26.50 (6.68)
Follow-up, yrs
 1–2 1 0
 2–5 3 7
 5–10 11 10
 >10 2 1
 Mean 6.44 (2.74) 6.18 (2.78)
Surgical outcome (%)
 Engel class I 15 (88) 16 (89)
 Engel class II 2 (12) 2 (11)
No. of antiepileptic drugs (%)
 0 8 (47) 12 (67)
 1 7 (41) 5 (28)
 2 2 (12) 1 (5)
Pathology
 Hippocampal sclerosis 8 5
 Focal cortical dysplasia 

type I or II
1 2

 Dual pathology 7 9
 Tumor 1 2

Values are presented as the number of patients or as the mean (SD).
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defined resection volume as hippocampal volume differ-
ences between the time of study participation (postopera-
tively) and preoperatively.

Extracting Hippocampal Activation
Hippocampal activation was calculated by averaging 

the mean percentage of signal changes of the activated 
voxels in the hippocampal ROIs during encoding of the 
subsequently remembered stimuli (correct) compared to 
the subsequently forgotten or familiar stimuli (incorrect). 
The left and right hippocampal activations were then cor-
related with the clinical variables using the Pearson corre-
lation coefficient. Examples of the activated voxels in the 
hippocampal ROIs during the word and figure encoding 
(correct > incorrect) are shown in Fig. 2.

Results
Neuropsychological Performance

The preoperative IQ of one LMTLR patient (case 14) 
was excluded from the analyses because that patient’s IQ 
was examined by the KWAIS-IV, which has a different 
scoring system than that of the KWAIS. For general intel-
ligence, pre- or postoperative IQ scores were not signifi-
cantly different between the LMTLR and RMTLR groups 
(p > 0.1). When the pre- and postoperative IQ scores were 
compared, there was a significant postoperative increase 
in both LMTLR (p < 0.001) and RMTLR (p < 0.05 for 
FSIQ and VIQ, p < 0.001 for PIQ) groups (Table 2).

For memory performance, both pre- and postoperative 
full-scale MQs and the preoperative MQ subtests were not 
significantly different between the two patient groups (p > 
0.05). Postoperatively, both the verbal immediate and de-
layed recall scores were significantly lower in the LMTLR 
group than the RMTLR group (p < 0.05). Both the visual 
immediate and delayed recall scores were significantly 
lower in the RMTLR group than the LMTLR group (p 
< 0.05).

Similar to IQ, the postoperative full-scale MQ scores 
significantly increased in both the LMTLR (p < 0.05) and 
RMTLR (p < 0.001) groups compared to the preoperative 
baseline scores. Both groups exhibited significant postop-
erative increases in all verbal and visual subtests of MQ, 
except for visual immediate recall in the RMTLR group 
(LMTLR, p < 0.05 for all subtests; RMTLR, p < 0.001 for 
verbal delayed recall and p < 0.05 for verbal immediate 
and visual delayed recall).

Hippocampal Volumes
The resection volume and both pre- and postoperative 

volumes of the HIP ipsilateral and contralateral to the 
side of resection were not statistically different between 
LMTLR and RMTLR groups (p > 0.05, Table 3). When 
hippocampal volumes were correlated with neuropsycho-
logical memory scores, no statistically significant rela-
tionship was detected between preoperative volumes and 
preoperative memory, between resection volume and post-
operative changes in memory, or between postoperative 
volumes and postoperative memory scores. In addition, 
postoperative volumes were not related to hippocampal 
activations (p > 0.05).

Behavioral Results
There were no statistically significant differences in 

word (mean accuracy for LMTLR, 48.75% ± 22.99%; mean 
accuracy for RMTLR, 56.00% ± 17.52%; p = 0.306) or fig-
ure recognition performance (mean accuracy for LMTLR, 
18.35% ± 14.19%; RMTLR, 15.33% ± 14.14%; p = 0.533) 
between the two patient groups. The results confirm that 
all patients understood and performed our memory task 
well (chance level 0%).

Hippocampal ROI Activations
Two LMTLR patients had no remaining posterior HIP 

due to atrophic changes after surgery. In LMTLR patients, 
activations in the right HIP contralateral to the resection 
side during word encoding were positively correlated with 
the postoperative verbal immediate recall scores and post-
operative changes in verbal immediate recall scores (r 
= 0.498, p < 0.05; r = 0.558, p < 0.05, respectively; Fig. 
3A). In RMTLR patients, activations in the contralateral 
left HIP during figure encoding were positively correlated 
with the postoperative changes in the visual immediate 
and delayed recall scores (r = 0.529, p < 0.05; r = 0.540, 
p < 0.05, respectively; Fig. 3B). In addition, despite failure 
to achieve a conventional statistical significance, there was 
a trend toward a significant positive correlation between 
the activations in the contralateral left HIP during figure 
encoding and the postoperative visual immediate and de-
layed recall scores (r = 0.423, p < 0.1; r = 0.409, p < 0.1, 
respectively). No significant correlations were identified 
during the figure encoding in the LMTLR group or during 
word encoding in the RMTLR group.

As for other clinical variables, the ipsilateral left hip-
pocampal activations in the LMTLR group during word 
encoding and the ipsilateral right hippocampal activations 
in the RMTLR group during figure encoding exhibited a 
negative correlation with age at seizure onset (LMTLR, r 
= -0.520, p < 0.05; RMTLR, r = -0.470, p < 0.05) and a 

FIG. 1. Examples of manually drawn hippocampal ROIs. L = left; R = 
right. Figure is available in color online only.
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positive correlation with the duration of illness (LMTLR, 
r = 0.561, p < 0.05; RMTLR, r = 0.559, p < 0.05). That is, 
activations in the ipsilateral HIP were higher in patients 
with early seizure onset and a longer duration of illness 
in both groups of patients. Activations of the ipsilateral 
remnant HIP had no relationship with any of the memory 
scores.

Discussion
The aim of the present study was to characterize the 

neural basis that supports effective episodic memory in 

MTLR patients with an intermediate-term follow-up of 
more than 1 year after surgery. Postoperative hippocam-
pal activities during successful verbal and visual memory 
encoding were calculated and compared with standard 
neuropsychological memory performances, hippocampal 
volumes, and other clinical variables, such as duration of 
illness and age at seizure onset.

Neuropsychological Results
Both the postoperative IQ and MQ scores increased 

compared to the preoperative baseline in our patient 

FIG. 2. Examples of activated voxels in the hippocampal ROIs during memory encoding (correct > incorrect). A: Hippocampal 
activation during word encoding in two cases, one where the patient had undergone LMTLR (LMTLR#03) and the other where 
the patient had undergone RMTLR (RMTLR#06). B: Hippocampal activation during figure encoding in two cases, one where the 
patient had undergone LMTLR (LMTLR#12) and the other where the patient had undergone RMTLR (RMTLR#18). Survived voxels 
at p < 0.05 (uncorrected) are provided for display purposes only (blue box). Figure is available in color online only.
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groups. Although stable or declined cognitive function fol-
lowing MTLR has been reported, improvement in IQ and 
MQ after surgery has also been consistently reported.14,21, 

24,28 The first possible reason for this improvement in the 
present study is the patients’ selection criteria, which in-
cluded patients with an IQ of over 70 at the most recent 
examination and excluded patients with impaired postoper-
ative memory function. It has been suggested that a higher 
IQ provides a capacity for the development of an effec-
tive compensatory memory after surgery.3,9 In the present 
study, most of the patients (83%) had a normal range of 
preoperative IQ (IQ > 90; average level 23; 80 < IQ < 89, 
low-average level 6). Another possible reason for this im-
provement could be attributed to functional recovery that 
occurred due to the absence or reduction of seizures and/
or the cessation or reduction of antiepileptic drugs in our 
patients (57% of patients ceased taking antiepileptic drugs) 
after surgical treatment.

It should be noted that all patients displayed a normal 
(high-average to low-average) range of memory scores and 
had a favorable seizure outcome (Engel classes I and II) at 
the time of fMRI scanning. These characteristics allowed 
us to investigate the neural basis of memory in the special 
group of postoperative patients who had intact memory 
function without the contaminating effect of an underly-
ing disease.

Activations in Hippocampus Contralateral to Resection 
Side

Postoperatively the HIP, whether on the ipsilateral or 

contralateral side of the resection, as it supports effective 
memory function after surgery, is relatively less under-
stood, especially in the intermediate term after MTLR. In 
the 1-year follow-up studies of unilateral MTLR patients, 
researchers have found that postoperative activation of the 
HIP on the side contralateral to the resection was posi-
tively associated with postoperative memory performance7 
and postoperative memory improvement compared to the 
preoperative baseline.22 In line with previous studies, we 
also demonstrated that contralateral hippocampal activa-
tion was positively associated with postoperative memory 
capacity and memory improvement after surgery. Spe-
cifically, postoperative verbal memory performance after 
LMTLR was positively correlated with contralateral right 
hippocampal activation during word encoding. In contrast, 
the postoperative visual memory performance in RMTLR 
patients was positively correlated with the contralateral left 
hippocampal activation during figure encoding.

According to the material-specific memory model, ver-
bal memory is generally more dependent on the left (domi-
nant hemisphere) medial temporal lobe (MTL) structures 
while visual memory is more dependent on the right MTL 
structures.26 However, in the present study, the contralat-
eral right HIP performed the role of verbal memory func-
tion of the left HIP in patients who underwent left HIP 
resection. In contrast, the contralateral left HIP performed 
the role of the visual memory function of the right HIP 
in patients who underwent right HIP resection. Regard-
ing the patients who had better postoperative memory ca-
pacity and more postoperative improvement in memory 
function (verbal memory for LMTLR and visual memory 

TABLE 2. Neuropsychological results

Test
LMTLR (n = 17) RMTLR (n = 18)

Preop Postop Preop Postop

FSIQ*† 95.62 (14.75) 109.53 (13.82) 94.67 (16.86) 106.16 (11.90)
VIQ*† 92.75 (15.37) 105.00 (15.98) 94.89 (16.39) 104.06 (11.40)
PIQ*‡ 100.13 (13.87) 114.76 (10.62) 95.89 (15.92) 108.33 (12.96)
MQ‡§ 89.06 (12.66) 98.12 (11.61) 90.25 (11.30) 105.05 (9.83)
Verbal immediate recall†§¶ 8.71 (2.11) 9.76 (2.02) 9.61 (2.50) 12.33 (2.11)
Verbal delayed recall‡§¶ 5.59 (3.76) 8.47 (4.65) 7.67 (3.71) 11.67 (2.38)
Visual immediate recall†§¶ 9.88 (2.89) 12.00 (1.87) 8.50 (2.96) 10.06 (1.67)
Visual delayed recall†§¶ 9.71 (3.02) 11.47 (2.70) 8.22 (2.84) 9.83 (2.31)

Values are presented as the mean (SD).
* Preoperative versus postoperative, significant differences in LMTLR, p < 0.001.
† Preoperative versus postoperative, significant differences in RMTLR, p < 0.05.
‡ Preoperative versus postoperative, significant differences in RMTLR, p < 0.001.
§ Preoperative versus postoperative, significant differences in LMTLR, p < 0.05.
¶ LMTLR versus RMTLR postoperative, significant differences, p < 0.05.

TABLE 3. Results of hippocampal volume measurement

Measurement Time
LMTLR (n = 17) RMTLR (n = 18)

Left HIP Right HIP Left HIP Right HIP

Preop (mm3) 2024.11 (883.46) 3273.57 (448.49) 3132.78 (541.39) 2601.14 (1092.04)
Postop (mm3) 460.64 (382.52) 3239.90 (317.39) 3183.46 (507.31) 547.21 (281.52)

Values presented as the mean (SD).
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for RMTLR) that displayed stronger activation of the HIP 
contralateral to the resection, it seems that the material-
specific contralesional HIP may play an important role 
in effective memory function in patients with a unilat-
eral hippocampal lesion. Moreover, contralateral shift of 
memory function was not observed for intact-HIP–related 
memory function, including visual memory for patients 
who underwent LMTLR and had an intact right HIP and 
verbal memory for patients who underwent RMTLR and 
had an intact left HIP.

It is important to note that the mean interval between 
MTLR and participation in the present study was 6.31 
± 2.72 years (range 1.25–10.83 years) but was at most 1 
year in the previous studies. In previous reports, neuro-
psychological follow-up studies consistently indicated that 
intermediate-term memory outcome following MTLR 
was stable and even improved, especially in patients who 
achieved a favorable seizure outcome.1,2,19,28 Regarding 

the intermediate-term follow-up duration and favorable 
seizure outcome of our patients, we first showed how the 
brain supports effective memory function in the interme-
diate term after surgery, which had previously only been 
evaluated by neuropsychological tests.

Engagement of the contralateral HIP may play an im-
portant role in effective memory function in the interme-
diate term after surgery for at least those patients with fa-
vorable seizure outcome.

Activations in Hippocampus Ipsilateral to Resection Side
For activation of the ipsilateral remnant HIP, one pre-

vious study emphasized its role in postoperative memory 
function.5 At the 4-month follow-up assessment, changes in 
the memory scores were related to the relative activation-
related differences in the ipsilateral posterior HIP rather 
than the contralateral HIP between the pre- and postopera-
tive memory on fMRI. However, since the memory scores 
were not only compared with the postoperative neural 
response, it is difficult to characterize the direct relation-
ship between the ipsilateral posterior remnant HIP in the 
postoperative brain and the individual memory capacity. 
Moreover, another study by the same research group re-
ported that there is a transient increase of activation in the 
ipsilateral posterior HIP at 3 months after surgery; how-
ever, such an increase is significantly reduced at 12 months 
after surgery.22 Therefore, it is difficult to draw conclusions 
concerning the role of the ipsilateral remnant HIP in effec-
tive memory function after MTLR.

In the present study, greater activation in the ipsilat-
eral remnant HIP was correlated with a longer duration 
of illness and earlier seizure onset but was without any 
significant correlation with memory scores or hippocam-
pal volumes. Additional analysis revealed that patients 
who experienced a seizure at a relatively earlier age had a 
longer duration of illness (LMTLR, r = -0.807, p < 0.001; 
RMTLR, r = -0.777, p < 0.001). Although there is no re-
port regarding postoperative activation in relation to the 
clinical variables, one previous study on preoperative pa-
tients with hippocampal sclerosis reported that earlier age 
at seizure onset was associated with ipsilateral posterior 
hippocampal activations.23 Therefore, we speculate that 
the effect of the earlier insult in the anterior HIP on ipsi-
lateral posterior hippocampal activation also lasted post-
operatively.

Interestingly, using multivoxel pattern analysis, one 
previous study found that the activity patterns of specific 
memories were detected in a contralateral HIP, but not a 
sclerotic HIP, in patients with TLE.26 Similarly, the pres-
ent study demonstrated that activations in the contralat-
eral, but not the ipsilateral, HIP were correlated with the 
memory performance of MTLR patients. It seems that the 
ipsilateral posterior HIP is more strongly related to other 
clinical variables, including the duration of illness and age 
at seizure onset, rather than individual memory capacity. 
Taken together, the results of the present study first suggest 
that the HIP on the contralateral rather than ipsilateral side 
of the resection supports effective episodic memory func-
tion in the intermediate term after surgery.

Limitations and Future Directions
The present study has several limitations. First, for neu-

FIG. 3. Relationships of left (A) and right (B) hippocampal activations to 
clinical variables.
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ropsychological testing, simple practice effect from the 
repeated assessment of IQ and MQ improvement cannot 
be ruled out. However, the practice effect is known to have 
minimal or negligible effects on follow-up assessment of 
at least 1 year postsurgery.25,29 The mean retest interval of 
the neuropsychological examination in our patients was 
5.30 ± 2.73 years (range 1.0–10.5 years). Only 5 (14%) of 
the 35 patients were retested within an interval of less than 
2 years. Therefore, the practice effect should be minimal 
in most of our patients.

Second, due to the retrospective design of the present 
study, preoperative fMRI studies with the same patients 
could not be performed. Therefore, we were not able to 
demonstrate if the effective role of the HIP contralateral 
to the pathological side on memory function was also 
observed preoperatively in patients who showed normal 
memory function postoperatively. An effective shift of 
memory function to the contralateral HIP might have 
occurred before and/or after surgery. Preoperative in-
creases of activation in the HIP contralateral to the epi-
leptogenic hemisphere have been regarded as effective 
reorganization to support preoperative memory func-
tion.17 Related to postoperative memory performances, 
one previous study reported that the change in memory 
performance is related to the pre- and postoperative 
activation-related differences in the ipsilateral posterior 
HIP but not in the contralateral HIP.5 However, it is also 
possible that effective contralateral reorganization might 
have already occurred preoperatively and maintained 
stable activation after surgery, which in turn resulted in 
no differences between the pre- and postoperative out-
comes in their study.

Additionally, as one previous study demonstrated, the 
possibility of a postoperative continuous increase of con-
tralateral hippocampal activation cannot be excluded.22 
Future longitudinal studies investigating hippocampal 
activity separately for patients with postoperative normal 
memory and impaired memory function will be required 
to determine whether effective reorganization to the con-
tralateral HIP might have occurred before or after surgery 
and whether preoperative activation of the contralateral 
HIP is a predictive factor for favorable intermediate-term 
memory outcome, which could potentially help in patient 
selection and/or counseling.

Conclusions
In the present study, for the first time, the neural basis of 

effective intermediate-term episodic memory after resec-
tion of unilateral MTL areas was provided. The present 
study demonstrated that activation in the HIP on the con-
tralateral rather than ipsilateral side of the resection is re-
sponsible for effective intermediate-term memory function 
after surgery for both the LMTLR and RMTLR patient 
groups. Engagement of the material-specific contralateral 
HIP, verbal memory for the left-sided surgery group, and 
visual memory for the right-sided surgery group were ob-
served. Ipsilateral posterior remnant hippocampal activa-
tion was related to other clinical factors, such as the du-
ration of illness and age at seizure onset, rather than the 
postoperative memory capacity.
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