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Abstract
Objective: In patients with temporal lobe epilepsy (TLE) with a nonlesional and 
nonepileptogenic hippocampus (HC), in order to preserve functionally intact brain 
tissue, the HC is not resected. However, some patients experience postoperative 
memory decline, possibly due to disruption of the extrahippocampal memory net-
work and secondary hippocampal volume (HV) loss. The purpose of this study was 
to determine the extent of hippocampal atrophy ipsilateral and contralateral to the 
side of the surgery and its relation to memory outcomes.
Methods: Hippocampal volume and verbal as well as visual memory performance 
were retrospectively examined in 55 patients (mean age ± standard deviation [SD] 
30  ±  15  years, 25 female, 31 left) before and 5  months after surgery within the 
temporal lobe that spared the entire HC. HV was extracted based on prespecified 
templates, and resection volumes were also determined.
Results: HV loss was found both ipsilateral and contralateral to the side of surgery 
(P < .001). Postoperative left HV loss was a significant predictor of postoperative 
verbal memory deterioration after left-sided surgery (P <  .01). Together with the 
preoperative verbal memory performance, postoperative left HV explained almost 
60% of the variance (P < .0001). However, right HV was not a clear predictor of 
visual memory performance. Larger resection volumes were associated with smaller 
postoperative HV, irrespective of side of surgery (left: P < .05, right: P < .01).
Significance: A disruption of the memory network by any resection within the TL, es-
pecially within the language-dominant hemisphere, may lead to HC atrophy and mem-
ory decline. These findings may further improve the counseling of patients concerning 
their postoperative memory outcome before TL resections sparing the entire HC.
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1 |  INTRODUCTION

Epilepsy surgery within the temporal lobe (TL), especially 
within the language-dominant hemisphere, is known to bear 
the risk of memory decline. To preserve functionally intact 
brain tissue, surgical procedures have become more tailored, 
and memory-associated structures, such as the hippocam-
pus (HC), are preserved whenever possible. However, in a 
previous study in TL-resected patients with and without hip-
pocampectomy,1 we found significant memory deterioration 
after surgery in both groups, although a stronger decrease 
was observed after HC resection.1 In the present study, we 
therefore wished to further elucidate the potential causes be-
hind memory decline in patients with HC-sparing resections. 
More specifically, we reasoned that postoperative memory 
loss may be associated with secondary postoperative atrophy 
of the HC and/or the resection of memory-relevant extrahip-
pocampal sites.

To our knowledge, postoperative hippocampal volume 
(HV) loss has been analyzed predominantly in patient groups 
undergoing incomplete HC resections.2‒7 For instance, in a 
cohort of 17 patients after a standard Spencer-type TL re-
section, posterior hippocampal remnants revealed atrophy 
during the immediate postoperative course, which was asso-
ciated with memory decline.4 Memory loss was further found 
to be associated with postoperative hippocampal shrinkage in 
patients after left-sided resections.5 Regarding HV changes 
within the contralateral TL, long-term (8 years) follow-up of 
patients after selective amygdalohippocampectomy or ante-
rior temporal lobe resections including HC, the amygdala and 
parahippocampal gyrus (ATL) revealed a small but signifi-
cant reduction in contralateral HV.7 However, contralateral 
HC atrophy was not found to be associated with memory 
performance.6,8

The main objective of the present study was to investi-
gate postoperative HV changes in patients undergoing TL 
resections completely sparing the HC and their relation to 
postoperative memory performance. The following ques-
tions were addressed: 

1. Is there ipsilateral and/or contralateral HV loss after 
TL surgery sparing the entire HC?

2. Are larger resection volumes associated with smaller post-
operative HV?

3. What changes in verbal and visual memory performance 
can be observed according to the side of surgery?

4. Is HV predictive of postoperative memory performance?

2 |  PATIENTS AND METHODS

2.1 | Patients

We retrospectively analyzed data from patients who under-
went TL resections sparing the HC at the Department of 
Neurosurgery, University Medical Center Freiburg. The pre-
surgical workup and postoperative assessments were carried 
out either at the epilepsy center of the University Medical 
Center Freiburg, the Epilepsy Center Kork, the Department 
of Paediatric Neurology at the University of Heidelberg, or 
the Department of Paediatric Neurology at the University of 
Kiel.

Patients were selected from our database if they met the 
following criteria: refractory unilateral TLE, resection within 
the TL with sparing of the HC between 1998 and 2015, no 
previous neurosurgical resection, preoperative and postoper-
ative neuropsychological raw data on at least one verbal and/
or visual memory test, as well as the availability of high-res-
olution volumetric magnetic resonance imaging (MRI) scans. 
Postoperative MRI scans and neuropsychological test data 
were taken retrospectively from the first postoperative fol-
low-up approximately ~3 months after surgery. If data from 
this early follow-up were not available for a patient, the next 
possible follow-up was evaluated (in most cases ~12 months 
after surgery). For the range of durations between surgery and 
postoperative MRI scan and neuropsychological assessment, 
see Table 1. No significant correlation between the duration 
from surgery to postoperative scan and postoperative ipsilat-
eral or contralateral HV loss was found (Pearson; ipsilateral 
one-sided P = .17 and contralateral P = .13).

K E Y W O R D S

epilepsy surgery, hippocampal shrinkage, neuropsychology, postoperative cognitive outcome, tailored 
resection, volume loss

Key Points

• Hippocampal atrophy occurs after hippocampus-
sparing resections within the temporal lobe

• Postoperative left hippocampal volume predicted 
verbal memory performance after left-sided 
surgery

• Right hippocampal volume was not a clear pre-
dictor of visual memory performance after right-
sided surgery

• Larger resection volumes were associated with 
more postoperative hippocampal atrophy, irre-
spective of side of surgery
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Left-handed and ambidextrous patients were included only 
if left-lateralized language dominance was verified by func-
tional MRI (fMRI), intracarotid amobarbital procedure, or elec-
troclinical data. For an overview of patient selection, see Figure 
S1. The study was approved by the local ethics committee.

Fifty-five patients were enrolled in the present analy-
ses; for an overview of demographic and clinical data see 
Table 1 and supplemental Table S1. An overview of the lo-
cations and extent of resections is provided in Figure 1. Prior 
to and approximately 5 months after surgery, all patients un-
derwent a neuropsychological examination as well as an MRI 
scan.

2.2 | Neuropsychological evaluation

Because TL-associated memory functions are known to be 
functionally lateralized based on the material that has to 
be memorized,9,10 verbal as well as visual memory func-
tions were assessed. The Verbal Learning and Memory Test 
(VLMT11) was used to investigate changes in verbal mem-
ory: Patients were asked to learn a list of 15 words (list A) 
that was read to them five times. After each trial, they were 
asked to reproduce as many words as possible. After the fifth 
trial, a distractor list (also 15 concrete words, list B) was read 

to them, and they were asked to name all remembered items 
of list B. Immediately after that, they were asked to recall 
the words of list A. After a delay of approximately 30 min-
utes (in which they performed the visual memory test), they 
were again asked to freely recall as many words of list A as 
possible. Free recall was followed by a recognition trial. The 
absolute recall performance after the delay (VLMT trial 7, 
preoperative and postoperative data available in 53 patients) 
served as a parameter of verbal memory performance, which 
has been shown previously to serve as a marker of functional 
integrity of the language-dominant hippocampus.10

Visual learning and memory were assessed with a re-
vised version of a figural learning test (Diagnosticum fuer 
Cerebralschaedigung, DCS-R12): Patients were consecu-
tively shown nine cards with geometric figures made of five 
lines and asked to reproduce as many as possible after the 
presentation. This was carried out for five learning trials, 
and the number of correctly remembered figures in the last 
trial served as a parameter of visual memory performance 
(DCS-R correctly remembered figures in the last trial, preop-
erative and postoperative data available in 51 patients). The 
DCS-R has been shown to assess right TL functions in epi-
lepsy patients.13

At follow-up after surgery, patients completed parallel 
versions of the VLMT and DCS-R. The raw test scores were 
transformed into standardized z-scores according to the age-
matched normative data provided by the individual psycho-
metric test manuals.

2.3 | MRI analysis

2.3.1 | Imaging acquisition

High-resolution, T1-weighted volumetric MRI data sets 
were obtained during routine preoperative and postopera-
tive (5.0 ± 4.0 months) imaging on either a 1.5T (Siemens 
Magnetom Vision, 30 patients, 2001-2007) or a 3T full-body 
MRI scanner (Siemens Magnetom TRIO, 18 patients, 2007-
2015) with a standard eight-channel head coil. Magnetization-
prepared, rapid-acquisition gradient-echo (MPRAGE) 
sequences were used on both scanners (repetition time (TR)/
echo time (TE): 9.7/4 ms and TR/TE: 2200/1100 ms, respec-
tively; flip angle = 12°; matrix = 256×256; isotropic voxel 
size = 1 mm3; 160-180 sagittal slices).

2.3.2 | Preprocessing

All volumetric T1 images were processed with the VBM8 
toolbox (release r435; dbm.neuro.uni-jena.de) integrated 
into  Statistical Parametric Mapping (SPM8, fil.ion.ucl.
ac.uk/spm/software/spm8/). Preprocessing using default 

T A B L E  1  Demographic and clinical data of the 55 patients with 
resections sparing the entire hippocampus

Demographic and clinical data

Hippocampus-
spared patients

Mean (SD)/N

Age at surgery (in y) 29.8 (14.5), range 
6-60

Age at epilepsy onset (in y) 21.9 (12.5)

Epilepsy duration (in y) 7.9 (10.5)

Gender (female/male) 25/30

Handedness (right/left/ambidextrous) 51/4/0

Side of surgery (left/right) 31/24

Mean follow-up interval until 
neuropsychological assessment (in mo)

5.8 (4.3), range 2-19

Mean follow-up interval until MRI 
examination (in mo)

5.0 (4.0), range 2-17

Seizure free (Engel class 1a in %) 69.1

Main histopathology

Tumor 19

Malformation of cortical development 14

Vascular lesion 11

Encephalocele 1

Nonspecific alterations 9

No histopathology available 1

Abbreviations: N, number; SD, standard deviation; y, years.
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parameters consisted of the following steps: (a) segmentation 
of tissue classes based on voxel intensities; (b) linear (ie, af-
fine) registration to the ICBM (International Consortium for 
Brain Mapping) European template, (c) spatial normalization 
using the DARTEL approach14 into Montreal Neurological 
Institute (MNI) standard space; (d) nonlinear but not affine 
modulation of the normalized probability maps, resulting in 
a multiplicative data correction to account for interindividual 
differences in brain size; and (e) smoothing of the individual 
gray matter probability maps with a 9 mm3 Gaussian kernel.

2.3.3 | Hippocampus volumetry and 
resection volume

Hippocampal regions of interest (ROIs) were derived from 
the Juelich Anatomy Atlas,15 including the ipsilateral cornu 
ammonis, dentate gyrus, alveus, fimbria, and subiculum. Left 
and right HVs were calculated by multiplying the sum of the 
voxel intensities of the individual preoperative and postoper-
ative gray matter probability maps within each ROI with the 
maps’ spatial resolution, resulting in absolute HV in cubic 
mm. In addition, a group-specific, preoperative HC mask was 
hand drawn onto a group-averaged T1-weighted template in 
common space by an experienced neuroradiologist (IM), 
using a standardized HC segmentation protocol for TLE.16

Resection volume was assessed at the first routine fol-
low-up after surgery. User-guided active contour segmenta-
tion as implemented in the ITK-Snap toolbox version 3.4 
was used to delineate resection volumes on volumetric T1-
weighted scans in native space.17 All individual resection 

maps were then normalized to MNI space using the defor-
mation fields obtained during preprocessing of the preoper-
ative T1 scan. The absolute resection volume was calculated 
by summing all voxels within each resection mask multi-
plied by the spatial resolution of the underlying T1-image. 
HV was scaled for total intracranial volume (TIV) as fol-
lows: (absolute individual HV/ total individual TIV)*group 
mean TIV.

2.4 | Statistical analyses

Preoperatively, volumes of the HC ipsilateral and contralat-
eral to the side of surgery were compared (paired T test) in 
order to look for already preoperatively existing volume 
differences.

Changes in HV were computed using a repeated-measures 
analysis of variance (rmANOVA) in a 2 x 2 x 2 design (pre-
operative vs postoperative, ipsilateral vs contralateral, and left-
sided vs right-sided surgery as independent variables) and with 
HV as the dependent variable (see introduction question 1).

The assumption that larger resection volumes were asso-
ciated with smaller postoperative left and right HV (see in-
troduction question 2) was analyzed via correlation analyses 
(Pearson, one-sided) and corrected for multiple comparisons 
(Bonferroni).

In a 2 x 2 design (preoperative vs postoperative, left-sided 
vs right-sided surgery), an rmANOVA was conducted to eval-
uate changes in memory performance separately for verbal 
and visual memory performance as dependent variables. 
Because some patients performed either VLMT or DCS-R, 

F I G U R E  1  Overlap of individual resection volume maps after left (A) and right (B) hippocampus-sparing temporal lobe resections, 
superimposed on an averaged group-specific template. Color bars indicate the degree of overlap, ranging from a resection volume in a single patient 
(purple) to overlap in all patients (red). The figure orientation follows the neurological convention (left side of the image is the left side of the brain)
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we performed two separate rmANOVAs for these tests to ana-
lyze a larger number of patients (see introduction question 3).

To predict postoperative memory performance (see in-
troduction question 4) with information about postoperative 
HV, preoperative memory performance, and side of surgery 
(and their interactions), we conducted two multiple re-
gression analyses with interaction effects (A: prediction of 
postoperative verbal memory performance; B: prediction of 
postoperative visual memory performance). For these anal-
yses we used the PROCESS 3.3 macro for SPSS 23.18 Model 
type 3 was used, and postoperative memory performance 
served as outcome variable Y, postoperative HV as contin-
uous predictor (X), and preoperative performance (W) as 
well as side of surgery (Z) as continuous and dichotomous 
moderating variables, respectively (all two- and three-way 
interactions were evaluated as well; predictors were mean 
centered). In the analysis of verbal memory performance, 
left-sided postoperative HV served as a moderator, and in 
the analyses of visual memory performance, right-sided 
postoperative HV was included as a moderating variable.

Although it is common usage to assess nonadditive effects 
(interactions) in factorial designs, this approach is only rarely 
applied in the context of multiple regression analyses. In mul-
tiple regression, nonadditive effects are accounted for by ex-
tending the additive (or “main effects”) model with product 
terms reflecting the nonadditive components. In the context of 
the present analyses, it was proposed that better preoperative 
performance and larger postoperative HV would be related to 
better postoperative performance. This relationship was as-
sumed to be moderated by the side of surgery (language domi-
nant vs not language dominant TL) because left-sided surgery 
was expected to have a detrimental effect on verbal memory 
performance, whereas right-sided surgery was expected to 
have a negative effect on visual memory performance.

Statistical analyses were performed with SPSS 23.0. 
Either SPSS 23.0 or RStudio Version 1.1.463 were used for 
graphical display of the results.

3 |  RESULTS

3.1 | Postoperative changes in hippocampal 
volume

Prior to surgery, preoperative volume did not differ sig-
nificantly between HC ipsilateral (mean volume 2.67, SD 
0.35 cm3) and contralateral (mean volume 2.63, SD 0.33 
cm3) to the side of surgery (t(54) = 0.55, P = .59). Of inter-
est, larger resection volumes were associated with smaller 
left (r  =  −.33, P  <  .05) and also right postoperative HV 
(r = −.37, P < .01).

A comparison of preoperative to postoperative HV de-
rived from the Juelich Anatomy Atlas revealed significant 
postoperative atrophy (F = 115.48, P < .001, see Figure 2). 
Furthermore, significantly smaller ipsilateral than contralat-
eral HV was observed after surgery (F = 19.47, P <  .001, 
see Figure 2, also illustrated in Figures 4 and 5). The side of 
surgery (left or right TL) did not have an influence (inter-
action time point*side of surgery: F = 1.96, P = .168), but 
ipsilateral compared to contralateral HV decreased signifi-
cantly more after surgery (interaction ipsilateral/contralateral 
HV*time point: F = 76.55, P < .001, see Figure 2). In addi-
tion, the interaction between the factors ipsilateral/contralat-
eral HV, left-sided or right-sided surgery, and preoperative 
and postoperative time points reached significance (F = 4.11, 
P < .05, see Figure 2).

Analyses using the hand-drawn hippocampal mask 
showed comparable results (main effect of time: F = 160.83, 
P  <  .001; main effect of ipsilateral vs contralateral HV: 
F = 26.80, P < .001; interaction time point*ipsilateral/con-
tralateral HV: F = 128.14, P <  .001; interaction left-sided/
right-sided surgery*ipsilateral/contralateral HV: F  =  5.87, 
P < .05). However, the interaction between the factors ipsi-
lateral/contralateral HV, left-sided or right-sided surgery, and 
preoperative and postoperative time point did not reach sig-
nificance but showed a trend (F = 2.84, P = .098).

F I G U R E  2  Hippocampal volume 
ipsilateral and contralateral to side of 
surgery before and ~5 months after resection 
(derived from Juelich Anatomy Atlas in 
mm3, weighted for mean total intracranial 
volume, displayed as the mean ± 1 standard 
error [SE])
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3.2 | Cognitive Outcomes

3.2.1 | Verbal memory

Left-sided surgery had a negative impact on verbal memory 
performance, but after right-sided surgery, patients exhibited 
increased verbal memory performance compared to left-op-
erated patients (rmANOVA: significant effect of side of sur-
gery; F = 5.91, P < .05). However, the interaction between 
side of surgery and time point did not reach significance 
(F = 2.59, P = .11). For an overview, see Figure 3 (left).

The overall fit of the regression model with interac-
tion effects for prediction of postoperative verbal memory 

performance with information on side of surgery, postop-
erative left HV, and preoperative verbal memory perfor-
mance was highly significant (P  >  .0001, R2  =  .5921). 
Postoperative verbal memory performance was influenced 
positively by preoperative performance (P < .01) and neg-
atively by left-sided surgery (P  <  .01). The association 
between postoperative left HV and postoperative verbal 
memory performance was moderated by side of surgery 
(significant interaction effect P < .005, see Figure 4). After 
left-sided surgery, patients with smaller postoperative left 
HV performed lower in verbal memory than those with 
larger left HV, irrespective of preoperative verbal memory 
performance (see Figure  4, significant interaction effect 

F I G U R E  3  Performance in verbal and visual memory before and ~5 months after surgery displayed in mean z-scores (+SE) according to 
side of surgery

F I G U R E  4  Regression of postoperative verbal memory performance (shown on the Y-axis in z-scores) in patients with left- and right-sided 
surgery (regressor side of surgery) onto the focal variable postoperative left hippocampal volume (depicted on the X-axis in mm3). Regression lines 
illustrate how the relationship between postoperative left hippocampal volume and postoperative verbal memory performance changes dependent 
on the side of surgery (significant interaction effect of postoperative left HV and side of surgery, P < .01). Green-gray areas show the 95% 
confidence interval. Furthermore, the figure illustrates significantly smaller ipsilateral than contralateral HV after surgery: left HV is smaller after 
left-sided (in blue) than after right-sided surgery (in red)
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of side of surgery). No other main or interaction effect 
reached significance (P > .1).

3.2.2 | Visual memory

Visual memory performance showed a tendency toward loss 
over time (F = 3.51, P =  .07; see Figure 3, right). Neither 
an effect of side of surgery nor significant interactions were 
found (P > .1).

The overall fit of the regression model to predict postop-
erative visual memory performance with interaction effects 
was highly significant (P  <  .001, R2  =  .4496). Better pre-
operative visual memory performance significantly predicted 
higher postoperative performance (P < .0001). Postoperative 
right HV and side of surgery showed a significant interaction 
effect (P < .05, see Figure 5): After right-sided surgery, right 
HV was slightly positively associated with better postopera-
tive visual memory performance, which was not seen after 
left-sided surgery (see Figure 5).

3.3 | Seizure outcomes

At follow-up, 69.1% patients (N = 38) were completely sei-
zure free (Engel class 1a). The distribution of patients ac-
cording to Engel outcome classes were as follows: Engel 
class 1 (free of disabling seizures), 42 patients; Engel class 

2 (rare disabling seizures), 8 patients; Engel class 3 (worth-
while improvement), 2 patients; and Engel class 4 (no worth-
while improvement), 3 patients.

Postoperative HV loss did not significantly differ (P > 0.1, 
corrected for multiple comparisons)  between patients with 
ongoing seizures (17 patients: ipsilateral −0.42 ± 0.35 mm3; 
contralateral −0.06 ± 0.11 mm3) and completely seizure-free 
patients (38 patients: ipsilateral, −0.67 ± 0.47 mm3; contra-
lateral, −0.07 ± 0.12 mm3).

4 |  DISCUSSION

In our retrospective analysis of HV changes in patients 
with resections sparing the entire HC, we found signifi-
cant postoperative hippocampal atrophy, especially ipsilat-
eral to the side of surgery. Independent of lateralization of 
surgery and memory parameters, a better preoperative per-
formance level predicted favorable postoperative memory 
outcomes. However, HV was also a significant predictor 
of postoperative memory performance depending on the 
side of surgery. After left-sided surgery, left HV was a sig-
nificant predictor of verbal memory performance. In con-
trast, after right-sided TL resection, right HV was no clear 
marker for postoperative visual memory performance. 
Furthermore, ipsilateral HC atrophy was associated with 
larger resection volumes, which was also related to verbal 
memory decreases after left-sided surgery. The majority of 

F I G U R E  5  Regression of postoperative visual memory performance (shown on the Y-axis in z-scores) in patients with left-sided and 
right-sided surgery (regressor side of surgery) onto the focal variable postoperative right hippocampal volume (depicted on the X-axis in mm3). 
Regression lines illustrate how the relationship between postoperative right hippocampal volume and postoperative visual memory performance 
changes dependent on the side of surgery (significant interaction effect of postoperative right HV and side of surgery, P < .05). Green-gray areas 
show the 95% confidence interval. Furthermore, the figure illustrates significantly smaller ipsilateral than contralateral HV after surgery: right HV 
is smaller after right-sided (in red) than after left-sided surgery (in blue)
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patients (69%) were completely seizure-free at follow-up 
(Engel class 1a).

To our knowledge, no study to date has investigated sec-
ondary hippocampal atrophy and its association with mem-
ory performance in patients with TL resections that spared 
the entire HC. Postoperative hippocampal shrinkage associ-
ated with memory decline has been described previously in 
patients receiving partial HC resections.2‒7 HV and memory 
loss were also observed in our patient group, even though 
the HC was completely spared to preserve functional tissue. 
Because the HC is an integral part of a distributed memory 
network comprising different structures within and beyond 
the TL (eg19‒22), it can be assumed that disruption of this net-
work by any resection within the TL might lead to secondary 
hippocampal atrophy and subsequent memory disturbances. 
In particular, resections of temporal structures that are di-
rectly connected to the HC, for example, the parahippocampal 
gyrus (PHG), which serves as its major afferent projection, 
can thus cause secondary HC atrophy.1 In addition, second-
ary HV loss disrupts the memory network functionally and 
therefore—as a major hub for memory functions—results in 
decreased memory performance. Stoub et al23 related volum-
etry of the HC and entorhinal cortex and white matter of the 
PHG to memory performance in 50 nonoperated TL epilepsy 
patients. They found that not only HC but also PHG volumes 
were the best predictors of immediate and delayed memory 
performance. Therefore, the authors concluded that reduced 
white matter connections into the hippocampus could dis-
rupt the mesial temporal lobe memory network.23 Another 
study21 showed that parahippocampal connections measured 
by diffusion MRI were reduced in patients with left TLE and 
were also associated with impaired memory performance. In 
our previous study, we were able to show that in a sample 
of patients without hippocampectomy, resection of the PHG 
was associated with lower memory performance compared to 
patients whose PHG was preserved.1

The majority of the analyzed patients in our study re-
ceived temporopolar plus temporomesial resections. This 
type of resection may have played a major role in the risk for 
postoperative hippocampal volume loss and therefore mem-
ory decrement, and may not necessarily be seen with other 
hippocampus-sparing resections, for example, temporolateral 
lesionectomies. Further evaluation of differential influence 
of extrahippocampal resection site is needed.

In the present study, more extensive postoperative left-
sided hippocampal atrophy significantly predicted postop-
erative lower verbal memory performance (see Figure  4). 
Thus, postoperative left HV serves as a good marker for 
verbal memory outcomes after extrahippocampal TL resec-
tions. Hippocampal volume has already been shown to be 
positively associated with memory performance in healthy 
controls.24 Furthermore, in patients with left TLE, postop-
erative remnant HC volume has been shown to be positively 

associated with postoperative memory outcome in patients 
whose HC was partly resected.4

On the other hand, right HV was not a clear predictor of 
visual memory performance. Of interest, several studies have 
observed a difference in material specificity between patients 
with left and right TLE, in such a manner that the patients 
with left TLE showed associations with verbal memory im-
pairments, whereas in right TLE, the association with visual 
memory impairments was not clear.4,21,25,26 It has been dis-
cussed that nonverbal visual memory tests might not be suf-
ficiently specific to assess the integrity of the nondominant 
(mostly right) temporal lobe.26‒29 We used the visual learning 
and memory test DCS-R, which requires learning and free 
recall of nine geometric designs. These designs may elicit 
associations with already familiar symbols and thereby lead 
to recall and association of semantic memories. Furthermore, 
verbal description and naming of the designs may also be used 
as an implicit strategy when solving the task, which further 
integrates verbal aspects in the originally nonverbal memory 
task. Routine assessment of the strategy used to solve materi-
al-specific memory tasks might help to further elucidate this 
aspect. In this context, the results that all patients decreased 
in visual memory performance irrespective of the side of the 
surgery may also be discussed. If the chosen visual memory 
task was solved using verbal strategies, a performance de-
cline after resection within the language-dominant temporal 
lobe might be possible. Other studies have also shown that in 
patients with left hippocampal sclerosis or after anterior TL 
resection nonverbal memory can be impaired.30,31

In our sample, even though volume alterations contra-
lateral to the side of surgery were observed, there were no 
correlations with cognitive performance changes. This is in 
line with previous studies that also detected no postoperative 
memory decrement attributable to HC atrophy contralateral 
to the side of the surgery.6,8 It is notable that they found more 
contralateral atrophy in patients with postoperatively ongo-
ing seizures (not seizure free patients, NSF). In our patients, 
the majority (69.1% patients) were completely seizure free 
(SF) at follow-up. Postoperative HV loss did not differ sig-
nificantly between the NSF and SF patients, which indeed 
might be due to the small number and uneven distribution 
(NSF, N = 17; SF, N = 38). Moreover, we used a relatively 
short follow-up interval. However, a study with 8  years of 
follow- up on HC volumetrics did not reveal any association 
of contralateral volume and memory changes.7 Longer fol-
low-up intervals are needed to evaluate whether HV loss has 
a negative effect on long-term seizure outcomes after HC-
sparing surgeries.

Better preoperative performance level and left-sided 
(mesial) TL surgery have been shown to be associated with 
worse verbal memory outcomes in numerous studies; for 
example, Law et al32 compared 23 children who underwent 
TL surgery while sparing the mesial structures (TL) to 40 
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patients with temporal lobectomies that included resection 
of mesial structures (TL + M) regarding their memory and 
seizure outcomes. They found that greater declines were ev-
ident in children after TL  +  M resections within the lan-
guage-dominant hemisphere. Furthermore, the memory 
abilities of left-operated children with normal preoperative 
memory performance declined significantly compared to 
those with preoperative impaired memory, especially after 
TL + M surgeries. In contrast, they found that children with 
preoperatively impaired verbal memory improved their 
performance after TL surgeries. Of interest, in our patient 
group, verbal memory performance seemed to increase 
slightly after right-sided surgery (see Figure  3). This im-
provement trend may have been a sign of a releasing effect 
induced by seizure freedom in the majority of our patients. 
Gleissner et al9 described performance gains after right tem-
poral resections (with and without hippocampectomy) in 
nonverbal functions, which were not associated with the re-
sected region. Because all of their patients were seizure free, 
they discussed a release effect of right hemispheric func-
tions beyond the resection site. The improvements did not 
reach significance in our sample, which might be due to the 
older age range in our patients. Helmstaedter33 also found 
stronger long-term improvements in younger patients and a 
positive effect of seizure freedom on memory functions. The 
authors found that after left temporal resections and ongoing 
seizures, patients were more likely to show significant de-
creases in verbal memory in the first year after surgery and 
that they fail to recover from this impairment at long-term 
follow-up after at least 5 years.

The limitations of our study concern the retrospective 
design: clinical aspects, such as involvement of the HC in 
epileptogenesis and/or preserved memory performance, led 
to HC-sparing resections that influenced patient selection. 
Furthermore, the MRI analysis was limited to a short-term 
follow-up interval. Longer follow-up intervals would be help-
ful in evaluating whether observed HV loss remains stable 
and if it negatively affects long-term seizure and memory 
outcomes.

For future studies, the influence of the resection of dif-
ferent extrahippocampal TL structures on HV and memory 
change should be evaluated to better understand which pa-
tients are at risk of ipsilateral HV atrophy and associated 
memory loss. It is possible that the resection site may have 
more influence than the resection volume. Larger patient 
samples are needed to confirm the presented results.

5 |  CONCLUSION

Despite sparing the entire HC, patients demonstrated postop-
erative HV loss, especially ipsilateral to the side of surgery. 
In patients after left-sided surgery, ipsilateral HC atrophy 

was a significant predictor of postoperative verbal memory 
loss. These findings may further improve our understanding 
of memory functions after tailored TL resections and pro-
vide additional information for patient counselling prior to 
surgery.
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