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Abstract
Previous studies have shown that cognitive demands and physical exercise stimulate
adult neurogenesis in the dentate gyrus and hippocampus. Recent observations in
healthy humans and patients with mild cognitive impairment moreover suggest that
training-induced increases in hippocampal volume may be associated with improved
memory performance. The corresponding plasticity processes in hippocampal volume may occur on timescales of months to years. For patients with focal lesions in
this region, previous functional imaging studies suggest that increased recruitment of
the contralateral hippocampus and extratemporal regions may be an important part
of the reorganization of episodic memory. However, it is currently unclear whether
focal damage to the medial temporal lobe (MTL) induces gray matter (GM) volume
changes in the intact contralateral hippocampus and in connected network regions
on a shorter timescale. We therefore investigated whether unilateral resection of the
MTL, including the hippocampus, induces measurable volumetric changes in the
contralateral hippocampus and in the default mode network (DMN). We recruited
31 patients with unilateral left (N = 19) or right (N = 12) hippocampal sclerosis undergoing MTL resection for treatment of drug-resistant epilepsy. Structural MRI was
acquired immediately before and 3 months after surgery. Longitudinal voxel-based
morphometry (VBM) analysis revealed a significant increase of right hippocampal
volume following resection of the left anterior MTL. Furthermore, this patient group
showed GM volume increases in the DMN. These results demonstrate significant
structural plasticity of the contralateral hippocampus, even in patients with a longstanding unilateral hippocampal dysfunction and structural reorganization processes
extending to distant, but functionally connected brain regions.

Abbreviations: ANOVAs, Analyses of variance; DMN, Default mode network; GM, Gray matter; MTL, Medial temporal lobe; MWT, MehrfachwahlWortschatz-Intelligenztest; NART, National Adult Reading Test; ROCF, Rey-Osterrieth Complex Figure Test; TFCE, Threshold-free cluster enhancement;
TLE, Temporal lobe epilepsy; ToM, Theory of mind; VBM, Voxel-based morphometry; VLMT, Verbaler Lern- und Merkfähigkeitstest.
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IN TRO D U C T ION

Due to its pivotal role for cognition, neuroplasticity of
the hippocampus has received intense interest during the
last few years. In healthy subjects, interventions such as
cognitive training or physical exercise have been shown
to induce hippocampal volume increases that correlate
with improved cognitive performance (Fotuhi, Do, &
Jack, 2012; Voss, Vivar, Kramer, & van Praag, 2013).
Proposed mechanisms of these structural changes include
neurogenesis, myelination, glial changes, and angiogenesis (Thomas et al., 2016; Voss et al., 2013; Zatorre, Fields,
& Johansen-Berg, 2012). Recently, structural hippocampal plasticity has also been reported in patients with hippocampal disorders (Mufson et al., 2015). However, the
temporal properties and extent of these structural changes
in patients remain to be explored.
In healthy participants, the acquisition of navigational
knowledge selectively increases GM volume in the posterior hippocampus, accompanied by improved visuospatial
memory performance (Maguire et al., 2000; Woollett &
Maguire, 2011). Similar increases of hippocampal volume
were found following virtual navigation training (Kühn,
Gleich, Lorenz, Lindenberger, & Gallinat, 2014) or following the acquisition of abstract information (Draganski
et al., 2006). Furthermore, aerobic exercise has been shown
to increase anterior hippocampal volume in healthy older
adults, correlating with improved spatial memory (Duzel,
Van Praag, & Sendtner, 2016; Erickson et al., 2011).
Training-induced hippocampal plasticity has been observed at different timescales—ranging from several weeks
(Thomas et al., 2016) to months (Draganski et al., 2006) and
even years of regular exercise (Erickson et al., 2011; Woollett
& Maguire, 2011), while others found microstructural
changes of the hippocampus already two hours after visuospatial memory training (Sagi et al., 2012; Tavor, Hofstetter,
& Assaf, 2013). Longitudinal analyses moreover revealed
that structural hippocampal changes may be both transient
(Thomas et al., 2016) and permanent, even after cessation of
training (Draganski et al., 2006).
Hippocampal plasticity can also be observed in neurological and psychiatric disorders. In patients with schizophrenia, aerobic training was associated with increased
hippocampal volume and improved memory performance
(Pajonk et al., 2010). Compensatory hippocampal plasticity
was also found in patients with mild cognitive impairment
and in early stages of Alzheimer's disease (Rosen, Sugiura,
Kramer, Whitfield-Gabrieli, & Gabrieli, 2011; ten Brinke
et al., 2015). In patients with hippocampal sclerosis, efficient

functional network reorganization has been observed (Bettus
et al., 2009; Bonelli et al., 2010; Finke, Bruehl, Düzel,
Heekeren, & Ploner, 2013; Sidhu et al., 2013). Following
unilateral resection of a sclerotic anterior hippocampus,
memory performance depended on functional compensation
by the posterior hippocampal remnant as well as by the intact contralateral hippocampus (Bonelli et al., 2013; Sidhu
et al., 2016; Stretton et al., 2014).
The hippocampus is furthermore associated with the DMN,
a large-scale functional brain network related to self-referential processing, including episodic memory and theory
of mind supported by distinct DMN subnetworks (Buckner,
Andrews-Hanna, & Schacter, 2008; Peer et al., 2015; Braga
& Buckner, 2017; DiNicola, Braga, & Buckner, 2020).
Previous studies in patients with hippocampal damage have
shown relevant functional alterations of DMN core regions
in association with impaired memory performance, including
reduced functional connectivity between the hippocampus
and the medial prefrontal cortex, reduced functional connectivity within the DMN, and decreased activation of the DMN
regions during the performance of memory tasks (Addis,
Moscovitch, & McAndrews, 2007; Finke, Kopp, et al., 2013;
Heine et al., 2018; Voets et al., 2012).
Here, we investigated short-term structural plasticity following acute unilateral MTL damage. Patients undergoing
MTL resection due to drug-resistant focal epilepsy were studied before and after surgery using VBM (3 months after surgery) and neuropsychological assessment (12 months after
surgery). We aimed to study postsurgical volumetric changes
in the contralesional hippocampus and to explore associated
structural changes in the DMN.
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Patients

Thirty-one patients with histologically verified unilateral
hippocampal sclerosis (left, 19 patients; right, 12 patients)
and pharmacologically intractable temporal lobe epilepsy
(TLE) were recruited from the Epilepsy-Center BerlinBrandenburg (Table 1). All patients underwent combined
temporal pole resection with amygdalohippocampectomy
(TPR + resection (Helmstaedter et al., 2008)). Only patients without any further structural brain damage were included. The seizure focus was determined according to a
standard clinical protocol using long-term video-EEG monitoring, structural MRI, and neuropsychological testing.
Patients with left- and right-sided resections did not differ
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TABLE 1

Patient data
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Left-sided resection
(N = 19)

Right-sided resection
(N = 12)

p
value

Age (y, mean ± SD)

38.3 ± 10.4

38.4 ± 16.1

>.9a

Sex (F/M)

12/ 7

7/ 5

>.8b

Age at disease onset (y,
mean ± SD)

14.1 ± 12.5

13.8 ± 12.7

>.9a

Preoperative IQ (± SD)

103 ± 17

102 ± 14

>.8a

Time between pre-op
and post-op MRI (m,
mean ± SD)

3.5 ± 1.1

3.7 ± 1.5

>.6a

Wyler grade 1

3 (16%)

1 (8%)

>.3c

Wyler grade 2

2 (11%)

2 (17%)

Wyler grade 3

10 (52%)

3 (25%)

Wyler grade 4

4 (21%)

6 (50%)

5,095 ± 1,361

5,335 ± 1,491

3

Hippocampal sclerosis

3

Lesion volume (mm ,
mean ± SD)

>.6a

a

t-test (2-tailed).

b
c

chi-square test.

Mann–Whitney U test.

significantly with respect to age at resection, age at seizure
onset, disease duration, and severity of hippocampal sclerosis (Table 1). Handedness was determined using a standard questionnaire (Oldfield, 1971). One patient from the
right-resected group (8.3%) and two patients from the leftresected group (10.5%) were left-handed. All patients received antiepileptic medication (Table S1). All participants
gave written informed consent. The study was approved
by the Ethics Committee of Charité—Universitätsmedizin
Berlin.
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Neuropsychological assessment

All patients underwent neuropsychological assessment as
part of a standard pre- and postoperative evaluation procedure. Neuropsychological testing was conducted 5 ± 3.7
and 7 ± 3.6 months before surgery in the left- and rightresected groups, respectively (t-test, t29 = −1.5; p = .14).
The postsurgical data were collected 12.2 ± 1.1 and
11.5 ± 0.7 months after resection in the left- and rightresected group, respectively (t-test, t29 = 1.8; p = .08).
Verbal and visuospatial episodic memory were tested using
a German adaptation of the Rey Auditory Verbal Learning
Test (Verbaler Lern- und Merkfähigkeitstest, VLMT;
Helmstaedter, Lendt, & Lux, 2000) and the Rey-Osterrieth
Complex Figure Test (ROCF; Shin, Park, Park, Seol, &
Kwon, 2006). Crystalline intelligence was assessed before
surgery using the multiple-choice vocabulary intelligence
test (Mehrfachwahl-Wortschatz-Intelligenztest, MWT),

a German equivalent to the National Adult Reading Test
(NART; Lehrl, 2005).

2.3 | Statistical analysis of demographic and
neuropsychological data
Statistical analyses were performed using PASW Statistics
18.0 (IBM). We used unpaired t-tests for comparisons of demographic and clinical data between patient groups. Group
differences in memory performance between both patient
groups were assessed using mixed design analyses of variance (ANOVAs) with “group” as between-subjects factor and
repeated measures on “time point” of assessment. ANOVAs
were conducted separately for verbal and visuospatial memory with Bonferroni correction for multiple comparisons. As
a post hoc test, the Bonferroni test was used.

2.4

|

MRI acquisition

MRI data were acquired on a 1.5T Philips Gyroscan NT
Intera scanner using a T1-weighted 3D MPRAGE sequence
(matrix = 256 × 256; voxel size 1 × 1 × 1 mm; number of
slices: 190; TR 15 ms; TE 5.4 ms). The first MRI session was
conducted 3.4 ± 5.5 and 2.1 ± 3.8 days before surgery in the
left- and right-resected group, respectively (t-test, t29 = 0.71;
p = .48). The second MRI scan was acquired 101 ± 34 and
108.5 ± 45 days postoperatively in the left- and right-resected
patients, respectively (t-test, t29 = −0.53; p = .6).
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Lesion analysis

Postsurgical lesions were manually outlined on each
coronal slice of the individual MPRAGE images using
MRIcron (www.mricro.com/mricron; Rorden, Karnath,
& Bonilha, 2007). Individual lesion shapes and MPRAGE
images were then spatially normalized to the MNI brain
template using the unified segmentation and normalization
approach provided with SPM8 (www.fil.ion.ucl.ac.uk/spm).
Lesion overlap analysis revealed similar lesion extent for
patients with left- and right-sided resection with lesions of
the anterior hippocampus, amygdala, entorhinal cortex, parts
of perirhinal cortex in all patients, and additional damage to
parahippocampal and inferotemporal cortex in some patients
(Figure 1). The lesion volume was not significantly different
between the two patient groups (left, 5,095 ± 1,361; right,
5,335 ± 1,491 mm3, t-test, t29 = −0.45; p = .66).

2.6

|

VBM analysis

Longitudinal VBM analysis followed the procedure described
by Douaud et al. (2009), using FSL-VBM 5.0 (FMRIB's
Software Library, https://fsl.fmrib.ox.ac.uk/fsl/). All outputs
were carefully checked after each processing stage. First, T1weighted images were preprocessed to remove all non-brain
matter (BET; Smith, 2002) and segmented into GM probability maps using FSL FAST (Zhang, Brady, & Smith, 2001).
Then, a halfway rigid-body transformation was determined

between the two anatomical brain images (pre- and postoperative), applied to register both images to that halfway space and
averaged to build a subject-specific template. Next, the subject-specific templates were registered to a standard MNI152
brain image using affine and non-linear transformations and
averaged to build a study-specific template (Andersson,
Jenkinson, & Smith, 2007). Then, all subject-specific halfway
templates were non-linearly registered using FSL FNIRT onto
the study-specific template. The native GM images were coregistered to the subject- and study-specific templates using a
combined transformation and modulated by the Jacobian determinant to correct for local expansion (or contraction) due to
the non-linear component of the spatial transformation. To obtain a better distribution of GM probability values across voxels, images were smoothed with an isotropic Gaussian kernel
with a sigma of 2 mm. Changes in contralateral temporal lobe
GM density, measured using the modulated GM probability
values voxel-by-voxel in that region, were assessed using
difference maps. These maps were created by subtracting
the preoperative scan from the postoperative scan separately
for each subject. One-sample t-tests with permutation-based
non-parametric significance testing (10,000 permutations)
with the threshold-free cluster enhancement (TFCE) option
(Winkler, Ridgway, Webster, Smith, & Nichols, 2014) were
used to assess longitudinal changes. These analyses were conducted for the left- and right-resected patients separately. For
both groups, the contralateral hippocampus was defined as
region of interest based on the probabilistic Harvard-Oxford
Structural Atlas (threshold at 50%). For the DMN analysis,

F I G U R E 1 Lesion overlap analysis
in patients with right (a) and left-sided
(b) resection. The colour bar indicates
the number of patients with a lesion in a
particular voxel
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a mask by Shirer, Ryali, Rykhlevskaia, Menon, and Greicius
(2012) was used. For correlation analyses, the difference between pre- and postoperative structural images was calculated
and correlated with memory performance using a continuous
covariate interaction.

3
3.1

|

R E S U LTS

|

Neuropsychological assessment

Patients with left- and right-sided resection did not differ in
demographic and disease-related variables (Table 1). Patients
with left-sided pathology showed significantly better visuospatial memory performance compared to patients with rightsided pathology (ROCF, main effect; F1,29 = 10.22, p = .003,
η2 = 0.261; Table 2). Conversely, patients with right-sided pathology performed significantly better in the verbal memory
test compared to patients with left-sided pathology (VLMT,
main effect; F1,29 = 5.3, p = .03, η2 = 0.154). No interactions between patient group and time of testing were found
for visuospatial and verbal memory performance (ROCF,
F1,29 = 1.05, p = .314, η2=0.035; VLMT, F1,29 = 0.435,
p = .515, η2 = 0.015).

3.2 | Longitudinal GM changes in the
hippocampus and the DMN
Following left-sided resections, a region in the right hippocampus homologous to the resected area showed a significant increase in GM volume (p < .05; Figure 2). In addition,
a GM volume increase was observed in the left medial prefrontal cortex in patients with left-sided resection (Figure 3).
No significant volume change was observed in patients with
right-sided resections. No correlations between the observed
volume changes and memory performance were found.
TABLE 2
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DISCUSSION

The present longitudinal study investigated early structural
plasticity of the hippocampus following contralateral anterior
temporal lobe resections. In patients with left-sided resections, a significant increase in the contralateral hippocampal
volume was observed. Furthermore, we observed GM volume increases in the medial prefrontal cortex—a core region
of the DMN—in patients with resection of the left temporal
lobe.
Although lesion studies over the last decade have repeatedly investigated reorganization processes following temporal lobe resections, their temporal properties and behavioral
significance are still a matter of debate (Bonelli et al., 2010;
Figueiredo et al., 2008; Powell et al., 2007; Richardson,
Strange, Duncan, & Dolan, 2003; Stretton et al., 2013).
Nonetheless, previous findings have shown that adult patients with TLE suffer from memory decline for several
months after surgery (Gleissner, Sassen, Schramm, Elger,
& Helmstaedter, 2005; Sidhu et al., 2015, 2016) and that
these deficits may be persistent (Gleissner, Helmstaedter,
Schramm, & Elger, 2004; Rausch et al., 2003). In the present
study, we observed similar patterns of longitudinal memory
performance in both patient groups. Postoperatively, left-resected patients had declined in verbal memory but improved
in visuospatial memory as compared to the preoperative test.
A reverse pattern was found in the right-resected group. After
surgery, these patients scored worse in the visuospatial but
improved in the verbal memory assessment. These findings
are in line with previous observations showing decline in verbal memory performance following left temporal lobe resection and decline in visual memory after right-sided resection
(Gleissner et al., 2005; Sidhu et al., 2016).
Neuroplasticity of the hippocampus following cognitive
training or aerobic exercise has been demonstrated in various studies in healthy participants (Draganski et al., 2006;
Erickson et al., 2011; Kühn et al., 2014; Maguire et al., 2000;

Memory performance

Left-sided resection
(N = 19)

Right-sided resection
(N = 12)

p
value

8.4 ± 3.3

10.8 ± 4

.029a

8 ± 3.6

11 ± 3

.515b

Verbal memory
Delayed recall preoperative
(Test score, mean ± SD)
Delayed recall postoperative
(Test score, mean ± SD)
Visuospatial memory
Delayed recall preoperative
(Test score, mean ± SD)

36.7 ± 8.8

27.3 ± 14.7

.003a

Delayed recall postoperative
(Test score, mean ± SD)

38.9 ± 11.5

24.8 ± 12.9

.314b

a

Repeated ANOVA: Between-subject.

b

5

Repeated ANOVA: Interaction: Testing time × Lesion side.
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F I G U R E 2 Increase of right
hippocampal volume following left-sided
anterior MTL resection

F I G U R E 3 Gray volume increase in
left medial prefrontal cortex following leftsided anterior MTL resection

Sagi et al., 2012; Tavor et al., 2013; Thomas et al., 2016;
Woollett & Maguire, 2011), but also in patients with hippocampal dysfunction (Bettus et al., 2009; Bonelli et al., 2010;
Das et al., 2009; Mufson et al., 2015). For example, longitudinal studies have shown that memory performance in patients
with hippocampal sclerosis and TLE undergoing anterior
temporal lobe resection can be compensated by increased
activation of the contralateral hippocampus as well as the ipsilateral hippocampal remnant (Bonelli et al., 2013; Finke,
Bruehl, et al., 2013; Sidhu et al., 2016; Stretton et al., 2014).
These functional changes were observed already three
months after surgery, with further reorganization 12 months
postoperatively (Sidhu et al., 2016; Stretton et al., 2014).
Here, we show that postlesional adaptive processes extend
beyond functional network reorganization and also include
significant structural changes that operate on a short timescale. Interestingly, structural variations have been suggested
to drive functional connectivity alterations in patients with
TLE (Voets et al., 2012); therefore, the observed hippocampal volume increase might contribute to the postsurgical normalization of functional network alterations in these patients
(Sidhu et al., 2016; Stretton et al., 2014).
The present findings highlight the relevance of pre- and
postoperative temporal dynamics for hippocampal plasticity in patients with anterior temporal lobe resections. For
example, Braun et al. (2008) compared two patient groups
with similar surgical lesions to the right MTL, but different

preoperative disease courses. Patients suffering from hippocampal sclerosis, which develops early in life, performed
on the same level as controls in a non-verbal associative
memory task. By contrast, patients operated due to benign
tumors had a significantly shorter preoperative disease duration and showed degraded memory performance. These
findings indicate successful memory reorganization following long-standing hippocampal damage. Moreover, Finke,
Bruehl, et al. (2013) reported that activity in the contralateral
hippocampus after partial temporal lobe resection in patients
with hippocampal sclerosis correlated positively with memory performance, whereas no such link between hippocampal
activity and memory performance was observed in patients
operated due to benign tumor with short preoperative disease
duration. Patients with hippocampal sclerosis, compared to
tumor patients, showed increased activity in neocortical areas
in dorsolateral prefrontal cortex and posterior parietal cortex. In contrast, early onset of seizures and prolonged disease
duration were associated with reduced ipsilateral temporal
lobe network connectivity that was in turn associated with
naming deficits in patients with temporal lobe epilepsy
(Trimmel et al., 2018). In addition to such long-standing
preoperative plasticity processes, our results and previous
studies (Gleissner et al., 2005; Sidhu et al., 2016; Stretton
et al., 2014) show that structural postoperative reorganization
can occur on a much shorter timescale, that is, 3–12 months
after anterior temporal lobe resection.
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The hippocampus is associated with the DMN, a functional brain network involved in self-referential processing, including theory of mind (ToM) and episodic
memory (Andrews-Hanna, Reidler, Sepulcre, Poulin, &
Buckner, 2010; DiNicola et al., 2020). Consequently, a
variety of structural and functional alterations have been
observed in core regions of the DMN in patients with hippocampal dysfunction. Structural analyses in patients with
unilateral hippocampal sclerosis found progressive atrophy
that included core regions of the DMN, that is, medial prefrontal cortex, retrosplenial cortex, precuneus, posterior inferior parietal lobe, and lateral temporal cortex (Bernhardt,
Bernasconi, Concha, & Bernasconi, 2010; Bernhardt,
Hong, Bernasconi, & Bernasconi, 2013; Frings, SchulzeBonhage, Spreer, & Wagner, 2009; Keller & Roberts, 2008).
Functional connectivity analyses frequently observed reduced connectivity between the hippocampus and DMN
regions in patients with hippocampal damage such as hippocampal sclerosis (Frings et al., 2009; Liao et al., 2011; Voets
et al., 2012) and autoimmune encephalitis (Esfahani-Bayerl,
Finke, Kopp, Moon, & Ploner, 2019; Finke, Kopp, et al.,
2013). Further studies in these patient groups reported increased functional connectivity between the hippocampus
and DMN regions that was associated with better memory
performance, suggesting compensatory processes (Bettus
et al., 2009; Heine et al., 2018). Here, we found a significant GM volume increase in the ipsilateral medial prefrontal
cortex following left-sided resection. This finding indicates
that structural reorganization processes can extend beyond
contralateral homologous areas and include other functionally connected brain regions. Recent within-individual
analyses have moreover shown that the DMN comprises two
distinct subnetworks: network A coupled with the posterior
parahippocampal cortex and preferentially recruited for episodic memory tasks and network B linked to the temporoparietal junction and recruited for tasks requiring ToM (Braga
& Buckner, 2017; Braga, Van Dijk, Polimeni, Eldaief, &
Buckner, 2019; DiNicola et al., 2020). Interestingly, the GM
increase in medial prefrontal cortex observed in patients with
left-sided resection overlaps well with medial prefrontal cortex parts of the proposed network A that is linked to episodic memory (Braga & Buckner, 2017; Braga et al., 2019).
Moreover, a similar region within the medial prefrontal
cortex was identified as part of the human memory circuit
using lesion network analysis in a sample of patients with
amnesia due to stroke-associated brain lesions (Ferguson
et al., 2019). These latter findings further support the notion
that the here observed medial prefrontal cortex GM increase
is linked to episodic memory processing and could contribute to an improvement of memory performance.
Limitations of the current study include the relatively low
overall sample size and the uneven distribution of patients
with left-sided resection (n = 19) and right-sided resection
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(n = 12). Although demographic and clinical parameters did
not differ between groups, structural changes in the hippocampus and the DMN were only observed in left-resected
patients. It is conceivable that the absence of statistically
significant volume increases in the left hippocampus or in
DMN regions in patients with right-sided resection is due
to the lower sample size of this group. Alternatively, these
findings could indicate differences in the reorganization process between right- and left-sided TLE. This latter hypothesis
would be in line with findings highlighting the differential
neuroanatomy of the left and right MTL (Nobis et al., 2019),
which might extend to structural reorganization processes
(Bonelli et al., 2013; Gleissner, Helmstaedter, & Elger, 2002;
Gleissner et al., 2004). To further address this question, studies with larger samples sizes and a balanced distribution of
left- and right-resected patients are required.
Anterior temporal lobe resection is a successful treatment
for patients with drug-resistant focal epilepsy (Engel, 2012;
Wiebe, Blume, Girvin, & Eliasziw, 2001), leaving 50% of patients seizure-free for at least 10 years (De Tisi et al., 2011).
Here, we show that temporal lobe resection triggers a cascade
of postsurgical plasticity processes that add to preoperative
brain reorganization. Importantly, these postsurgical plasticity processes can be observed despite the resection of an
already dysfunctional hippocampus. Future studies that use
repeated structural MRI studies—ideally combining different
imaging modalities such as volumetric analyses and diffusion
tensor imaging to study associated white matter changes—
and neuropsychological assessments following temporal
lobe resection are needed to reveal the critical time windows
for reorganization. These time windows may contribute to a
more individualized cognitive rehabilitation in patients following temporal lobe resection.
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