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Abstract: Memory impairment observed in patients with medial temporal lobe epilepsy (MTLE) is classi-
cally attributed to hippocampal atrophy. The contribution of extrahippocampal structures in shaping
memory impairment in patients with MTLE is not yet completely understood, even though atrophy in
MTLE extends beyond the hippocampus. We aimed to evaluate the neuropsychological profile of patients
with MTLE focusing on memory, and to investigate whether gray matter concentration (GMC) distribu-
tion within and outside the medial portion of the temporal lobes would be associated with their neuro-
psychological performance. We performed a voxel based morphometry study of 36 consecutive patients
with MTLE and unilateral hippocampal atrophy. We observed a significant simple regression between
general and verbal memory performance based on Wechsler Memory Scale—Revised and the GMC of
medial temporal and extratemporal structures in patients with left MTLE. We also performed a ‘‘regions
of interest analysis’’ of the medial temporal lobe, and we observed that the GMC of the hippocampus,
entorhinal, and perirhinal cortices were consistently associated with general and verbal memory perform-
ance in patients with MTLE. We also observed that the GMC of the cingulate and orbito-frontal cortex are
independently associated with verbal and general memory performances. Our results suggest that general
and verbal memory impairments in patients with left MTLE are associated with atrophy of the hippocam-
pus, the entorhinal, and the perirhinal cortex. We also suggest that atrophy and dysfunction of limbic and
frontal structures such as the cingulate and the orbito-frontal cortex contribute to memory impairment in
MTLE. Hum Brain Mapp 28:1376–1390, 2007. VVC 2007 Wiley-Liss, Inc.
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INTRODUCTION

There is evidence of association between medial tempo-
ral lobe epilepsy (MTLE) and progressive memory loss
[Helmstaedter et al., 2003; Jokeit and Ebner, 1999]. In
effect, more intense memory impairment is observed when
the severity of epilepsy increases. Recognized factors con-
tributing to a greater likelihood of higher memory impair-
ment are an earlier age of seizure onset [Alessio et al.,
2004; Dikmen et al., 1975; Dodrill, 1992; Lespinet et al.,
2002; O’Leary et al., 1981, 1983], longer duration of epi-
lepsy [Alessio et al., 2004; Delaney et al., 1980; Dikmen
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et al., 1975; Ladavas et al., 1979; Mirsky et al., 1960], higher
seizure frequency [Aldenkamp et al., 1996; Alessio et al.,
2004], and use of antiepileptic drugs (AEDs) [Alessio et al.,
2004; Bennett, 1992; Smith, 1991]. Importantly, refractori-
ness to drug treatment is significantly associated to more
severe memory loss, and the successful surgical treatment
may stop or even reverse the memory loss [Helmstaedter
et al., 2003].
The memory failure in patients with MTLE is related to

the etiology of epilepsy. The presence of hippocampal at-
rophy (HA) and other signs of medial temporal sclerosis
(MTS) detected by magnetic resonance imaging (MRI) are
notably associated with the memory impairment fre-
quently seen in patients with MTLE due to hippocampal
sclerosis [Baxendale et al., 1998; Hermann et al., 1997;
Meencke and Veith, 1991]. As predicted by the classical
model of material-specific memory, it has been hypothe-
sized that MTS encompassing the left hippocampus would
impair verbal memory [Meyer and Yate, 1955; Milner,
1958; Novelly et al., 1984], as opposed to MTS involving
the right hippocampus resulting in visual memory deficits
[Kimura, 1963; Milner et al., 1962]. However, evidence
from studies involving MTLE patients have demonstrated
that the relationship between side of hippocampal pathol-
ogy and memory dysfunction is more evident in patients
with left HA than in those with right HA on MRI [Baxen-
dale, 1995; Hermann et al., 1997; Jones-Gotman, 1996;
Lencz et al., 1992; Rausch and Babb, 1993; Saling et al.,
1993; Trenerry et al., 1995].
In a parallel line of research, it has been observed that

the neuronal damage in patients with refractory MTLE is
not restricted to the hippocampus, but involves extrahip-
pocampal and extra-temporal structures [Bonilha et al.,
2003, 2004b]. Patients with MTLE may show atrophy in
other regions anatomically and functionally linked to the
hippocampus, such as the parahippocampal region, the
temporal neocortex, the thalamus, and the medial portion
of the frontal lobes [Bernasconi et al., 2000, 2003; Bonilha
et al., 2003, 2004b, 2005]. Patients with MTLE possibly
show a network of damage that encompasses different
brain structures which are linked to the hippocampal sys-
tem. Furthermore, the closer the structure is to the hippo-
campus, the more intense is its atrophy [Bonilha et al.,
2003, 2004b].
Current research suggests that the whole hippocampal

system is involved in different aspects of memory forma-
tion and consolidation. Specifically, while the hippocam-
pus plays a critical role in the processes located between
the initial formation of memories and their final repository
in the neocortex [Eichenbaum, 2000], the parahippocampal
region is involved in the intersection of perception and
memory [Murray and Bussey, 1999], and mediates the
extended persistence of cortical representations of memory
[Eichenbaum, 2000]. Animal studies have shown that the
parahippocampal region is particularly important for rec-
ognition memory [Brown and Aggleton, 2001; Eichen-
baum, 2000], and that selective lesions to the parahippo-

campal cortex severely impair memory [Suzuki et al.,
1993]. Moreover, the disconnection of the temporal lobe
also results in significant memory deficits both in humans
and in monkeys [Gaffan, 2005; Parker and Gaffan, 1998].
This is observed when white matter connecting frontal and
temporal lobes is damaged, even when parahippocampal
structures remain intact [Gaffan et al., 2001]. When the
white matter underlying the temporal lobe or the fornix is
damaged, the ensuing memory loss is termed dense amne-
sia and is thought to be the result of a broad disconnection
of the ascending axon projections from the basal forebrain
and brainstem that pass through the anterior medial tem-
poral lobe on their path to widespread cortical targets
[Easton et al., 2002; Gaffan et al., 2001]. The process of
memory formation involves not only the medial portion of
the temporal lobe but also other cortical areas, notably
frontal areas, in special when sensory representations must
be maintained in working memory. Both the medial tem-
poral lobe and extra-hippocampal regions are important
for memory, and amnesia can result from damage to only
some of these regions, suggesting that a large memory sys-
tem is engaged or required for memory related tasks.
Patients with MTLE exhibit neuronal damage affecting

brain structures that are probably crucial for the genera-
tion and maintenance of memory representations. Even
though it is clear that the hippocampal damage in these
patients play a significant role in structuring the memory
deficit, it is not clear how the damage to extratemporal
structures is relevant to define memory impairment in
MTLE patients.
In this study, we used a voxel based automated neuroi-

maging technique in order to investigate the relationship
between memory related neuropsychological tests and the
distribution of gray matter concentration (GMC) in the
brain of patients with MTLE. We aimed to find out which
brain areas would exhibit a positive correlation between
GMC and performance on the neuropsychological tests.
We aimed to investigate the whole brain, and also to focus
in anatomical regions of the medial temporal lobe. More-
over, we aimed to investigate if the atrophy from struc-
tures connected to the hippocampus would show a signifi-
cant association with HA. Therefore, we also aimed to
dissociate the influence of HA from extra-HA on the mem-
ory impairment in patients with MTLE.

METHODS

Ascertainment of Subjects

We studied 36 consecutive patients with chronic refrac-
tory MTLE, who were referred from the out-patient epi-
lepsy clinic of our institution (UNICAMP hospital), where
they were diagnosed based on a detailed neurological
evaluation. The determination of the epileptic syndrome
was based on ILAE criteria [Commission on classification
and terminology of the International League Against Epi-
lepsy, 1989]. Seizures were lateralized according to the
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medical history, a comprehensive neurological examina-
tion, interictal EEG, and prolonged video-EEG monitoring.
All patients were considered to have drug-refractory
MTLE [Engel, 1999], with unilateral seizure onset and uni-
lateral HA on routine visual analysis of MRI diagnostic
protocol [Kobayashi et al., 2003]. They signed a written
informed consent approved by the Ethics Committee of
our Institution, in accordance with the principles stated in
the 1964 Declaration of Helsinki.

Neuropsychological Evaluation

Neuropsychological evaluation included: vocabulary and
block design subtests of the Wechsler Adult Intelligence
Scale—Revised (WAIS-R) to estimate IQ; Edinburgh Hand-
edness Inventory and Dichotic Listening Test Words to
determine hemispheric dominance for language and, by
inference, to lateralize verbal and visual memories (differ-
ences in the proportion equal or superior to 10% were con-
sidered suggestive of right or left ear advantage and,
consequently, suggestive of left or right hemispheric domi-
nance for language); Logical Memory and Verbal Pared
Associates of the Wechsler Memory Scale—Revised (WMS-
R) to investigate verbal memory; and Figural Memory, Vis-
ual Reproduction and Visual Pared Associates of the
WMS-R to investigate visual memory.
To control for other cognitive functions that could influ-

ence memory tasks, we employed tests for language
(Boston Naming Test/BNT), attention (Strub and Black
Vigilance Test), and executive functions (Trail Making
Test/TMT and Wisconsin Card Sorting Test/WCST)
[Fromm-Auch and Yeudall, 1983; Heaton et al., 1993;
Kaplan et al., 1983; Kennedy, 1981; Oldfield, 1971; Strub
and Black, 1993; Wechsler, 1981, 1987]. We did not use the
same MRI control group for neuropsychological data.
These tests were adapted for our population.
The results of each test were compared with results for

normal controls matched for age and educational level.
This normalization was performed by transforming the
results from each patient’s testing into Z scores (standar-
dized scores defined by the number of standard deviations
away from the mean of the respective control group).

Preprocessing of Neuroimaging Data

We applied a voxel based morphometry (VBM) protocol
to assess the relationship between GMC and neuropsycho-
logical performance. VBM was performed on volumetric
T1-weighted images with either 1 mm isotropic voxels or
with 1.5 � 0.97 � 0.97 mm3 voxels. All images were
acquired on an Elscint Prestige 2 T scanner (TR ¼ 22 ms,
TE ¼ 9 ms, flip angle ¼ 358, matrix ¼ 256 � 220, field of
view ¼ 25 � 22 cm2, 1 mm sagittal slices). DICOM format
images were transformed into ANALYZE format using
MRIcro software (www.mricro.com) [Rorden and Brett,
2000]. The VBM analysis was performed using the soft-
ware package SPM2 (Wellcome Department of Imaging

Neuroscience, London, England; www.fil.ion.ucl.ac.uk)
[Ashburner and Friston, 2000]. Images were normalized in
order to match each individual brain’s size and shape to
the standard space. Normalization parameter estimation
was employed using 12 linear and 7 � 8 � 7 nonlinear ba-
sis functions; in addition, a brain mask was used to ensure
that the fit was based on the shape of the brain rather than
the surrounding scalp. Spatially normalized images were
resliced to an isotropic 1.5 mm voxel size. After normaliza-
tion, images were submitted to tissue segmentation using
SPM2’s built-in routines, which estimate the probability of
GMC for each voxel. A pitfall of the ‘‘conventional’’ VBM
is that during normalization brain areas that are atrophied
can be artificially enlarged to match the standard space
template, which is based on images from a neurologically
healthy sample. As a result, GMC variations in the non-
healthy population can be washed out by normalization.
To overcome this distortion and to keep the authenticity of
the distribution of GMC, Good et al. have proposed a tech-
nique for modulating the estimated concentration of tissue
in segmented images based on the spatial deformations
selected during normalization [Good et al., 2001]. This
technique compensates for the deformation of the brain tis-
sue during the normalization process, preserving the quan-
tity of gray matter while ensuring a good spatial alignment
between patients and controls. We employed the modula-
tion step developed by Good et al. As a final step, the
images were convolved with a 10-mm isotropic Gaussian
kernel filter to minimize interindividual variability of sulci
and gyri. This smoothing creates images that are more nor-
mally distributed and permits voxel-wise analysis. The
resulting images were regressed with the neuropsychologi-
cal data in the search for a significant association between
the neuropsychological scores and the probability of each
voxel being gray matter.

Statistical Analysis

The results from the neuropsychological evaluation were
transformed into Z scores (standardized scores defined by
the number of standard deviations away from the mean of
the respective control group). Group differences between
left-sided and right-sided MTLE patients for neuropsycho-
logical performance were assessed in SPSS v12.0 using a
multivariate analysis of variance (MANOVA). The scores
of BNT and WMS-R subtests were defined as dependent
within subjects’ variables and the side of MTLE as a fixed
between subjects’ factor.
We conducted a sequence of analyses of GMC. Initially,

we investigated the correlation between the probability of
each brain voxel being GMC and the scores of BNT and
WMS-R subtests. Each group of patients, i.e., left-sided
MTLE and right-sided MTLE were investigated separately.
This analysis was performed in SPM2 using simple re-
gression. It did not include grand mean scaling, and used
proportional threshold masking (set to 0.8), and brain
masking.
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Second, we aimed to investigate the association between
the GMC of isolated medial temporal lobe structures and
the performance on neuropsychological tests. We defined
regions of interest (ROIs) within the medial aspect of the
temporal lobe in a standard T1 MRI normal brain template
(‘‘colin27’’ matched to an average of 305 brains—the
MNI30537) using a temporal lobe segmentation protocol
[Bonilha et al., 2004a]. We defined ROIs corresponding to
the hippocampus, the entorhinal cortex, and the perirhinal
cortex. The GMC from each ROI was extracted using the
software package MarsBar [Brett et al., 2002] and com-
pared with the neuropsychological performance in SPSS
v12.0 through a one-tailed correlation analysis.
Third, we hypothesized that considerable associations

between extratemporal GMC and neuropsychological per-
formance could be an artifact of a double relation between
the extratemporal GMC and the hippocampal GMC, and
the hippocampal GMC and the neuropsychological per-
formance. Therefore, we investigated the regions within
the brain in which the probability of GMC would be sig-
nificantly correlated with the GMC within the hippocam-
pus. This analysis was also performed in SPM2 using sim-
ple regression. It did not include grand mean scaling, and
used proportional threshold masking (set to 0.8), and brain
masking.
Fourth, we employed a simultaneous multiple regression

analysis with each neuropsychological test as dependent
variables (or criterion) and the GMC for each brain voxel
and the hippocampal GMC as predictors. Given that atro-
phy in the medial temporal lobe extends beyond the hip-
pocampus, as well as the possible strong multicollinearity
between the GMC scores, the multiple regression analysis
would assess whether the medial temporal lobe structures
can contribute over and above the hippocampus to predict
the neuropsychological performance. The multiple linear
regression applies a model in the form of y ¼ b0 þ b1x1 þ
b2x2 þ b3x3 þ . . ., where y is the criterion (in our case,
each neuropsychological test), and x1, x2, . . . are the explan-
atory variables, so called predictors (the hippocampal,
extrahippocampal, and extratemporal GMC). This analysis
was performed in SPM2 using multiple regression. It did
not include grand mean scaling, and used proportional
threshold masking (set to 0.8), and brain masking.
However, we also hypothesized that the association

between the extrahippocampal GMC and the neuropsycho-
logical tests would probably not survive the stringency
imposed by the correction for multiple comparisons.
Therefore, we also performed a multiple regression analy-
sis with each neuropsychological test as a dependent vari-
able, while the GMC extracted from ROIs defined by Ana-
tomical Automatic Labeling (AAL) Freeware (http://
www.cyceron.fr/freeware/) were used as predictors. ROIs
comprised limbic structures and cortical areas within the
temporal and frontal lobes. All ROIs were entered into the
analyses. We decided to employ regions of interest defined
from a template of the normal brain in order to avoid
post-hoc choosing of regions of interest based on the

whole brain voxel-wise results. Therefore, by using histo-
logically defined anatomical regions, based on normal
brain mapping, we avoided forcing artificial findings.
While brains from patients with MTLE may exhibit gray
matter atrophy, the employing of an anatomical mask to
the MTLE brain would broadly encompass the specific an-
atomical area of interest. While analyzing an ROI, the
mean GMC from the ROI is computed, thereby increasing
the statistical power by reducing the number of multiple
comparisons. We exported from SPM2 to MarsBar the
design matrix obtained from the multiple regression set
with neuropsychological test as a dependent variables
and the GMC for each brain voxel and the hippocampal
GMC as predictors. Subsequently, we extracted the data
from this design matrix corresponding to ROIs within the
limbic system. Finally, we calculated the significance of
the regression of the mean probability of GMC within
each ROI while portioning out the GMC within the hippo-
campus.
Whole brain VBM analyses were corrected for multiple

comparisons through false discovery rate threshold of 5%
with an extent threshold looking for clusters with at least
20 contiguous voxels [Genovese et al., 2002]. This tech-
nique controls the rate of statistical false alarms during
multiple statistical comparisons. In the context of VBM, a
false discovery rate of 0.05 implies that �5 of 100 voxels
identified as statistically significant are actually a false
alarm. We also employed an extent threshold looking for
clusters with at least 20 contiguous voxels in order to focus
the analysis on regions were the effects were more intense,
thereby improving the conciseness of the results.
The determination and labeling of the brain regions

determined as significant by the whole brain VBM analysis
were performed by assessing their stereotaxic coordinates
provided in the SPM output through the freeware Talair-
ach Daemon client (http://ric.uthscsa.edu/projects/talair-
achdaemon.html).

RESULTS

Neuropsychological Profile of MTLE Patients

We studied 36 MTLE patients (23 women; 13 men) with
mean age of 35 years (range: 17–54 years), mean educa-
tional level of 6 years (range: 1–16 years), and mean esti-
mated IQ of 89 (range: 73–115). Nineteen patients had left
MTLE and 17 had right MTLE.
Thirty-four patients (94%) were right-handed, 25 (70%)

patients had left hemispheric dominance, and 8 (22%) had
bilateral representation for language, three being patients
with left MTLE. All except one patient with bilateral repre-
sentation for language were right-handed, indicating that
their motor dominant hemisphere was the left one, and
that the patient who had bilateral language representation
and was left-handed did have right-sided MTLE.
The patients mean performances on the neuropsycholog-

ical tests were BNT ¼ �3.73 SD (range: 12.47/2.79); Vigi-
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lance Test ¼ 0.38 errors (range: 0–2); TMTA ¼ 61 s (range:
19/197) and 0.31 errors (range: 0–3); TMTB ¼ 145 s (range:
49/281) and 1.41 errors (range: 0–10). Finally, on the
WCST, 35 (97%) patients exhibited normal range of per-
formance and only 1 patient exhibited impaired perform-
ance.
Overall, left and right MTLE patients combined perform-

ance on WMS-R subtests can be summarized as follows:
general memory – Z ¼ �0.71 6 1.12 (range from �2.79 to
2.64), verbal memory – Z ¼ �0.59 6 1.15 (range from
�2.81 to 2.50), visual memory – Z ¼ �0.52 6 1.04 (range
from �2.89 to 2.26), and delayed recall – Z ¼ �0.86 6 1.25
(range from �3.15 to 2.94).
Patients with left-sided MTLE exhibited the following

performance: general memory – Z ¼ �0.83 6 1.11 (range
from �2.79 to 1.74), verbal memory – Z ¼ �0.75 6 1.08
(range from �2.81 to 1.46), visual memory – Z ¼ �0.61 6
1.03 (range from �2.89 to 1.17), and delayed recall – Z ¼
�1.03 6 1.01 (range from �3.15 to 0.6).
The performance of patients with right-sided MTLE was

the following: general memory – Z ¼ �0.49 6 1.18 (range
from �2.15 to 2.64), verbal memory – Z ¼ �0.32 6 1.23
(range from �1.97 to 2.50), visual memory – Z ¼ �0.40 6
1.13 (range from �1.53 to 2.26), and delayed recall – Z ¼
�0.52 6 1.39 (range from �3.01 to 2.94).
Comparing patients with left and right MTLE, patients

with left-sided MTLE showed a significantly poorer per-
formance on the BNT F(4,1) ¼ 14.4, P ¼ 0.002, and on the
WMS-R for general memory F(4,1) ¼ 6.2, P ¼ 0.019; verbal
memory F(4,1) ¼ 4.6, P ¼ 0.047; and delayed recall F(4,1)
¼ 6.4, P ¼ 0.023. The performance on the WMS-R for vis-
ual memory showed no significant difference between left-
and right-sided MTLE patients, F(4,1) ¼ 3.6, P ¼ 0.078.
These findings are summarized in Figure 1.

Whole Brain Voxel-Wise Analysis: Correlation

With Neuropsychological Data

Patients with left-sided MTLE did exhibit a significant
positive simple regression between GMC in selected brain
regions and the scores in the WMS-R for general and
verbal memory (see Fig. 2). A decreased performance on
general memory was significantly associated with a dimin-
ished GMC in limbic areas such as the parahippocampal
cortex and cingulate gyri; in frontal areas, for instance, the
superior and medial frontal gyri and orbital gyri; in cere-
bellar hemispheres; in the parietal lobe within the postcen-
tral gyrus and inferior parietal lobule; in the occipital lobe,
in the cuneus and precuneus; and in the superior temporal
gyrus (Fig. 2 and Table I).
The score in the WMS-R for verbal memory was signifi-

cantly correlated with the GMC in limbic regions, such as
the ipsilateral and contralateral parahippocampal cortex
and the cingulate gyri; in the temporal lobe and in the
superior temporal gyrus; in frontal areas, the middle,
medial, and inferior frontal gyri; in occipital areas, such as
the cuneus, precuneus, and middle occipital gyrus; in the

parietal lobe, in the postcentral gyrus; and in the cerebellar
hemispheres (Fig. 2 and Table II).
We did not observe a significant association between the

WMS-R for visual memory and delayed recall and GMC
while analyzing the whole brain of patients with left
MTLE. Likewise, we did not observe a significant associa-
tion between the GMC in patients with right-sided MTLE
and the performance on the BNT and on the WMS-R for
general memory, verbal memory, visual memory, and
delayed recall.

Association of Neuropsychological Data With

Regions of Interest in the Medial Temporal Lobe

When the GMC was extracted from the entorhinal cor-
tex, the perirhinal cortex, and the hippocampus from
patients with left and right MTLE, we observed that
patients with left MTLE exhibited a significant correlation
between (1) the performance on the WMS-R for general
memory and the GMC on the left perirhinal cortex
(Pearson Correlation Coefficient ¼ 0.47, P ¼ 0.02), the
GMC in the left hippocampus (Pearson ¼ 0.42, P ¼ 0.04),
and a trend with the GMC in the entorhinal cortex
(Pearson ¼ 0.39, P ¼ 0.05); (2) the performance on the
WMS-R for verbal memory and the GMC on the left peri-

Figure 1.

Box and whisker plots demonstrate the distribution of Z scores

of the performance of patients with left- and right-sided MTLE

on memory related tests. Patients with left MTLE performed

poorer on all tests except visual memory.
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rhinal cortex (Pearson ¼ 0.44, P ¼ 0.03) and the GMC in
the left hippocampus (Pearson ¼ 0.42, P ¼ 0.04); and (3)
the performance on the WMS-R for delayed recall and the
GMC on the left perirhinal cortex (Pearson ¼ 0.44, P ¼
0.03), the GMC in the left hippocampus (Pearson ¼ 0.6,
P ¼ 0.002), and the GMC on the entorhinal cortex (Pearson
¼ 0.45, P ¼ 0.03) (Fig. 3).

Association of Neuropsychological Data

With Extra-Hippocampal and Extra-Temporal

Regions of Interest

As a group, we observed that in patients with left MTLE
the hippocampal GMC was correlated with GMC within
limbic regions (parahippocampal gyri bilaterally and cin-
gulate gyri), the parietal lobes (right inferior parietal lobule
and postcentral gyri), the frontal lobes (superior and mid-
dle frontal gyrus), the temporal lobe (right superior tempo-
ral gyrus), and cerebellar hemispheres. The statistical map
of the regions with GMC correlated with hippocampal

GMC is shown in Figure 4, from which a listing of the
details of the significant clusters is shown in Table III.
As predicted, there was an extensive overlay between

the structures that correlated with performance on general
and verbal memory in patients with MTLE and the struc-
tures that correlated with the GMC within the hippocam-
pus, what is exposed under the form of overlays of the sta-
tistical maps in Figure 5.

Regional Association With Memory Performance,

Independent From the Hippocampus

Multiple regression analysis performed with the GMC
from each brain voxel as a predictor and the performance
on general and verbal memory as criterions, failed to dem-
onstrate regions with association with the criterion while
the hippocampal GMC was partialled out. However, when
GMC from frontal and temporal ROIs were evaluated we
observed that a subset of frontal regions was associated
with performance on general and verbal memory inde-
pendently from the hippocampus (Table IV, Fig. 6). The

Figure 2.

The parametric map of the t statistic depicts the location and

the statistical significance of voxels with a significant correlation

between density of gray matter and general memory (top row)

and verbal memory (bottom row) in patients with left MTLE.

The map is overlaid in a glass brain template. Images are shown

in radiological convention, i.e., left side of images corresponds to

the right brain hemisphere.
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performance on the WMS-R for general memory was posi-
tively correlated to the GMC within left anterior and pos-
terior cingulate areas, right posterior cingulate, left medial
and superior orbital areas, and right medial orbital areas.
The performance on the WMS-R for verbal memory was
positively correlated to the GMC within left anterior, mid-
dle, and posterior cingulate areas, right posterior cingulate,
left medial and superior orbital areas, and right medial or-
bital areas.

DISCUSSION

We investigated MTLE patients with memory and lan-
guage impairments but otherwise normal cognitive per-
formance and we observed that patients with left MLTE
exhibited a significantly poorer performance on general
and verbal related memory tasks. When investigating the
neural substrate of the memory impairment in these
patients, this study produced three main findings: (1) left
MTLE patients’ performance on general and verbal mem-
ory was correlated with gray matter atrophy within the
hippocampus, and also within cortical structures of the
medial portion of the temporal lobe and limbic structures;
(2) there is a significant correlation of atrophy of extra-hip-
pocampal and extra-temporal structures with HA in left

MTLE patients, what implies that the association between
extra-HA and memory performance should be taken care-
fully since it could represent the by-product of a double
association between HA and memory and between HA
and extra-temporal atrophy; (3) when the influence of HA
is excluded, there is a significant association between fron-
tal lobe areas and general and verbal memory deficits in
patients with left MTLE.
At the present stage, it is still not possible to determine

what guides extra-hippocampal brain damage in patients
with MTLE. Recent evidence suggest that, rather than just
susceptibility to excitotoxic effects of seizures, atrophied
structures within the brain of patients with MTLE follow a
pattern of functional and anatomic connectivity to the hip-
pocampus [Bernasconi et al., 2003; Bonilha et al., 2003,
2004b, 2005]. VBM studies addressing gray matter atrophy
in these patients consistently demonstrated atrophy of lim-
bic structures in addition to HA [Bonilha et al., 2004b,
2005; Keller et al., 2002a, 2002b]. Likewise, the thalamic at-
rophy in these patients is more intense in nuclei that are
connected to the limbic system [Bonilha et al., 2005]. Alto-
gether, it seems likely that the extra-hippocampal damage
in patients with MTLE results from deafferentation from
loss of efferent neurons from the affected hippocampus,
and therefore the predilection for distribution within lim-
bic structures. Nonetheless, regardless of the mechanism

TABLE I. Whole brain VBM results showing the voxel-wise description of brain locations where there was a positive

correlation between the GMC and the performance on general memory in patients with left MTLE

Cluster size

Voxel wise Spatial coordinates Anatomical location

T equiv Z X Y Z Side Location

272 7.41 4.89 12 �89 32 Right Cuneus
355 6.72 4.63 9 �60 26 Right Precuneus
179 6.33 4.48 51 �59 20 Right Superior Temporal Gyrus
273 6.3 4.47 �26 �72 �41 Left Cerebellar Hemisphere
36 6.28 4.46 20 �45 �48 Right Cerebellar Hemisphere

832 6.14 4.4 �9 48 �12 Left Superior Frontal Gyrus
3,818 5.93 4.31 47 �65 �30 Right Cerebellar Hemisphere
471 5.27 4 12 �63 �41 Right Cerebellar Hemisphere
64 5.13 3.93 45 17 3 Right Inferior Frontal Gyrus

204 4.83 3.78 �6 35 23 Left Anterior Cingulate
44 4.76 3.75 �60 �24 23 Left Postcentral Gyrus
20 4.69 3.71 35 �41 53 Right Inferior Parietal Lobule
69 4.67 3.69 35 23 3 Right Insula
49 4.64 3.68 32 �95 5 Right Middle Occipital Gyrus
50 4.55 3.63 �14 �69 33 Left Precuneus
20 4.52 3.61 �9 �89 20 Left Cuneus
32 4.42 3.56 �17 39 �23 Left Orbital Gyrus
86 4.37 3.53 42 29 �12 Right Inferior Frontal Gyrus
71 4.35 3.52 �6 �38 32 Left Cingulate Gyrus
49 4.17 3.41 17 �83 41 Right Precuneus
22 4.09 3.36 3 48 18 Right Medial Frontal Gyrus
22 4.01 3.32 �23 2 �17 Left Parahippocampal Gyrus
70 3.86 3.23 �32 �65 �33 Left Cerebellar Hemisphere
55 3.76 3.16 14 �65 �12 Right Vermis
24 3.69 3.12 �6 �50 38 Left Precuneus

Brain sites where GMC correlated positively with the performance on the WMS-R for General Memory, in patients with left MTLE.
Results were corrected for multiple comparisons, Height threshold, T ¼ 3.30; cluster � 20 voxels; FDR corrected (P < 0.05).
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underlying the neuronal loss in patients with MTLE, a
striking feature concerning its physiopathology is the
fact that gray matter atrophy is not restricted to the hippo-
campus but somewhat affects a vast extent of limbic struc-
tures, most of them part of the hippocampal memory
system.
Atrophy to the hippocampus and extra-hippocampal

structures in patients with MTLE is potentially related to
these patients’ memory impairments. In fact, atrophy to
medial temporal and other (limbic and cortical) regions is
probably collective responsible for shaping memory defi-
cits, since both the medial temporal and other cortical
regions are known to be important for memory. Amnesia
can result from damage to only some of these regions, sug-
gesting that different elements of a large memory system
are required and engaged for specific tasks or processes.
More specifically, declarative memory is established by

reciprocal connections between the hippocampus and stor-
age sites within the neocortex [Squire and Zola-Morgan,
1991]. This form of memory (knowing that), in contrast
with procedural memory (knowing how) [Squire, 2004] is

essentially defined by the ability to bring to mind faces,
places, lists, names, and other categorical data [Squire and
Zola, 1996]. Because the connection between the hippocam-
pus and the storage sites within the cortex is performed by
medial temporal structures such as the entorhinal cortex
and the perirhinal cortex [Squire and Zola-Morgan, 1991],
these structures altogether constitute the medial temporal
lobe system which is essential for declarative memory
[Squire et al., 2004]. The linkage between the neocortex
and the medial portion of the temporal lobe, performed by
the entorhinal, perirhinal, and parahippocampal cortices
[Squire and Zola, 1996] is also the substrate for consolida-
tion, which means that as time passes, stored information
becomes less likely to be disturbed [Alvarez and Squire,
1994]. Consolidation occurs when the neural activity
within the medial portion of the temporal lobe coactivates
different regions of the neocortex that altogether enable
the conscious recollection of an event. As an effect of
repeated and simultaneous activation by the medial tem-
poral lobe, the connection between neocortical structures
strengthens and the storage of memory becomes independ-

TABLE II. Whole brain VBM results showing the voxel-wise description of brain locations where there was a

positive correlation between the GMC and the performance on verbal memory in patients with left MTLE

Cluster size

Voxel wise Spatial coordinates Anatomical location

T equiv Z X Y Z Side Location

40 7.01 4.74 18 �47 �48 Right Cerebellar Hemisphere
2504 6.77 4.65 11 �60 18 Right Posterior Cingulate
6115 6.35 4.49 32 �65 �32 Right Cerebellar Hemisphere

62 6.08 4.37 8 �89 11 Right Cuneus
1021 5.85 4.27 �9 51 �11 Left Medial Frontal Gyrus
1085 5.47 4.1 21 �62 �50 Right Cerebellar Hemisphere
155 5.24 3.99 54 �60 17 Right Superior Temporal Gyrus
583 4.99 3.86 �6 32 27 Left Cingulate Gyrus
67 4.95 3.84 �59 �24 23 Left Postcentral Gyrus
58 4.73 3.73 42 29 �12 Right Inferior Frontal Gyrus

171 4.62 3.67 �26 �72 �41 Left Cerebellar Hemisphere
75 4.61 3.66 17 �83 41 Right Precuneus
49 4.59 3.65 45 17 3 Right Inferior Frontal Gyrus
38 4.56 3.63 48 �60 �15 Right Fusiform Gyrus
97 4.51 3.61 �27 �15 �30 Left Uncus
27 4.36 3.52 5 5 �12 Right Subcallosal Gyrus
30 4.16 3.41 �18 60 �9 Left Superior Frontal Gyrus
29 4.15 3.4 15 �99 �6 Right Lingual Gyrus
24 4.15 3.4 26 �98 �8 Right Inferior Occipital Gyrus
71 4.11 3.38 �14 �69 32 Left Cuneus
63 3.99 3.3 �8 �89 18 Left Cuneus
43 3.98 3.3 36 24 3 Right Inferior Frontal Gyrus
56 3.97 3.3 36 �92 12 Right Middle Occipital Gyrus
22 3.93 3.27 0 �87 5 Left Lingual Gyrus
63 3.81 3.19 27 �17 �27 Right Parahippocampal Gyrus
22 3.8 3.19 50 36 �3 Right Middle Frontal Gyrus
36 3.74 3.15 57 �23 11 Right Superior Temporal Gyrus
27 3.7 3.13 �23 0 �17 Left Parahippocampal Gyrus
25 3.69 3.12 11 �54 �38 Right Cerebellar Hemisphere
28 3.68 3.11 5 48 18 Right Medial Frontal Gyrus
30 3.47 2.98 �9 �66 12 Left Posterior Cingulate
64 3.28 2.85 �50 �59 �24 Left Cerebellar Hemisphere

Brain sites where GMC correlated positively with the performance on the WMS-R for Verbal Memory, in patients with left MTLE.
Results were corrected for multiple comparisons, Height threshold, T ¼ 3.05; cluster � 20 voxels; FDR corrected (P < 0.05).
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Figure 3.

Scatter plots demonstrate the distribution of GMC extracted

from ROIs defined in key structures of the left medial temporal

lobe memory system (hippocampus, entorhinal, and perirhinal

cortices) and the performance on general memory, verbal mem-

ory, and delayed recall in patients with left MTLE. The signifi-

cance of the correlation between GMC and neuropsychological

performance is shown below each graph for each ROI.

Figure 4.

The parametric map of the t statistic depicts the location and

the statistical significance of voxels with a significant correlation

between densities of gray matter with the density of gray matter

extracted from the left hippocampus. The map illustrates a mul-

tislice display of coronal images of a T1 template of a normal

brain. A color bar indicating the Z score value is shown at the

bottom right. A parasagittal slice of the T1 template is also dis-

played at the right, showing the location of the slices. Left side

of images corresponds to the right brain hemisphere, and right

side corresponds to the left brain hemisphere.



ent of the medial temporal lobe [Alvarez and Squire,
1994]. This is why memory for remote events is spared af-
ter lesions to the medial temporal lobe.
Damage of the hippocampus and medial portion of the

temporal lobe results in a more severe amnesia than
lesions to the hippocampus alone, [Zola-Morgan et al.,
1994]. Besides the hippocampus, damage to the perirhinal
cortex produces more severe memory impairment than
damage to any other single component of the medial tem-
poral lobe memory system [Squire and Zola, 1996]. Amne-
sia can also result from lesions to subcortical white matter
pathways, particularly between the temporal and the fron-
tal lobes, without lesion to the medial temporal cortical
areas [Gaffan, 2002, 2005; Gaffan et al., 2001]. Lesions to
the frontal lobes result in inability to assimilate novel tasks
[Parker and Gaffan, 1998]. This is corroborated by func-
tional neuroimaging studies that show widespread activity
in the anterior prefrontal [Leung et al., 2004; Wiltgen et al.,
2004] and cingulate cortices [Khader et al., 2005] during
working memory related tasks. While the hippocampus
and the medial portion of the temporal lobe play a role in
orchestrating different neocortical areas in order to estab-
lish initial memory processes, the long-term retrieval of

consolidated memory is housed within the neocortex
[Wiltgen et al., 2004]. More specifically, frontal lobe areas
such as the dorsolateral prefrontal cortex, orbital cortex,
and the cingulate possibly exert a top-down control over
other neocortical areas rendering possible the retrieval of
consolidated information [Faw, 2003; Platel et al., 2003;
Wiltgen et al., 2004].
Even though the memory deficit in patients with MTLE

has been traditionally linked to HA [Baxendale et al., 1998;
Helmstaedter et al., 2003; Hermann et al., 1997; Meencke
and Veith, 1991], it is now recognized that these patients
exhibit a more profound and diffuse brain lesion, most of
the atrophied areas encompassing locations that are
directly linked to memory establishment and consolidation
(the medial portion of the temporal lobe) and consolida-
tion and long-term retrieval (the medial and orbital areas
of the frontal lobes). As our study suggests, these areas
contribute to shape the memory performance regarding
general and verbal memory in patients with left MTLE.
Moreover, cingulate and orbito-frontal areas are associated
to memory performance even when the hippocampal
GMC is covaried out from the analysis. The results from
our study indicate that the impaired memory performance

TABLE III. Whole brain VBM results showing the voxel-wise description of brain locations where there was a

positive correlation between the GMC and the GMC extracted from the hippocampus, in patients with left MTLE

Cluster size

Voxel wise Spatial coordinates Anatomical location

T equiv Z X Y Z Side Location

116123 11.8 6.07 54 �6 6 Right Precentral Gyrus
11.79 6.07 �24 �9 �17 Left Parahippocampal Gyrus
11.06 5.91 23 �12 �21 Right Parahippocampal Gyrus

225 6.28 4.46 42 �50 54 Right Inferior Parietal Lobule
4.25 3.46 33 �42 59 Right Postcentral Gyrus
3.74 3.15 47 �39 54 Right Inferior Parietal Lobule

209 5.51 4.12 27 �8 60 Right Middle Frontal Gyrus
3.91 3.26 33 2 57 Right Middle Frontal Gyrus

191 5.42 4.07 �29 26 51 Left Superior Frontal Gyrus
3.73 3.14 �39 29 45 Left Middle Frontal Gyrus
3.47 2.98 �26 12 53 Left Middle Frontal Gyrus

39 4.56 3.63 �33 �41 57 Left Postcentral Gyrus
2.83 2.53 �36 �33 56 Left Postcentral Gyrus

57 4.13 3.39 38 30 41 Right Middle Frontal Gyrus
4.09 3.37 44 23 42 Right Middle Frontal Gyrus

22 4.04 3.34 57 �21 30 Right Postcentral Gyrus
141 3.87 3.23 56 �8 30 Right Precentral Gyrus

3.48 2.98 56 �11 44 Right Postcentral Gyrus
2.81 2.51 54 �20 41 Right Postcentral Gyrus

82 3.61 3.06 �23 �42 �48 Left Cerebellar Hemisphere
52 3.57 3.04 �57 �17 30 Left Postcentral Gyrus
55 3.43 2.95 �6 �18 68 Left Medial Frontal Gyrus
47 3.41 2.94 21 47 41 Right Superior Frontal Gyrus

3.11 2.73 23 39 36 Right Middle Frontal Gyrus
3.04 2.68 30 35 36 Right Middle Frontal Gyrus

102 2.85 2.54 51 �56 18 Right Superior Temporal Gyrus
33 2.67 2.41 �51 �27 51 Left Postcentral Gyrus
27 2.4 2.2 27 �72 �36 Right Cerebellar Hemisphere

Brain sites where the GMC correlated positively with the GMC in the left hippocampus, in patients with left MTLE. Results were cor-
rected for multiple comparisons, Height threshold, T ¼ 1.98; cluster � 20 voxels; FDR corrected (P < 0.05).
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in patients with MTLE is a result of the combined damage
to memory related areas, specifically the hippocampal
memory system and the frontal lobes.
We were not able to dissociate the effect on verbal and

general Memory of medial temporal lobe structures such
as the entorhinal and perirhinal cortices from the hippo-
campus. The medial temporal lobe works in concert to es-
tablish and consolidate declarative memory by its recipro-
cal connections to the temporal and extra-temporal neocor-

tex; however, it is likely that the type and intensity of
memory impairment can be affected by the degree of the
damage to the entorhinal and perirhinal cortices [Alessio
et al., 2006; Brown and Aggleton, 2001]. We demonstrated
that the GMC of the parahippocampal area is tightly corre-
lated with the GMC within the hippocampus. As a conse-
quence, it is difficult to dissociate the influence of the hip-
pocampus and the remaining medial temporal lobe on
memory performance. There is a close inter-correlation

Figure 5.

Overlay of parametric map of the t statistic shows the superim-

position of areas where there is significant correlation between

the GMC in each voxel to the GMC extracted from the hippo-

campus (in red, as per Fig. 4) to verbal memory (dark blue, as

per Fig. 3) and general memory (light blue, as per Fig. 3). The

figure shows a multislice display of axial images of a T1 template

of a normal brain. Color bars indicating Z scores are shown at

the bottom. Stereotaxic z values (rostrocaudal axis) are shown

on the upper left of each slice. Top row displays in purple areas

where the maps of correlation with hippocampal GMC and

verbal memory coincide. Middle row displays in light gray the

overlap between correlation with hippocampal GMC and general

memory. Bottom row displays in light blue the overlap between

general and verbal memory. Left side of images corresponds to

the right brain hemisphere.
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between the GMC from these two sites, which is poten-
tially stronger than the correlation between these sites and
memory performance. Therefore, when the influence of the
hippocampal GMC is covaried, the significant association
of the medial temporal cortex to memory is washed away.
Furthermore, smoothing the data, which improves voxel-
wise analyses by rendering the data more normally distrib-
uted, can increase the influence of atrophy to one structure
to neighboring structures. VBM and conventional mor-
phometry studies will face difficulties trying to dissociate
the independent contribution of each region of the medial
temporal lobe to memory impairment in patients with
MTLE because of the high correlation of hippocampal and
medial temporal lobe GMC. We believe that VBM can con-
tribute to the understanding of the overall contribution of
atrophy to extra-hippocampal and extra-temporal regions
to memory. The study of the contribution of small struc-
tures of the medial temporal lobe to memory is probably
more sensitive if performed using non-smoothed data of
anatomical resections of the temporal lobe, in patients sur-
gically treated for epilepsy, compared to post-operative
memory performance. Therefore, we suggest that mapping
temporal lobe lesions (or surgical resections) to neuropsy-
chological memory impairment profile can be a promising
way to address this question. Moreover, the investigation
of other process-constrained memory measures could also
be helpful to distinguish the contribution of isolated brain
regions to the formation of memory and the relative defi-
cits in patients with MTLE.
In our study we have not addressed long-term memory

retrieval. Whether the orbito-frontal cortex and cingulate
areas are critical for the memory consolidation process in
patients with MTLE could be addressed by studies aiming
to dissociate short-term declarative memory or long-term
retrieval performance in MTLE patients, with concurrent
analysis of the corresponding brain morphometry.
Similarly, the main findings from this study are drawn

from patients with left MTLE. Not observing significant
effects from patients with right MTLE could be conse-
quence of lack of statistical power due to the smaller sam-
ple size. However, both groups were similarly sized and
composed by patients with similar profile, with compara-
ble variability. In fact, three patients with left MTLE had
bilateral representation for language, adding variability to
the group, and reducing the power to detect significant
effects. Nonetheless, the relationship between brain atro-
phy and memory and language in this group of patients
with left MTLE was still detectable. Conversely, the same
relationship was not demonstrated for patients with right
MTLE, even though both groups were submitted to exactly
the same analyses. This is possibly a reflection of the dif-
ferent biological nature of these two entities (left and right
MTLE). This can be an indication of a salient frequently
observed clinical feature of patients with left MTLE, who
usually show more intense neuropsychological impairment
than patients with right MTLE. It is possible that the asso-
ciation between regional atrophy and memory perform-
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ance in patients with right MTLE is considerably smaller
than that for patients with left MTE. Furthermore, it is also
possible that the current standard neuropsychological eval-
uation is not sensitive to detect specific memory deficits of
right MTLE patients. Thus, investigating other process con-
strained memory measures can help elucidate different
contributions of different brain areas to the memory per-
formance in patients with left and right MTLE.
In this study, we have aimed to demonstrate that there

is an intense association between atrophy in extra-hippo-
campal areas and general and verbal memory performance
in patients with left MTLE. This is in agreement with the
notion that memory formation results from an interaction
between the hippocampus, the medial temporal lobe, and
the extra-temporal neocortex. As patients with MTLE do
exhibit brain atrophy involving these areas, it is possible
that the memory impairment observed in patients with
MTLE is a consequence of not only hippocampal damage,
but also medial temporal and frontal atrophy.
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