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Summary
Purpose: To determine the validity and utility of using automated subcortical segmentation to
identify atrophy of the hippocampus and other subcortical and cerebellar structures in patients
with mesial temporal lobe epilepsy (MTLE).
Methods: Volumetric MRIs were obtained on 21 patients with MTLE (11 right, 10 left) and 21
age- and gender-matched healthy controls. Labeling of subcortical and cerebellar structures
was accomplished using automated reconstruction software (FreeSurfer). Multivariate analysis
of covariance (MANCOVA) was used to explore group differences in intracranial-normalized,
age-adjusted volumes and structural asymmetries. Step-wise discriminant function analysis was
used to identify the linear combination of volumes that optimized classification of individual
subjects.
Results: Results revealed the expected reduction in hippocampal volume on the side ipsilateral
to the seizure focus, as well as bilateral reductions in thalamic and cerebellar gray matter
Please cite this article in press as: McDonald, C.R., et al., Subcortical and cerebellar atrophy in mesial temporal lobe
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volume. Analysis of structural asymmetries revealed significant asymmetry in the hippocampus
and putamen in patients compared to controls. The discriminant function analysis revealed that
patients with right and left MTLE were best distinguished from one another using a combination
of subcortical volumes that included the right and left hippocampus and left thalamus (91—100%
correct classification using cross-validation).
Discussion: Volumetric data obtained with automated segmentation of subcortical and cere-
bellar structures approximate data from previous studies based on manual tracings. Our data
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suggest that automated segmentation can provide a clinically useful means of evaluating the
nature and extent of structural damage in patients with MTLE and may increase diagnostic
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Twenty-one healthy participants were recruited through open
advertisement. The control group had no known history of neurolog-
ical disorder, loss of consciousness, or serious medical or psychiatric
classification of patients, esp
© 2008 Elsevier B.V. All right

ntroduction

esial temporal sclerosis (MTS) is the most common
istopathological hallmark of intractable MTLE and is char-
cterized by neuronal loss, gliosis, and atrophy (Liu et al.,
995). MTS and volume loss are present in up to 80% of
atients with intractable MTLE with no mass lesions (Cendes
t al., 1993; Trenerry et al., 1993a,b), and the degree
f MTS is a strong predictor of postoperative seizure out-
ome (Kim et al., 2001). Recent improvements in structural
maging have allowed for the detection of subtle abnor-
alities within extrahippocampal regions in patients with
TLE that were not previously appreciated using standard

maging procedures (Trenerry et al., 1993a; Breier et al.,
996; Lee et al., 1998; Bernasconi et al., 1999; Arfanakis et
l., 2002; Hermann et al., 2003; Bernasconi et al., 2004;
ow et al., 2004; McMillan et al., 2004). Damage to the
mygdala is reported in 30—50% of patients with intractable
TLE (Margerison and Corsellis, 1966), and gray and white
atter reductions have been reported in MTLE that are

reatest ipsilateral to the seizure focus (Breier et al., 1996;
ee et al., 1998; Magnotta et al., 1999; Bernasconi et al.,
004; McMillan et al., 2004). Using manual tracings, vol-
me reductions have also been identified ipsilaterally and
ilaterally in the thalamus (DeCarli et al., 1998; Dreifuss et
l., 2001; Natsume et al., 2003), caudate nucleus (Dreifuss
t al., 2001), putamen (Dreifuss et al., 2001), pallidum
DeCarli et al., 1998) and cerebellar hemispheres (Hermann
t al., 2005). Therefore, there is growing evidence that
ntractable MTLE is more than a focal disease of hip-
ocampal pathology, but rather a disease that affects brain
tructures both proximal to and distant from the seizure
ocus.

To date, the nature and extent of damage to specific sub-
ortical structures has been difficult to determine in MTLE
ue to the limitations of structural imaging techniques. In
articular, MRI volumetry, which can provide valuable quan-
itative information about atrophy to individual structures
i.e., hippocampus), has traditionally been labor-intensive
nd time-consuming. Whereas automated methods are
idely available for quantifying total white matter, gray
atter, and cerebrospinal fluid volumes (Ashburner and

riston, 2005), precise measurement of subcortical struc-
ures has required manual delineations of discrete areas by
n expert neuroanatomist. For this reason, most studies of
ubcortical volumes in patients with MTLE include only a
ew selected structures (Dreifuss et al., 2001; Natsume et
l., 2003; Hermann et al., 2005; Szabo et al., 2006). Iden-
ifying the extent of structural pathology in patients with
efractory MTLE is highly important because of accumulat-
Please cite this article in press as: McDonald, C.R., et al., Su
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ng evidence that diffuse disease may be associated with
lobal cognitive impairment (Bonilha et al., 2007) and poor
urgical outcome (Sisodiya et al., 1997). Furthermore, in
ases of bilateral disease or when hippocampal atrophy is
ubtle, visual inspection may not be reliable, and accurate

c
d

b
o

lly when hippocampal atrophy is mild.
erved.

iagnosis of atrophy may require precise quantification with
RI volumetry (Reutens et al., 1996).

In the present study, we evaluate MRI volumetry in
atients with MTLE and healthy controls using fully-
utomated segmentation software to determine 1) the
xtent of subcortical and cerebellar volume loss in patients
ith MTLE and 2) the degree to which volume loss or
olumetric asymmetries in discrete structures predict lat-
ralization of the seizure focus. In addition, we examine
hether or not important disease-related variables predict

tructural volume loss in MTLE. The structures selected for
nalysis in the current study are those that have previously
een identified as atrophic in patients with MTLE using man-
al tracings. We address these questions using an automated
pproach that has been validated against manual tracings in
ealthy individuals and patients with neurological disease
Fischl et al., 2002).

ethod

articipants

articipants in this investigation were 21 patients with MTLE (ages
1—54) and 21 age- and gender-matched healthy controls (ages
1—52). All patients were recruited from the University of Califor-
ia, San Diego, Epilepsy Center and diagnosed by a board-certified
eurologist with expertise in epileptology. The study was approved
y the Institutional Review Board (IRB) and was performed in accor-
ance with the ethical standards laid down in the 1964 Declaration
f Helsinki. All participants provided written consent prior to enroll-
ent in the study. Handedness in all participants was assessed
ith the Edinburgh Handedness Inventory (Oldfield, 1971). Patients
ere classified according to video-EEG telemetry, seizure semiol-
gy, and neuroimaging results. Subjects with either an epileptic
ocus or radiological evidence of pathology outside the temporal
egions were excluded. In all 21 patients with MTLE, the diagno-
is was based on the presence of ictal and interictal temporal-lobe
pileptiform activity as monitored by video-EEG telemetry. In the
ajority of patients, scalp recordings were supplemented with

phenoidal electrodes. When necessary, patients underwent moni-
oring with five-contact foramen ovale electrodes to confirm mesial
emporal onset. According to these criteria, eleven patients were
iagnosed with unilateral right MTLE and ten with unilateral left
TLE. Diagnoses were supported in 16 of 21 patients by the pres-
nce of hippocampal atrophy and increased signal on T2-weighted
mages, consistent with mesial temporal sclerosis (MTS). In no case
as there evidence of dual-pathology on MRI. The remaining five
atients showed no evidence of MTS based on visual inspection by
neuroradiologist with expertise in epilepsy. Two patients with left
TLE were left-handed.
bcortical and cerebellar atrophy in mesial temporal lobe
008), doi:10.1016/j.eplepsyres.2008.01.006

ondition. Two of the controls were left-handed. Table 1 displays
emographic characteristics for the Control and MTLE groups.

An independent t-test revealed no significant difference
etween the groups in age. However, controls attained a higher level
f education than patients with MTLE (t[40] = 4.7; p < .05). Due to

dx.doi.org/10.1016/j.eplepsyres.2008.01.006
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Table 1 Demographic characteristics and epilepsy features
of the MTLE and Control groups (standard deviations are in
parentheses)

MTLE (N = 21) Controls (N = 21)

Age (years) 37.3 (10.0) 33.0 (10.2)
Education 13.2* (2.2) 16.5 (2.3)
Gender (females/males) 11/10 11/10
Age of seizure onset

(years)
14.3 (11.5) —

Duration of illness (years) 23.0 (14.6) —
Seizure frequency (per

month)
6.7 (7.4) —

Figure 1 Subcortical segmentation of a right MTLE patient
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(See Table 2). There was also a strong trend for MTLE
* Group mean is statistically different from that of controls at
p < .05.

the non-normal distribution of the seizure-related variables, non-
parametric tests were used to evaluate group differences between
patients with right versus left MTLE. Mann—Whitney U tests revealed
no significant group differences between the right and left MTLE
patients in illness duration, age at seizure onset, number of anti-
convulsant medications, or seizure frequency.

Procedure

MRI scanning and image processing
Imaging was performed at the UCSD Radiology Imaging Labo-
ratory on a General Electric 1.5 T EXCITE HD scanner with an
8-channel phased-array head coil. Image acquisitions included
a conventional 3-plane localizer and two T1-weighted vol-
umes that were acquired with the same pulse sequence
(TE = 3.8 ms, TR = 10.7 ms, TI = 1000 ms, flip angle = 8◦, TD = 750 ms,
bandwidth = 31.25 Hz/pixel, FOV = 24 cm, matrix = 192 × 192, slice
thickness = 1.2 mm) and subsequently averaged together to increase
the contrast to noise. Acquisition parameters were optimized for
increased gray/white matter image contrast. The imaging proto-
col was identical for all subjects studied. The image files in DICOM
format were transferred to a Linux workstation for morphometric
analysis. The two T1-weighted images were rigid body registered
to each other and reoriented into a common space, roughly simi-
lar to alignment based on the AC—PC line. Images were corrected
for non-linear warping caused by gradient coil non-linearities, using
tools developed through the Morphometry Biomedical Informatics
Research Network (mBIRN). Image intensities were corrected for
spatial sensitivity inhomogeneities in the 8-channel head coil by nor-
malizing with the ratio of a body coil scan to a head coil scan (using
GE’s ‘‘PURE’’ Calibration procedure). Image intensities were fur-
ther normalized and made more uniform with the FreeSurfer (3.0.5)
software package (http://surfer.nmr.mgh.harvard.edu).

The automated procedures for volumetric measures of the dif-
ferent brain structures are described by Fischl et al. (2002). Unlike
previous automated techniques for segmenting brain tissue that
generally label a small number of tissue classes such as white mat-
ter, gray matter, and CSF, the procedure described in this study
automatically segments and labels up to 40 unique structures (Fig. 1
portrays a subset of these structures). The procedure automatically
assigns a neuroanatomical label to each voxel in an MRI volume
based on probabilistic information automatically estimated from a
manually labeled training set. In brief, the segmentation is carried
Please cite this article in press as: McDonald, C.R., et al., Su
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out as follows. First, the image is rigid body registered to a prob-
abilistic brain atlas, followed by non-linear morphing to the atlas.
Manually segmented images were previously used to create statis-
tics about how likely a particular label is at any given location in the
brain. This serves as a Bayesian prior for estimating the label of a

p
N
i
g

ith right MTS. MRI volumetry using automated segmentation
evealed: Left hippocampal volume = 3.518 mm3; Right hip-
ocampal volume = 2.962 mm3; Hippocampal asymmetry = 17%.

iven voxel in a given patient’s brain image based on the maximum a
osteriori probability. The segmentation uses three pieces of infor-
ation to disambiguate labels: (1) the prior probability of a given

issue class occurring at a specific atlas location, (2) the likelihood
f the image intensity given that tissue class, and (3) the probability
f the local spatial configuration of labels given the tissue class. The
echnique has previously been shown to be comparable in accuracy
o manual labeling (Fischl et al., 2002). However, all segmentations
ere visually inspected for accuracy prior to inclusion in the group
nalysis. In no case were errors in segmentation identified by visual
nspection. As a result, all 42 MRIs were retained in the analysis.

tatistical analysis

irst, group differences between controls and patients with MTLE
ere analyzed using multivariate analysis of covariance (MANCOVA)
n age- and intracranial volume (ICV)-adjusted mean asymmetry
cores for: (1) six subcortical (hippocampus, amygdala, caudate
ucleus, thalamus, putamen, and globus pallidus) and (2) two cere-
ellar (total white and gray matter) volumes. Second, MANCOVAs
ere performed to examine whether asymmetries in patients with

ight versus left MTLE were quantitatively or qualitatively dif-
erent. Third, individual subject analyses were performed using
1) operator-defined cut-off z-scores (i.e., >2 standard deviations
elow the control mean) for hippocampal volumes and asymme-
ries and (2) linear, step-wise discriminant function analysis. Fourth,
egression analyses were performed to determine the contribution
f disease related factors (i.e., age at seizure onset, disease dura-
ion, number of anticonvulsant medications, and seizure frequency)
o structural volume loss. Post hoc comparisons were only consid-
red significant for values of p < .01 to reduce Type I errors.

esults

ontrols versus MTLE

he overall MANCOVA for subcortical asymmetries was
ignificant [F (6,35) = 4.1, p < .01] and univariate analysis
emonstrated that MTLE patients showed greater asym-
etries in the hippocampus (F(1, 41) = 20.4, p < .001) and

he putamen (F(1, 41) = 5.1, p < .01) relative to controls
bcortical and cerebellar atrophy in mesial temporal lobe
008), doi:10.1016/j.eplepsyres.2008.01.006

atients to show greater asymmetry in amygdala volumes.
o differences were found between controls and patients

n cerebellar asymmetries. However, because the control
roup showed a significant asymmetry in some subcortical

dx.doi.org/10.1016/j.eplepsyres.2008.01.006
http://surfer.nmr.mgh.harvard.edu/
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Table 2 Structural volumetric asymmetries in patients
with MTLE and controls

Structures Controls
(N = 21)

MTLE (N = 21)

Hippocampus
% asymmetrya 5.7 (7.4) 25.1 (17.3)***
Ipsilateral z-scoreb — −2.350 (2.1)***
Contralateral z-score — .3690 (1.1)

Amygdala
% asymmetry 4.5 (5.8) 10.1 (9.4)ˆ
Ipsilateral z-score — .0673 (1.5)
Contralateral z-score — .958 (1.4)*

Thalamus
% asymmetry 5.2 (4.2) 7.3 (4.9)
Ipsilateral z-score — −1.346 (1.0)***
Contralateral z−score — −.8931 (1.1)**

Caudate nucleus
% asymmetry 1.4 (4.5) 5.3 (6.7)
Ipsilateral volume — −.3353 (1.3)
Contralateral volume — −.0639 (1.1)

Putamen
% asymmetry 3.8 (3.4) 7.0 (4.5)*
Ipsilateral volume — −.3492 (1.0)
Contralateral volume — −.2527 (0.9)

Globus pallidus
% asymmetry 2.8 (5.9) 6.3 (4.5)
Ipsilateral volume — −.2494 (0.9)
Contralateral volume — −.0860 (1.0)

Cerebellar white matter
% asymmetry 1.0 (5.1) 5.6 (4.7)
Ipsilateral z-score — .0098 (1.4)
Contralateral z-score — −.1294 (1.3)

Cerebellar gray matter
% asymmetry 2.6 (2.2) 3.4 (2.6)
Ipsilateral z-score — −1.7 (1.5)**
Contralateral z-score — −1.3 (1.5)**

*Mean is significantly different from controls at ˆp < .10, *p < .05;
**p < .01; ***p < .001.

a Asymmetry scores = [(left − right)/((left + right)/2))] × 100.
Values are calculated on non-adjusted mean volumes.
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Asymmetry scores reflect the absolute value of the asymmetry.
b Ipsilateral/contralateral scores are reported as intracranial

volume (ICV)-adjusted z-scores derived from the control mean.

tructures [i.e., paired t-tests in controls revealed a right-
ard asymmetry in the hippocampus (t[20] = 3.6; p < .005)
nd amygdala (t[20] = 3.5; p < .005) and a leftward asym-
etry in the thalamus (t[20] = 5.7; p < .001) and putamen

t[20] = 5.8; p < .001)], z-scores for ipsilateral and contralat-
ral volumes were calculated for patients based on the
ean asymmetry of the controls. This allowed us to test for

roup differences in asymmetries, while taking into account
Please cite this article in press as: McDonald, C.R., et al., Su
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he naturally occurring asymmetries in controls (Pedraza
t al., 2004). A MANCOVA of the ipsilateral and contralat-
ral subcortical volumes was significant [F (12,29) = 4.2,
< .001). Univariate ANOVAs revealed that patients with
TLE showed reduced volumes of the ipsilateral hippocam-
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us (F(1, 41) = 24.0, p < .001) and ipsilateral (F(1, 41) = 17.7,
< .001) and contralateral (F(1, 41) = 8.0, p < .01) thalamus

elative to controls. On average, patients with MTLE showed
n increased volume in the contralateral amygdala (F(1,
1) = 10.1, p < .01). A MANCOVA on cerebellar volumes was
lso significant [F (4,37) = 5.12, p < .01). Univariate analy-
is revealed that MTLEs had lower cerebellar gray matter
olumes ipsilateral (F(1, 41) = 7.3, p < .01) and contralateral
F(1, 41) = 9.8, p < .001) to the seizure focus.

ontrols versus right MTLE versus left MTLE

ue to the large number of comparisons required to test
or group differences among right MTLE, left MTLE, and
ontrols for the subcortical and cerebellar structural vol-
mes, and possible inflation of Type I errors, only structural
symmetries were tested in the subgroup analysis. How-
ver, for descriptive purposes, ICV-adjusted mean volumes
nd asymmetries are displayed separately for right and
eft MTLE patients in Table 3. A MANOVA on subcorti-
al volume asymmetries among patients with right MTLE,
eft MTLE, and controls was significant [F (12,68) = 6.00
< .001]. Univariate analysis demonstrated group differ-
nces in the mean asymmetry of the hippocampus (F(2,
1) = 33.4, p < .001), amygdala (F(2, 41) = 6.3, p < .005), and
utamen (F(2, 41) = 4.1, p < .05). Post hoc tests adjusted
or multiple comparisons revealed that both the right MTLE
p < .001) and left MTLE (p < .001) groups showed greater
ippocampal asymmetry than controls. Patients with right
TLE differed from both the left MTLE (p < .01) and con-

rols (p < .05) in amygdala asymmetry scores. Whereas the
ight MTLE group showed a right < left amygdala asymmetry,
atients with left MTLE and controls showed a left < right
mygdala asymmetry. The right MTLE group differed from
ontrols in their putamen asymmetry (p < .05), showing a
ignificant right < left asymmetry. A MANOVA on cerebellar
ray and white matter asymmetries among the groups was
ot significant.

ndividual subject analysis: Diagnostic accuracy,
ensitivity, and specificity

ndividual subject analyses were performed by calculating
he diagnostic accuracy, sensitivity, and specificity of hip-
ocampal asymmetry and total volume scores. Significant
symmetries were defined as a z-score falling at least 2.0
tandard deviations (S.D.s) below the mean of the control
roup. Using this criterion, 88% of the participants were
orrectly classified as right MTLE, left MTLE, or Control (sen-
itivity = 81%; specificity = 95%). No patient demonstrated
ilateral hippocampal atrophy, defined by both ICV-adjusted
ippocampal volumes falling > 2.0 S.D.s below the control
ean. Using the left hippocampal mean of the controls to
etect patients with left MTLE, diagnostic accuracy was 88%,
ensitivity was 70%, and specificity was 94%. Using the right
ippocampal control mean to detect right MTLE, diagnostic
bcortical and cerebellar atrophy in mesial temporal lobe
008), doi:10.1016/j.eplepsyres.2008.01.006

ccuracy was 86%, sensitivity was only 55%, but specificity
as 97%. The higher specificity relative to sensitivity reflects

he fact that in each case, one healthy control was misclas-
ified as a MTLE patient; whereas, using asymmetry scores,
our MTLE participants were misclassified as controls. As

dx.doi.org/10.1016/j.eplepsyres.2008.01.006
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Table 3 Subcortical and cerebellar volumes and asymmetries in patients with MTLE and controls

Structures Controls (N = 21) Right MTLE (N = 11) Left MTLE (N = 10)

Hippocampus
Mean R volumea 4097.8 (99.2) 3380.0 (139.0) 4290.6 (146.3)
Mean L volume 3869.9 (82.9) 3938.5 (116.2) 3176.1 (122.2)
% asymmetryb −5.7 (7.4) 16.5 (16.5)*** −31.5 (19.8)***

Amygdala
Mean R volume 1674.6 (34.9) 1719.8 (49.0) 1760.9 (51.5)
Mean L volume 1599.0 (41.8) 1885.6 (58.6) 1624.9 (61.6)
% asymmetry −4.5 (5.8) 6.7 (12.0)* −9.2 (12.6)

Thalamus
Mean R volume 6677.7 (103.9) 6068.3 (145.5) 6360.3 (153.1)
Mean L volume 7032.0 (97.7) 6509.2 (136.9) 6384.3 (144.0)
% asymmetry 5.2 (4.2) 7.0 (7.7) 0.8 (7.1)

Caudate nucleus
Mean R volume 3476.8 (76.6) 3250.5 (107.3) 3557.2 (113.0)
Mean L volume 3423.7 (62.5) 3310.6 (87.6) 3420.9 (92.2)
% asymmetry −1.4 (4.5) 2.0 (10.5) −3.4 (5.0)

Putamen
Mean R volume 5067.8 (114.3) 4650.2 (160.2) 4998.0 (168.5)
Mean L volume 5263.4 (109.9) 5042.4 (154.0) 5246.6 (162.1)
% asymmetry 3.8 (3.4) 8.0 (5.8)* 5.2 (2.2)

Globus pallidus
Mean R volume 1694.3 (28.3) 1646.7 (39.6) 1717.4 (41.7)
Mean L volume 1648.7 (31.3) 1597.8 (43.9) 1617.2 (46.2)
% asymmetry −2.8 (5.9) −3.5 7.0) −5.3 (6.0)

Cerebellar white matter
Mean R volume 13236.6 (353.7) 13257.6 (495.5) 13265.7 (521.4)
Mean L volume 13330.6 (270.0) 13144.9 (378.2) 13185.6 (398.0)
% asymmetry 1.0 (5.1) −1.0 (7.7) 0.9 (7.4)

Cerebellar gray matter
Mean R volume 53947.4 (1490.4) 46309.3 (2088.2) 49826.3 (2197.1)
Mean L volume 52533.0 (1335.1) 44238.2 (1870.7) 48980.0 (1968.3)
% asymmetry −2.6 (2.2) −4.3 (7.0) −1.2 (2.3)

*Mean is significantly different from controls at *p < .05; **p < .01; ***p < .001.
a 3 intrac

lues

u
c
f
m
a
p
c
C
p
f
U
r

All mean volumes are reported in mm and adjusted for total
b Asymmetry scores = [(left − right)/((left + right)/2))] × 100. Va

reflect left > right volumes.

expected, these four MTLE participants showed no evidence
of MTS based on visual inspection. In one case, detection of
hippocampal atrophy was missed on visual inspection, but
detected by volumetric quantification. This patient showed
a hippocampal asymmetry of 17%, yielding a right to left
hippocampal ratio of .85—–an asymmetry that is putatively
too small to be detected by visual inspection [see (Reutens
et al., 1996)].

Discriminant function analysis
Because hippocampal volumes are not always successful in
classifying MTLE patients, a linear, step-wise discriminant
Please cite this article in press as: McDonald, C.R., et al., Su
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function analysis was performed to determine if a combi-
nation of structural volumes would increase classification
accuracy. This approach considers the parameters that were
selected in each previous step in order to obtain the best
discrimination equation. A ‘‘leave-one-out’’ procedure was

l
c
c
c
a

ranial volume (ICV).
are calculated on non-adjusted mean volumes. Positive values

sed to cross-validate the classifier. In this procedure, each
ase in the analysis is classified by the functions derived
rom all cases other than that case. This procedure is opti-
al for applying the function to a new sample of cases. Using

symmetry scores as predictors in the model, hippocam-
al asymmetry alone emerged as a significant predictor,
orrectly classifying 84% of the original sample into the
ontrol vs. right MTLE vs left MTLE groups (�2 (1) = 20.6,
< .001). A discriminant function analysis was also per-

ormed using the IC-normalized mean volumes as predictors.
sing mean volumes, the best linear classifier included the
ight hippocampus, left hippocampus, left amygdala, and

2

bcortical and cerebellar atrophy in mesial temporal lobe
008), doi:10.1016/j.eplepsyres.2008.01.006

eft thalamic volumes (� (8) = 64.5, p < .001). This linear
ombination of volumes using cross-validation of the results
orrectly classified 90.0% of the participants (100% of the
ontrols, 82% of the right MTLE, and 80% of the left TLEs)
nd provided better classification accuracy than either (1)

dx.doi.org/10.1016/j.eplepsyres.2008.01.006
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hippocampal asymmetry score alone or (2) arbitrarily
defined cut-off scores.

Because one of the most clinically meaningful distinc-
tions is how well patients already diagnosed with MTLE can
be correctly lateralized with volumetric data, step-wise dis-
criminant function analyses were also performed with only
patients included. Applying the same method as described
above, the best linear combination of variables included the
right hippocampus, left hippocampus, and left thalamus (�2

(3) = 24.3, p < .001). This linear combination of variables cor-
rectly lateralized 91% of the patients in both the original and
cross-validated samples. Obtaining a classification rate with
over 90% accuracy using MRI volumetry is noteworthy, given
that clinical MRI readings by a neuroradiologist correctly lat-
eralized patients only 76% of the time (i.e., 5 of 21 read as
normal).

Disease-related predictors of subcortical and
cerebellar volume loss

Because structural volume loss is, in part, a function of
variables other than seizure lateralization, linear regres-
sion with curve estimation was performed to determine
if key disease-related variables predicted volume loss in

Figure 2 Left (A) and right (B) age- and ICV-adjusted cere-
bellar gray matter volume as a function of disease duration in
years in patients with MTLE.
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igure 3 Left (A) and right (B) putamen age and ICV-adjusted
utamen volume as a function of disease duration in years in
atients with MTLE.

hose structures that were atrophic or asymmetric rela-
ive to controls. Due to the high degree of multicollinearity
etween age of seizure onset and disease duration (r = .798,
< .001), only the variable with the strongest correlation to

he structural volumes (i.e., disease duration) was retained
n the model. Results revealed a significant linear relation-
hip between disease duration and age-adjusted cerebellar
olumes (See Fig. 2A and B). That is, cerebellar gray matter
olumes decreased as disease duration increased, explain-
ng 42% of the variance in left (b = −.64, p < .01) and 41%
f the variance in right (b = −.63, p < .01) cerebellar vol-
mes. In addition, there was a linear relationship between
isease duration and age-adjusted putamen volumes (see
ig. 3A and B). Longer disease duration predicted smaller
eft (b = −.63, p < .01) and right (b = −.65, p < .05) putamen
olumes, explaining 40% of left and 42% of right cerebel-
ar volumes. No other disease-related variables emerged as
ignificant predictors of volume loss or asymmetries in MTLE.

iscussion
bcortical and cerebellar atrophy in mesial temporal lobe
008), doi:10.1016/j.eplepsyres.2008.01.006

here is a large body of evidence demonstrating that sub-
ortical structures aside from the hippocampus play a key
ole in the evolution and propagation of seizure activity in

dx.doi.org/10.1016/j.eplepsyres.2008.01.006
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MTLE (Faeth et al., 1954). These structures include the tha-
lamus, amygdala, caudate nucleus, pallidum, and putamen.
This may explain why volume loss and structural asym-
metries have been observed in these structures in MTLE
patients both ipsilateral and contralateral to the seizure
focus (Dreifuss et al., 2001; Szabo et al., 2006). Cerebel-
lar volume loss has also been described in patients with
MTLE and has been attributed to disease duration, number of
lifetime generalized tonic-clonic seizures, and chronic use
of anti-epileptic medications (i.e., phenytoin) (Hermann et
al., 2005). The current study was conducted in order to (1)
characterize volume loss in subcortical and cerebellar struc-
tures in patients with MTLE using automated segmentation,
and (2) determine whether or not a comprehensive assess-
ment of subcortical volumes or asymmetries would increase
diagnostic accuracy of patients with MTLE. These goals
were accomplished using a fully automated method that
has demonstrated comparable accuracy to manual labeling
in healthy controls and patients with neurological disease
(Fischl et al., 2002).

As expected, our automated approach revealed signifi-
cant volume loss ipsilaterally in the hippocampus, as well as
bilaterally in the thalamus and cerebellar cortex in patients
with MTLE. In addition, significant structural asymmetries
were found in the hippocampus and putamen of patients
that exceeded the natural asymmetry observed in healthy
controls (Pedraza et al., 2004). When patients with right
MTLE and left MTLE were considered separately, significant
asymmetries were noted in the hippocampus, amygdala, and
putamen in the expected direction. Although a complete
discussion of the possible mechanisms underlying atrophy to
each structure is beyond the scope of this paper, there are
several key findings that deserve mention. First, evidence
of bilateral thalamic volume loss, more severe ipsilaterally,
has emerged as a consistent finding in volumetric stud-
ies of MTLE (Dreifuss et al., 2001; Szabo et al., 2006). As
a subcortical structure that maintains major efferent and
afferent projections to almost all cortical regions, it has
been described as a physiologic synchronizer of seizures
(Bertram et al., 1998). In addition, there is evidence that
thalamic volume loss is independent of hippocampal atro-
phy (Natsume et al., 2003). Therefore, it has the potential
to add to classification of patients with MTLE, especially
in cases where hippocampal volumes are normal. Second,
bilateral cerebellar damage is a frequent finding in MTLE
and has previously been associated with disease chronicity
(Hermann et al., 2005). The relationship between cerebel-
lar volume loss and phenytoin use has long been described
in patients with TLE (Ghatak et al., 1976; Hermann et al.,
2005). Although we attempted to evaluate this relation-
ship in our study, some patients were not able to provide
a complete medication history. Of the patients who showed
significant cerebellar atrophy, four of the five reported a
history of phenytoin use. However, the number of patients
without cerebellar atrophy who had a history of pheny-
toin use is equally important to consider, but could not be
determined in our study. Third, we found an increased asym-
Please cite this article in press as: McDonald, C.R., et al., Su
epilepsy revealed by automatic segmentation, Epilepsy Res. (2

metry in the putamen and amygdala in patients relative
to controls. Furthermore, left and right putamen volumes
were associated with disease duration in MTLE patients,
independent of seizure lateralization. Therefore, it is pos-
sible that pathological changes to this structure are more
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function of disease duration than ipsilateral hippocam-
al atrophy. Finally, we did not find evidence of atrophy or
n increased asymmetry in the caudate nucleus, pallidum,
r cerebellar white matter in patients relative to controls.
hese structures have been reported as atrophic in some
tudies (Dreifuss et al., 2001), but not others (Szabo et al.,
006). However, inspection of Table 3 reveals that the mean
olumes were generally in the expected direction. Thus,
ur automated volumetric analysis supports existing data
erived from manual tracings, suggesting extrahippocampal
athology in patients with MTLE that is structure-specific
nd more pronounced ipsilateral to the seizure focus.

In this paper, we report on the use of automated
egmentation of subcortical and cerebellar structures for
dentifying focal atrophy in MTLE. In a recent study,
ammers et al. (2007) described an automated method for
egmenting the hippocampus and detecting hippocampal
trophy in MTLE. They demonstrated high sensitivity, speci-
city, and test—retest reliability, and strong convergence
etween their automated segmentation and manual tracings
f the hippocampus. However, given our results and accumu-
ating evidence that extrahippocampal pathology may be an
mportant predictor of neuropsychological status (Hermann
t al., 2003) and seizure outcome (Sisodiya et al., 1997), a
ore comprehensive analysis of subcortical volumes in MTLE

ould be of significant clinical value. Our data extend the
iterature by providing initial validation of fully automated
egmentation for deriving such information in patients with
TLE.

In addition to our group findings, we provide prelimi-
ary evidence that both the classification and lateralization
f individual patients can be increased by using volumetric
nformation derived from a combination of subcortical struc-
ures. These structures include the hippocampus, thalamus,
utamen, and amygdala. Although hippocampal volumes
lone may suffice in lateralizing many patients, correct lat-
ralization of patients with subtle or no MTS may be aided
y examining volume loss in adjacent subcortical structures.
n particular, our discriminant function analysis successfully
ateralized three of the five patients who did not show MTS
n clinical MRI. These data suggest that combining volu-
etric information from multiple subcortical structures can

nhance classification and lateralization in ambiguous cases
f MTLE, exceeding detection based on visual inspection or
ippocampal volumes alone.

Despite the clinical potential of our data, several limi-
ations of the current study should be addressed. First, our
atient sample was relatively small. As a result, our study
ay have been underpowered to detect subtle volume loss

r asymmetries in some structures. It is also possible that
ith a larger cohort or a different sample of patients, other

tructures would have emerged as important predictors in
ur discriminant function analysis. To test the true validity
f our model, it should be applied to an independent group
f patients with MTLE. Second, there are data to suggest that
olumes obtained from MRI volumetry are highly dependent
n the particular scanner, field strength, and slice thick-
bcortical and cerebellar atrophy in mesial temporal lobe
008), doi:10.1016/j.eplepsyres.2008.01.006

ess (Pedraza et al., 2004). All participants in our study
ere scanned on the same 1.5 T magnet using the exact

ame imaging protocol. Therefore, the generalizability of
ur procedure will depend on obtaining consistent results
sing different MRI scanners with a large MTLE patient base.

dx.doi.org/10.1016/j.eplepsyres.2008.01.006
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hird, we limited our analysis to structures that have pre-
iously been described as atrophic in research using manual
ethods. This allowed us to test our automated segmenta-

ion against the existing ‘‘gold standard.’’ It is possible that
ther structures that were not included in our analysis are
trophic and would have emerged as significant contributors
o the model. It is also possible that the approach described
ere would be more useful in distinguishing patients with
TLE from those with lateral TLE or an extratemporal focus.
sing volumetric data to distinguish among patients with
ifferent types of epilepsy, or those with good versus poor
urgical outcome, would be excellent avenues for future
esearch. Finally, it is possible that diagnostic accuracy
ould increase even further by combining data from MRI
olumetry with data from other structural and functional
maging techniques. In particular, optimal classification of
atients with MTLE may ultimately incorporate volumetric,
iffusion, and feature-based information from cortical and
ubcortical regions.

onclusion

ur data suggest that automated segmentation of hippocam-
al and extrahippocampal structures reveals a pattern of
trophy similar to that obtained with manual tracings. Fur-
hermore, our results indicate that volumetric data derived
rom a combination of structures may increase diagnostic
ccuracy of right versus left MTLE, especially when hip-
ocampal atrophy is mild. Although this automated method
hows promise for enhancing diagnosis and adding to our
nderstanding of the diffuse effects of refractory MTLE,
hese initial findings should be cross-validated in a larger,
ndependent cohort of patients with MTLE.
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