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Altered white matter integrity in temporal lobe epilepsy:
association with cognitive and clinical profiles
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Steven C. Cramer1,5, and Jack J. Lin1
1Department of Neurology, University of California, Irvine, Irvine, United States
2Department of Psychiatry & Human Behavior, University of California, Irvine, Irvine, United States
3Department of Pathology, University of California, Irvine, Irvine, United States
4Department of Neurological Surgery, University of California, Irvine, Irvine, United States
5Department of Anatomy & Neurobiology, University of California, Irvine, Irvine, United States

Summary
Purpose—Diffusion tensor imaging (DTI) studies have reported substantial white matter
abnormalities in patients with temporal lobe epilepsy (TLE). However, limited data exist regarding
the extent of white matter tract abnormalities, cognitive effects of these abnormalities, and
relationship to clinical factors. The current study examined these issues in subjects with chronic TLE.

Methods—DTI data were obtained in 12 TLE subjects and 10 age-matched healthy controls.
Voxelwise statistical analysis of fractional anisotropy (FA) was carried out using tract-based spatial
statistics (TBSS). White matter integrity was correlated with cognitive performances and epilepsy-
related clinical parameters.

Results—Subjects with TLE, as compared to healthy controls, demonstrated four clusters of
reduced FA, in anterior temporal lobe, mesial temporal lobe, and cerebellum ipsilateral, as well as
frontoparietal lobe contralateral, to the side of seizure onset. Mean FA was positively correlated with
delayed memory, in anterior temporal lobe; immediate memory, in mesial temporal lobe. Lower FA
values in the posterior region of corpus callosum were related to earlier age of seizure onset.

Conclusion—TLE is associated with widespread disturbances in white matter tracts and these
changes have important cognitive and clinical consequences.

Keywords
temporal lobe epilepsy; diffusion tensor imaging; cognition; age of seizure onset

Introduction
Temporal lobe epilepsy (TLE) is the most common form of focal epilepsy with structural and
functional abnormalities both within and distant from the ictal onset zone (Lin et al., 2007,
Mueller et al., 2004). Diffusion tensor imaging (DTI) studies have reported substantial white
matter abnormalities in the epileptogenic network of subjects with TLE (Arfanakis et al.,
2002, Ahmadi et al., 2009, Gross et al., 2006, Focke et al., 2008, Schoenfeld et al., 1999).
However, limited data exist regarding the extent of abnormal white matter tracts, the cognitive
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effects of these abnormalities and their relationship to epilepsy-related clinical parameters. The
current study addresses these issues.

The first goal of this study is to compare whole brain DTI characteristics of individuals with
chronic drug-resistant TLE with that of age-matched healthy controls. Several DTI
tractography studies have found that white matter abnormalities are most pronounced in the
cerebral hemisphere ipsilateral to the side of seizure onset (Lin et al., 2008, Ahmadi et al.,
2009). On the other hand, whole brain voxel analyses of gray matter density and thickness as
well as other DTI tractography studies have shown diffuse symmetric abnormalities
(Bernasconi et al., 2004, Gross et al., 2006, Lin et al., 2007), suggesting that TLE subjects have
widespread structural abnormalities, despite unilateral seizure focus. The current study uses
tract-based spatial statistics (TBSS) and probabilistic tractography to define the extent of white
matter derangement in TLE (Smith et al., 2007). The primary measure of white matter integrity
used in this study is fractional anisotropy (FA), which is determined by the directional
magnitude of water diffusion in three-dimensional space. Tightly packed white matter fascicles
provide structural coherence, which result in water diffusion in a preferred direction (high FA).
In contrast, white matter fascicles that have poor structural organization will allow water to
diffuse more randomly (low FA). TBSS provides an automated whole brain voxel-by-voxel
analysis of FA without a priori bias for a specific brain region.

The second goal of the study is to determine the degree to which abnormal white matter is
related to cognitive performances. Individuals with TLE also have impairments in multiple
cognitive domains including memory, executive function, language, intelligence and motor
speed (Oyegbile et al., 2004). A disconnection model has been proposed to explain this diffuse
cognitive profile (Catani and ffytche, 2005). In essence, TLE may disrupt widespread cortical
and subcortical connections that are germane to higher cognitive processing, leading to
cognitive deficits in multiple domains. The current study tests the disconnection hypothesis by
correlating the strength of limbic and neocortical connections with cognitive measures in TLE
and healthy controls.

The third goal of the study is to investigate the relationship between white matter integrity with
epilepsy-specific clinical variables, including age of epilepsy onset, epilepsy duration, seizure
frequency and anti-epileptic medication history (i.e., the number of ineffective antiepileptic
medications patients experienced in their lifetime). Although several DTI studies have
correlated white matter integrity with these clinical parameters, their results have been
inconsistent (Schoene-Bake et al., 2009, Hermann et al., 2003).

Methods
Subjects

We recruited 12 patients with TLE (age = 37.9 ± 3.2 years, mean ± SEM, range: 20-52; Female/
Male = 9/3) and 10 age-matched healthy controls (42.1 ± 3.1 years, range: 33-55; Female/Male
= 4/6) for this study, using an approved protocol from our Institutional Review Board. Entry
criteria for patients included ability to undergo MRI, plus definite or probable unilateral TLE.
The diagnosis of TLE was confirmed in 11 patients using continuous video-EEG monitoring,
demonstrating unilateral ictal temporal EEG discharges of theta frequency or higher within 30
seconds after onset and thus were classified as definite TLE (Risinger et al., 1989). One patient
did not undergo video-EEG monitoring but had appropriate temporal lobe seizure semiology
and predominantly left temporal interictal epileptiform discharges on EEG and thus was
classified as probable TLE. In 9 patients, the diagnosis with TLE was also supported by MRI
evidence of mesial temporal sclerosis and/or unilateral temporal lobe hypometabolism on
fluorodeoxyglucose positron emissions tomography. Patient clinical information was obtained
from chart review as well as direct patient interviews and outlined in Table 1.
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The control subjects were recruited through responses to advertisements posted at the
University of California, Irvine Medical Center and School of Medicine. Criteria for controls
subjects included 1) no neurological or psychiatric diagnoses; 2) no family member with
epilepsy, 3) no history of a loss of consciousness for >5 minutes, and 4) ability to undergo
MRI.

MRI acquisition
MRI data was obtained using a 3-Tesla MR scanner (Siemens Trio, Erlangen, Germany) with
an 8 phased array head coil. DTI data acquisition involved a single-shot echo-planar pulse
sequence with parallel acquisition technique (IPAT) in conjunction with generalized
autocalibrating partially parallel acquisition (GRAPPA), with the following parameters: two
volumes, image matrix = 128×128, field of view = 256×256 mm, TR = 9300 ms, TE = 93 ms,
slice thickness = 2.0 mm with no interslice gap, 12 non-collinear directions with a b value of
1000 s/mm.

Image analysis
Images obtained in DICOM format were converted to ANALYZE. Subsequent images were
analyzed using tools from the Oxford Center for Functional MRI of the Brain (FMRIB, FSL
version 3.3 http://www.fsl.ox.ac.uk/fsl). Images were corrected for eddy currents and head
motion by affine coregistration to the b0 image of the first repetition using FMRIB's Diffusion
Toolbox (FDT) (Jenkinson and Smith, 2001), and then skull and dura were removed (Smith,
2002). The diffusion tensor was computed at each voxel, generating images of fractional
anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD).
Within the epilepsy patient group, MRI studies were grouped according to the side of seizure
onset and compared to the healthy control group. Thus two individuals with right TLE were
transformed across the midline so that comparisons with the ten subjects with left TLE could
be made.

Using TBSS, voxelwise cross-subject comparisons were made between FA profiles of TLE
and control subjects to identify discrete regions of white matter abnormalities (Smith et al.,
2007). First, a target image was determined by aligning every subject's FA image to each other
image, in order to determine the most representative subject. This target image was then
normalized to MNI152 standard space using an affine transformation. All other subjects were
then aligned first to the target image and then to 1×1×1 mm MNI152 space using Nonlinear
Registration Toolkit [IRTK, www.doc.ic.ac.uk/~dr/software] (Rueckert et al., 1999). This
process created a mean FA skeleton that represents the centers of all tracts common to the
group. All individual subjects’ aligned FA data (TLE and control subjects) was projected onto
the FA skeleton, and the resulting data was used for voxel-wise statistics. Specifically, in TBSS,
a design matrix is generated that groups subjects into either TLE or controls and then tests for
a significant difference at each voxel between the two groups. TBSS was also applied to the
non-FA images generated from the diffusion tensor (i.e. MD, AD, and RD). To do this, the
nonlinear registration used in the FA analysis is applied to the non-FA images. The resultant
images are then projected onto the same skeleton used in the FA analysis using the same
skeleton projection vectors. These skeletonised non-FA images are then used to perform the
same voxel-wise statistics as FA data (see statistical analysis).

Tractography
Diffusion tensor tractography was performed for each subject to map specific white matter
tracts underlying the regions of white matter abnormalities identified in TBSS. To do this, the
clusters of significance found in TBSS were first transformed back into each subject's native
space. These clusters were then applied as seed masks for probabilistic tractography (5000
streamline samples, curvature threshold of 0.2, step length 0.5 mm), using FMRIB's Diffusion
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Toolbox (FDT v2.0). Tractography proceeded by drawing multiple streamline samples through
the probability density functions from each seed voxel, generating volumes in which each voxel
represents the probability of connection to the seed voxel. The current model also accounts for
multiple fiber orientations at each voxel (Behrens et al., 2007). Tractography results for each
subject were thresholded to include only those voxels in which at least ten percent of samples
were included. Individual tracts were then transformed into standard space, binarized, and then
combined to give group tractography results. Visual identification of the resulting tracts was
made based on an MRI-based atlas of white matter tracts (Mori S, 2005)

Neuropsychological Assessment
Neuropsychological testing was obtained in 20 subjects (10 TLE, 10 HC), as two subjects with
epilepsy were non-native English speaker and thus were unable to complete the
neuropsychological testing (Table 2). Components of the Repeatable Battery of
Neuropsychological Status (RBANS) were used to assess immediate memory, delayed
memory, visualspatial skills, attention and language in individuals with TLE and healthy
controls (Table 2) (Randolph, 1998). The immediate memory index consists of a list recall,
which requires each subject to learn ten words across four trials as well as a story memory
recall. The delayed memory index consists of three subtests: delayed spontaneous recall,
recognition memory, and delayed visual memory. The visuospatial index consists of a figure
copy and line orientation subtests. The attention index measures both auditory attention (digit
span forward) and visual attention (Coding). During the digit span forward subtest each subject
is required to repeat back a string of numbers while during the coding subtest each subject is
asked to write numbers that correlate with symbols. The language index consists of
confrontational naming and semantic/category fluency (i.e. generating as many fruits and
vegetables in a one minute). In addition to the RBANS, executive functioning was assessed
using the Controlled Oral Word Association Test, and the Stroop Color/word Test (Strauss et
al., 2006,Stroop, 1935). Measures of fine motor functioning were assessed using the Purdue
Pegboard Test (Tiffin and Asher, 1948).

Statistical Analyses
The statistical method employed for voxel-wise comparison was based on a nonparametric
approach using permutation tests (randomize, part of FSL). Group comparison between TLE
and control subjects was performed, using two-sample t-test (age as nuisance variable),
corrected for multiple comparisons, thresholded at a cluster level of t=2, and a corrected cluster
size significance level of p<0.05. In an attempt to increase the power of the analysis and test
the hypothesis that DTI abnormalities are more pronounced on the side of the seizure onset,
we pooled data ipsilateral and contralateral to the side of seizure onset. Two right TLE subject's
images were transformed across the midline plane in order maintain consistent side of seizure
onset with the 10 left TLE subjects. Thus we combined data from the side of seizure onset, and
also combined data from the hemispheres opposite to that of seizure onset.

For the TLE group, FA maps were generated to localize the degree to which white matter
integrity was statistically linked to patients’ clinical measures. For this purpose, inter-subject
voxel-wise correlation was performed between the skeletal voxel FA and each of the following
clinical measures: age of epilepsy onset, epilepsy duration, seizure frequency, history of febrile
seizures and the number of ineffective antiepileptic medications. The output was threshold at
a cluster level of t=2, corrected for multiple comparisons (using permutation tests), with a
significance level of p<0.05. In addition, region of interest analysis (ROI) was performed on
brain regions where voxelwise cross-subject statistics in TBSS revealed significantly different
FA values between the TLE and control group. The FA values of these ROIs were correlated
with the five clinical parameters and a level of significance was set at p<0.05/5=0.01.
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The mean FA value of each significant brain region was correlated with cognitive measures
obtained from neuropsychological testing performed in the 10 native English-speaking TLE
subjects and 10 control subjects. To reduce type 1 error, primary cognitive measures were
selected based on known structural and functional relationships between white matter tracts
and cognitive domains found in the literature. The PubMed database
(http://www.ncbi.nlm.nih.gov/sites/entrez) was searched for functional MRI and lesional
studies of white matter tracts relevant to the current study, as revealed by TBSS and DTI
tractography results (Figure 1 and 2). The primary cognitive measures for temporal lobe white
matter regions, which encompass frontal, temporal and limbic tracts, were immediate and
delayed memory (Levine et al., 1998,Poreh et al., 2006,Gilboa et al., 2006) as well as language
functions (Parker et al., 2005,Saur et al., 2008) (Bonferroni correction, significance level set
at p<0.05/3=0.017). The primary cognitive measures for the cerebellum were executive
function, attention, language and motor (Gottwald et al., 2004,Schmahmann and Sherman,
1998) (significance level set at p<0.05/4=0.0125). The primary cognitive measures for parietal
regions, which include frontal parietal and postcentral gyrus projection tracts, were
visuospatial, language and executive function (Chen et al., 2009) (Parker et al., 2005)
(significance level set at p<0.05/3=0.017). A bivariate analysis (pairwise correlation) was
performed, correlating the mean FA value of each white matter region with its respective
primary cognitive measures, adjusting for multiple comparisons.

Results
Reduced white matter integrity in TLE subjects

The primary measure of white matter integrity in TBSS is FA. TLE subjects have reduced FA,
predominately in the epileptogenic cerebral hemisphere (Figure 1). TLE subjects demonstrated
four significant clusters in which FA values were reduced, when compared to healthy controls:
anterior temporal lobe (p=0.04, MNI x = -41, y = 8, z = -32), posterior mesial temporal lobe
(p=0.026, MNI x = -28, y = -25, z = -3), and cerebellum (p=0.045 MNI x = -23, y = -57 z =
-22) ipsilateral to the side of seizure onset, as well as frontoparietal lobe (p=0.016, 834 MNI
x = 32, y = -13, z = 31) contralateral to the side of seizure onset.

To investigate the microstructural mechanisms of this DTI change, the following non-FA
diffusion parameters were analyzed using TBSS: MD, AD and RD. The anterior temporal lobe
cluster showed increased MD (p=0.018) and increased RD (p=0.007), with no change in AD.
No other brain regions showed abnormal mean or directional diffusivity.

Abnormal white matter regions correspond to distinct white matter tracts
Probabilistic tractography was performed to determine which white matter tracts were involved
in the four abnormal white matter clusters identified by TBSS analysis (Figure 2). Individual
tracts from both TLE and control subjects were combined to illustrate the consistency and intra-
subject variability across all subjects. When tractography results were separated into TLE and
controls, very similar tract profiles emerged for these two groups. White matter tracts generated
were identified by reference to an MRI-based atlas of white matter tracts (Mori S, 2005). In
the anterior temporal cluster, the resulting group track clearly revealed the uncinate fasciculus
with projections to the anterior temporal lobe, as well as the inferior longitudinal fasciculus
with projections to the posterior temporal and parietal occipital lobe. Fiber tracking of the
posterior temporal cluster showed the fornix with projections to hippocampus, inferior
longitudinal fasciculus, and fibers projecting to the postcentral gyrus. Bilateral anterior lobe
of the cerebellum was seen with fiber tracking of the cerebellum cluster. Fiber tracking of the
frontoparietal cluster showed the arcuate fasciculus, connecting the inferior frontal lobe to the
parietal and posterior temporal lobe as well as the fibers projecting to the postcentral gyrus.
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White matter tract integrity is related to specific cognitive functions
Each subject's mean FA value from the four white matter regions found in TBSS was correlated
with primary cognitive measures (Table 2). Among TLE (denoted as red dots in the figure)
and control subjects (denoted as blue triangles), the FA values of white matter clusters were
correlated with the following domains of cognitive function: 1) the anterior temporal lobe FA
was related to delayed memory score (p=0.015), 2) the mesial temporal lobe FA was linked to
immediate memory score (p=0.017). The relationship between the cerebellum FA and
Controlled Oral Word Association Test score, a measure of executive function approached
significance at p=0.017 (Figure 3). The relationship between the anterior temporal lobe and
immediate memory also approached significance at p=0.026. There were no significant
correlations between the frontoparietal cluster and cognitive performances. When analyzing
TLE and controlled groups separately, two correlations in the TLE group approached
significance: the relationship between anterior temporal lobe FA and delayed memory
(p=0.053) and cerebellum FA and Controlled Oral Word Association Test score (p=0.054).
There were no significant correlations between FA and cognitive performances in the healthy
control group.

Corpus callosum integrity was correlated with age of seizure onset
In order to investigate the relationship between white matter integrity and clinical
characteristics, regressions of FA were performed against the clinical characteristics listed in
Table 1. Significant correlations (corrected for multiple comparisons) were found between the
earlier age of seizure onset and reduced FA in the isthmus and splenium of the corpus callosum
(permutation test, correcting for multiple comparisons, p=0.033; Figure 4). When correlating
clinical parameters with FA values from the four white matter regions that were abnormal when
compared to controls, the link between epilepsy duration and mesial temporal lobe FA
approached significance at p<0.033.

Discussion
This study aimed to define white matter deficit profiles of TLE patients and to relate these
discrete regions of white matter abnormalities with cognitive performances, epilepsy-related
clinical factors and histopathological findings. There were five main findings. First, TLE
patients, as compared to healthy controls, demonstrated four discrete abnormal white matter
regions predominately ipsilateral but also contralateral to the side of seizure onset. Second,
these abnormal white matter regions corresponded to a widespread network of white matter
tracts, not only in the limbic circuit (fornix), but also in frontal-temporal connections (uncinate
fasciculus and arcuate fasciculus), temporal-occipital connections (inferior longitudinal
fasciculus), motor projection tracts, and the cerebellum. Third, three of the four abnormal white
matter regions correlated with cognitive performances germane to the specific cognitive task,
such as the relationship between mesial temporal lobe white matter integrity and memory
performances. Fourth, decreased white matter integrity in the posterior region of the corpus
callosum was correlated with earlier age of seizure onset.

This study demonstrated that unilateral TLE was associated with white matter changes in a
large network of intrahemispheric, projection, and cerebellar fiber tracts. When compared to
other TBSS studies in the TLE population, this study in general showed a similar pattern of
white matter abnormalities (Schoene-Bake et al., 2009, Focke et al., 2008). However, the other
TBSS studies showed a greater number of abnormal white matter clusters, likely due to their
larger sample size. Even in our smaller patient population, we found four significant clusters
of abnormal white matter (after adjusting for multiple comparisons), suggesting that the effect
size of these changes is large. A distinguishing component of our study is that we performed
probabilistic tractography on all the significant regions found in TBSS analysis. The results of
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this analysis showed that each of these abnormal white matter clusters could affect multiple
tracts linking different brain regions. For example, the anterior temporal lobe white matter
cluster was part of the uncinate fasciculus as well as the inferior longitudinal fasciculus.
Similarly, the mesial temporal lobe cluster was not only part of the fornix but also a segment
of the posterior motor projection tract. Thus, disruption in a discrete white matter region could
have more widespread downstream consequences.

In the current study, predominant white matter abnormalities were located in the ipsilateral
mesial and lateral temporal lobe. In addition, TLE subjects also exhibited white matter
abnormalities in the cerebellum, consistent with prior volumetric and neuropathological studies
(Keller and Roberts, 2008), (Margerison and Corsellis, 1966). Cerebellar degeneration has
been attributed to febrile seizures, duration of epilepsy and severity of the disease, such as the
number of secondary generalized seizures (Sandok et al., 2000) (Hermann et al., 2005). In
addition, phenytoin use has been associated with cerebellar atrophy and 50% of the current
patient population had exposure to this medication (Lee et al., 2003, De Marcos et al., 2003).

The abnormal frontoparietal white matter region contralateral to the side of seizure onset is an
unexpected finding because greater disease burden is expected on side of seizure onset, as
demonstrated in previous TBSS studies (Focke et al., 2008) (Schoene-Bake et al., 2009). In
the current study, we attempted to increase statistical power by combining DTI data according
to the side of seizure onset. However, the right and left cerebral hemisphere white matter tracts
are asymmetric in healthy subjects, likely reflecting underlying functional specialization
(Barrick et al., 2007). We pooled data from the two epilepsy groups because we expect the
pathological contribution from epilepsy to this asymmetry is substantially greater than normal
underlying asymmetry. However, collapsing the image data across the two epilepsy groups
may have added anatomical variance, making group differences in certain areas, such as the
ipsilateral frontoparietal region, more difficult to detect. In fact, the ipsilateral frontoparietal
white matter abnormality could be detected with a lower cluster significance threshold of
p=0.24.

When considering microstructural mechanisms underlying the diffusion changes, the anterior
temporal lobe showed decreased FA, increased MD, increased RD, and no change in AD. This
diffusivity pattern has been associated with chronic white matter degeneration such as those
seen after corpus callosotomy (Concha et al., 2006) and in chronic changes related to ischemic
stroke (Thomalla et al., 2004). These diffusion abnormalities likely reflect a combination of
myelin and axon loss, leading to lower membrane density and higher extracellular volume
(Sen and Basser, 2005). The other three regions showed decreased FA without significant
changes in other diffusion parameters. This pattern may reflect subtle white matter fiber
incoherence, such as minor fiber loss, which may lead to overall decrease in FA but no net
change in MD. The current study showed that FA reduction could occur without associated
changes in other diffusion parameters. This observation is in line with Focke and colleagues
TBSS study as well as a recent study evaluating age-related changes in white matter
microstructure (Focke et al., 2008, Burzynska et al., 2009).

Our next aim was to evaluate potential cognitive consequences of abnormal white matter
regions found in TBSS. Recent DTI tractography studies have linked individual tract integrity
to cognitive dysfunction in TLE patients. Diehl and colleagues found that the integrity of the
left uncinate fasciculus was correlated with verbal memory performances in left TLE patients
(Diehl et al., 2008). McDonald and coworkers extended this finding by examining relationships
between multiple white matter tracts and language and memory function in TLE patients
(McDonald et al., 2008). They demonstrated that verbal memory and language performances
were correlated with the integrity of multiple cortical-to-cortical association tracts as well as
limbic projection tracts, especially evident in the left hemisphere. Although these studies
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revealed structural and functional relationships between white matter tract integrity and
cognitive performances, individual tracts are outlined by placing predetermined seed points
throughout the cerebral cortex and thus may be prone to a priori bias. We took a different
approach in our current study, in that we examined the cognitive consequences of only those
white matter regions in which TLE patient demonstrated reduced FA when compared to normal
controls in the TBSS analysis. We found that three of the four abnormal clusters correlated
with cognitive performances. Indeed, cognitive performances were related to anatomical
derangements in connections that were germane to the specific cognitive tasks. The integrity
of the mesial temporal lobe cluster, which encompasses the fornix and posterior aspects of the
inferior longitudinal fasciculus, was correlated with immediate memory performances. These
findings are consistent with lesional and DTI studies in which damaged fornix could lead to
impaired episodic memory and transection of bilateral fornix results in severe anterograde and
retrograde amnesia (Poreh et al., 2006). The inferior longitudinal fasciculus, a major connection
between the temporal and occipital lobe, also plays an important role in visual memory (Tusa
and Ungerleider, 1985). The integrity of the anterior temporal lobe cluster, containing the
uncinate fasciculus and anterior aspects of the inferior longitudinal fasciculus, was correlated
with delayed memory. The uncinate fasciculus provides connections between the anterior
temporal and the inferior frontal lobes and thus is a linchpin in the retrograde memory circuitry
(Markowitsch, 1995, Ebeling and von Cramon, 1992). Finally, bilateral anterior lobe cerebellar
white matter integrity was correlated with performances in executive function. In addition to
the cerebellum's function in motor control, converging lesional and functional MRI studies
have implicated the role it plays in higher cognitive abilities, including executive function
(Gottwald et al., 2004, Schmahmann and Sherman, 1998). Our findings are complementary to
functional MRI studies of verbal fluency in which the cerebellum is critically involved in the
network for verbal fluency (Schlosser et al., 1998, Stoodley and Schmahmann, 2009).
Executive function tasks such as verbal fluency employed in this study require a cerebro-
cerebellar network with reciprocal connections between the dorsolateral prefrontal neocortex,
lateral parietal neocortex and neocerebellum (Schlosser et al., 1998). Taken together, these
results suggest that widespread and coordinated networks are required for complex cognitive
functioning. Disconnection between important cortical and subcortical regions would impair
information transfer and thus contribute to cognitive impairments in TLE.

Patients with earlier onset of TLE had a greater degree of white matter abnormalities in the
posterior regions of corpus callosum, suggesting that this region is particularly vulnerable to
early life seizures or initial precipitating factors that led to the development of epilepsy. Our
results are consistent with Hermann and colleagues’ findings, demonstrating that early-onset
TLE patients (N=32) have reduced posterior callosal volume when compared to late-onset TLE
and healthy controls (Hermann et al., 2003). In a larger TLE population (N=96), Weber and
coworkers also showed that TLE in general was associated with reduced posterior callosal
thickness, but early-onset TLE showed a greater magnitude of reduction when compared to
late-onset TLE (Weber et al., 2007). The regional specificity of the callosal deficit pattern is
remarkably similar across all three studies. Indeed, the areas found most affected by early-
onset TLE are located in the isthmus and splenium of the corpus callosum. These callosal
regions are critical for interhemispheric transfer of information by providing connections
between the superior temporal lobe and posterior parietal lobe (isthmus) as well as inferior
temporal lobe and occipital lobe (splenium). The differential vulnerability of the posterior
callosal regions to the age of epilepsy onset corresponds well to neuropsychological findings
that childhood epilepsy is associated with reduced general intellectual abilities and poorer
academic performances when compared to late-onset epilepsy (Neyens et al., 1999, Schoenfeld
et al., 1999).

In conclusion, the current study found that TLE is associated with widespread disturbances in
white matter tracts and these changes have important cognitive consequences. Furthermore,
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the posterior callosal regions exhibited differential vulnerability to age of epilepsy onset. The
main limitation of the current study is small sample size. TBSS group analyses were performed
based on the side of seizure onset and thus were unable to differentiate whether or not DTI
abnormalities and their cognitive correlates were differentially affected depending on the
hemisphere of seizure onset (i.e. right versus left). In addition, the relationship between white
matter integrity and cognitive performances was only significant when TLE and controlled
subjects data were analyzed as an aggregate group. Further studies in larger well-matched
patient samples will examine these issues.
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Figure 1.
Whole brain DTI analysis (TBSS) revealed regional FA reduction in the TLE group. The
yellow/red voxels indicate brain regions where the FA was significantly reduced in TLE
patients when compared to controls. The TLE patients are grouped according to the side of
seizure onset (ipsi = Ipsilateral, contra = contralateral to the side of seizure onset). The group
average FA skeleton (green) is projected on the mean FA and the coordinates are in MNI 152
space.
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Figure 2.
Probabilistic DTI tractography showed abnormal white matter clusters found in TBSS linked
to multiple distinct white matter tracts. DTI tractography was performed on each abnormal
white matter cluster found in TBSS (shown in 3D glass brain, left side of the figure). Blue
color indicates regions of the tract in which few subjects have in common, while red/yellow
colors shows regions in which most subjects have in common. The anterior temporal cluster
(A) was part of the uncinate fasciculus and inferior longitudinal fasciculus. The mesial temporal
cluster (B) was associated with fornix, inferior longitudinal fasciculus, and motor projection
tracts. The cerebellum cluster (C) had projections to bilateral anterior cerebellum. Tracking of
the frontal parietal cluster (D) showed arcuate fasciculus and motor projection tracts.
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Figure 3.
White matter integrity is related to specific cognitive performances. Significant positive
correlations were found between FA values and cognitive performances in the following
regions: the anterior temporal cluster and with delayed memory (A), mesial temporal cluster
with immediate memory (B), and cerebellar cluster with Controlled Oral Word Association
test score (C), a measure of executive function. TLE subjects are denoted as red dots and control
subjects are denoted as blue triangles.
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Figure 4.
Posterior callosal FA values correlated with age of seizure onset. Voxels in red (A) showed
white matter in the posterior regions (isthmus and splenium) of the corpus callosum in which
reduced FA values are significantly correlated with earlier seizure onset (p = 0.033). The plot
of FA of this region versus age of seizure onset (denoted as red dots) is displayed in B.
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Table 2

Neuropsychological performance in epilepsy patients and controls

Domain Test TLE Controls p-value

Immediate memory
List recall

78 ± 16.0 101.5 ± 18.2 0.0072
Story recall

List recall

Delayed memory Story recall 84.4 ± 19.9 101.7 ± 13.0 0.0246

Visual recall

Language
Naming

79.4 ± 25.4 92.7 ± 11.3 0.1528
Categorical fluency

Attention
Digit span

94.2 ± 17.2 109.9 ± 18.9 0.0745
Coding

Executive
Stroop (color and word) 43± 11.7 52.3 ± 11.6 0.1642

Controlled oral word association 30.3 ± 16.5 40 ± 9.9 0.1690

Fine motor
Purdue pegboard (right) 20.7 ± 2.1 23 ± 2.5 0.0471

Purdue pegboard (left) 19.9 ± 1.4 21.7 ± 2.6 0.0947

TLE = temporal lobe epilepsy
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