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Summary

Objective: In temporal lobe epilepsy (TLE), frontal-temporal connections are integral parts of
the epileptogenic network. Although frontal-temporal gray matter abnormalities have been
consistently demonstrated in TLE, white matter connections between these two lobes require
further study in this disease setting. We therefore investigated the integrity of two major
frontal-temporal white matter association tracts, uncinate fasciculus (UF) and arcuate fascicu-
lus (AF), and their clinical correlates.

Methods: Using diffusion tensor imaging (DTI) tractography, integrity of the UF and AF was
examined in 22 individuals (12 subjects with TLE and 10 age-matched healthy controls). DTI
indices of these tracts were compared between the two subject groups and correlates examined
with clinical variables that included age of seizure onset, duration of epilepsy, history of febrile
seizure and antiepileptic medication exposure.

Results: In subjects with TLE, the fractional anisotropy (FA) and apparent diffusion coefficient
(ADC) of UF and AF ipsilateral to the side of seizure onset were abnormal when compared to
healthy controls. Furthermore, lower UF FA correlated with earlier age of seizure onset.
Conclusion: TLE is associated with abnormal integrity of frontal-temporal white matter tracts,
but only on the side of seizure onset. This suggests that frontal-temporal white matter tracts
are vulnerable to recurrent seizures and/or the factors precipitating the epilepsy.

© 2008 Elsevier B.V. All rights reserved.

Introduction

Temporal lobe epilepsy (TLE) can have structural and func-
tional effects in distant, discrete brain locations (Bernasconi

* Corresponding author at: Department of Neurology, University
of California Irvine Medical Center, 101 The City Drive S., Building

Tel.: +1 714 456 6203; fax: +1 714 456

et al., 2004; Lin et al., 2007; Mueller et al., 2004). The
pathophysiology of TLE involves a distributed neuronal net-
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of TLE. In studies using depth electrodes, the most com-
mon route of ictal propagation in TLE is from the temporal
lobe toward ipsilateral frontal regions (Lieb et al., 1991;
Mayanagi et al., 1996). Interictal hypometabolism seen in
positron emission tomography (PET) scans of individuals with
TLE often involves not only the temporal lobe but also
insular-frontal-opercular regions (Engel et al., 1990; Henry
et al., 1993). Furthermore, this pattern of hypometabolism
corresponds to ictal EEG discharges and seizure propagation
pathways (Chassoux et al., 2004). Frontal-temporal white
matter association tracts thus play a critical role in seizure
propagation in TLE.

These findings suggest that frontal-temporal white mat-
ter association tracts might become compromised as part of
the TLE disease process. The current study addressed the
hypothesis that the integrity of frontal-temporal white mat-
ter connections is reduced in subjects with TLE, specifically
on the side of seizure onset. To this end, we investigated two
major frontal-temporal association tracts, uncinate fascicu-
lus (UF) and arcuate fasciculus (AF), in subjects with TLE and
in healthy controls. We also considered how the integrity
of these two tracts relates to a number of clinical variables
that might theoretically correlate with TLE-associated white
matter tract abnormalities.

The method used to examine white matter integrity
was diffusion tensor imaging (DTI), a magnetic resonance
imaging technique that measures water diffusion and its
directionality in three-dimensions, and is thus uniquely
suited to address study hypotheses (Basser and Pierpaoli,
1996). The primary DTl endpoint used to address the
hypothesis was fractional anisotropy (FA), which char-
acterizes the degree to which diffusion is directional.
Normal white matter tracts have highly directional diffu-
sion (high FA), whereas degenerated tracts have reduced
directional diffusion (low FA) (Basser and Pierpaoli, 1996).
Other measures of white matter integrity derived from DTI,
including apparent diffusion coefficient, perpendicular and
parallel diffusivity, were also examined as secondary end-
points.

Methods

Subjects

A total of 12 patients with TLE (age=37.9+3.2 vyears,
mean +S.E.M., 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) were recruited. Entry criteria for patients
included ability to undergo MRI, plus definite or probable uni-
lateral TLE. The diagnosis of TLE was based on clinical history,
seizure semiology, and ictal or interictal electroencephalography
(EEG) criteria. A total of 11 patients had continuous video-EEG
monitoring, demonstrating spontaneous seizures with unilateral
temporal lobe onset and thus were classified as definite TLE.
Only one patient did not undergo ictal EEG recording but had
predominately left temporal interictal epileptiform discharges
with appropriate seizure semiologies described by the patient and
his/her family and thus were classified as probable left TLE. Age of
seizure onset was defined as the age when a patient began having
recurrent unprovoked seizures. Seizure frequency and antiepileptic
medication history were obtained from detailed chart review and
patient interviews. Detailed clinical characteristics of the 12 TLE
patients are outlined in Table 1.

The control subjects were recruited through responses to flyer
advertisements posted at the University of California, Irvine (UC
Irvine) Medical Center and School of Medicine. Criteria for controls
subjects included (1) no history of seizures or seizure-like attacks
or a neurological disorder, (2) no family member with epilepsy, (3)
no history of a loss of consciousness for >5min, and (4) ability to
undergo MRI. This study was approved by the Institutional Review
Board at UC Irvine.

MRI acquisition

MR data were acquired with a 3-T MR scanner (Siemens Trio,
Erlangen, Germany) with an 8 phased array head coil. DTl data
were acquired using a single-shot echo-planar pulse sequence with
parallel acquisition technique (IPAT) in conjunction with general-
ized autocalibrating partially parallel acquisition (GRAPPA). The
image matrix was 128 x 128, with a 256 mm x 256 mm field of view,
TR=9300ms, TE=93 ms. Axial slices of 2.0 mm were acquired with
no interslice gap. Diffusion gradients were applied in 12 non-
collinear directions with a b value of 1000s/mm. To enhance signal
to noise ratio, we repeated the image two times. Acquisition time
for the entire data set was approximately 7min. For anatom-
ical guidance, a 3D magnetization-prepared, rapid-acquisition,
gradient-echo images (MP-RAGE) image set with 1 mm isotropic vox-
els was obtained using TR=1620ms, TE=3.87ms, and flip angle
15°.

Image analysis

3D fiber tracking reconstruction was performed using DTI Studio
software (H. Jiang and S. Mori; Johns Hopkins University, Baltimore,
MD; http://cmrm.med.jhmi.edu/), which uses fiber assignment by
means of continuous fiber tracking (12). All DTI raw data images
were first visually inspected in a slice-wise manner by a single author
(JDR) and images with visually apparent bulk motion artifacts were
removed (13). Parallel acquisition techniques employed in this study
have significantly reduced motion and thus co-registration was not
performed. Our DTI images set had low eddy current related geo-
metric distortion geometric distortion between images obtained in
each motion-probing gradient direction and thus eddy current cor-
rection was not applied for this data set (Bastin and Armitage,
2000; Naganawa et al., 2004). Computational analyses of diffu-
sion weighted magnetic resonance images then enabled formation
of a diffusion tensor, which describes the degree and direction
of diffusion for each voxel of brain scanned. This allows for the
construction of white matter tracts and the calculation of three
eigenvalues, corresponding to eigenvectors oriented along three
orthogonal directions (A1, A and 13). The largest diffusion direction
(r1) represents diffusivity parallel to the principal axis of the axonal
fibers (1)), whereas diffusivity perpendicular to the axon fibers, 1,
is expressed as (A +A3)/2. Fibers are tracked along the principle
eigenvector (1)) until the FA decreases below a preset threshold
of 0.20. To avoid fibers with sharp turns and therefore minimize
the erroneous inclusion of fibers not belonging to the tract of inter-
est, fiber tracking is discontinued when angles greater than 80° are
encountered.

Based on the anatomy of the UF, two rectangular regions of
interest (ROIs) were used to reconstruct this tract, each measuring
approximately 50 voxels (14, 15) (Fig. 1). One ROl was placed in the
axial plane just as the UF begins to travel ventrally in the temporal
stem via the external and extreme capsules, at or near the level of
the anterior commissure. The second ROl was placed in the axial
plane at the ventral end of the temporal lobe, just dorsal to where
the fibers run into the middle temporal gyrus. For the AF, three ROIs
were required to adequately reconstruct this tract, two rectangular
regions measuring approximately 50 voxels and one triangular
region measuring approximately 25 voxels (Fig. 2). One rectangular
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Table 1 Summary of temporal lobe epilepsy patient clinical characteristics
Patient Age Seizure Duration of Initial precipitating  Seizure MRI (clinical) EEG PET Antiepileptic
(years) onset age epilepsy factor frequency medications (current
(years) (per month) and past*)
1 34 19 15 None 1 Right temporal  Right temporal Right temporal PHT, LEV
lobar atrophy hypometabolism
2 52 1 51 Febrile seizure 2 Left MTS Left temporal Normal CBZ, LEV, LTB, PHT*,
PB*, PRM*, TPM*
3 45 36 9 Head trauma 3 Normal Left temporal Left temporal OXC, VPA, LEV*, TPM*
hypometabolism
4 49 12 37 None 0.5 Right MTS Right temporal Right temporal LEV, LGT, PHT*, PB*,
hypometabolism  CBZ*, PB*, GBP*
5 39 21 18 None 1 Normal Left > right interictal — LGT, LEV*
temporal sharp waves
6 28 2 26 Febrile seizure 0.5 Normal Left temporal Normal CBZ, LGT, PB*, FBM*,
ZNS*, OXC*
7 50 39 11 None 2 Left MTS Left temporal Left temporal PHT, TPM, LGT*, LEV*
hypometabolism
8 33 7 26 None 8 Left MTS Left temporal Left temporal CBZ, LEV, PHT, TPM
hypometabolism
9 20 8 12 None 3 Normal Left temporal Left temporal LGT, PB*, CBZ*, PHT*
hypometabolism
10 24 11 13 Head trauma 6 Normal Left temporal Normal LEV, OXC, CBZ*, GBP*
11 37 12 25 Febrile seizure 2 Normal Left temporal Normal LEV, OXC
12 34 4 30 Febrile seizure 8 Left MTS Left temporal Left temporal PHT, GBP, LEV

hypometabolism

MRI =magnetic resonance imaging;
CBZ = carbamazepine;

LGT = lamotrigine;

EEG = electroencephalogram; PET =positron emissions tomography; MTS=mesial temporal sclerosis;
OXC =oxcarbazepine; VPA=valproic acid; GBP =gabapentin;

ZNS =zonisamide; — indicates test not done.

PB = phenobarbital;

PRM =primidone; TPM =topiramate;

PHT = phenytion;

LEV = levetiracetam;
FBM = felbamate;
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Figure 1

Region of interest (ROI) placement for tract selection of the uncinate fasciculus. Colored-coded maps were used to

represent tract information, with red, green, and blue colors denoted as right—left, anterior—posterior, and superior—inferior
orientations, respectively. The first ROl was placed in the axial plane just as the uncinate fasciculus begins to travel ventrally in
the temporal stem via the external and extreme capsules (A). The second ROl was placed in the axial plane at the ventral end of
the temporal lobe, just dorsal to where the fibers run into the middle temporal gyrus (B). Illustrative color figure displaying the

diffusion tensor reconstructed fiber tract of the uncinate fasciculus, overlaid on a sagittal T1 image (C).

ROl was placed in the coronal plane in the region where AF travels
lateral to the corticospinal tract. The second rectangular ROl was
placed in the coronal plane at the rostral surface of the splenium, in
the region of the AF. The third triangular ROl was placed in the axial
plane, in the region where the AF travels ventrally in the posterior
parietal lobe. In a few instances, tract generation yielded fibers

that are clearly not part of the tract of interest (‘‘non-anatomical’’)
and were therefore manually removed. This was done by creating
whole-slice exclusionary ROIs using the ‘not’ function provided by
DTI Studio. For the UF, these ROIs were placed in the mid-sagittal
plane when stray fibers crossed the midline, as well as in the
coronal plane when stray fibers continued to travel posterior to the

Figure 2  Region of interest (ROI) placement for tract selection of the arcuate fasciculus. Same color-coded maps were used as
Fig. 1 to represent fiber orientation. The first ROl was placed in the coronal plane in the region where arcuate fasciculus travels
lateral to the corticospinal tract (A). The second ROl was placed in the coronal plane at the rostral surface of the splenium (B). The
third ROl was placed in the axial plane, in the region where the arcuate fasciculus travels ventrally in the posterior parietal lobe
(C). Illustrative figure showing the diffusion tensor reconstructed fiber tract of arcuate fasciculus overlaid on a sagittal BO image

(D).
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temporal stem (fibers that did not curve back toward the frontal
lobe). For the AF, these ROIs were restricted to the mid-sagittal
slice for those fibers that crossed the midline. Statistical software
included in DTI Studio was then used to determine the integrity of
the generated tract (12, 13, 16). Measures of integrity included the
mean fractional anisotropy (FA), which assesses the degree to which
diffusion is directional; apparent diffusion coefficient, a measure

of mean diffusivity; parallel diffusivity (%), the predominant
direction of diffusion; and perpendicular diffusivity (1, ).

Statistical analysis

Wilcoxon signed rank test was performed to compare the FA val-
ues ipsilateral and contralateral to the side of seizure onset. The

Table 2 Comparisons between DTI values of temporal lobe epilepsy patients and control subjects

Ipsi Contra Control Ipsi vs. Contra vs. Ipsi vs.
control control contra
UF FA 0.362 + 0.007 0.391 + 0.007 0.40 + 0.01 p<0.005 NS p<0.015
UF ADC 2.791 + 0.038 2.650 + 0.023 2.615 + 0.042 p<0.01 NS p<0.015
UF perpendicular diffusivity 0.750 + 0.014 0.688 + 0.009 0.673 + 0.016 p<0.004 NS p<0.002
UF parallel diffusivity 1.292 + 0.023 1.292 + 0.015 1.285 + 0.024 NS NS NS
AF FA 0.446 + 0.005 0.453 + 0.006 0.471 + 0.007 p<0.012 NS NS
AF ADC 2.367 + 0.014 2.312 + 0.083 2.285 + 0.022 p<0.01 NS NS
AF perpendicular diffusivity 0.577 + 0.006 0.571 + 0.009 0.558 + 0.010 NS NS NS
AF parallel diffusivity 1.192 + 0.008 1.167 + 0.014 1.190 + 0.010 NS NS NS

DTI = diffusion tensor imaging; UF = uncinate fasciculus; AF = arcuate fasciculus; FA = fractional anisotropy; ADC = apparent diffusion coef-

ficient; Ipsi=ipsilateral to the side of seizure onset; Contra = contralateral to the side of seizure onset; NS = not significant; units for ADC,

perpendicular and parallel diffusivity = x10~3 mm?2/s.
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Wilcoxon rank-sum test was used to compare DTl values between
TLE and healthy controls. To account for multiple comparisons
(Table 2), we used the Bonferroni correction and considered signifi-
cant only those DTI values for which p<0.05/3=0.017. Spearman’s
Rho was used to assess the relationship between DTI measurements
and clinical variables.

Interrater reliability

To evaluate interrater reliabilities for the fiber tracts generated, 10
brains were randomly chosen (5 TLE and 5 healthy control). Work-
ing independently but using the same DTI protocol, the two raters
generated the UF FA values. There was a high interrater reliability
for the UF FA with intraclass correlation coefficient (ICC) measured
at 0.85 for right UF and 0.80 for left UF.

Results

TLE patients have abnormal frontal-temporal
connections only ipsilateral to the side of seizure
onset

The two major frontal-temporal tracts, UF and AF, both
ipsilateral and contralateral to the side of seizure onset,

were compared among the TLE patients as well as to the
healthy control subjects. For control subjects, there was
no significant right—left asymmetry in FA values: (left UF
FA=0.4140.01 vs. right UF FA=0.39 +0.01, p=0.22; left AF
FA=0.47 +0.01 vs. right AF FA 0.47 +0.01, p=0.80). There-
fore, the mean right and left values for FA values was used
when for comparisons with data from subjects with TLE. The
results are presented in Table 2.

Both UF and AF FA ipsilateral to the side of seizure onset
were significantly lower when compared to control values.
On the other hand, no significant difference was found when
comparing the FA values contralateral to the side of seizure
onset with control (Figs. 3 and 4). Among subjects with TLE,
FA ipsilateral to the side of seizure onset was lower than FA
contralateral, significantly so for UF.

Other DTI changes

Compared to healthy controls, both UF and AF apparent dif-
fusion coefficients (ADC) were elevated in the TLE patients
ipsilateral to the side of seizure onset. Perpendicular diffu-
sivity in UF ipsilateral to the side of seizure focus was also
increased in the TLE group as compared to healthy controls.
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Figure 5 Age of seizure onset correlated with uncinate fas-

ciculus integrity as measure by fractional anisotropy (FA). The
scatter graph shows a linear correlation between age of seizure
onset and FA. Highly significant linkage was found relating ear-
lier age of seizure onset with lower FA in the ipsilateral uncinate
fasciculus (r=0.83, p<0.001).

No significant differences in parallel diffusivity for the ipsi-
lateral UF were found between groups (Fig. 3). Contrary to
the findings of UF, the increased in ADC found in AF was not
accompanied by an increase in perpendicular or parallel dif-
fusivity (Fig. 4). In all cases, no significant differences in DTI
measures were seen when the side contralateral to seizure
onset was compared to results in healthy controls.

Changes in uncinate fasciculus integrity are related
to age of seizure onset

Earlier age of seizure onset correlated with reduced UF FA
ipsilateral, but not contralateral, to seizure focus (Fig. 5,
r=0.83, p<0.001). Similarly, a correlation between longer
duration of epilepsy and elevated UF ADC ipsilateral to
seizure focus showed a trend (r=0.57, p=0.052). No rela-
tionship was found between AF FA and age of seizure onset or
duration of epilepsy. Further, the FA values of either frontal-
temporal tract did not correlate with seizure frequency,
febrile seizures or antiepileptic medication history.

Discussion

The current study aimed to better understand propagation
of TLE effects across a distributed neuronal network. Using
DTI, the integrity of two frontal-temporal white matter
tracts was assessed. The major findings of this study are (1)
as compared to healthy age-matched controls, TLE is associ-
ated with altered frontal-temporal connections, specifically
on the side of seizure onset, and (2) this finding is most pro-
nounced in subjects with earlier age of seizure onset, at
least in one of the two tracts examined (UF).

There is convergent evidence that TLE has struc-
tural and functional abnormalities that extend beyond the
epileptogenic temporal lobe. Morphometric brain imaging
techniques such as voxel base morphometry (VBM) and cor-

tical sulcal matching have consistently shown decreased
bilateral gray matter density or thickness in the tempo-
ral and frontal lobes (Bernasconi et al., 2004; Bonilha et
al., 2006; Keller et al., 2004; Lin et al., 2007). These
studies often postulate that the distributed gray matter
abnormalities in the frontal and temporal lobes are due
to a widespread epileptogenic network in TLE. However,
the observed extratemporal gray matter abnormalities are
not specific to the side of seizure focus. In contrast, voxel-
based statistics parametric mapping (SPM) methods applied
to MR T2 relaxometry have yielded asymmetric distribu-
tion of abnormalities preferentially ipsilateral to the seizure
focus (Pell et al., 2004; Rugg-Gunn et al., 2005). Mueller
and colleagues found mesial temporal lobe epilepsy sub-
jects have most severe T2 relaxation reduction not only in
the ipsilateral hippocampus but also ipsilateral neocortical
temporal lobe, orbitofrontal and parietal regions (Mueller
et al., 2007). A lesser degree of T2 relaxation rate decrease
was also found in the contralateral frontal lobe. In a com-
posite voxel-based analysis of white matter volume and T2
relaxometry, Pell and colleagues found left temporal lobe
epilepsy patient has the largest cluster of T2 abnormal-
ity in the left mesial and lateral temporal lobe and this
region overlaps with white matter volume reduction (Pell et
al., 2008). Whole brain MR diffusion abnormalities and their
relationship to epileptogenic zone have also been explored
with VBM. Thivard and investigators showed 7 out of 16
patients had diffusion abnormalities that concurred with
intracranial stereo-electroencephalography (SEEG) defined
irritative zone (Thivard et al., 2006).

Although voxel-based analyses help elucidate extratem-
poral structural abnormalities in TLE, they do not provide
measures of frontal-temporal white matter integrity. DTI
provides connectivity data, and thus provides insights on
white matter integrity of specific tracts. In our current
study, we investigated two major frontal-temporal associ-
ation pathways, UF and AF. The UF connects the superior
temporal gyrus to the orbital and frontal polar regions, while
the AF connects the superior temporal gyrus to the perisyl-
vian frontal-parietal cortex (Ebeling and von Cramon, 1992;
Catani et al., 2002; Makris et al., 2005) (see Figs. 1 and 2).
We found decreased DTI indices of tract integrity in both
of these association pathways ipsilateral, but not contralat-
eral, to the side of seizure onset. Our results are consistent
with Rodrigo and colleagues who found that the right UF FA is
reduced in patients with right TLE when compared to healthy
controls, although these authors did not study TLE of left
brain origin, nor did they correlate FA measures with clinical
variables (Rodrigo et al., 2007). The current study included
patients with both right and left TLE, although majority of
our patients had left TLE. In addition, investigation of a sec-
ond frontal-temporal tract, the AF, confirmed the lateralized
diffusion abnormalities (Fig. 3). The fact that reduced FA
in both tracts is isolated to the side seizure focus in our
study provides additional support for frontal-temporal tract
involvement in the epileptogenic network of TLE.

The pathophysiological mechanisms underlying the FA
reduction and ADC elevation in these two tracts may
be different based on their distinct directional diffusion
characteristics. In animal studies, myelin degeneration is
characterized by decrease FA, increased diffusivity perpen-
dicular to the axon bundle and relative preservation of
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parallel diffusivity (Gulani et al., 2001; Song et al., 2003,
2005). This is precisely the pattern of DTl change found in
UF, suggesting the alteration in white matter integrity in
this tract is due a structural abnormality such as myelin
derangement. However, in AF, the FA reduction and ADC
elevation are not associated with abnormal directional dif-
fusivity. Elevated ADC has been associated with vasogenic
edema secondary to increased interstitial fluid (Gass et al.,
2001; Kuroiwa et al., 1999). The patients in this study had
medically intractable epilepsy and the ongoing seizures may
result in interstitial edema in AF.

The association between earlier seizure onset and
reduced FA in UF is an interesting finding that requires fur-
ther study. UF as well as other white matter tracts undergo
significant age-related changes in normal brain development
(Mukherjee et al., 2001, 2002; Eluvathingal et al., 2007).
However, the effect of epilepsy, or factors precipitating
epilepsy, on the integrity of these white mater tracts during
brain maturation remains unexplored. The current finding
that earlier age of seizure onset is associated with greater
derangement of UF integrity suggests that such an effect
might exist. Immature brain maybe more vulnerable to age
related white matter tract changes. To test this hypothesis,
our next study will prospectively compute the developmen-
tal trajectory of white matter tracts in children with new
onset epilepsy, relative to healthy controls, and correlate
these differences with the age of seizure onset.

Brain abnormalities in subjects with TLE extend beyond
the seizure focus. The current study documents changes
in white matter tracts and their relationship to age of
seizure onset and duration of epilepsy. These findings pro-
vide insights into the pathophysiology of TLE.
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