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Abstract

The superior longitudinal fasciculus (SLF) Il and cingulum are two white matter tracts important
for attention and other frontal lobe functions. These functions are often disturbed in children with
drug-resistant (DR) partial epilepsy even when no abnormalities are seen on conventional MRI.
We set out to determine whether abnormalities in these structures might be depicted on diffusion
tensor imaging (DTI) studies in the absence of abnormalities on conventional MRI. We compared
the DTI findings of 12 children with DR-partial epilepsy to those of 12 age- and gender-matched
controls. We found that the fractional anisotropy (FA) values in the SLF 11 of the patients were
significantly lower than those of the controls (mean: 0.398+0.057, 0.443+0.059, p=0.002).
Similarly apparent diffusion coefficient (ADC) and parallel diffusivity values of the SLF Il were
also significantly lower in the patients. There were no differences in the FA and ADC values of
the cingulum. Our findings are consistent with abnormal structural connectivity of the frontal lobe
in children with DR-partial epilepsy and provide a possible explanation for the previously reported
functional abnormalities related to the SLF 11 in these patients.
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Introduction

Diffusion tensor imaging (DTI) is a noninvasive magnetic resonance imaging (MRI)
technique that has been used in many brain disorders including epilepsy, to study the
structural connectivity [1]. The two primary measurements used in DTI are fractional
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anisotropy (FA), which is a measure of anisotropy (i.e., tendency of water to diffuse in one
direction as opposed to randomly), and apparent diffusion co-efficient (ADC), which is a
measurement of the water diffusion rate without reference to one direction. Drug-resistant
(DR) partial epilepsy, irrespective of the location of seizure focus, is often associated with
frontal lobe dysfunction such as deficits in executive function, attention, memory, verbal
abilities, and motor co-ordination [2-7], raising the possibility that structures involved in
frontal lobe functions likely have impaired structural connectivity. The superior longitudinal
fasciculus Il (SLF 1) and cingulum are two key white matter tracts that modulate many of
the above functions and for that reason, were the focus of this study.

The SLF is a major fiber tract interconnecting parietal association areas with the pre-frontal
lobe and also connects key regions of the frontoparietal dorsal attention system. It is divided
into three components which have unique functions [8]. SLF II is involved with spatial
attention and perception of visual space, and the SLF | and |1l modulate other functions. The
cingulum connects the anterior cingulate cortex to other frontal lobe sites as well as to the
amygdala, nucleus accumbens, and medial dorsal thalamus. It, thus, interconnects key
regions of the default mode network, a network which allows individuals to respond to
salient stimuli and to emotionally process and monitor their mental state [9-12].

In this study, we were specifically interested in SLF Il and cingulum for a number of
reasons. First, the SLF Il and cingulum are respectively parts of the frontoparietal and
default mode networks, two systems which are reciprocally activated and deactivated during
tasks related to frontal lobe functions such as attention, memory and emotions [13, 14].
Second, DT studies have shown that these two tracts manifest abnormal FA values in
children with otherwise normal MRIs who have frontal lobe dysfunction, particularly
attention problems such as attention deficit hyperactivity disorder (ADHD) [15, 16]. Finally,
only limited DTI studies of the cingulum and, to our knowledge, no such studies of the SLF
in pediatric epilepsy exist [17, 18].

Our specific hypothesis was that children with DR-partial epilepsy and normal frontal lobes
on conventional MRI have DTI findings consistent with impaired connectivity of SLF Il and
cingulum.

This study was approved by the Institutional Review Board of Duke University Medical
Center. Informed consent from the parents and when appropriate, assent from the subjects
were obtained before scanning.

Subject Population

Patients—Consecutive patients undergoing MRI for evaluation of DR-partial epilepsy
were invited to participate by their pediatric neurologist at our tertiary care center. Patients
were enrolled over a time period of 9 months. Localization of epilepsy was determined
based on a combination of clinical semiology reported by a reliable observer, interictal
electroencephalogram (EEG) and, ictal video EEG recordings (when the nature of the spells
was unclear). Patients with questionable types of spells or diagnosis were not included.
Inclusion criteria for the patients consisted of: (1) a definitive prior diagnosis of DR-partial
epilepsy with an interictal EEG or video EEG recording and clinical findings consistent with
that diagnosis, and (2) age between 4 and 18 years. Exclusion criteria for the patients
included: (1) EEG findings indicative of primary generalized epilepsy, (2) frontal lobe
abnormality identified on conventional MRI, (3) contraindications to undergo MRI (e.g.,
vagal nerve stimulators or other implantable medical devices), (4) claustrophobia or
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previous problems with undergoing MRI or body weight > 250lbs, and (5) known
degenerative or storage disease.

Controls—Normal controls were enrolled through recruitment from the community as part
of another NIH-funded and IRB-approved study in which, scans were performed using the
same scanning parameters, under HIPAA regulations, and in which informed consents were
similarly obtained [19]. The data from that study were anonymized before being used in the
current study. Inclusion criteria for the controls consisted of: (1) parental consent, and when
applicable, subject assent, (2) age between 4 years and 18 years. Exclusion criteria for the
controls included: (1) significant medical or neurological illness, (2) morbid obesity or
failure to thrive, (3) full scale intelligence below 80 by the 2 subtest (\Vocabulary, Block
Design) short form of the WISC-111 (Wechsler Intelligence Scale for Children —I11) or
WAISIII (Wechsler Adult Intelligence Scale —I11), (4) major Axis 1 disorder in the last 6
months prior to MR, (5) history of substance use disorder, (6) pregnancy, and (7) birth
weight <5 Ibs or severe birth complications.

Imaging Parameters

All subjects were scanned on a Siemens 3.0 Tesla scanner using our routine structural MRI
clinical seizure protocol which consisted of axial T1-weighted, axial T2-weighted, axial
FLAIR and axial diffusion-weighted sequences. A 5 minute DTI sequence was added for the
purposes of this research. The DTI sequence was performed using the following parameters:
single-shot echo-planar imaging; TE: 80 ms; TR: 8800 ms (TR = 196 ms for 45 slices); FOV
220x220 mm; Slice thickness: 3 mm; Matrix 128x50%; 1 Average; 1 Concacts. Images
were acquired with diffusion weighting in each of 6 directions, all with b-values of 0, 1000.
The choice of 6 diffusion directions was based on the fact that this parameter had previously
been used in our normal control group and we wished to maintain continuity of imaging
parameters across the two groups. In addition, an image with no diffusion weighting (b-
value of 0) was acquired as reference. The set of seven diffusion weighted images were
acquired with a total of 4 excitations and the four data sets were co-registered to improve
image quality and signal-to-noise ratio. DTI data sets were transferred in DICOM format to
a computer workstation. 3 Tesla routine MRIs of the candidate patients were reviewed by
two neuroradiologists and any patient with definite or suspected frontal lobe abnormality
was excluded.

Image Analysis

DTI data were analyzed using the software program Dti Studio, version 3.0.1 (H. Jiang, S.
Mori, Dept. of Radiology, Johns Hopkins University, Baltimore, MD). The sets of diffusion
weighted images were co-registered using automatic image registration. All images were
visually inspected and images with visually apparent artifacts were removed. We studied
two regions of interest (ROIs) of 60 mm? each for the SLF 11 and cingulum which were
placed using methods based on Bonekamp et al. 2007. For SLF 11, the ROI was placed in the
mid-portion of SLF 11 on an axial slice, lateral to the corona radiata and corpus callosum and
medial to the middle frontal gyrus at a level immediately superior to corpus callosum in the
coronal plane. The ROIs were placed in such a way that the mid-point of the ROI coincided
with that of SLF Il (Figure 1) [20, 21]. The ROI for cingulum was placed in the mid-portion
of cingulum just superior to the corpus callosum on a sagittal slice at a level in which a full-
cross section of the superior part of the cingulum could be seen in the axial slice. The ROIs
were placed consistently in such a way that a vertical line drawn through the mid-point of
the ROI intersected a perpendicular line connecting the most anterior and the most posterior
part of the corpus callosum at its mid-point (Figure 1) [20]. In addition, the locations of
these ROIs were further confirmed by us using tractography (FA threshold > 0.2, angle > 60
degrees) [22-25]. The intra-rater intra-class correlation coefficients of above methods of
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placing ROIs in SLF Il and cingulum were 0.85 and 0.81 respectively. Both ROIs were
placed on the non-diffusion weighted b = 0 image in both hemispheres.

Statistical Analysis

Results

Data were analyzed using SAS 4.2 (SAS Institute, NC, USA). The statistical test used was
the Wilcoxon signed-rank test for nonparametric data, due to the non-normal distribution of
the data (Shapiro-Wilk test). Mean FA values of the SLF Il and cingulum of the patients
were compared with those of the controls. Similar comparisons were also done for mean
ADC values. Power analysis was performed using G Power program version 2.0.

Subject Population

The study population consisted of 12 patients (7 boys) between the ages of 4 and 17 years
and 12 age- and gender- matched controls. The mean + standard deviation (SD) age of the
patient group was 10.1+1.2, and that of controls was 10.4+1.1 (p=0.85). All patients had a
definitive diagnosis of DR-partial epilepsy as recently defined by the International League
Against Epilepsy [26]. The mean duration of epilepsy was 2.53 + 1.88 years. Of the 12
patients, 6 patients (3 girls) had frontal lobe epilepsy, and the remaining 6 (2 girls) had
temporal lobe epilepsy. The clinical information of our 12 patients is illustrated in Table 1.
Seven of the 12 (5, 6, 7, 8, 10, 11, 12) patients completed phase | pre-surgical evaluation,
and had ictal recordings of their habitual seizures. Of these 7 patients, 3 (patients 6, 8, 11)
also completed phase Il pre-surgical evaluation and subsequently underwent resective
epilepsy surgery. Of our 12 patients, four patients (the three who underwent epilepsy surgery
and patient 12) had neuropsychological testing which showed impairments in attention and/
or executive function in each as well as abnormalities in memory and other functions.

Superior Longitudinal Fasciculus Il

SLF FA values of patients were significantly lower than those of the control group (Table
2). Mean £ SD of the patient group: 0.398+0.057, control group: 0.443+0.059, and p=0.002.
The power to detect the above observed difference (10%) with p<0.05 was 0.95. Similarly,
ADC values of the patients were significantly lower than those of the controls. Mean + SD
of the patient group: 72.8+10.1 (x10"> mm?2/second), control group: 80.2+4.7 (x10"> mm?/
second), and p=0.02. The power to detect this difference (6%) with p<0.05 was 0.99. The
FA values significantly correlated with the age both in controls (r=0.88, p=0.0003), and in
patients (r=0.69, p=0.02).

To better analyze the diffusion abnormalities in the SLF, we calculated parallel and
perpendicular diffusivities, and the mean values of the patient and control groups were
compared. Parallel diffusivity (also referred to by the term axial diffusivity) and
perpendicular diffusivity (also referred to as radial diffusivity) are terms that provide
information regarding the principle eigenvectors (i.e., axes) of the tensor matrix; the length
of these axes is given by their eigenvalues. Parallel diffusivity is equivalent to the major
eigenvalue (termed A1) and perpendicular diffusivity refers to the average of the two minor
eigenvalues (A, and A3) that are perpendicular to A;. FA values and ADC values can change
based on changes in parallel diffusivity and perpendicular diffusivity; thus, knowledge of
parallel diffusivity and perpendicular diffusivity can help one to explain what factors are
responsible for FA and ADC changes.

Mean parallel diffusivity values of the patients were significantly lower than those of
controls. Mean + SD of the patient group: 0.00111+0.00008, control group:
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0.00119+0.00009, and p=0.02. There were no differences in the perpendicular diffusivity
values between two groups.

No significant difference of the cingulum FA values between the patient and control groups
was found (Table 3). Mean + SD: 0.463+0.079 for the patients, 0.482+0.052 for the controls
and p=0.34. Power analysis revealed that with the given sample size and the observed mean
and SD, a difference of 6% could have been detected at a power of 0.75 and a difference of
10% with a power of 0.993. Similarly, no differences in the mean ADC values between the
patient and control groups were found. Mean # SD: 81.9+7.4 (x10"> mm?2/second) for the
patients, 86.4+4.1 (x10"> mm?/second) for the controls, p=0.06. With the observed mean and
SD of ADC, a difference of 6% could have been detected at a power of 1. The FA values
significantly correlated with the age in controls (r=0.85, p=0.0009), but not in patients
(r=0.07, p=0.8).

Discussion

DTl is increasingly being utilized to assess brain abnormalities in various disease states; at
times, DTI can depict abnormalities that are not evident on conventional MRI. We set out to
study whether abnormalities could be detected in the SLF Il and cingulum of children with
DR-partial epilepsy in whom no abnormalities were detected on conventional MRIs. We did
indeed find statistically significant FA and ADC abnormalities of SLF 11 in such children.
To our knowledge, this is the first study to investigate the presence of such abnormalities in
SLF in this patient population.

The SLF 11 is important for spatial attention and visual space perception and thus,
abnormalities in these functions seen in children with DR-partial epilepsy may be at least in
part related to abnormal connectivity in the SLF Il. Decreased FA values in the SLF have
been reported in patients with ADHD and thus, suggest the possibility of similarities in the
patterns of abnormal frontal lobe connectivity in these two disorders [15]. Reductions in FA
values are generally considered to represent evidence of loss of integrity of a white matter
region. This presumption has recently been validated in a recent in vivo DTI and
histopathological study in adults with temporal lobe epilepsy, in which, reduced FA values
in the fimbria-fornix correlated with histological findings of decreased myelination and
reduced numbers of axons [27].

In addition to lower FA, ADC and parallel diffusivity of SLF Il was also significantly lower
in children with DR-partial epilepsy; however, there was no change in the perpendicular
diffusivity. In general, decreased parallel diffusivity is thought to reflect axonal injury
whereas increased perpendicular diffusivity is considered to indicate evidence of diminished
myelination [28]. These findings have been validated by subsequent studies [29, 30]. For
instance, studies in a mouse model of optic nerve ischemia showed that axonal loss was
accompanied solely by a decrease in parallel diffusivity without change in perpendicular
diffusivity [29]. Thus, our findings raise the possibility that the diffusion abnormalities seen
in SLF 1l in children with DR-partial epilepsy could be due to axonal injury, rather than due
to abnormalities in myelination. Further studies are needed to elucidate this.

We did not find FA abnormalities in the cingulum in children with DR-partial epilepsy,
which reflects, as reported by other investigators, absence of abnormalities in the cingulum
in such patients [18]. Comparison of our findings regarding the cingulum with those in the
previous two studies of this structure in children with epilepsy is informative. Nilsson and
colleagues compared 8 children (age: 9.5-17.2 years) with complex partial seizures (6-left
temporal, 1-right temporal, 1-fronto temporal, and based on a mean duration of epilepsy of

Epilepsy Behav. Author manuscript; available in PMC 2011 October 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Holt et al.

Page 6

5.2 years, likely intractable epilepsy) and 10 age-matched controls and did not find FA
abnormalities in the cingulum. [18]. Similarly, Hutchinson and colleagues, who studied 11
children (age: 8-18 years) with new-onset idiopathic localization related epilepsy (4 benign
rolandic, 2 temporal lobe, 1 frontal lobe and 4 other focal) observed, solely a trend for lower
FA in patients that was not statistically significant, compared to controls. Power analysis of
their data revealed that approximately a difference of 2.8% could have been detected with a
power of 0.85. However, when they combined this group with a group of 8 patients with
new-onset idiopathic generalized epilepsy, a significantly reduced cingulum FA was found
as compared to controls [17]. All the above including the data from Hutchinson et al,
Nilsson et al and our study suggest that any differences that may exist in the cingulum in
children with partial epilepsy are likely to be relatively small (i.e <5%) because the power
available in each of these studies would have allowed detection of larger differences. Power
to detect a 6% difference in the mean cingulum FA in Hutchinson et al study is 1, in our
study, 0.75, and in the Nilsson et al study, 0.79.

Prior studies in adults with temporal lobe epilepsy have reported apparently smaller
decreases in FA values in SLF (approximately 2-3% difference) and larger decreases in
cingulum FA values (approximately 8-12% difference) [27, 31-33]. Whether there are age or
etiology related vulnerabilities or progressive decreases in FA values the longer the epilepsy
lasts is yet to be determined. Concha et al. [33] also reported that the diffusion abnormalities
they observed in adults did not revert even after one year of seizure freedom post temporal
lobectomy, raising the possibility that DTI abnormalities reported in other studies, such as
ours, may also be persistent.

As in any study, our study has a number of limitations: i) It is possible that there may have
been small differences in the FA of the cingulum that could not be detected due to
insufficient power in our study as discussed above; ii) We studied only two white matter
tracts out of several ones that connect frontal lobe to other regions of the brain; iii) We did
not study the potential neuropsychological correlates of the DTI abnormalities that we
observed, however, as stated before, our goal was to examine the structural connectivity of
the frontal lobe rather than to correlate DTI parameters with neuropsychological
performance; and iv) we studied patients with frontal lobe and temporal lobe epilepsy and
our numbers were not high enough to study each type separately. However, we chose to
combine these two types based on the fact that there is extensive literature available showing
that both types have common manifestations with respect to frontal lobe dysfunction [2, 6, 7,
34], and several previous studies of DTI in epilepsy have used a similar approach [17, 35,
36].

The etiology of the diffusion abnormalities we observed is likely to be multi-factorial. This
could include the underlying cause of the epilepsy in addition to the acute and sub-acute post
ictal as well as long-term cumulative effects of seizures [37, 38]. Of note, even though none
of our patients had experienced seizures within 24 hours prior to scanning, 8/12 patients had
seizures within 36-72 hours raising the possibility that the diffusion abnormalities observed
could have been in part due to reversible effects of acute seizures. Other causes could
include the effects of interictal discharges, anticonvulsant drugs, psychosocial deprivation,
the location of the epileptogenic zone, or the presence of frontal lobe malformations not
detected by 3T MRI [39]. For example, patients with mesial temporal sclerosis could still
potentially have structural frontal lobe lesions that are not detectable by MRI. This is also
true with patients with completely normal MRIs. However, we did rule out, as much as
possible, frontal lobe malformations in our patient population by performing 3T MRI
studies. An additional consideration is that the abnormalities we have detected potentially
could represent epiphenomena without any specific pathophysiological significance.
Longitudinal studies in children with DR-partial epilepsy, using larger numbers of patients
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d incorporating functional correlations, would be beneficial in understanding the potential

clinical and pathophysiological correlates of such DTI abnormalities. We conclude that the
findings of decreased FA, ADC and parallel diffusivity of the SLF Il in our study indicate
abnormal frontal lobe structural connectivity in the above patient population and suggest
that detection of such abnormal connectivity could lead to a better understanding of the
pathophysiological processes in childhood DR-epilepsy.
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Figure 1. DTI color maps showing ROIs for SLF (1) and cingulum (2) and normal appearing T2
weighted MRI (3) for subject No. 5
FA for right SLF = 0.35 (matched control FA = 0.44), FA for right cingulum = 0.47

(matched control FA = 0.52).
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SD: Standard deviation
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Table 2
Fractional anisotropy and apparent diffusion coefficient of SLF Il in the patients and
controls
Subject Number Mean Fractional Anisotropy (FA) | Mean Apparent diffusion coefficient (ADC) (x10°> mm?2/second)
Patients Controls Patients Controls
1 0.33 0.385 75.7 82.6
2 0.445 0.425 72.9 70.8
3 0.32 0.4 86.7 83.4
4 0.395 0.42 74.0 77.2
5 0.36 0.42 71.8 74.5
6 0.38 0.42 76.7 77.2
7 0.405 0.48 69.8 86.6
8 0.365 0.415 44.5 81.2
9 0.465 0.515 74.3 85.9
10 0.48 0.525 70.7 78.8
11 0.35 0.365 815 83.2
12 0.475 0.545 749 80.9
Mean+SD 0.398+0.057 0.443+0.059 72.8+10.1 80.2+4.7
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SD: Standard deviation
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Table 3
Fractional anisotropy and apparent diffusion coefficient of cingulum in the patients and
controls
Subject Number Mean Fractional Anisotropy (FA) | Mean Apparent diffusion coefficient (ADC) (x10°> mm?2/second)
Patients Controls Patients Controls
1 0.34 0.48 103.0 90.3
2 0.44 0.54 80.7 91.2
3 0.485 0.44 87.1 83.6
4 0.375 0.465 78.7 87.0
5 0.465 0.53 79.1 87.0
6 0.48 0.465 76.0 84.9
7 0.445 0.425 76.7 81.7
8 0.40 0.435 84.0 86.7
9 0.655 0.495 80.8 95.4
10 0.525 0.555 75.3 84.3
11 0.455 0.40 79.6 83.8
12 0.495 0.55 81.7 81.5
Mean+SD 0.463+0.079 0.482+0.052 81.9+7.4 86.4+4.1



