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“I have a monster in my head.”

4-year old boy describes his daily seizures characterized by extreme fear.
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ABSTRACT
In selected patients with medically refractory epilepsy, surgical treatment can render the
patients seizure free or significantly reduce seizure frequency. Temporal lobe resection
(TLR) for temporal lobe epilepsy (TLE) is the most commonly performed epilepsy
surgery procedure. A visual field defect (VFD) due to injury to the optic radiation (OR)
may occur after TLR. Diffusion tensor imaging (DTI) evaluates the structural integrity of
brain tissue by measuring water diffusion and provides information on the directionality
and magnitude of diffusion motion. DTI can be used to assess the effects of seizures on
the brain parenchyma and DTI-based tractography (TG) can visualize white matter tracts
such as the OR non-invasively
First, we evaluated the frequency of VFD after TLR in 50 patients with TLE and
investigated if the extent of lateral TLR correlated with the frequency of VFD. We found
that quadrantanopia due to injury to the OR occurred in 50% of patients and there was no
association between the extent of lateral resection and VFD. In a second study we used
TG to assess the anatomical location of the OR and the interindividual variability in the
anterior extent of the OR in seven normal controls and two patients with previous TLR.
TG could depict the OR in all cases and demonstrated a considerable variability in the
anterior extent of the OR. The mean distance from the temporal pole to the anterior edge
of Meyer’s loop was 44 mm bilaterally (range 34-51 mm). TG demonstrated a disruption
of the tract depicting Meyer’s loop in one patient with quadrantanopia. In a third study,
we used DTI to evaluate the effects of seizures on the diffusion properties in temporal
lobe and cingulate gyrus white matter in eight children with TLE. We found bilateral
changes in the diffusion properties which may reflect effects of frequent seizures on the
white matter. The presence of bilateral alterations in diffusivity precluded seizure
lateralization. In a fourth study we used DTT and TG to quantitatively assess the
structural integrity of white matter tracts adjacent to low-grade brain tumors causing
seizures in 11 children. We found preserved structural integrity of the white matter as
indicated by preserved DTI indices of the white matter adjacent to the tumor and also
displacement of the white matter tracts adjacent to the tumor in 10/11 children.
TG provides a non-invasive means of evaluating the major white matter tracts. This is
important for presurgical planning to improve and individualize the preoperative risk
analysis and prevent neurological deficits. However, limitations of the technique must be
considered before it is used routinely and prospective studies using TG to assess the OR
in TLE patients before TLR are needed to determine its clinical value. DTI may
contribute to the multimodal evaluation in medically refractory epilepsy with information
on the effects of focal seizures on the brain. However, longitudinal studies are needed to
clarify these effects in more detail and to decide if this information may be useful to
guide selection of epilepsy surgery candidates.

Key words: epilepsy, epilepsy surgery, temporal lobe resection, optic radiation, diffusion
tensor imaging, tractography
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LIST OF ABBREVIATIONS:

ADC Apparent diffusion coefficient

ATL Anterior temporal lobe resection
CGWM Cingulate gyrus white matter

DNET Dysembryoplastic neuroepithelial tumor
DTI Diffusion tensor imaging

EEG Electroencephalography

FA Fractional anisotropy

FACT Fibre assignment by continuous tracking
FLAIR Fluid attenuated inversion recovery
FMT Fast marching tractography

ILAE International League Against Epilepsy
MATL Modified anterior temporal lobe resection
MCD Malformations of cortical development
MD Mean diffusivity

MEG Magnetoencephalography

MNI Montreal Neurological Institute

MRI Magnetic resonance imaging

MTS Mesial temporal sclerosis

OR Optic radiation

PICO Probabilistic index of connectivity

ROI Region of interest

SAHE Selective amygdalohippocampectomy
TG Tractography

TLE Temporal lobe epilepsy

TLR Temporal lobe resection

VFD Visual field defect

TLWM Temporal lobe white matter

VOI Volume of interest

Voxel Smallest volume element used in three-dimensional imaging

| - parallel diffusivity = Amajor = primary eigenvalue
AL - perpendicular diffusivity = (Amedium + Aminor)/2
Amajor = primary eigenvalue

Amedium = secondary eigenvalue

Aminor = tertiary eigenvalue
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1. INTRODUCTION AND BACKGROUND

Epilepsy is one of the most common neurological disorders with a prevalence of 0.5-1%
in the general population [1-3]. Epilepsy is a brain disorder characterized by repeatedly
occurring (more than two) spontaneous seizures even though this definition is currently
under discussion [4]. All seizures are clinical manifestations of abnormal and excessive
discharges of groups of neurons in the brain. The characteristics of a seizure depend on
the brain regions involved, including the region of onset as well as the subsequent spread
of the discharge. As a consequence the variety of seizure manifestations is immense,
including motor, sensory (olfactory, visual and auditory), autonomic or psychic events.
The seizures can be either partial with a focal onset, or generalized, without clear
anatomical localisation or with evidence of bilateral onset. If alterations in the level of
consciousness occur in a partial seizure it is called complex, in contrast to simple seizures
where the patient is alert and responsive.

Most seizures have an abrupt onset, causing a loss of control, making epilepsy a major
handicap. Even though many types of epilepsy can be controlled by antiepileptic drugs,
patients with medically refractory epilepsy suffer socially and psychologically, in
addition to having a considerably increased mortality rate [5-8]. Some of these patients,
after careful selection, will benefit from epilepsy surgery, with improvements in both
seizure frequency and quality of life [9, 10].

In the assessment of epilepsy surgery candidates, magnetic resonance imaging (MRI) is
an important tool to detect potentially epileptogenic lesions as well as their anatomical
relationship to important functional areas of the brain. Diffusion tensor imaging (DTI) is
an advanced MRI technique which can indirectly evaluate the structural integrity of brain
tissue by measuring water diffusion and its directionality in three dimensions [11]. DTI
has the potential to localize subtle epileptogenic lesions not seen on conventional MRI. In
addition, information on the structural properties of brain tissue, provided by DTI, may
give important insights into the pathophysiology of epilepsy and the acute and chronic
effects of seizures on the brain. Tractography is a technique based on DTI data that
visualizes white matter tracts in vivo, information that may be used to avoid surgical
injury to functionally important white matter tracts. This thesis is focused on the
applications and limitations of DTI and tractography in the preoperative work-up for
epilepsy surgery. The findings of these studies could improve preoperative risk
counselling, prevent injury to white matter tracts in epilepsy surgery candidates and
increase understanding of the effects of seizures on the brain.

1.1 MEDICALLY REFRACTORY EPILEPSY

1.1.1 Definition and epidemiology

Pharmacological treatment is the first choice of treatment in both adults and children with
epilepsy. This treatment is however symptomatic, preventing seizures from occurring, but
does not treat the underlying cause of the epilepsy. Approximately two-thirds of patients
with epilepsy become seizure-free on established antiepileptic drug treatment [12]. Thus
about one-third of patients diagnosed with epilepsy develop what may be referred to as



“medically refractory epilepsy”. In this group many different etiologies are found,
including inflammatory or infectious conditions, malformations of cortical development,
low-grade tumors, arteriovenous malformations, genetic syndromes and hippocampal
sclerosis. However, in up to 30 % of these patients, a structural cause of the epilepsy can
not be found, even if optimal neuroimaging techniques are used.

The definition of “medically refractory epilepsy” is not entirely clear. However, an often
used recommendation is to investigate epilepsy surgery as an option in patients with focal
epilepsy when two different drug treatments have failed and after a sufficient period of
time has passed (usually 2 years, less in children) [5]. Unfortunately it is common that
patients are tried on additional drugs and withheld from evaluation for epilepsy surgery
even though the chances of seizure control with the third or fourth antiepileptic drug are
low [5]. The average duration of medically refractory epilepsy prior to surgery in adults
is of the order of 20 years [13, 14]. This may cause unnecessary suffering and increased
mortality as patients with medically refractory epilepsy have a significantly increased risk
of sudden death [7, 8, 15]. Hence, patients with epilepsy refractory to medical treatment
should be promptly referred to a specialized epilepsy centre where different treatment
options, including epilepsy surgery, can be addressed.

1.1.2 Definition of temporal lobe epilepsy

Temporal lobe resection (TLR) for temporal lobe epilepsy (TLE) is the most common
epilepsy surgery procedure, comprising more than 70% of procedures in adult epilepsy
surgery patients and around 50% of procedures performed in children [16]. TLE is thus
the most important surgically treatable epilepsy. There are two main types of TLE,
depending on the anatomical structures involved: i) mesial TLE involving the medial
temporal lobe, including the hippocampus and amygdala, and ii) lateral or neocortical
TLE [9]. Mesial TLE is the most common type and the seizure manifestations are
typically complex partial seizures starting with a characteristic aura such as fear, anxiety
or epigastric rising sensation followed by movement arrest, alteration of consciousness,
and automatisms.

In children below 6 years of age seizure manifestations in TLE can be atypical, and
include bilateral motor activation, head nodding as well as hypermotor postures [17-19].
The limitations in defining a subjective experience in pre-school children, where only
changes in facial expression may suggest an emotional reaction, make the clinical
diagnosis of temporal lobe seizures more difficult in these patients [19]. However after 7
years of age, children with TLE tend to have seizures similar to those seen in adult
patients [18, 20]. Depending on seizure spread and seizure duration, positive ictal motor
symptoms and marked postictal confusion might be found. After a seizure there is usually
a post-ictal dysfunction, most frequently cognitive impairment, memory deficits, mood
changes, and language deficits [17].



1.1.3 Causes of temporal lobe epilepsy in children and adults

The pathophysiological mechanism causing TLE is in most cases unknown. In adults,
mesial temporal sclerosis (MTS) is found in over 70% of patients who had temporal lobe
surgery for mesial TLE [21-24]. The most prominent histopathological abnormalities in
MTS include selective cell loss with secondary astroglial proliferation in layer CA1, CA3
and CA4 of the hippocampus [25-27], but changes in the amygdala, uncus and
parahippocampal gyrus may also be present [28]. If the cell loss is pronounced, it has a
characteristic appearance on imaging, displaying bright signal on T2 and FLAIR images
and commonly volume loss (Fig 1) [29-32]. Even though MTS in TLE has been thought
to be localized to the medial temporal lobe, autopsy studies as well as diffusion tensor
imaging studies suggest that the pathological changes may extend well outside the
temporal lobe [33-38]. The nature of these changes is not clear and they may either be a
consequence of frequent seizures or reflect a generalized disorder that predisposes the
brain to react with seizures.

Whether MTS is the cause of TLE or a consequence of frequent seizure activity or
possibly both cause and effect, has been debated [39, 40]. Serial MRI studies showing
hippocampal atrophy in patients in limbic status epilepticus have shown that frequent
seizures can cause MTS [30, 41]. Other, less common histopathological findings in adults
with TLE are malformations of cortical development (MCD), ganglioglioma, low-grade
astrocytoma, gliosis, cavernoma and vascular malformations [14, 42]. MTS may coexist
with other pathological findings such as gliosis or a dysplasia, so called “dual pathology”.
The frequency of this finding after TLR however varies widely between different studies,
from 8% [43] to 79% [31] in children and from 15% [44] to 48% [21] in adults. These
variations in frequency may be due to differences in the analysis of the histological
specimens and classification of the findings.

In children with TLE the histopathological spectrum differs from what is seen in adults.
Developmental anomalies such as cortical malformations or dysplasias and low-grade
tumors are seen much more frequently whereas MTS only occurred in 13 % of children
having TLR for TLE in a recent study [43]. Epilepsy in children is also different from
adults as the seizure activity affects the developing brain. Lesions causing epilepsy may
interfere with the development of the brain, both by occupying space, forcing brain
functions to move to unusual brain regions, and by disturbing normal brain development
with frequent seizure activity, causing developmental delay and/or behavioural problems
[45-47]. A significant proportion of children with TLE are refractory to medical
treatment, and these children are important to identify. To prevent the possibly disastrous
effects of epilepsy on the developing brain, children with medically refractory epilepsy
should be identified without delay, without waiting for a specified period, and referred to
a centre with expertise in pediatric epilepsy surgery for evaluation [46].
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Fig 1. Coronal FLAIR image showing an increased signal in the left hippocampus, in
keeping with mesial temporal sclerosis

1.1.4 Developmental brain tumors as a cause of epilepsy

Certain slow-growing, benign brain tumors such as dysembryoplastic neuroepithelial
tumor (DNET), ganglioglioma and pleomorphic xanthoastrocytoma frequently present
with seizures [48]. These tumors are one of the most common causes of medically
refractory seizures in children [49], but are also seen in adult patients with focal epilepsy
[14, 42]. Excision of the lesion together with the epileptogenic zone, which may extend
to the surrounding brain region, usually results in excellent seizure control with 75% of
patients in Engel class I or IT' after resection of DNET:s and over 90 % of patients in
Engel class I or II after resection of gangliogliomas in children [43]. Resection of these
tumors has a favourable seizure outcome also in adults [50]. If the epilepsy can be
controlled medically, a conservative management strategy may be warranted, however
follow-up imaging is mandatory as there is a small risk of malignant transformation, and
the risk of having epilepsy, including delayed development and drug-related side effects,
must also be carefully weighed against the risk of surgery.

Surgery for supratentorial low-grade tumors can be challenging as they frequently are
situated close to functionally critical cortex and/or white matter tracts and because the
patients rarely have any preoperative neurological deficit. DTI and tractography could
potentially be used to delineate and determine the structural integrity of the white matter

' ( Engel Class I = seizure freedom, with or without aura; Class II = rare disabling seizures or nocturnal
seizures only)
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tracts adjacent to low-grade tumors. This information may improve preoperative
counselling regarding risk of operative injury and reduce the risk of a neurological deficit
after surgery.

1.2 SURGICAL TREATMENT OF MEDICALLY REFRACTORY EPILEPSY

At the end of the nineteenth century John Hughlings Jackson reported that certain brain
regions were associated with specific seizure characteristics [5S1]. Based on Jackson's
findings the first successful surgical procedures for epilepsy were performed by Victor
Horsley in London at the end of the 19" century [52]. The areas to be resected were
determined by careful neurological examination and observation of the seizures. With
the discovery of electroencephalography (EEG) in 1929 the seizure onset could be
localized more accurately. This led to a renewal of the interest in epilepsy surgery and by
1950 over 70 TLR had been performed by Wilder Penfield at the Montreal Neurological
Institute, using only clinical and neurophysiological localisation of the epilepsy [53]. The
advent of video-EEG monitoring and modern neuroimaging, most notably high-
resolution MRI, has greatly facilitated the localization of epileptogenic lesions [54].
Today, epilepsy surgery is an established treatment for medically refractory epilepsy with
proven benefit in terms of seizure outcome and improved quality of life [55].

1.2.1 Preoperative evaluation for epilepsy surgery

In both adults and children, the preoperative evaluation for epilepsy surgery aims at
identifying the cortical area crucial for seizure production, i.e. the epileptogenic zone.
The preoperative investigation must also identify functionally important brain regions
surrounding the epileptogenic zone which should be avoided in a resection.
Neuroimaging techniques such as functional MRI or motor field mapping using
magnetencephalography (MEG) can provide important information on the localization of
cortical areas responsible for motor, sensory and language function non-invasively. The
base-line evaluation for epilepsy surgery includes clinical examination, structural MRI,
video-EEG with surface electrodes and neuropsychological assessment [9].

The findings from the base-line work-up are used to evaluate whether there is
concordance of findings with a single surgically amenable seizure focus, and to estimate
the risk of a postoperative functional deficit. If the findings are consistent with a single
seizure focus which is surgically resectable without major risks of postoperative deficits,
the patient is offered surgery. This is the case in most adults with TLE, where the base-
line work-up is frequently sufficient to offer the patient TLR [56]. In case of discordant
findings, or if there is a significant risk of injury to functionally important cortex, either
the patient may not be considered as a good candidate for epilepsy surgery or additional
investigations may be required. Depending on the situation, additional investigations may
include repeated neuroimaging, including functional MRI, ictal and interictal single
photon emission CT (SPECT), MEG, invasive EEG monitoring using subdural and/or
depth electrodes and/or a Wada test. Invasive video-EEG monitoring has two primary
goals: 1) to more accurately define the epileptogenic zone and ii) to identify functionally
important cortex such as motor, sensory and language areas by direct cortical stimulation.
This can be particularly important in children with developmental lesions, where cortical
areas may be atypically located. After evaluation of the additional information, an
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analysis of the potential benefits and risks of epilepsy surgery for the individual patient
determines whether the patient will be recommended epilepsy surgery or not.

1.2.2 Procedures used in epilepsy surgery

Two main types of procedures can be identified: i) resective procedures, aiming at
removing the seizure-producing brain region, and ii) disconnective procedures, where the
seizure focus cannot be removed, but by disrupting its connections the spread of seizures
to adjacent brain regions can be limited or abolished. The resective procedures include
TLR, extratemporal resection, lesionectomies including resection of the surrounding
epileptogenic zone which can involve any of the frontal, parietal, occipital lobes or the
insula and hemispherectomy/hemispherotomy. The main disconnective procedure is
callosotomy but disconnection of hypothalamic hamartoma and subpial transsection to
control seizure propagation also belong to this group. Vagal nerve stimulation, aiming at
reducing the seizure frequency, can be used as a palliative approach when none of the
other procedures mentioned are feasible.

1.2.3 Techniques used for temporal lobe resection

The aim of surgery for medically refractory TLE is to resect the epileptogenic zone, i.e.
the hippocampus, parahippocampal gyrus, amygdala and sometimes parts of the lateral
temporal lobe with a minimum of neurological deficit. Three types of resections
dominate in reports from epilepsy surgery centres: classical anterior temporal lobe
resection (ATL), modified anterior temporal lobe resection (MATL) and
amygdalohippocampectomy (transsylvian or transcortical). ATL includes a large
resection of the lateral temporal lobe, 4-6 cm:s from the temporal pole on the dominant
side and 5-7 cm:s on the non-dominant side. The resection of the medial structures are
not carried far posteriorly thus sparing the posterior hippocampus. Spencer modified the
ATL with a smaller lateral resection, 4.5 cm:s behind the temporal pole regardless of the
side and a larger medial extension reaching further posterior with the hippocampal
resection [57] (Fig 4, 14). The advantage is less damage to the lateral temporal lobe
structures and more resection of the medial epileptogenic structures. To be even more
selective and only remove the medial temporal lobe structures Yasargil and Wieser
developed the selective amygdalohippocampectomy (SAHE) performed through a
transsylvian approach [58]. In this procedure the lateral temporal cortex is not resected,
possibly reducing the risk of cognitive impairment postoperatively [59]. However this
technique is more technically demanding and may have an increased risk of vascular
injury [60]. SAHE may also have a less favourable seizure outcome in children with
TLE, and is rarely used in children [50, 61]. All techniques described above require the
identification and opening of the temporal horn of the lateral ventricle to resect the
medial temporal lobe structures.

1.2.4 Seizure outcome after epilepsy surgery

Reports of seizure outcome after epilepsy surgery are often difficult to interpret as they
tend to use different ways to report the results. Outcome is also related to the goals of
surgery in the individual patient. For example a 50 % seizure reduction may be a major
improvement in one patient, abolishing a debilitating type of seizure, whereas it can be a
failure in another patient if incapacitating seizures persist. The only randomized
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prospective study of outcome after epilepsy surgery has shown that more than 60% of the
patients were seizure-free and another 15 to 20 % had a significant reduction in their
seizure frequency following TLR [55]. A recent long-term follow-up has confirmed that
the seizure outcome is consistent also ten years after TLR [62]. In children seizure
outcome after TLR for TLE seems to be even better with up to 90 % of patients seizure-
free, even though randomized controlled studies are lacking to confirm this [42, 43, 61,
63, 64]. The seizure outcome is similar for ATL, MATL and selective SAHE for adults,
whereas in children SAHE may have a less favourable outcome [50, 61].

In extratemporal resective procedures the proportion of seizure-free patients is somewhat
lower [63, 64]. Hemisperectomy/hemispherotomy has very good seizure outcome with
more than 85 % in Engel Class I or II reported in two large studies [65, 66]. Callosotomy
on the other hand, rarely results in seizure freedom, but can be an important palliative
procedure by eliminating drop attacks [67]. Epilepsy surgery procedures in general carry
a 2 % risk for major, unexpected complications [17, 68]. Minor complications, resolved
within three months, occur in about 4-6% [68]. In modern series the mortality is well
below 1% [68, 69].

1.2.5 Visual field defects after temporal lobe resection

In 1922 Harvey Cushing reported that damage to the optic radiation in the anterior
temporal lobe produces a superior homonymous visual field defect (VFD) [70]. Later
studies have confirmed that VFD is a common postoperative neurological deficit,
occurring in 50-90 % of patients after TLR [71-77]. The VFD caused by TLR is typically
a contralateral upper quadrantanopia with a horizontal lower border (Fig 9). The VFD
usually spares the central-most visual field, due to the retinotopic organisation of the
optic radiation, however, with larger resections the risk of central involvement may
increase [78]. As a VFD is an expected deficit it is usually not regarded as a
complication. Most patients do not notice the VFD, however in a study from the United
Kingdom, 13 % of patients with a VFD following TLR were found to be ineligible to
drive, despite being seizure-free [79].

1.2.6 Surgical anatomy of the optic radiation

The optic radiation, or geniculocalcarine tract, begins in the dorsal aspect of the lateral
geniculate nucleus and projects to the primary visual cortex. After exiting the lateral
geniculate nucleus, these myelinated fibres course anteriorly and laterally, sweeping over
the temporal horn of the lateral ventricle before turning posteriorly, following the
ventricular wall and finally turning medially, connecting to the visual cortex around the
calcarine fissure. The optic radiation has a retinotopic organisation with an upper, a
central and a lower bundle. The lower bundle mediates information from the
homonymous inferior retinal quadrants corresponding to the contralateral superior visual
field. This bundle forms the Meyer-Archambault loop first identified as a part of the optic
radiation in 1906 by Archambault and later described in more detail by Meyer in 1907
[80, 81]. The central bundle mediates visual input from the retinal macula and is situated
more posteriorly than the lower bundle and spreads out in the anterior-posterior direction.
The upper bundle is even more posterior and mediates information from the contralateral
inferior visual field and projects from the lateral geniculate body directly posteriorly to
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the visual cortex [82, 83]. Barton et al have proposed a revised retinotopic model where
the most anterior fibres of Meyer’s loop represent the superior field, not the vertical
meridian as previously thought [78].

Dissection of white matter in formalin-fixed brains gives a unique three-dimensional
view of the anatomy of the optic radiation [84] (Fig 2). However, this technique can only
be used ex vivo, and does not reliably separate one fibre system from another. In
addition, the dissection of one white matter tract may lead to destruction of other tracts.
To overcome these limitations, combinations of dissection techniques, staining
techniques for white matter and MRI to separate the optic radiation from other fibre tracts
in the temporal lobe such as the uncinate fasciculus and the inferior longitudinal
fasciculus have been used [85-87]. Still, the exact location of Meyer’s loop in relation to
the temporal horn of the lateral ventricle remains a controversy. To be able to spare the
optic radiation in TLR or at least estimate the risk of causing a VFD as a result of
surgery, the anatomical location of the optic radiation in the individual patient needs to be
clarified.

Fig 2. The dissected optic radiation on the left side seen from below, left on the picture is
anterior. After leaving the lateral geniculate nucleus (CGL), the optic radiation courses
anterolaterally, forming Meyer's loop (ML). Then it continues posteriorly, to the visual
cortex (VC). Reprinted from [84] with permission from S Karger, Basel .
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1.3 PRINCIPLES OF DIFFUSION TENSOR IMAGING AND TRACTOGRAPHY

1.3.1 Diffusion tensor imaging

Diffusion tensor imaging (DTI) is a MRI technique that can indirectly evaluate the
integrity of white matter by measuring water diffusion and its directionality in three
dimensions [11]. From information about the direction of diffusion in at least six different
non-parallel directions, the diffusion tensor can be calculated and is often represented
three-dimensionally as a diffusion ellipsoid [11] (Fig 3). The fractional anisotropy (FA)
and the major, medium and minor eigenvalues (Amajor, Amedium, Aminor), can be
derived from this [11]. FA is a rotationally invariant parameter that represents the ratio of
the anisotropic component of the diffusion tensor to the whole diffusion tensor [11]. FA
values range from 0 to 1, where 0 represents maximal isotropic diffusion as in a perfect
sphere and 1 represent maximal anisotropic diffusion as in an infinitely elongated
ellipsoid. The major, medium and minor eigenvalues specify the rates of diffusion along
each of the three orthogonal axes of the diffusion ellipsoid. Diffusivity is frequently
expressed as trace = Amajor + Amedium + Aminor, or mean diffusivity, MD = trace/3.
Trace and MD both provide an overall evaluation of the magnitude of diffusional motion
in a three-dimensional volume element (voxel) or region.

FA and the direction of Amajor are commonly presented as a colour-coded fractional
anisotropy map, where intensity represents the fractional anisotropy value and colour the
direction of Amajor in each voxel (Fig 3). FA and MD are the most commonly used
parameters for the diffusion properties of brain tissue. Both diffusivity and anisotropy
vary widely between different brain regions in the normal brain (Fig 3). This
heterogeneity reflects a variation in many factors, including the concentration of cellular
macromolecules, cellular organization, cell density and the degree of myelination [88].
For example, as diffusion has a greater magnitude in parallel with axons, than
perpendicular to axons, diffusion has a high anisotropy in regions with densely packed
axons such as white matter [88]. Thus the diffusion characteristics of a tissue provide
information on its structural properties.

To quantitatively analyze DTI data, either a voxel-based or a region of interest (ROI)-
based approach is used. The former is a statistical comparison voxel by voxel, usually
between patients and controls, and requires that all brains are transformed into a common
space such as the Talairach or MNI space [89]. To achieve this, a process called
normalization is necessary to reduce the overall variability between sizes and shapes
between brains. Even though this is a statistically rigorous methodology, which assesses
the whole brain, the normalization required may cause distortions resulting in reduced
sensitivity and/or geometric distortions, particularly in children with brain malformations
[90]. In the ROI-based approach a region is outlined manually and the diffusion
parameters within the ROI is measured. The main limitation of this approach is its user-
dependency which may result in a relatively large interobserver variability. To reduce
interobserver variability, a ROI can be used as a seed point for tractography with a
threshold for FA applied, and the resulting volume, formed by a large number of voxels,
can be used for the calculation. This technique can also be used to quantitatively assess
the diffusion properties of specific white matter tracts.
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Fig 3. The principle of DTI. A: Diffusion is measured along multiple axes. B: The shape
of the “diffusion ellipsoid”. C: The orientation of the longest axis in the ellipsoid, 1; oA
major 18 found. D: An anisotropy map is created where areas with low anisotropy are dark
and areas with high anisotropy are bright. E: Color-coded anisotropy map with both the
degree of anisotropy and the direction of the main vector, Amajor is represented. F. the
color code is blue: cranio-caudal, red right-left and green anterior-posterior.
Reproduced from [91] with permission.

1.3.2 Tractography

Tractography is based on data from DTI and is the only available non-invasive technique
which can delineate white matter tracts in vivo. The directional anisotropy information in
each voxel provided by DTI is used to generate virtual maps of the white matter tracts.
This is based on algorithms that determine how the voxels should be connected according
to their anisotropy and direction. These algorithms can be placed in two broad categories:
line propagation techniques and energy minimization techniques. Line propagation is
based on algorithms that use local tensor information for each step of the propagation
[92-94]. From a seed ROI the tracking follows the largest tensor in each voxel and
connects them according to specific thresholds for the minimum FA and the maximal
change of directions between two voxels. The FACT (fibre assignment by continuous
tracking) algorithm is the most widely used in this group. The approach based on global
energy minimization aims to find the energetically most favorable path between two
voxels. The probability of connections between voxels is calculated, and from a seed
point a volume of connected voxels can be calculated [95]. The most widely used
techniques in this group are the FMT (fast marching tractography) and PICO
(probabilistic index of connectivity).
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In both approaches a “region of interest” i.e. a starting point for the calculation, and
some type of threshold conditions (FA or number of iterations) under which the tracking
is stopped are chosen manually. A development of the line propagation techniques allows
several regions of interest to be chosen to “dissect” the fibres of interest from other fibres
[93, 96]. This dissection method is knowledge-based and requires detailed understanding
of the white matter anatomy, which makes it more user-dependent than the FMT or PICO
techniques.

1.3.3 Limitations of diffusion tensor imaging and tractography

DTTI and tractography have several limitations, which if not considered may have serious
consequences for the interpretation of the information derived from these techniques [93,
97]. The voxel size used in diffusion tensor imaging is usually 1-15 mm”. As an axon is
in the order of 0.01 mm, the signal from one voxel represents thousands of axons which
may have different directions. Artifacts due to subject motion, eddy currents, magnetic
susceptibility or image noise can lead to a degraded or changed signal or geometric image
distortions of the DTI data [97].

Tractography algorithms based on finding a single diffusion ellipsoid have difficulties
tracking fibres that are crossing within a voxel [93]. The manual steps required to select
regions of interest (ROI) and FA thresholds for termination of tractography involved in
the line propagation techniques introduce a degree of subjectivity, which may affect
reproducibility of the results. The direction of neural signal propagation within a white
matter tract cannot be judged from the direction of water diffusion. Tractography results
may also be affected by changed diffusion properties in white matter adjacent to lesions
[98]. To define optimal conditions for tractography, the effects of different lesions on the
diffusion properties of white matter tracts need to be studied.

Validation of tractography has mostly been qualitative, by comparing tractography to
normal white matter anatomy derived from white matter dissections or histological
studies [99, 100]. Some studies have compared tractography directly to invasive tracing
techniques, such as manganese-enhanced MRI [101] and dextran amine tracing [102]
with good correlation between methods, even though areas with crossing fibres or small
tracts were not always accurately reproduced by tractography. Before tractography is
used for presurgical planning, possible sources of error must be taken into consideration.

1.4 APPLICATIONS OF DTI AND TRACTOGRAPHY IN EPILEPSY SURGERY

DTTI has the potential to identify epileptogenic lesions not seen on conventional MRI.
[103]. Rugg-Gunn and co-workers have examined patients with focal epilepsy and
negative MR and found an increased MD or FA in 10/30 patients, and in eight of these 10
patients, the lesions were concordant with EEG findings [104]. In a study of 22 patients
with epilepsy and malformations of cortical development, reduced FA was found in
17/22 patients and increased MD in 10/22 patients [105]. These areas were within lesions
seen on conventional imaging. In addition, areas of abnormal diffusion were found
outside the cortical malformation with reduced FA in six patients and increased MD in
nine. A good anatomical correlation has been reported between foci of increased ADC
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and EEG abnormality recorded by depth electrodes in 7/16 patients with extratemporal
focal cryptogenic epilepsy [106]. Together, these studies suggest that DTI is more
sensitive than conventional MRI to detect subtle lesions. Therefore, in cases where
optimal conventional MRI can not identify a lesion, quantitative DTI analysis may be of
value. However, due to its low specificity, the information from DTI must be assessed as
part of the multimodal evaluation of epilepsy surgery candidates [103].

DTI may also detect functional or structural changes secondary to involvement in the
epileptic network, and could potentially visualize this network. In TLE the epileptogenic
zone has been suggested to be involved in a hyperexcitable network with extensive
connections between the mesial temporal lobe structures and the thalamus, limbic
structures and the lateral temporal lobe [107]. Studies in adult TLE patients suggest that
white matter structure and/or function surrounding the epileptogenic zone is altered,
possibly reflecting involvement in an epileptic network [35, 108, 109]. The changes in
white matter diffusion properties seen in adult TLE patients raise the question if these
changes are present also in pediatric TLE patients. Such information may increase our
understanding of the effects of seizures on the brain and contribute to the presurgical
evaluation of children with TLE.

Tractography has been widely used to delineate normal white matter anatomy [94, 96].
Several studies have reported on the potential of preoperative tractography to visualize
white matter tracts prior to neurosurgical resection. Typically, tractography has been used
to visualize the relation between tumor and corticospinal tract prior to or during resection
[110-115]. Tractography may also be useful prior to epilepsy surgery to visualize white
matter tracts and their relationship to epileptogenic lesions. Tractography of the optic
radiation is feasible [82] and some studies suggest that injury to white matter tracts seen
on tractography correlates to neurological deficit [116, 117]. To provide information on
the intersubject variability in the anatomical position and anterior extent of Meyer’s loop,
and to determine whether tractography may be of value to prevent visual field deficits,
further studies are necessary.
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1.5 AIMS OF THE STUDY

Epilepsy surgery is an excellent treatment for medically refractory epilepsy in selected
patients. DTI is a neuroimaging technique providing information on the diffusion
properties of white matter. This information may be used to localize subtle epileptogenic
lesions in epilepsy surgery candidates and to improve understanding of the effects of
acute and chronic seizures on the brain. In addition, DTI data can be used to generate
maps of white matter tracts in vivo, tractography. This information may be used to reduce
the risk of injury to functionally important white matter tracts in epilepsy surgery.

The aims of this study were the following:

-To describe the frequency of visual field defects after temporal lobe resection in
the Goteborg epilepsy surgery series from 1987 to 1999

-To investigate if larger lateral temporal lobe resections result in a higher
frequency of visual field defects than more limited resections

- To assess the interindividual variability in the anterior extent of Meyer’s loop by
tractography

-To investigate if interictal diffusion properties in the temporal lobe and cingulate
gyrus white matter are abnormal in children with TLE

-To assess the structural integrity of white matter tracts adjacent to supratentorial
low-grade brain tumors in children with epilepsy by DTI and tractography
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2. SUBJECTS AND METHODS

2.1STUDY |

All epilepsy surgery patients in Goteborg are prospectively included in a research
database. In the first part of this study, patients who had undergone TLR for
pharmacoresistant TLE in the Goteborg Neurosurgical Department between 1987 and
1999, who had a normal preoperative perimetry and a follow-up perimetry performed 3
months after surgery were included. Fifty patients met these criteria, 27 were female and
23 were male and their mean age was 35.9 years. In the second part of the study only
patients who had pre- and post-operative MRI available were included, leaving 34
patients for the analysis. The mean age in this group was 35.0 years and, there were 16
females and 18 males. Data on seizure outcome was collected two years after surgery and
classified as seizure-free (including patients with aura only), >75 % seizure reduction and
< 75% seizure reduction. Two different types of TLR were used during these 12 years,
and after reviewing the patient charts, the patients were divided into anterior temporal
lobe resection (ATL) or modified ATL (MATL) groups (see above).

Neuro-ophthalmological examination

Visual acuity, eye motility, pupillary reaction, full visual field examination by manual
kinetic perimetry using a Haag—Streit Goldmann instrument and funduscopy were
assessed by clinical neuro-ophthalmologists. VFDs were classed as less than a quadrant
(<q), quadrantic (q), more than a quadrant (>q) or hemianopia (h).

Radiological studies of size of resection

As the studies were made in five different MRI units and study protocols, including slice
thickness and coronal slice angle, varied widely between studies a method that could be
used in this heterogeneous material had to be chosen. On post-operative T1-weighted
MRI scans three coronal slices through the temporal lobe were selected (fig 4). The first
coronal slice was through the optic chiasm (slice 1), in its central part if it was visible on
several slices. The second was the most anterior slice containing the pontomesencephalic
junction (slice 2). The third slice selected was the most anterior slice containing the
fourth ventricle (slice 3). The distance from the temporal pole to slices 1, 2 and 3 was
approximately 18, 36, and 58 mm, respectively, when the slices were identified in an
MRI atlas with information derived from 152 T1-weighted stereotactic volumes in
healthy subjects [89]. To further define the resected parts of the temporal lobe, four
compartments of the lateral temporal lobe, the superior, median, inferior and
hippocampal compartments were identified on each slice (Fig 5). The superior
compartment contained the superior temporal gyrus, the median compartment the middle
temporal gyrus, the inferior compartment the inferior temporal gyrus in slice 1 and also
the fusiform gyrus in slices 2 and 3. The hippocampal compartment contained the uncus
and parahippocampal gyrus in slice 1, and in slices 2 and 3 the hippocampus and the
parahippocampal gyrus [118].
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Fig 4. The lateral temporal lobe with the approximate course of the optic radiation
outlined in left lateral view. The approximate posterior resection line for a modified
anterior temporal lobe resection (MATL) and a traditional ATL is marked. The estimated
positions for the three selected slices (Slicel, 2, 3) of the temporal lobe are marked. The
course of the optic radiation is modified from [119]. Reprinted with permission.

Slice 1: Slice 2: Slice 3:
S=0; M=1; S=0;M=0; S=0;M=0;
I=2:H=2 I=2;H=2 I=0;H=1

Fig 5. Coronal MRI-slices through the temporal lobe, after TLR. The resection points for
the respective compartments are shown. (Slice 1: center of the optic chiasm, Slice 2: the
first slice containing the pontomesencephalic junction and Slice 3: the first slice
containing the fourth ventricle. S=superior;, M=median, [=inferior and H=hippocampal
compartments, respectively. 0= no resection, 1= 0-50% resection; 2= more than 50 %
resection. Reprinted with permission.

The extent of resection in each compartment was estimated visually and given a value
between 0 and 2; 0 points for no resection; 1 point for a resection of less than 50 % and 2
points for a resection of more than 50% of the compartment (Fig 5). This made possible
an estimation of the resection made in 12 different parts of the temporal lobe, with a
resection point for each individual compartment. The method was partly adapted from
Katz et al [73]. The number of patients with and without resection in each compartment

-21 -



and with and without VFD was compared. An average resection point for each
compartment in the ATL and MATL groups with and without VFD was calculated by
dividing the sum of the resection points in the respective compartments for each group by
the number of subjects in each group. An interrater reliability study of the method was
performed by independently assessing resection points in 252 compartments in 21 of the
MRIs.

2.2 STUDY Il

Seven healthy volunteers (four females) without any history of neurological or
psychiatric disorder were recruited for this study. Age range was 23-62 years (mean
33.1). In addition, two patients, 56 and 60 years old, who had undergone TLR for
medically refractory TLE, more than 10 years prior to this study, were recruited. The
patients had perimetry performed as part of the routine preoperative work-up, which was
normal in both patients, and postoperative perimetry was performed more than three
months postoperatively.

Diffusion tensor imaging

MRI studies were performed on a Philips Gyroscan Intera 1.5 T release 9 with research
software functionality HARDI (High Angular Resolution Diffusion Imaging, Philips,
Eindhoven, the Netherlands). DTI of the whole brain was performed with isotropic 2.2 x
2.2 x 2.2 mm voxels, b=0 s/mm’ plus 15 diffusion-sensitizing gradient directions (b=800
s/mm?). Reconstructed pixel size was 1.9 x1.9 mm for both DTI images. Further details
on the DTI acquisition can be found in paper II.

Data processing and tractography

Fractional anisotropy maps and tractography were generated by research software PRIDE
with fibre tracking tool V4 (Philips, Eindhoven, Netherlands) on a standard PC
according to the method described by Mori et al [120, 121]. Anisotropy maps were
superimposed on the b=0 images. After identifying the lateral geniculate nucleus on the
coronal T1-weighted images using anatomical references (lateral and caudal to the
pulvinar of the thalamus) we changed to the color-coded fractional anisotropy map [122,
123]. By stepping one to two slices anteriorly we could identify a region with a high FA
(>0.5), typically containing voxels dominated by green color (fibres running in an
anterior-posterior direction). The first region of interest (ROI) was placed to include all
these voxels to track fibres coming from the lateral geniculate nucleus coursing anteriorly
but carefully outlined not to include fibres of the adjacent fibre tracts (Fig 6). A second
ROI was placed at the level of the occipital horn of the lateral ventricle including the so-
called “stratum sagittale”, which contains both geniculocalcarine fibres in its lower part,
but also other fibre tracts such as the inferior longitudinal fasciculus and inferior
occipitofrontal fasciculus [122, 124]. A two-ROI tractography was made by one
neuroradiologist (LJ) and one neurosurgeon (DN) [93, 94, 121]. Tractography was
terminated when fractional anisotropy was less than 0.25. The distances between the most
anterior extent of Meyer’s loop and the temporal pole and the tip of the temporal horn
were measured by examining the frontal and axial slices on the b=0 slices.
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Fig 6. Coronal slices anterior to the lateral geniculate nucleus (A, B) with regions of
interest (in yellow) superimposed on a color-coded fractional anisotropy map (4) and on
a T1-weighted image (B). Coronal slices at the level of the stratum sagittale (C, D) with
regions of interest superimposed on a color-coded fractional anisotropy map (C) and a
T'1-weighted image (D). The color-code is red=left-right; blue=cranial-caudal,
green=anterior-posterior.

2.3 STuDY Il

Eight children with TLE evaluated at The Hospital for Sick Children, Toronto, Canada,
were included in the study. Six patients had medically refractory seizures and were
evaluated for epilepsy surgery, the remaining two patients had infrequent seizures or were
seizure-free on antiepileptic drug therapy. Their mean age was 12.8 years (range 5.9 —
17.3), there were three girls and five boys. Only patients with semiological and ictal
and/or interictal EEG findings consistent with a lateralized temporal seizure focus were
included. All children had an MRI of the brain including DTI. None had clinical seizures
24 hours prior to the MR examination. Clinical and radiological findings are shown in
Table 1. Ten healthy age-matched children without any neurological symptoms and with
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no history of seizures formed the normal control group. These children were recruited as
controls for a separate study. Their mean age was 12.9 years (range 9.5-17.2), there were
seven girls and three boys.

Table 1. Clinical and radiological findings in eight children with temporal lobe epilepsy

investigated by DTI
Duration MRI findings
of Location of Sz (Histopathology
Age | epilepsy | Clinical data (seizure type, focus based on when
No | Gender | (yrs) | (yrs) frequency, developmental history) EEG available=*)
L posterior
CPS:crying/upset-unresponsive, parahippocampal
1 female | 5.9 0.6 blanking out+ gibberish speech. L temporal low-grade glioma
Aura: sensation of arm squeezing +
2 | male 174 |24 GTCS. L temporal Normal
Normal
CPS: "freezing" + eye and head (microdysgenesis,
deviation to left + vocalization; gliosis in medial
3 male 6.3 4.3 Stiffening and jerking bilateral. R temporal temporal lobe *)
L hippocampal
CPS: staring spells + anxiety attacks + sclerosis (Subpial
4 | male 16.1 | 15.1 fall + tonic posturing. L temporal gliosis *)
L temporal
CPS: ringing in ears then right arm cortical lesion
5 | male 8.2 2.2 stiffening L temporal FCD/DNET
CPS: Staring+hand automatism.
Nocturnal sz with oral and/or hand
6 female | 159 | 9.9 automatisms L frontotemporal | Normal
CPS: Freezing, staring,unresponsive,
7 | male 15.5 | 5.5 drooling, L temporal L FCD
L hippocampal
CPS: Burning smell + tingling in right sclerosis (MTS +
hand, GTCS, nauseating feeling in gliosis in
8 |female | 173 |13 stomach, drooling L temporal temporal pole*)

Sz=seizure; CPS=complex partial seizures; GTCS=generalized tonic-clonic seizures; L=left; R=right;
DNET=dysembryoblastic neuroepithelial tumor; Nps =formal Neuropsychological assessment
FCD= focal cortical dysplasia; MTS=mesial temporal sclerosis)
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DTI acquisition

DTI was performed on a 1.5 T GE Signa LX (General Electric, Milwaukee, WI , USA)
scanner using quadrature head coil, single shot diffusion-weighted echo planar imaging.
Twenty-five axial contiguous slices were obtained aligned to the anterior commissure -
posterior commissure line to cover the whole brain, giving a total imaging time of 4 min
40 s. At each slice position, in addition to b=0 images, a single b-value of 1000 s/mm?
was applied in 25 spatially isotropically arranged non-collinear directions, with the
following parameters: TR=10000 msec, TE=113 msec, FOV= 26 cm and matrix of 128 x
128. Slice thickness was 4 or 5 mm.

Data processing and tractography

Post processing of diffusion tensor metrics including FA, trace, and the three eigenvalues
were calculated and tractography carried out using DTIStudio V 2.4 (Johns Hopkins
Medical Institute, Laboratory of Brain Anatomical MRI, http://lbam.med.jhmi.edu/) [93,
125]. The major eigenvalue, equivalent to the diffusivity parallel to the principal axis of
the fibres was expressed as the parallel diffusivity, A||. The diffusivity perpendicular to the
principal diffusion direction was expressed as the perpendicular diffusivity, AL =
(Amedium + Aminor)/2.,

Quantitative analysis

For the assessment of temporal lobe white matter (TLWM), a region of interest (ROI) was
drawn on the axial slice where the optic tract and mamillary bodies could be identified on
the b=0 image (Fig 7). The ROI placement was guided by b=0 and color-coded FA maps
so as to include the central temporal lobe white matter. This ROI was used as a seed ROI
for fibre tracking using the FACT algorithm to produce a volume of interest (VOI)
containing a larger number of voxels, in a similar way as described by Concha et al [108].
The FA threshold used for the fibre tracking was 0.2 and the maximum turning angle was
set to 45 degrees. Tracked voxels that were outside the lobe of interest such as in the
frontal lobe were deleted manually. For the assessment of cingulate gyrus white matter
(CGWM), another ROI was placed on an axial slice cranial to the corpus callosum on the
color-coded FA maps, where the white matter of the cingulate gyrus can be seen running
in an anterior to posterior orientation. This ROI was used as a seed ROI for fibre tracking
to produce a VOI in the CGWM. The mean FA, trace, A|| and AL were measured for the
VOI of the TLWM and CGWM.

-25-


http://lbam.med.jhmi.edu/

CGWM

Fig 7. (Case 8). A: Axial b=0 images; B: Axial color-coded FA map with the seed ROI
outlined and C: Axial b=0 images with the resulting tractography for the temporal lobe
white matter (TLWM, first row) and cingulate gyrus white matter (CGWM, second row).
A hyperintense lesion is seen in the left medial temporal lobe on the b=0 images, in
keeping with hippocampal sclerosis. The diagnosis was confirmed by histopathology.

2.4 STUDY IV

Eleven children referred for follow-up MR imaging for a supratentorial lesion with
features of low-grade tumor at The Hospital for Sick Children, Department of
Diagnostic Imaging, Toronto, Canada, were recruited into the study. Nine had
epilepsy, the remaining two had either no seizures, or presented with a single
epileptic seizure. Mean age was 11 years (range 3 — 17 years). There were five males
and six females. Further details of the clinical findings are shown in Table 2. All
tumors demonstrated well-demarcated margins with no evidence of edema or
necrosis on MR imaging. Calcification was present in six cases. The radiological
diagnoses included ganglioglioma, DNET, pilocytic astrocytoma and low-grade
astrocytoma (WHO grade II). Tissue diagnosis was available in four cases and were
DNET (case 8 ), astrocytoma grade II (case 10), pilocytic astrocytoma (case 11) and
epidermoid tumor (case 5). Mean duration of follow-up on imaging was 1.8 years
(range 0.2— 7.8 years).
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DTI acquisition

MR and DTI were performed on the same scanner, using the same imaging parameters as
described for study III. Structural MR for the patient group included T1, T2, dual echo,
FLAIR and 3D T1 SPGR sequences.

Data processing and tractography

Post processing of diffusion tensor metrics, the generation of color vector orientation
maps and tractography using the FACT algorithm were carried out on DTIStudio V 2.4
(Johns Hopkins Medical Institute, Laboratory of Brain Anatomical MRI,
http://Ibam.med.jhmi.edu/). The fractional anisotropy (FA), the diffusivity, expressed as
trace, and the major, medium and minor eigenvalues were calculated. The tracking was
terminated when the trajectory reached a voxel with FA less than 0.2 or when the angle
between two consecutive steps was greater than 50°.

Table 2. Clinical presentation and gradings of white matter tracts in children with low
grade supratentorial tumor.

Case/Age/ T locati Follow-up [Projection [Association Commissural
Gender umoriocation |cyinical data duration tracts tracts tracts
1/3/F R frontal Focal epilepsy since age 3. No neurological deficit. 10 months |CST: 1b la la
2/17/IM L temporal Headache, no seizures. No neurological deficit 3 months _ [la SS: 2b la
R Postcentral
3/10/M gyrus Focal epilepsy since age 9. No neurological deficit 2months  |CST1b SLF: 1b la
L mesial
4/6/F temporal Epilepsy since age 6. No neurological deficit 3 months _ |la SS: 1b la
L frontotemporo-
5/17/F parietal junction |One seizure at age 7. No neurological deficit. 9 years CST 2b SS:2b Fmajor:1b
L frontal
6/14/F operculum Focal epilepsy since age 13. No neurological deficit |9 months  |1a la la
7/15/F R temporal lobe |Epilepsy since age 14. No neurological deficit 10 months |la SS: 1b la
8/11/M R frontal Epilepsy since age 6. No neurological deficit 4,5years  |ATR: 2b IFO: 2b Fminor: 2b
9/7/IM L parietal Epilepsy since age 18 months. No neurological deficit| 6 years CST/CPT: 2b_|SLF: 2b la
10/12/F R temporal Epilepsy since age 12. No neurological deficit 2 months _ |la ILF: 1b la
11/16/M R occipital Epilepsy since age 15, No neurological deficit 5months _ |la SS: 1b Fmajor: 1b

CST=corticospinal tract; CPT=corticopontine tract; ATR=anterior thalamic radiation; SS=sagittal stratum; SLF=superior longitudinal
fasciculus; ILF=inferior longitudinal fasciculus; IFO=inferior fronto-occipital fasciculus; Fmajor=forceps major; Fminor=forceps
minor.

Quantitative analysis

The anatomical images were reviewed to identify the location of the lesion prior to
placing regions of interest (ROI). ROIs were placed by one pediatric neuroradiologist
(EW) and one neurosurgeon (DN). The axial slice with the largest anterior-posterior and
right-left tumor diameter was selected for ROI placement. Three identical elliptical ROIs,
measuring 21 pixels each, were placed in every case. One ROI was placed in the tumor,
avoiding areas that demonstrated calcification, which showed as low signal on the b=0
images. A second identical ROI was placed in the white matter adjacent to the tumor and
on the same axial slice as the ROI placed in the tumor. A third ROI was placed in the
white matter on the contralateral normal appearing side, on the same slice and at the same
anatomical location as the ROI placed in the white matter adjacent to tumor. The ROIs
were placed on the b=0 images and then transposed onto anatomically coregistered
positions on the FA, trace and eigenvalue maps (Fig 8). The mean values of FA, trace,
Amajor, Amedium, Aminor values were measured.
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Semi-quantitative analysis

The association, projection and commissural tracts were assessed from the directional
color vector maps, guided by published data [99]. The major projection tracts included
the anterior thalamic radiations and corticospinal/corticopontine tracts. The commissural
tracts included the forceps major and forceps minor of the corpus callosum. The
association tracts included the superior longitudinal fasciculus, inferior longitudinal
fasciculus, inferior frontooccipital fasciculus and superior frontooccipital fasciculus.
There was considerable overlapping of the inferior longitudinal fasciculus, optic radiation
and inferior occipitofrontal fasciculus in the region of the trigone, therefore these tracts
were classified as the sagittal stratum.

a b c
Fig 8. Case 9. (a) Axial FLAIR image showing a well-defined tumor in the right frontal
lobe that extends across the cerebral mantle to the ventricular margin. Biopsy performed
at an outside institution demonstrated dysembryoplastic neuroepithelial tumor (DNET).
(b) Axial b=0 image showing the three regions of interest (ROI) used for the quantitative
analysis. The ROIs were placed within the tumor, in the white matter adjacent to the
tumor and the contralateral normal appearing side. (c¢) Color-coded FA map and (b)
tractography demonstrate grade 2 b pattern, that is, displacement and reduction in size
of the forceps minor of the corpus callosum. Reprinted with permission.

The white matter tracts were graded based on the size, color hue and displacement of the
tracts on all axial color vector maps [126]. The tracts were visually inspected and graded
by two raters by consensus. Grade 1 was characterized by normal tract size and normal
color hue on the color vector map compared to the contralateral side and normal
appearance of the tract on tractography. Grade 2 was characterized by reduced tract size
but preserved color hue on the color vector map compared to contralateral side and

reduced tract size on tractography. Both grade 1 and 2 were further subdivided to “a” or
“b” depending on the absence or presence of displacement of the white matter tracts
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respectively. Grade 3 was characterized by loss of the directional color hue on color
vector map along all or part of the tract and failure of tracking on tractography.

2.5 STATISTICAL METHODS

In study I the interobserver agreement was calculated as described by van den Berge and
a x value of more than 0.6 was considered acceptable[127]. The X,-test was used for
statistical analysis of the data in Table 4. In study III a paired t-test was used to compare
data between the left and right side in the control group and between the seizure focus
side and the contralateral side in the patient group. This analysis was repeated for mean
FA, trace, A and AL of the TLWM and CGWM. After the initial analysis showed no
differences between sides the data was aggregated into one TLE group and one control
group, regardless of sides, and further analysis was done using this data. The mean FA,
trace, | and AL of the TLWM and CGWM of the TLE patients were compared to the data
from normal controls using the Generalized Estimation Equation to account for repeated
measurements within each subject. Bonferroni correction was done to reduce type I error
and a p value of <0.01 was considered statistically significant. In study I'V the inter-rater
agreement on FA, trace, Amajor, Amedium and Aminor of the tumor, the white matter
adjacent to the tumor and the normal contralateral side were evaluated using intraclass
correlation coefficient. Intraclass correlation coefficient of 0—0.2 indicated poor
agreement, 0.21-0.40 fair agreement, 0.41-0.60 moderate agreement, 0.61-0.8
substantial agreement, and 0.81—-1.0 nearly perfect agreement. The average of the
measurements acquired was used for further analysis. The FA, trace, Amajor, Amedium
and Aminor of the tumor and of the white matte adjacent to the tumor were compared to
the normal contralateral side using a paired t-test. P-values less than 0.05 were considered
statistically significant.
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3. RESULTS

The principal findings of each study are listed below, followed by a detailed description
of the results for each study:

Study I: A VFD was found in 50% of the patients after TLR and the VFD frequency was
similar for both ATL and MATL.

Study I1: A considerable variability in the anterior extent of Meyer’s loop, similar to
what has been reported in dissection studies was found. Meyer’s loop was found to be
more posteriorly located than in dissection studies. Tractography could demonstrate an
injury to Meyer’s loop in one patient with quadrantaniopa.

Study 111 Children with TLE have bilaterally increased diffusivity but preserved
anisotropy in the temporal lobe and cingulate gyrus white matter compared to controls.

Study 1V: White matter tracts adjacent to supratentorial low-grade tumors in children
have preserved structural integrity.

3.1 StuDY |

Frequency of VFD

Twenty-five of the patients (50%) developed a VFD, 16 (48%) in the ATL group and
nine (53%) in the MATL group. The VFDs occurred in the homonymous, upper,
contralateral quadrant in 24 patients and one patient developed a contralateral
hemianopia. The frequency of seizure-free patients was similar for both procedures with
60% seizure free in the MATL group compared to 63% in the ATL group. However, only
13% of the patients in the MATL group had a seizure reduction of < 75%, compared to
37% of the patients in the ATL group.

MRI analysis

Thirteen patients had surgery on the left side and 21 patients on the right side. Nineteen
patients had an ATL and 15 patients had a MATL. There was a difference in average
resection points for the studied compartments between ATL and MATL reflecting the
larger lateral resection in ATL and the more extensive hippocampal resection in MATL
(Table 3). No significant correlations between occurrence of resection in a compartment
(resection point >0) and the presence of a postoperative VFD were found in any
compartments, except in the superior compartment in the M1 slice (M1Sup) (p<0.02)
(Table 4).
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Table 3. Average resection score for all compartments. The results are shown for MATL
and ATL with and without VFD.

Average Resection
Point
Surgical
approach VFD Slsup Slmed  Slinf  Slhip S2sup S2med S2inf S2hip S3sup S3med S3inf S3hip
MATL No (n=8) (0,13 1,6 1,9 1,9 0 0 0,5 2 0 0 0 0,63
Yes (n=7) |1 2 2 2 0 0,43 0,71 1,57 O 0 0,14 0,57
ATL No (n=11) 1,36 2 2 1,9 0,27 0,63 0,81 091 0,09 0,27 0,18 0
Yes (n=8) [1,38 2 2 1,9 0,38 0,88 1,1 0,88 0,13 0,25 0,25 0,25

(VFD=visual field defect; ATL= anterior temporal lobe resection; MATL= modified anterior temporal lobe resection; (S1: Slice 1
(center of the optic chiasm); S2: Slice 2 (the first slice containing the pontomesencephalic junction) and S3: Slice 3 (the first slice
containing the fourth ventricle). sup=superior; med=median, inf=inferior and hip=hippocampal compartments, respectively)

Table 4: Frequency of VFD in patients with and without resection in the S1Sup
compartment.

Resection in SI Sup [VFD [No VFD
Yes 14 11

INo 1 8

(VFD=visual field defect;, SI1Sup= superior compartment
in the coronal slice through the optic chiasm)

3.2 Stupy Il

Intersubject variability in the anatomy of Meyer’s loop

Mean distance from the temporal pole to the anterior edge of Meyer’s loop was 44 mm
on both sides and the range was 34-51 mm on the right side and 35-49 mm on the left
side. The mean distance from the temporal pole to the tip of the temporal horn was 28
mm (range 27-30 mm) on the right side and 29 mm (range 25-30 mm) on the left side.
Meyer’s loop did not reach the tip of the temporal horn in any subject and the anterior
edge of Meyer’s loop was on average 16 mm (range 8-21 mm) posterior to the tip of the
temporal horn of the lateral ventricle.

Tractography after temporal lobe resection

In Patient A, who had developed a postoperative contralateral upper quadrantanopia,
tractography revealed a reduction of the anterior extent of Meyer’s loop on the side of the
resection. On the non-resected side Meyer’s loop was found to be 40 mm behind the
temporal pole and 10 mm behind the tip of the temporal horn. The extent of the lateral
resection was 53 mm measured from the anterior margin of the temporal fossa.

In Patient B where no postoperative visual field defect could be demonstrated,
tractography did not show any signs of damage or disruption of Meyer’s loop. Meyer’s
loop was found to be 51 mm posterior to the anterior margin of the temporal fossa on the
side of resection, 49 mm behind the temporal pole, and 15 mm posterior to the tip of the
temporal horn on the non-resected side. The extent of the lateral resection in patient B
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was 42 mm. The results from the tractography and the corresponding perimetry results
for patients A and B are shown in Fig 9.

Patient A

Fig 9. Patient A: Postoperative perimetry demonstrating a left homonymous superior
quadrantanopia. The axial view with the postoperative tractography demonstrates a
disruption in Meyer’s loop on the right side. The sagittal view shows the relationship
between the resection and tractography of Meyer's loop.

Patient B: No postoperative visual field defect, and Meyer’s loop is intact on the axial
view. The sagittal view shows that the resection does not reach Meyer’s loop. Reprinted
with permission.

3.3 StuDY Il

Patient characteristics

Mean age at seizure onset was 7.9 years and the mean duration of epilepsy was 5.2 years.
Five children had complex partial seizures only (cases 1, 4, 5, 6 and 7) and two children
had complex partial seizures with infrequent secondary generalization (cases 3 and 8).
One child had frequent auras and infrequent generalized seizures (case 2) (Table 1). The
seizure focus was on the left in seven patients and on the right in one patient. Three
children had TLR and the histopathology showed microdysgenesis and gliosis in the
medial temporal lobe (case 3, normal MRI), subpial gliosis (case 4, hippocampal
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sclerosis on MRI) and mesial temporal sclerosis and gliosis in temporal pole (case 8§,
hippocampal sclerosis on MRI).
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Fig 10. Boxplots of (a) FA, (b) trace, (c) parallel diffusivity and (d) perpendicular
diffusivity of the temporal lobe white matter (TLWM) of controls and temporal lobe
epilepsy patients.
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Quantitative analysis

There were no significant differences in FA, trace, 1| and AL between the left and right
sides in the control group. Similarly, no significant differences in FA, trace, A| and AL
were seen between seizure focus side and the contralateral side of the TLWM or CGWM
in the patient group (p>0.05) (figs 10 and 11). TLE patients had significantly increased
trace, M| and AL values (p<0.01), but no significant difference in FA (p>0.05) in the
TLWM compared to normal controls. Correspondingly, there were increased trace, A || and
AL values (p<0.01) but no significant difference in the FA (p>0.05) found in the CGWM
in the TLE patients compared with controls.
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Fig 11. Boxplots of (a) FA, (b) trace, (c) parallel diffusivity and (d) perpendicular
diffusivity of the cingulate gyrus white matter (CGWM) of controls and temporal lobe
epilepsy patients.

3.4 STtuDY IV

Tumor characteristics

The location of the tumors were as follows: three in the frontal lobe, four in the temporal
lobe, two in the parietal lobe, one in the occipital lobe and one with a temporo-parietal
localisation. The maximal dimension of the tumor in the axial plane varied from 13 to 48
mm (mean 29 mm).

Quantitative analysis of white matter adjacent to tumor

The intraclass correlation coefficients were higher than 0.6 in 12 of the 15 parameters measured.
There was no significant difference between the FA, trace, and eigenvalues of the WM adjacent to
the tumor and the normal contralateral WM (p>0.05). The FA of the tumor was significantly lower
than the FA of the adjacent WM (p<0.05) and the normal contralateral side (p<0.05). The trace,
JAmedium and Aminor values of the tumor were significantly higher than the trace, Amedium and
Aminor values of the adjacent WM (p<0.05) and of the normal contralateral side, (p<0.05)
respectively.
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Semi-quantitative analysis of white matter tracts

Four patients had grade 2b pattern of WM tract changes, that is, displacement of tract and
reduced tract size. Six cases had grade 1b, that is, normal size but displaced WM tracts
(Fig 12). One patient was classified as grade 1a with normal tract size and color hue in all

analyzed tracts.

a b C
Fig 12. Case 10. (a) Axial FLAIR images showing a tumor in the right mesial temporal
lobe involving the anterior hippocampus, uncus and amygdala. Histopathology
demonstrated astrocytoma grade 1. (b) tractography overlaid on a b=0 image shows
slight lateral displacement but symmetrical size of the inferior longitudinal fasciculus,
consistent with grade 1b. (c) Color-coded FA map of the same axial slice. Reprinted with

permission.
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4. DISCUSSION

4.1 FREQUENCY OF VISUAL FIELD DEFECTS AFTER SURGERY FOR TLE

In our TLR series of 50 patients, 25 developed a postoperative VFD. Previous studies of
the frequency of VFD after classical anterior TLR report a VFD in 52 to 100 percent of
patients, usually well above 60 percent [72, 75-77, 128]. The differences in VFD
frequency may be attributed to methodological issues when measuring the visual fields or
differences in the surgical procedure used. The VFDs detected were located in the
contralateral homonymous upper quadrant, or in a part of a quadrant, in 24 of 25 patients.
One patient developed hemianopia, probably due to injury to the optic tract.

4.1.1 Lateral resection size does not predict VFD frequency

We found no difference in VFD frequency after ATL and MATL and thus no correlation
between lateral extent of resection and VFD frequency. Several other studies using either
intraoperative measures [75, 128, 129] or postoperative imaging [73] to assess the extent
of resection have reported similar results, with no correlation between frequency of VFD
or size of the VFD and the lateral resection size. However, other studies have reported
approximate correlations of field loss with intraoperative resection length [77] and with
postoperative MRI and automated static perimetry [72, 130]. A recent study measuring
lateral resection size on axial MR images and the area of the VFD found them to have a
linear correlation, where every 10 mm of lateral resection would add 20 % loss of vision
in the quadrant [78]. In this study, however, only patients with VFD were included,
which may introduce a sample bias, and the regression analysis the investigators used
assumes that an approximate linearity holds to the anterior limit of Meyer’s loop, which
may not be the case. The issue of a possible relationship between the extent of the lateral
TLR and freugency of VFD is thus not settled. The difficulty in finding such a correlation
is probably due to a considerable interindividual variation in the anterior extent of
Meyer’s loop [119]. In Study II, using tractography, we reported a 17 mm intersubject
variability in the anterior extent of Meyer’s loop. These results are similar to data from
two previous dissection studies, and data from a histological study, all three reporting a
15 mm variability in the anterior extent of Meyer’s loop [85, 119, 131]. The similarity of
results from three different methodologies suggests that there is indeed an intersubject
variability in the anterior extent of Meyer’s loop, and that it is of the order of 15 mm.

4.1.2 Approach to the temporal horn may influence VFD frequency

VFD is common not only after TLR, but also following amygdalohippocampectomy,
occurring in 79 % in transcortical amygdalohippocampectomy as compared to 73 % after
TLR in the same study [71]. SAHE has similar results with 83 percent of the patients
developing a partial or complete quadrantanopia in a study of 54 patients [132]. This is
at first look surprising, as SAHE per definition does not include the lateral temporal lobe.
When considering the detailed anatomy of Meyer’s loop and the surgical techniques for
TLR and SAHE there may however be an explanation for this. Meyer’s loop is a thin
sheet of fibres, forming a slightly slanting roof of the temporal horn of the lateral
ventricle (Fig 13). All procedures for removal of the mesial temporal lobe structures from
a lateral approach, such as ATL, MATL and SAHE must enter the temporal horn of the
lateral ventricle to gain access to the hippocampus. In other words, if the temporal horn is
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opened through its roof, the incision will be very close to Meyer’s loop. From this
follows that the extent of lateral resection is not necessarily as important as how the
temporal horn is entered, and the anatomical relationship between the tip of the temporal
horn and Meyer’s loop. In Study I we found a correlation between resection of the
superior temporal gyrus and occurrence of a VFD. This may reflect that a resection of the
superior temporal gyrus suggests a slighty more cranial resection, allowing for a more
superior angle of incision through the roof of the temporal horn, resulting in injury to the
optic radiation. This may also explain the high frequency of VFD seen in SAHE, as the
angle of approach to the temporal horn, through the sylvian fissure, is even more from
above than the approach through the superior temporal sulcus (Fig 13).

4.2 ANATOMICAL VARIABILITY AND ANTERIOR EXTENT OF MEYER'S LOOP

The distance from the temporal pole to the anterior rim of Meyer’s loop has been
extensively discussed. The current study using DTI and tractography found Meyer's loop
to be located a mean of 44 mm (range 34-51 mm) behind the temporal pole. Meyer’s loop
did not reach the tip of the temporal horn in any of our subjects. Findings similar to ours
have been reported in a previous tractography study by Yamamoto et al, reporting the
anterior extent of Meyer’s loop to be a mean of 37 mm behind the temporal pole in five
healthy volunteers [82]. This is more posterior than what has been described in both
dissection studies (mean 27 mm) [119], histological staining studies (mean 23 mm) [85]
and some of the lesional studies (24 mm) [78].

Kier et al, combining dissection and MRI, concluded that Meyer’s loop did not reach the
tip of the temporal horn, thus supporting tractography studies [86, 87]. In contrast,
Sincoff et al in a dissection study found that the optic radiation covered the entire lateral
aspect of the temporal horn including the anterior tip along its lateral half [133]. They
defined two anatomical surgical paths to the temporal horn that would avoid the optic
radiations, the first a transsylvian anterior medial approach and the second a pure inferior
path through the fusiform gyrus. They concluded that lateral approaches to the temporal
horn through the superior and middle gyri, would traverse the optic radiations. However,
their conclusions contradict data from lesion studies where transsylvian approaches have
a high VFD frequency [132], and lateral approaches do not always cause a VFD (Study

0.

The reasons for these diverging results are probably attributable to the different methods
used to visualize the optic radiation. Tractography may have difficulties tracking fibres
thinner than the voxel size at the edge of Meyer’s loop, and may thus underestimate the
anterior extent of Meyer’s loop. On the other hand, dissection studies may overestimate
the anterior extent of the optic radiation, as these fibres may be impossible to separate
from adjacent fibre tracts, such as the inferior longitudinal fasciculus and the uncinate
fasciculus. Histological staining studies can trace the individual axons from their origin
and along their course, however shrinkage of the specimen may influence measurements
of anatomical distances. Clinical observations of the occurrence of visual field defects
following TLR rarely report visual field defects occurring in resections extending less
than 30 mm from the temporal pole, which suggests that the anterior extent of Meyer’s
loop in most subjects is behind this point. This is exemplified by Patient B in study II
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where no postoperative visual field defect could be demonstrated with a lateral resection
of 42 mm and where Meyer’s loop was found to be 51 mm posterior to the anterior
margin of the temporal fossa on the side of resection.

4.3 IMPLICATIONS FOR TEMPORAL LOBE RESECTIONS

What implications for TLR could the data from this and other studies have to reduce the
risk of a postoperative VFD? Both the anatomical configuration of Meyer’s loop as an
outward slanting roof of the lateral ventricle and the variation in its position between
patients have to be considered. Firstly, by selecting a more inferior approach to the
temporal horn of the lateral ventricle, the risk of injury to the optic radiation might be
decreased. The most extreme application of this is the subtemporal approach through the
inferior temporal sulcus to the hippocampus, where no VFD:s were reported in seven
patients [134]. A study comparing transsylvian, transtemporal and subtemporal
approaches to tumors in the mesial temporal lobe found no VFD with the subtemporal
approach, but new or worsened deficits in 20-45% of patients with the other approaches
[135]. However, the subtemporal approach has other disadvantages such as the risk for
temporal contusions, small field of view, and need for resection of the zygoma.
Nevertheless, even using a regular TLR or SAHE, the angle of approach to the temporal
horn of the lateral ventricle could be modified to be more anterior-inferior, avoiding the
superior-lateral approach through the optic radiation (Fig 13,14).

4.3.1 Tractography of Meyer’s loop may reduce VFD frequency

The second consideration is to investigate the anterior extent of Meyer’s loop and its
relationship to the temporal horn using DTI and tractography. This information may be
used primarily in the preoperative risk assessment and possibly during surgery using
neuronavigation. The intraoperative use of tractography may guide the surgeon both to
avoid the optic radiation and to assess the orientation of the axons in the temporal lobe so
that an incision in the white matter can be made parallel to rather than perpendicular to
the axons, to minimize injury. Tractography should however be used more as a guidance
to the approximate position to the optic radiation than an exact anatomical landmark, due
to the current limitations in the technique. Before the role of tractography to map out the
optic radiation in patients with TLE can be finally established, prospective studies with
perimetry and DTI before and after TLR are needed. Therefore, such a study is currently
ongoing at our institution. The aim is to determine the correlation between a
postoperative visual field defect and the injury seen on tractography and clarify the
intersubject variability in the anatomy of the optic radiation in patients with TLE. One
should also bear in mind that the primary goal of TLR, i.e. to abolish the seizures, must
not be compromised to save the optic radiation.
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Fig 13. Coronal, T1-weighted MRI showing the relationship between Meyer's loop (in
pink) and the temporal horn of the lateral ventricle. The anterior and temporal horns of
the lateral ventricles and the third ventricle are outlined in yellow. The angle of
approach to the temporal horn for a selective amygdalohippocampectomy (SAHE), TLR
through the superior temporal gyrus (SUP), TLR through an inferior approach (INF) and
the subtemporal approach (SUB) is shown.

Fig 14. Caudal and lateral views of the brain with the ventricular system reconstructed
(in green) and Meyer's loop on the left side in pink. The resection lines for a classical
anterior temporal lobe resection (ATL) with a larger lateral extent and a modified ATL
(MATL) which reaches more posteriorly in the mesial temporal lobe are shown. An
anterioinferior approach to the temporal horn is indicated (arrow). The distance from the
temporal pole to the temporal horn was 29 mm and from the temporal pole to the

anterior rim of Meyer's loop 46 mm in this subject. Meyer’s loop does not reach the tip of
the temporal horn.
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4.4 DIFFUSION ABNORMALITIES IN CHILDREN WITH TLE

Children with TLE were found to have bilaterally elevated diffusivity with normal FA in
both TLWM and CGWM. One previous DTI study of children with TLE found decreased
FA in the hippocampus ipsilateral and contralateral to the seizure focus and increased
diffusivity in the ipsilateral, but normal diffusivity in the contralateral hippocampus [37].
Increased diffusivity in the white matter in children with TLE has not been previously
reported, but is consistent with studies in adult TLE patients where increased diffusivity
in several white matter structures including the fornix, cingulum [108], external capsule,
corpus callosum [109], and ipsilateral TLWM [35] has been found. The same studies,
however, have reported a decreased FA in contrast to the preserved FA found by our
study [35, 108, 109]. There may be several explanations for this discrepancy.

First, there are differences in histopathological findings in TLE between adults and
children. Reduced FA in the white matter adjacent to cortical malformations in children
with epilepsy has been reported [126]. In our study, only three children had a
histopathological diagnosis, including microdysgenesis and gliosis in the medial temporal
lobe, subpial gliosis and MTS and gliosis in temporal pole. In the remaining five patients
two had normal structural MRI and three had subtle lesions suggestive of a focal cortical
dysplasia, DNET or a low-grade glioma. As none of our patients had a widespread
cortical malformation, this may explain the preserved FA. On the other hand, all adult
TLE patients in previous studies had MTS [35, 108], suggesting that the reduction in FA
is related to the epilepsy and not to the lesion. Nevertheless, the heterogeneity in the
pathological substrates of our pediatric cohort with TLE may have been a confounder and
resulted in relatively normal FA.

A second explanation for the difference in FA between adults and children may be the
duration of TLE. Adults with medically refractory TLE frequently have a very long
history of seizures. In the study by Concha et al the patients had a mean duration of
epilepsy of 26 years [108] whereas the patients assessed by Thivard et al have had TLE
for a mean of 21 years [35]. Both of these studies found reduced FA in cingulate or
temporal lobe white matter structures. In our cohort of children with TLE, the mean
duration of TLE was five years and our finding of bilaterally preserved FA may reflect
this shorter duration.

A third possible explanation may be variations in the response to seizures at different ages
due to different susceptibility of the white matter to seizure induced injury. A decrease in
FA has been suggested to indicate structural changes, such as degradation of both axonal
membranes and myelin [136-138], abnormalities of myelin [139, 140] or reduced density
of myelinated axons [141]. The lack of FA changes in white matter in children with TLE
may suggest that the diffusion abnormalities identified in our study reflect primarily
functional changes. Medically refractory TLE may affect both neuronal function, by
inducing hyperexcitability, and structure, causing progressive hippocampal atrophy [5,
142]. The diffusion abnormalities seen in TLE patients could be due to a combination of
functional and structural changes, where the functional changes evolve with time to
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become structural. Longitudinal studies to assess alterations in the diffusion properties
would be needed to confirm this this hypothesis.

One possible limitation in Study III is that differences in slice thickness of the DTI
examinations between patients and controls, may affect diffusivity and/or FA. However, a
recent study has found no difference in diffusivity when comparing DTI examinations
with 2 and 6 mm slices, in any of the white matter structures assessed [143]. In contrast,
FA was reduced on the examination performed with thicker slices in areas with crossing
fibers [143], such as the superior longitudinal fasciculus. In the white matter areas that we
have assessed, crossing fibers were however infrequent. Therefore it is unlikely that slice
thickness would have a major effect on the findings of this study.

4.5 CLINICAL IMPLICATIONS OF DTI IN TLE PATIENTS

Can DTI be of clinical use to lateralize seizure onset or identifying subtle lesions in TLE
patients? The non-localizing nature of the diffusion abnormalities we found suggest that
diffusivity or anisotropy of extratemporal white matter structures can not be used to
lateralize seizure onset. Wehner et al assessed eight patients with TLE, without
hippocampal sclerosis or other lesions seen on conventional imaging by DTI [144]. They
found that the patients had significantly increased diffusivity (ADC) in both hippocampi
compared to controls, however, as these changes were bilateral and symmetrical, DTI
could not be of lateralizing value. The increased diffusivity seen in the ipsilateral
hippocampus in several studies is believed to reflect disorganization due to neuronal loss,
sclerosis and increased extracellular space and correlates to the finding of mesial temporal
sclerosis on conventional MRI [144]. The contralateral changes are more difficult to
explain but may reflect functional and/or structural effects from frequent seizure activity.
Taken together, these studies suggest that at present, DTI can not reliably lateralize TLE
in patients where no lesion is seen on conventional imaging.

DTI can detect regions of reduced FA and/or increased diffusivity beyond the margins of
a lesion seen on conventional MRI in both adults and children with focal epilepsy [105,
126, 145]. In Study III, locally reduced FA may have occurred adjacent to the three
lesions but been missed by our VOI-based analysis. To assess local changes in diffusion
properties in the white matter adjacent to lesions, a ROI-based or a voxel-based approach
may be more sensitive. If the regions with changes in FA and/or diffusivity adjacent to
lesions are epileptogenic, they should be included in the extent of surgical resection.
Studies combining DTI and MEG or invasive EEG monitoring could clarify the
relationship between alterations in diffusion properties and neurophysiological data.

4.6 OPTIMIZING TRACTOGRAPHY IN EPILEPSY SURGERY CANDIDATES

Preoperative tractography to visualize the anatomical position of major white matter
tracts, such as the corticospinal tract or the optic radiation, has great potential to reduce
postoperative deficits in epilepsy surgery candidates. However previous studies have
shown that tractography may not accurately predict the size or location of pathologically
changed white matter tracts, which may result in neurological injury [146]. Mikuni et al
compared direct intraoperative electrical stimulation and tractography to localize the
corticospinal tract, and found that the distances between the two estimations of the
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location of the tract were around 1 cm [115]. There are several factors that may adversely
affect the tractography results, once high-quality DTI data have been collected. These
factors can be divided into two groups: patient-dependent and method-dependent factors.

4.6.1 Patient-dependent factors

Patient-dependent factors include the type of underlying condition or lesion and the
anticipated risk of brain shift. The patient’s condition or lesion may affect the diffusion
properties of the white matter, and thus the tractography results. In children with TLE, we
found normal FA, suggesting that this condition should not negatively affect FA-based
tractography. As studies in adult TLE patients have found reduced FA in several white
matter tracts [35, 108, 109], FA thresholds may need to be lower in these patients to
produce similar tractography results as in normal controls.

Brain shift, i.e. movement of the brain structures after craniotomy due to the escape of
cerebrospinal fluid and removal of tumor, can also influence anatomical accuracy if
tractography is used intraoperatively [113]. This can be corrected for by using
intraoperative DTI, however this is currently only available in a few centres in the world.

Effects of low-grade tumors on adjacent white matter tracts

In children with supratentorial low-grade tumors we could demonstrate preserved
structural integrity of the white matter adjacent to the tumor. Similar findings have been
reported from studies of grade II and III gliomas in adults [147, 148]. This is in contrast
to high-grade tumors in adults, which frequently cause increased diffusivity and reduced
anisotropy in the surrounding white matter suggesting a reduced structural integrity due
to edema and tumor infiltration [98, 149]. These data suggest that low-grade tumors do
not affect diffusion properties, which is favorable if tractography of the tracts adjacent to
the tumor is performed. Lesions containing blood products, such as cavernomas or
arteriovenous malformations may also affect the diffusion properties in the adjacent
white matter [117]. Therefore tractography results in patients with lesions associated with
edema or hemorrhage must be interpreted with caution and postoperative DTI should be
performed when edema and/or hemorrhage have resolved.

4.6.2 Methodological factors

Currently there is no standardized method to perform tractography of the optic radiation,
and the available studies have used different tracking algorithms, regions of interest and
parameters to define the tracking. Wakana and coworkers have described protocols to
reconstruct 11 common fiber tracts using the FACT algorithm [150]. The optic radiation
was however not included, possibly as the sharp bend in its anterior portion makes it
more difficult to reconstruct with a high reproducibility compared to other major white
matter tracts.

The optimal algorithm for preoperative tractography has yet to be defined. The energy
minimization technique identifies one single seed voxel, either anatomically [116] or by
functional MRI [151] and produces a large volume of voxels which may include other
white matter tracts adjacent to the tract of interest. This is depicted as a color-coded map
of the probability of a connection between the voxels in the tracked tract and the seed
voxel. It may however be difficult to know if a neurological deficit would result if voxels
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that have a 10% probability of being connected to the seed voxel are damaged at surgery.
On the other hand the line propagation technique which we and others have used involves
a selection process that may result in exclusion of important white matter tracts. In spite
of this, the line propagation technique may be more suitable for preoperative tractography
as tracts are more clearly defined and as the calculation of the algorithm is much faster
than the energy minimization algorithm. More advanced algorithms are currently
developed, using two or multiple tensors, which can more accurately outline white matter
tracts, including their crossings, but the time needed for data processing is still very long.

The optimal methods for selecting ROI:s and tracking parameters for tractography of the
optic radiation also need to be considered. The method for ROI selection used in Study II
produced a good visualization of the optic radiation. The same technique has also been
used in two other studies [82, 117]. In our experience, with some training, this is a
reproducible technique. To follow the sharp turning of the fibers in Meyer’s loop, it is
important to select a high angulation threshold in the algorithm. To confirm that voxels
with a right-left orientation in the anterior temporal stem, corresponding to the most
anterior part of Meyer's loop, are included by the tractography, the color-coded FA maps
in the axial and sagittal plane should be reviewed. To determine the optimal protocol for
tractography of the optic radiation further studies are needed.
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5. CONCLUDING REMARKS

The findings of study I, together with previous studies of occurrence of VFD after TLR,
show that the risk of developing a VFD after TLR cannot be predicted from the lateral
resection size. Dissections of the optic radiation have suggested that this is due to
variability in the anatomy of the optic radiation. In study II, using tractography, we could
confirm a considerable variability in the anterior extent of Meyer’s loop in vivo, and
could demonstrate an injury to Meyer’s loop in one patient with quadrantanopia.

At present, tractography could be used in epilepsy surgery candidates to indicate the
approximate position of white matter tracts rather than as an exact anatomical landmark.
In patients with TLE, tractography is a promising technique to localize the anterior extent
of Meyer’s loop before TLR. This may help to predict the risk of developing a VFD after
TLR and ultimately reduce the risk of postoperative VFD. Before the role of tractography
to map out the optic radiation in patients with TLE can be finally established, prospective
studies with perimetry and DTI before and after TLR are needed. This will determine the
correlation between a postoperative visual field defect and the injury seen on
tractography and clarify the intersubject variability in the anatomy of the optic radiation
in patients with TLE. Studies directly comparing tractography against dissections or
histological tracings of white matter tracts are another important way to validate results
based on tractography to white matter anatomy.

We found widespread, bilateral diffusion abnormalities in children with TLE and a
similar pattern have been reported from previous studies in adults. The nature or cause of
these abnormalities is not known. They may be functional and/or structural and we have
raised the possibility that primarily functional changes seen in children may evolve with
time to become structural. Studies directly correlating DTI findings to histopathology
and/or neurophysiology or longitudinal studies using DTI may help to clarify this issue.
Whether the changes are primary, reflecting a characteristic of the epileptic brain, or
secondary to the seizure activity has not been established. Studies correlating seizure
frequency to DTI findings and studies of diffusion properties of the contralateral side
before and after TLR may help to elucidate this. Even though the clinical importance of
DTI in the preoperative evaluation for epilepsy remains to be proven, DTI contributes
important information on the effects of frequent seizures on the brain and on the
pathophysiological processes involved in epileptogenesis.

White matter tracts surrounding low-grade tumors in children were found to have
preserved structural properties, in contrast to reports from adult high-grade brain tumors.
It is crucial to avoid injury to these adjacent white matter tracts to minimize postoperative
neurological deficit. Tractography may be an important tool in achieving this. However,
larger prospective studies correlating tractography findings before and after tumor
resection with clinical outcome measures are needed before tractography can be routinely
used in surgery for low-grade brain tumors.
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