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Abstract

Surgery has become the standard of care for patients with intractable temporal lobe epilepsy with
anterior temporal lobe resection the most common operation performed for adults with
hippocampal sclerosis. This procedure leads to significant improvement in the lives of the
overwhelming majority of patients. Despite improved techniques in neuroimaging that have
facilitated the identification of potential surgical candidates, the short and long term success of
epilepsy surgery has not changed substantially in recent decades. The basic surgical goal, removal
of the amygdala, hippocampus, and parahippocampal gyrus, is based on the hypothesis that these
structures represent a uniform and contiguous source of seizures in the mesial temporal lobe
epilepsy syndrome. Recent observations from the histopathology of resected tissue, preoperative
neuroimaging and the basic science laboratory suggest that the syndrome is not always a uniform
entity. Despite clinical similarity, not all patients become seizure free. Improving surgical
outcomes requires a re-examination of why patients fail surgery. This review will examine recent
findings from the clinic and laboratory. Historically, we have considered MTLE a single disorder,
but it may be time to view it as a group of closely related syndromes with variable type and extent
of histopathology. That recognition may lead to identifying the appropriate subgroups that will
require different diagnostic and surgical approaches to improve surgical outcomes.

Insanity: doing the same thing over and over again and expecting different results.
Albert Einstein

Surgery has become the standard of care for patients with intractable focal epilepsy,
especially those with positive neuroimaging. Surgical candidacy is determined by the
identification of the presumed seizure focus, with our concept of the focus based on a
correlation of preoperative clinical and imaging findings, abnormal histopathology and
surgical outcomes. In the case of mesial temporal lobe epilepsy (MTLE), the results from
the last half century have pointed to the mesial temporal structures with a sclerotic
hippocampus as the likely site of seizure onset for most patients. Despite clinical and
apparent neuropathological similarity, not all patients become seizure free following anterior

This review is based on a presentation at the American Epilepsy Society Annual meeting in December 2007.
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temporal lobectomy. Reanalysis of the associated histopathology, advances in
neuroimaging, and data from animal models of MTLE raise questions about the structural
substrate and the changes in the seizure onset zone, particularly its extent and variability.
These new observations call for a reassessment of our understanding of the pathophysiology
and, perhaps, the optimal surgical approach for the MTLE syndrome.

At present, we work from the hypothesis that successful surgery occurs when all of the
tissue responsible for seizure generation is removed. This review evaluates this hypothesis
by determining factors that may contribute to surgical success or failure. We will first
review clinical predictors of seizure freedom after surgery for MTLE. This overview will be
followed by an examination of how variations in the histopathology and the patterns in
neuroimaging may relate to outcome. We will then use data from animal models to
understand the functional significance of these variations. We will conclude with a
discussion about the implications of these findings for surgical planning with the goal of
improving long term outcomes.

Seizure Freedom after MTLE surgery

Results of meta-analyses surveying the literature from 1985 to 2003 indicate that about two-
thirds of patients are seizure-free in the first two to three years after surgery for MTLE.
Surgical risks include a 0.24% chance of death, a 2% chance of serious permanent
complications, and a 6% chance of transient complications.l: 2 In comparison, best medical
therapies over a similar period yield a 5% chance of becoming seizure free and a 0.5 to 1.0%
chance of death per year from the epilepsy3. Hence, surgery is a highly effective treatment
for patients with medically refractory MTLE. However, about one third of patients continue
with seizures after surgical therapy. At present it is not clear why some patients fail to
become or remain seizure-free after surgery or what factors may predict seizure freedom,
but emerging studies are beginning to define these variables (Table 1).

Recurrence of seizures in the first year following surgery is a predictor of poor outcome and
favors the notion that the epileptogenic zone has not been completely removed.*° Early
seizure recurrence is seen in over 60% of TLE patients without evidence of histopathology
in the surgical specimen, in those with lesions outside the area of resection (distant lesion)®
or in those with incomplete resections of mesial temporal structures.” However, even
patients with evidence of adequate removal of well-circumscribed temporal lesions have a
10% risk of recurrent seizures in the first year after surgery. In some studies this number
increases to 25% to 30% with follow-up of three years or more. However, another study
suggests that after several years of postsurgical seizure freedom, the risk for seizure
recurrence is low.8 Although the duration of epilepsy prior to surgery has been associated
with poorer long term outcomes, 1 this association does not appear to be true for all MTLE
patients.”8 A history of secondarily generalized tonic-clonic seizures is associated with
recurrent seizures two years after surgery,11:12 as well as over the longer term. Although
seizure recurrence following surgery is usually considered evidence for remnants of a
seizure onset zone, it has been well recognized that some patients with recurrent seizures
have developed psychogenic seizures, and this issue should be taken into consideration in
the evaluation of long-term outcomes.

In addition to the clinical history there is an association between the volume of tissue
removed and seizure freedom following surgery.”*13 Reports of patients who failed the first
mesial temporal resection have shown significant improvement in outcome with an
extension of the amount of mesial temporal tissue removed.1415 The extent of the
hippocampal resection itself has been shown to influence seizure free outcomes with
resections that extend more posteriorly having a significantly greater proportion of patients
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who become seizure free.16 These observations suggest that, despite early seizure control
after surgery, tissue beyond the hippocampus and parahippocampal complex or remnants of
mesial structures may be capable of generating seizures in some MTLE patients and that it
may be important to remove the hippocampus completely as well as the other mesial
temporal structures to achieve seizure freedom. Overall these observations suggest that the
seizure onset zone may involve the entire mesial temporal region. As will be discussed later
there may also be a second independent seizure focus.

Ideally the goal of surgery is to cure patients, which implies seizure freedom without
medication. A cure also implies that critical components of the seizure circuit have been
completely removed, and residual tissue is not capable of independent seizure generation.
For MTLE patients who stop taking medications following successful surgery, about 75%
will have a recurrence of seizures.1’ Hence, while surgery often stops seizures, it is
uncommon that MTLE patients can remain seizure free off medications. This finding
suggests that in patients who have undergone temporal lobe resections, residual tissue and
circuitsremain that are capable of generating seizures if medications are discontinued.
Whether these regions represent an independent focus arising from a second pathology or
are remnants of the primary focus is generally unknown. There is evidence in the literature
of patients who have bilateral hippocampal atrophy or second and potentially seizure
causing pathologies.18:19

Imaging the Seizure Focus

Preoperative neuroimaging in MTLE is used to lateralize the abnormality to the right or left
temporal lobe. Neuroimaging is generally not used to determine the planned extent of
resection in many centers. In this section we will review how imaging is used to localize the
focus, how the findings may predict surgical outcome and how we may better define the
areas likely to generate seizures.

Magnetic resonance imaging (MRI) reliably detects HS preoperatively2? with features such
as unilateral hippocampal atrophy, decreased signal intensity seen on T1 and increased
signal intensity on T2.21723 Hippocampal atrophy (by qualitative visual review) ipsilateral
to EEG abnormalities is the most reliable predictor of seizure control following surgery with
a specificity of 93% and a sensitivity of 83%.24 Although associated MRI features are
helpful in diagnosing the underlying pathology, so far they have not added significantly to
predicting surgical outcome. However, it is not clear that information about a more
extensive histopathology has affected the extent of the resection.

At present we focus on qualitative asymmetry between the left and right hippocampi?>, but
the presence of atrophy on both sides (suggesting bilateral hippocampal disease) is
associated with poorer surgical outcomes.2 Anatomic surface modeling of hippocampal
atrophy has shown that individuals who are not seizure-free following surgery have a greater
regional variation along the medial and lateral surface of the ipsilateral hippocampus as well
as a lesser degree of asymmetry between the ipsilateral and contralateral sides.2” What these
findings mean with regard to the underlying histopathology or pathophysiology is not clear,
but they emphasize a possible variation in the structural basis of MTLE. At present it is
unclear whether these quantitative techniques, which are very resource intensive, will lead to
improved outcomes or whether they can be used prospectively to identify the extent of the
seizure onset zone.

Other quantitative techniques have shown unilateral high T2 relaxometry values to be a
useful identifier of hippocampal histopathology?8:2% and correlate well with the severity of
atrophy?23, although normal T2 values can be observed. Abnormal T2 signal is seen in the
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contralateral hippocampus in 30% to 40% of the cases, similar to the rate in neuropathology
studies.1” T2 relaxometry is also a sensitive measure of amygdala pathology.3°

Single voxel proton magnetic resonance spectroscopy3! as well as magnetic resonance
spectroscopic imaging (MRSI)32 have demonstrated a reduction in temporal lobe N-
acetylaspartate to choline plus creatine ratios in up to 75% of MTLE patients, correctly
lateralizing in 55%. Bilateral abnormalities, however, have also been reported using MRSI
techniques in 45% of MTLE patients. It is unclear whether spectroscopy aids in the
prediction of seizure freedom following surgery.33:34

Functional imaging may also reveal wider histopathology. Studies using 18F-
fluorodeoxyglucose (FDG) positron emission tomography (PET) have shown abnormal
areas outside the resected regions, particularly in those not seizure free (Fig. 1).3%:36 Ictal
SPECT studies with perfusion patterns outside the resected regions are also associated with
poor postsurgery seizure outcomes.37:38 The results from these studies suggest that wider
areas of dysfunction may be present in those who fail surgery for MTLE. At present
functional imaging is not considered sufficiently accurate to define the seizure focus well
enough to determine the site and extent of a resection. For now these modalities raise the
potential for areas to have histopathology that may be causing the seizure as well as
identifying patients that may be less likely to benefit from a resection. To determine whether
these techniques can be used to identify the seizure onset zone more exactly it will be
necessary to evaluate the current techniques (e.g. PET, SPECT) critically and correlate the
extent of histopathology, type of lesion and extent of the resection in relation to the imaging
with the long term seizure control outcome. We may find that the current techniques,
including the radioligands that we now use, may be insufficient for this goal and that we
may need to develop ligands that are seizure focus specific.

How can we view the current status of imaging as a tool for defining the extent of the
seizure generating zones in patients with MTLE? Current technologies are good at
demonstrating unilateral hippocampal abnormalities, but may miss contralateral pathology
(Fig. 2A) or the extent of pathology on the ipsilateral side. In limited studies, individuals
with volumetric hippocampal atrophy alone are more likely to be seizure free than those
with amygdalo-hippocampal atrophy.3° This finding suggests that more extensive
histopathology is associated with poorer outcomes. Abnormalities outside of the
hippocampus such as cortical malformations#%:41 not surprisingly are more common
amongst those not seizure free (Fig. 2B). Voxel-based MR morphometry showing more
subtle grey matter abnormalities beyond the hippocampus*? and grey matter volume
reduction are also associated with persistent seizures after surgery.*3 However, similar areas
of grey matter reduction in children correspond to areas known to receive hippocampal
projections (as seen pathologically), so the exact relationship of such extrahippocampal
changes to persisting seizures is unknown.44

The observations of epilepsy associated imaging changes of uncertain significance raise the
question of which alterations are a component of the seizure initiating zone and which are
passive associations that have less responsibility for seizure onset. Imaging has provided us
with data that are somewhat predictive of surgical outcomes, but we are still not able to
determine the full extent of the abnormality, or reliably predict those unlikely to be seizure
free following standard anterior temporal lobe resection. Although we can often see
pathology beyond the hippocampus, we have not viewed the images as defining a larger or
smaller epileptogenic zone. Defining the full area responsible for seizure onset by imaging
may be the next major step for improving surgical outcomes for MTLE patients.
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Neuropathology

Many view hippocampal sclerosis (HS) as a single entity. However, studies have shown
variability in the pattern of HS as well as in the associated histopathology in other limbic
sites and other parts of the brain. HS is the most common focal pathology in patients with
MTLE undergoing surgery*>=47 and is argued to be the cause of the seizures.*8 In addition
to classical HS other described variations in temporal lobe histopathology include atypical
patterns of HS, pathology in adjacent mesial temporal lobe structures, occult second (dual)
pathology and bilateral hippocampal damage. There is some evidence to support that these
variations may influence surgical outcome.

Under the general category of HS, several patterns have been recognized: 1) classical HS
(CHS) with neuronal loss in CA1 and the hilar region, 2) end folium sclerosis (EFS) or
mesial temporal sclerosis type 3 (MTS type 3) with neuronal loss primarily in the hilar
region, and 3) loss restricted to CA1 only (MTS type 2; Fig. 3).49:50 EFS/MTS type 3 is less
readily identified by preoperative imaging.51 Non-classical or atypical patterns of HS, which
overall account for 4% to 10% of cases#7+49:52:53 have been associated with poorer surgical
outcomes compared to CHS. Seizure free outcomes for MTS type 3 at 1 year are 25% to
28% compared to 66% to 77% for MTS type 2 and 72% to 84% for CHS.49:51,53 A further
group with no significant hippocampal neuronal loss, also fare less well compared to CHS
with seizure free outcomes of 44% to 58%4%:33 following temporal lobe surgery. These
observations, although requiring verification through further series with longer follow-up
periods, reinforce the potential value of identifying atypical patterns of HS. In addition to
some predictive power in determining outcome, subtypes of HS may point to distinct
syndromes with unique pathophysiologies.

Knowing the physical extent of the histopathology (and presumed focus) is important in our
attempts to remove the area generating the seizures completely. A study of 206
hippocampectomies®? has suggested that the histopathology is fairly uniform along the
longitudinal axis of the resected specimen. An earlier study, however, highlighted a greater
benefit from surgery in patients showing more severe neuronal loss in the anterior than
posterior hippocampus.>* Where MRI studies have shown a uniformity of atrophy along the
length of the hippocampus®®, post mortem (PM) analysis confirms that sclerosis in some
patients may extend to the caudal extremities of the hippocampus, beyond typical surgical
resections. Thus, incomplete HS resection may contribute to the persistence of seizures
following temporal lobectomy in some cases.

Histopathology at other limbic sites has received less attention as possible contributors to the
epileptic focus. Cavanagh and Meyer noted “diffuse and disseminated lesions’ in the
temporal neocortex, uncus, amygdala and parahippocampal gyrus.*8 The term ‘mesial
temporal lobe sclerosis’ (MTS) was coined in preference to Ammon’s horn sclerosis (AHS)
or HS, to acknowledge the involvement of adjacent structures.

The amygdala is thought to play a role in limbic seizures, but complex anatomy and
incomplete surgical specimens of this region limit our understanding of the frequency and
extent of amygdalar histopathology and how it may influence surgical outcomes.>®
Amyagdalar histopathology was bilateral in autopsy studies in TLE and always in association
with HS.18 It was identified in 88% of HS patients in one surgical series and correlated with
the severity of HS.47 Such histopathology has also been reported in TLE in isolation.>’
More recent studies have confirmed preferential neuronal loss and gliosis involving the
lateral and basal nuclear groups of the amygdala.>8 In addition, the entorhinal cortex®8:59
and parahippocampal gyrus also show neuronal loss supported by atrophy of this region.5°
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Pathology of these regions has been variably reported from 68%?%4 to more recent estimates
of 17-21% of HS patients.8:61

In addition to the variable extent and severity of unilateral mesial temporal pathology, HS is
frequently a bilateral, albeit usually asymmetrical, finding. Bilateral HS has been noted in up
to 56% of epilepsy postmortems®2 in a large series and is frequently asymmetrical.18:63
Bilateral mossy fiber sprouting has also been demonstrated at post mortem.®# It is
conceivable that the remaining, less damaged hippocampus could contribute to seizure
recurrences following surgery.3:65, Post mortem studies demonstrate atrophy outside the
mesial temporal structures in association with HS18, presumably involving hippocampal
projection pathways. Regions involved include the ipsilateral mammillary body, fornix,
thalamus, cingulate, frontal and temporal neocortex. Whether any of these areas contribute
to continued seizures following surgery is as yet unsupported.56:67

As seen in neuroimaging studies, some MTLE patients have another lesion together with
HS, such as a tumor, cortical dysplasia or a cavernoma. These dual pathologies have raised
the question of whether HS is a ‘secondary’ process induced by the lesion.#> However, other
studies have found no evidence for secondary hippocampal neuronal loss from seizures
generated by extralimbic abnormalities.58 In addition there are a number of studies that
suggest that the majority of the neuronal loss likely precedes the onset of seizures.%9:70 Mild
dysplasias or cortical malformations in the temporal lobe associated with HS have been
observed, but the role of these abnormalities (epiphenomenon or active participant) is
uncertain. Well defined criteria for these minor cytoarchitectural abnormalities are required
before any definite conclusions can be drawn regarding the relative role of the two separate
pathologies in seizure initiation.

In summary, there is significant variability in the histopathology associated with MTLE,
with accumulating evidence that “atypical” and possibly widespread pathology is associated
with poorer outcomes. However, it is unclear what the role these more widely distributed
changes have in seizure initiation. They could be responsible for a more distributed seizure
onset zone, a second focus, a focus capable of becoming independently epileptogenic in
time, or simply an association with the “real” focus that resides elsewhere.

Insights Into the Seizure Focus of MTLE From Animal Models

The data from surgical outcomes and clinico-histopathological correlations suggest that the
responsible changes are not uniform across individuals. Data from animal models of MTLE
may provide insight into the clinical significance of the variability. Although the models do
not exactly replicate the human condition, they have enough similarities to allow appropriate
questions that may help understand the human situation.

In the post status epilepticus spontaneous recurrent seizure MTLE models, the regions of
damage include the amygdala, hippocampus, entorhinal cortex, olfactory cortex as well as a
number of subcortical structures.”1="° The severity of the histopathology varies from site to
site and animal to animal, ranging from no observable damage to severe neuronal loss and
gliosis. Neuronal physiology shows that all of these regions have enhanced excitability /=79,
and EEG recordings show that these sites are capable of initiating a seizure.80 The kindling
literature shows that it is possible to initiate the same behavioral and electrographic seizure
from any of these sites through focal electrical stimulation.81 Hence, the animal data raise
the possibility that MTLE seizures may begin multifocally in the broader limbic system. In
other words in any one animal, the seizure can sometimes arise out of one region (e.g. the
hippocampus), and the next seizure could start in the amygdala. There are potential
confounds in drawing parallels between the animal models and patients with temporal lobe
epilepsy. Perhaps the most important are the potential effects of medication on the pattern of
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seizure onset (the animals were not treated with AEDs) and the frequent bilateral onset in
the rats as opposed to the more common unilateral onset in people. In spite of these
limitations, the animal data raise the possibility of multifocal seizure onset. Translating this
hypothetical construct of a multifocal “origin” back to the clinic and the variable success of
surgical resections in which some patients are cured, most are controlled and a small number
are only partially benefitted, we can theorize that the cured patients have the more restricted
histopathology and epileptogenic zone that is completely removed using standard surgical
techniques and others have a more extensive limbic histopathology that is incompletely
removed (Fig. 4).”° This scenario could also include patients with dual pathologies in which
both generate seizures but only one histopathological region is removed.1®

Where do we go from here?

For the majority of individuals, a standard anterior and mesial temporal lobe resection will
lead to seizure freedom in MTLE patients where evaluation suggests good lateralization.
Accumulating data, however, show that we are not dealing with a uniform situation and that
a “one procedure fits all” surgical approach may be inappropriate in treating certain cases of
MTLE. At present we lateralize to the left or right mesial temporal structures and perform a
more or less standard operation which may not always be sufficient to remove all
responsible tissue that produces seizures (Fig. 4).

For the moment we really can’t say what will help us improve long term seizure control for
MTLE surgery, in part we are really not sure why we have failures. Perhaps the most
important step might be to examine those patients in whom surgery has been less than
absolutely successful. Although it is often said that we learn from our mistakes, there has
been no organized review of patients who have failed MTLE surgery to determine all the
factors that are associated with less than ideal outcomes. Studies to date have given us some
issues to examine (e.g. associated pathology, imaging variants, clinical history) but we don’t
know how to use that information at present to define the seizure onset zone preoperatively.
Another problem is that there are significant variations from center to center in data
collection and surgical approaches so that it may be difficult to draw clear conclusions
without controlled mult-center trials. However, without a large scale evaluation of the
factors that point to poorer results we can’t determine how to improve on current treatment
strategies.

Improved outcomes will require a better classification of candidates including improved
definition of clinical subtypes and the associated imaging abnormalities within and beyond
mesial temporal structures (Table 2). What biomarkers might predict the extent of the
seizure onset zone at this point is unclear. We may have to await further improvements in
imaging technology or determine which physiological findings can define the location and
extent of the epileptogenic focus more accurately. There is already some evidence that
hippocampal subfield atrophy can be detected by 4-Tesla MRI scanners,®2 but it is not
known how well this approach will work prospectively or how practical this approach will
be. Can we improve outcomes by using intracranial recording more extensively to define the
extent of the seizure onset zone (and not just, as we do at present, use it to determine which
temporal lobe to remove), or can we achieve this goal through interictal biomarkers, using
imaging or other new technologies? Electrode implantation might yield a better concept of
the extent of tissue requiring removal, but invasive monitoring carries risks, and the
procedure is limited by the number of sites that can be sampled and centers that are capable
of this technology.

Historically, we have considered MTLE a single disorder, but it may be time to view it as a
group of closely related syndromes with variable type and extent of histopathology. That
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recognition may lead to identifying the appropriate subgroups that will require different
diagnostic and surgical approaches to improve surgical outcomes. As Professor Einstein

Ssu

ggested, we cannot expect that the same surgical approach to MTLE will change the

outcomes for our patients.
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Figure 1. FDG-PET/MRI co-registration of two MTLE patients

A: This 14 year old had clinical features of left MTLE associated with an area of Type Il
cortical dysplasia in the mesial temporal lobe (white arrow and blue color). There was
associated hypometabolism in the adjoining hippocampus which by histopathology showed
hippocampal sclerosis. B: This 9 year old had right MTLE from hippocampal sclerosis.
Notice that the area of hypometabolism extends outside the hippocampus (white arrow; blue
color). The lateral temporal neocortex showed Type IA (mild) cortical dysplasia at
histopathology. Both patients became seizure free after an extended temporal resection that
included the areas of FDG-PET hypometabolism.
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Figure 2. MRI changes associated with MTLE

A. Bilateral hippocampal abnormalities in a young man with temporal lobe seizures. There
is bilateral increased signal from the left and right hippocampus on a FLAIR sequence (left)
as well as increased signal and atrophy from both sides on a T2 weighted image (right). B.
Unilateral hippocampal atrophy in a T2 weighted image from young woman with MTLE
(left image, arrow), who also had a left frontal cortical dysplasia that was confirmed
histologically following lesionectomy and temporal lobectomy after invasive EEG
monitoring (right image, arrow).
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Figure 3. Classical and atypical patterns of hippocampal sclerosis (all NeuN
immunohistochemistry)

A. CA1 predominant hippocampal sclerosis. (HS) showing neuronal loss on NeuN staining
affecting mainly the CA1 subfield. B. End folium sclerosis has a hippocampus with relative
preservation of neurons in all subfields except for loss of neurons from CA4/hilus. There is
evidence that this pattern of sclerosis is associated with a poorer postoperative outcome. C.
Classical HS. Neuronal loss from CA4 and CA1 with relative preservation of neurons in
CA2, the dentate gyrus and subiculum. D. Total HS with loss of neurons in all subfields
(CA1-4) including the dentate gyrus.
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Figure 4. How surgery may fail to control seizures

Figure depicts adjacent regions of the mesial temporal lobe/limbic system that have been
implicated by pathology, seizure recordings, outcome data or animal studies as part of an
hypothesized seizure onset zone. Red indicates the seizure onset zone that is likely different
in each individual, and the black outline is the line of resection. When the onset zone is
entirely within the line of resection, the seizures are controlled, potentially cured. When the
onset zone is more extensive relative to the resection, there is increased risk for recurrence.
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Table 1

Presurgical Predictors of Seizure Control for MTLE

Positive Predictors

Circumscribed hippocampal sclerosis
Circumscribed low grade tumors
Greater volume resected

Atrophy ipsilateral to EEG abnormality
Only hippocampal atrophy on MRI

Concordant memory asymmetry on WADA

Controversial Predictors

Duration of epilepsy history

Negative Predictors
No histopathology in surgical specimen

Lesion outside of resection

Decreased hippocampal asymmetry

History of secondary generalization

Bilateral atrophy on quantitative MRI

Increased regional heterogeneity on MRI surface modeling
Incomplete mesial resection including parahippocampal

Wider FDG PET abnormality

Atypical Ictal SPECT changes outside resection mesial temporal lobe

Amygdala and hippocampal atrophy on MRI
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Table 2
Potential Approaches to Improve Outcome forMTLE Surgery

Define extent of seizure associated histopathology through enhanced imaging

Preoperative identification of type of underlying MTS or dual pathology to identify subtypes
More exact correlation of type of MTS histopathology and extent of seizure onset zone
Identification of interictal biomarkers that differentiate seizure onset zone from surrounding tissue
Determine basis for failed surgeries and surgeries that do not achieve a cure

More extensive use of intracranial monitoring or other non-invasive technologies to define limits of seizure onset zone
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