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Introduction

| wish to thank Dr. Michael LeMole for his gracious and entertaining introduction.

| want to speak today about my personal professional journey in neurosurgery. In 1980, the
past Chairman of the Department of Biochemistry at the St. Louis University School of Medicine,
Dr. Robert Olson, advised each member of the incoming medical school class to adopt a “per-
sonal theme” which would guide us through our medical education. | accepted this advice. My
theme was and continues to be the creative pursuit of new knowledge, to uncover the truths of
nature, with an personal emphasis on discovering heretofore undiscovered truths about normal
and abnormal brain function. | have since learned that this theme conforms to the definition of
“science” coined by the late quantum physicist, David Bohm (1). My perspective on profession-
al life was further informed by the late Morgan Maxfield, the graduation speaker at Central High
School of St. Joseph, Missouri in 1976 who observed that “you will define your life by what you
choose to do in your free time”. What we naturally choose to do and take pleasure in and from
which we receive internal reinforcement and inner strength will most noticeably be the source of
our happiness, success and sustained intellectual and personal growth. And so today, this
WNS Presidential Address will focus on my personal passion in science, “Temporal Lobe
Epilepsy: One Neurosurgeon’s Journey”.

My disclosures are all relevant to today’s talk. |thank the National Institutes of Health for finan-
cial support of our laboratory, The Medical Device (Visualase) Division of the Medtronic Corpo-
ration for clinical trial support and recognize the University of Arizona Technology Transfer Office
for developing intellectual property based on the subject of today’s address.

Contemporary Temporal Lobe Epilepsy Surgery

In the Second Century, there lived the Roman emperor and stoic philosopher, Marcus Aurelius,
who wrote in his autobiography, “To Myself’, known today by the title, “Meditations”, that all
things are related and turn in upon themselves; there is nothing in nature which is not inter-re-
lated to any other thing. This philosophy provides the basis for understanding the perspective of
the academic mission. This mission, in the context of epilepsy surgery, illustrates the fact that
the clinician’s laboratories are multifaceted and include the medical record, a clinical electronic
database; the intensive care unit; the epilepsy monitoring unit; the neurosurgery tissue bank
and, in the 21st century, the genetics core laboratory.

Kwan and Brodie determined that success with anti-epileptic medications rapidly diminishes af-
ter the second anticonvulsant is administered (2). Overall today, approximately 20% of patients
with epilepsy are medically refractory. For patients in whom medical therapy fails to control

seizures, an alternative method of therapy is neuromodulation, illustrated by vagus nerve stimu-
lation (VNS) and responsive neurostimulation (RNS). Wiebe et al. in 2001 published a random-



ized, controlled trial of medical versus surgical therapy in intractable temporal lobe epilepsy
demonstrating that, at one year, 58% of the surgical group and 8% of the medical group were
seizure free (p<0.001) (3). In 2012, Engel et al. performed the second, and probably the last
ever, randomized controlled trial of medical versus surgical therapy in intractable temporal lobe
epilepsy demonstrating a 2 year seizure-free rate of 73% in the surgical and 0% in the medical
groups (4).

Despite the unequivocal evidence for efficacy of surgical treatment of intractable temporal lobe
epilepsy, epilepsy surgery is underutilized. The prevalence of epilepsy in the United States is
approximately 1% (3,300,000), 20% of whom are medically intractable (660,000), representing
surgical treatment as an option in approximately one-fourth of patients (165,000) with all epilep-
sy centers combined evaluating only approximately 5,000 patients annually. There are approx-
imately 150,000 new cases of epilepsy diagnosed each year costing $15.5 billion including that
due to lost employment and measurable quality of life costs. There is an average 20 year delay
in referral for epilepsy surgery with an estimated 1% of temporal lobe epilepsy surgery candi-
dates being operated upon (5,6).

The epilepsy surgeon’s armamentarium includes depth electrodes and subdural strip and grid
electrodes to survey the depths of the cerebrum and cortical surfaces for characterization and
localization of epileptic foci. Beginning in the early 1990s, we investigated the prognostic value
of the neurosurgeon’s armamentarium during long-term subdural EEG recording for selection of
epilepsy surgery candidates (7,8). Among patients treated with anterior temporal lobectomy
with amygdalohippocampectomy, we found unilateral onset, electrical onset pattern beginning
as fast spike trains, absence of frontal lobe background desynchronization at onset, an inter-
hemispheric propagation time of greater than 8 seconds, and increased duration from ictal sub-
dural EEG seizure onset to clinical seizure onset to be predictive of post-operative seizure-free
outcome (7,8). In addition, it is well known that unilateral medial temporal sclerosis is prognos-
tic for improved post-operative seizure freedom. The temporal lobe seizure focus may also be
localized with MR spectroscopy detection of unilateral temporal lobe reduction in NAA (n-acety-
laspartate). Unilateral temporal lobe hypometabolism on FDG-PET (Fluorodeoxyglucose-
Positron Emission Computed Tomography) is also valuable in localizing the temporal lobe
seizure focus. In 1997, we published the results of long-term subdural thermal diffusion
flowwmetry, developed by our late 2009 WNS President, Dr. Phil Carter, in temporal lobe
epilepsy (9). We discovered that beginning approximately 20 minutes pre-ictal, temporal corti-
cal cerebral blood flow (CBF) begins to significantly increase from its interictal hypoperfused
state approximating normal CBF at electrocorticographic seizure onset (9). Thus, the EEG
seizure onset seems to be an epiphenomenon, preceded by cerebral perfusion changes. These
results are reminiscent of the metabolic redox changes shown to occur more than 20 minutes
prior to seizure onset in the intact cat hippocampus (10). Building upon the cerebral perfusion
abnormalities present in temporal lobe epilepsy, difficult to localize seizure foci may be detected
using subtraction ictal single photon emission computed tomography (SPECT) coregistered to
MRI (SISCOM).

The economic benefits of surgical treatment of intractable temporal lobe epilepsy are clearly
documented. In 1995, Barbara Warren, the Director of the Arizona Medicaid program, analyzed
the cost benefit for epilepsy surgery at the University of Arizona (11). Within such an analysis,
quality of life improvements are most important variables. It was concluded that from a purely
economic perspective, the reduction in costs of admissions, medications, and Emergency De-
partment visits eventually justifies up-front cost of temporal lobe epilepsy surgery (11). With re-



gard to neuropsychological functioning after temporal lobe epilepsy surgery, seizure-free pa-
tients (but not those who are only significantly improved in seizure frequency) have significant
improvement in multiple neuropsychological indices, including Mental Health Index and Depres-
sion scales (12). Towards this end of achieving a post-operative seizure-free outcome, we de-
scribed in 2002 the value of multiply concordant seizure focus localizing factors in predicting
seizure freedom (13). Once quadruple concordance of seizure focus localizing data are
achieved there is an approximately 80% likelihood of post-operative seizure-free outcome (13).

The neurosurgical operative approach to anterior temporal lobectomy with amygdalohippo-
campectomy (ATL/AH) begins with supine positioning with ipsilateral shoulder elevation and the
side of the head to be operated upon rotated contralaterally by approximately 90 degrees. Posi-
tioning the head in maximum extension facilitates the approach to the medial temporal lobe. A
frontal-temporal scalp incision is performed and a pterional craniotomy is elevated. The dura
over the temporal and inferior frontal lobes is opened in a cruciate fashion, exposing the Sylvian
fissure. A temporal corticectomy is performed with the posterior margin determined by the lan-
guage dominance of the temporal lobe involved (4.5 cm and at least 5.5 cm posterior to the an-
terior middle fossa in the dominant and non-dominant temporal lobes, respectively). The cor-
ticectomy is continued along the inferior margin of the Sylvian fissure. After elevating and re-
moving the lateral temporal cortex, the amygdala is resected during which the third cranial nerve
is visualized. Then, the hippocampus is resected en bloc during which the posterior cerebral
artery and cerebral peduncle are visualized. Several years ago, we analyzed our first 133 cas-
es of ATL/AH and determined that our 2-year post-operative seizure-free rate was 66%, in line
with most comprehensive epilepsy center results (14). An additional 29% of patients had signif-
icant (> 90% seizure frequency) reduction in seizure frequency. There has been considerable
discussion regarding the relative merits of performing amygdalohippocampectomy with or with-
out anterior temporal lobectomy (14). Some authors have documented improved seizure out-
come with ATL/AH while others have shown no difference when compared to selective AH
alone. Similarly, cognitive outcome reports for ATL/AH versus AH have ranged from no differ-
ence between the two procedures to some favoring selective AH based on improved memory,
particularly verbal memory, and possibly attention function (14).

We are presently in a golden era for epilepsy therapy. Continuously emerging new medications,
epilepsy surgical techniques, and neuromodulation therapies must be individualized in a physi-
cian-patient partnership with the goal of producing seizure freedom without undesirable side ef-
fects.

Stereotactic Laser Amygdalohippocampotomy (SLAH)

The current trend in epilepsy surgery is towards increasingly minimally invasive therapeutic so-
lutions. In accordance with this trend, thermal destruction of epileptic foci using laser ablation
has emerged as a promising neurosurgical treatment strategy. The essential range of tempera-
tures desired for time-dependent thermal ablation is between 44 to 59 degrees Centigrade.
Epilepsy surgeons have recognized that the trajectory along the long axis of much of the amyg-
dala and hippocampus is a straight line. This anatomic conformation is amenable to linear
stereotactic ablation strategies. The technique of stereotactic laser amygdalohippocampotomy
(SLAH) involves a small occipital scalp incision, placement of an occipital burr hole, and inser-
tion of the stereotactic probe along the long axis of the amygdala and hippocampus. The intra-
operative work flow is conducive to interactive neurosurgical resident education and assignment
of increasingly graded responsibility as the resident’s technical operative neurosurgical skills



develop. The laser ablation work station displays near real time thermal MRI images providing
the epilepsy surgeon with near instantaneous feedback on the extent of permanent thermal me-
dial temporal lobe tissue ablation. After laser ablation, a damage model is created and associ-
ated blood-brain barrier disruption documented on T2-FLAIR MRI brain scanning to confirm the
medial temporal lobe ablation. We participated in the original clinical trial of stereotactic laser
amygdalohippocampotomy (SLAH) among 10 original participating epilepsy surgery centers.
The average length of stay for SLAH was 1.6 days, initially in the intensive care unit but now
patients are admitted to the regular neurosurgical floor for post-operative recovery. Soon, | pre-
dict we will perform these procedures on an outpatient basis in otherwise healthy individuals.
One year post-SLAH seizure freedom was obtained in 57% of patients (15).

Whether the surgical procedure is ATL/AH or SLAH, there are multiple reasons for under-utiliza-
tion of temporal lobe epilepsy surgery. There may be referral bias or lack of referral, patient fear
of even minimally invasive surgery, a preference for a less invasive albeit less effective proce-
dure (i.e. VNS, RNS), the continued use of anticonvulsant medications despite likely failure, and
the fact that neuromodulation is technically less challenging than definitive respective or ablative
surgery. In accord with the interest in minimally invasive surgery, SLAH represents a new surgi-
cal option which, while minimally invasive, is also effective and associated with low morbidity.
Medial temporal sclerosis is the hallmark neuropathological change in temporal lobe epilepsy.
Classically, the CA4 hippocampal field is affected (16). Anatomic considerations for SLAH in-
clude optimization of ablation of both the amygdala and hippocampus. Three-dimensional re-
construction of medial temporal lobe structures assists in developing prognostic value for tech-
nical parameters employed in the SLAH procedure. For instance, there is a trend towards im-
proved 6-month seizure-free outcome when the volume difference between the ablated and
contralateral hippocampus exceeds 25% (17,18). When the volume of ablation exceeds 70% of
either the amygdala or the hippocampus with an additional 50% ablation of the remaining medi-
al temporal lobe structure there is a one-year post-operative Engel | seizure-free rate of 80%
(17,18). In summary, SLAH is a promising minimally invasive approach to amygdalohippocam-
potomy (57% seizure free at 12 months). Larger series and long term seizure outcomes need
to be examined. Long term adverse effects on visual fields (quadrantanopia) remain to be de-
termined and potentially improved neurocognitive impacts need further study. Optimization of
SLAH ablation volume and more personalized patient selection may improve outcome in the
future.

New Frontiers in Temporal Lobe Epilepsy Surgery Candidate Selection

The pathophysiology of temporal lobe epilepsy involves inflammatory change and blood-brain
barrier (BBB) disruption (19). From 1997 to 2013, we published evidence of BBB disruption and
leukocyte transit across the blood-brain barrier in temporal lobe epilepsy (19,20). The cerebral
vessels showed fibrin leakage, perivascular macrophages and expression of IL-6 on endothelial
cells (19). In 1997, we described an artificial human blood-brain barrier constructed from human
epileptic temporal cortical endothelial cells and demonstrated that immune mediators, such as
TNF-alpha, opened a paracellular route for leukocyte migration from the systemic circulation
into the brain (20). The gaps in BBB endothelial cells permitting leukocyte passage could be
created by immune-mediated stimulants such as LPS (lipopolysaccharide) and, by implication,
immune cell-mediated pathologies such as temporal lobe epilepsy (21). Furthermore, we
demonstrated in 1997, with our collaborators at Temple University and the University of Nebras-
ka, that leukocyte activation was the central event affecting monocyte BBB migration and that
among these activating pathologies were widespread astrogliosis, apoptosis of neurons, den-



dritic damage, and macrophage/microglial activation (22). Ultrastructurally, leukocytes tra-
versed the BBB from the luminal to the abluminal surface in the course of leukocyte trafficking in
the brain. In addition to the paracellular route, transendothelial diapedesis has been demon-
strated as a mechanism for leukocyte brain entry creating what are known as 'invadosome-like
protrusions’ (ILPs) (23).

Leukocyte trafficking within the brain originates through paracellular and transcellular endothe-
lial routes as well as choroid plexus endothelial migration. Having studied the inflammatory na-
ture of temporal lobe epilepsy (TLE) pathophysiology, we began to develop a translational hy-
pothesis designed to study leukocyte transformation in TLE (19). Given the bidirectional cellular
and molecular interactions between leukocytes and the epileptic brain, systemic (peripheral)
leukocytes were thought potentially to offer a relatively noninvasive means to assess differences
in gene expression that are induced under conditions recapitulating or reflecting temporal lobe
epilepsy pathophysiology (25).

In 2012, a novel sample preparation method produced transmission electron microscopy (TEM)
direct imaging of double stranded (ds) A-DNA in the A conformation (24). This new visualization
of the molecular library of life and the knowledge of leukocyte trafficking within the epileptic
brain motivated our team to ask the question: Does leukocyte gene expression differ between
epilepsy surgery patients rendered seizure-free and non-seizure-free? (25).

We recognized the need to enhance selection criteria for surgical candidates with improved
prognostic value for post-operative seizure-free outcome. We performed RNA sequencing
(RNA-Seq) on whole blood leukocyte samples taken from 16 patients with intractable TLE prior
to SLAH to test the hypothesis that pre-operative leukocyte RNA expression profiles are prog-
nostic for postoperative seizure outcome (25). Multidimensional scaling analysis of leukocyte
RNA expression data detected distinct clustering of patients with seizure free (SF) and non-
seizure-free (NSF) outcomes (24). Differential expression (DE) analyses performed on SF ver-
sus NSF groups identified 24 significantly dysregulated genes (= 2.0-fold change, p-value <
0.05, and False Discovery Rate, FDR < 0.05) (25). Network and pathway analyses discovered
differential activation of pathways involved in morphology of oligodendrocytes, lipid metabolism,
development of astrocytes, and the inflammatory response (25).

Among the 24 differentially expressed leukocyte RNAs from TLE patients with SF versus NSF
outcomes, four are associated with long-chain fatty acid metabolism: ALOX15B (Fold Change,
FC: -3.1), PLP1 (FC: +3.2), HGB1 (FC: -2.7), and FADS2 (FC: +2.6) (25). Upregulated genes
predictive of seizure-free outcome included ABCA4 (ATP Binding Cassette Subfamily A Member
4) (involved in cell lipid transport), PLP1 (Proteolipid Protein 1) (encoding oligodendroglia myeli-
nation), and FADS2 (Fatty Acid Desaturase 2) (involved in DHA Synthesis) (25). Among genes
involved in lipid Metabolism, Transport and Inflammation pathways, ALOX15B (Arachidonate
15-Lipoxygenase Type B), which Oxidizes fatty acids and mediates inflammation through IL-12,
IL-1B and TNF-a, was downregulated in seizure-free patients (25). Regarding pathways in-
volved in Cell Morphology and Nervous System Development/Function, leukocyte GFAP (Glial
Fibrillary Acidic Protein) RNA was upregulated in post-operative seizure-free patients (25). Hip-
pocampal sclerosis and cortical gliosis correlate with seizure-free outcome. Anticonvulsant ef-
fects of astrocytosis include astrocytic gap junctions which facilitate potassium buffering, calci-
um wave spreading, and adenosine synthesis, adenosine being the most powerful endogenous
anticonvulsant. The results of the leukocyte RNA analyses suggest that pre-operative leukocyte
RNA expression profiles have prognostic value for seizure outcome following SLAH (25).



Currently, our research efforts have focused on neurosurgical genomics, using leukocyte RNA
expression to predict the outcome of neurosurgical operative intervention. In the future, it may
be possible to develop genomic neurosurgery, in which leukocyte and/or brain RNA expression
may be engineered to produce the genomic signature prognostic of post-operative seizure free-
dom, obviating the need for neurosurgical operative intervention.

In conclusion, traditional approaches of anterior temporal lobectomy and amygdalohippocamp-
ectomy continue to produce excellent seizure outcome results. Minimally invasive stereotactic
laser amygdalohippocampotomy is a promising new technique producing seizure freedom with
low morbidity. Genomic neurosurgery is on the horizon of our knowledge and may one day
permit genetic engineering of seizure freedom without operative neurosurgical intervention.

| wish to thank my closest collaborators in these research efforts, Drs. Michael Hammer and
Ryan Sprissler of the University of Arizona Core Genetics Laboratory, Dr. Milan Fiala, our im-
munology colleague at UCLA, Dr. Marlys Witte who established and maintains our Lymphology
Laboratory at the University of Arizona, where diagnostic specimens are processed and our cur-
rent Chief Resident in Neurosurgery, Dr. Robert Bina, who aspires to a functional neurosurgical
career. | thank my late wife Mary Ann and our First Lady Shauna Weinand who is with us today
and my children Mike, Jamie and Lauren for their continuous support of what to me seems like
an avocation of neurosurgical research.

| thank you, the Western Neurosurgical Society members, for your confidence and support in
electing me to serve as your President this year. It has been the greatest privilege of my pro-
fessional career to serve as your President.

Thank you.
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