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1 Abstract

In this thesis, epilepsy- and surgery-related factors were investigated for
their effects on postoperative seizure and cognitive outcome in patients with medi-
cally intractable temporal lobe epilepsy (TLE).

As afirst step, Borger, Hamed, Taube, et al. (2021) evaluated various clinical
factors contributing to an (un-)favorable surgical outcome in a large consecutive
cohort. While seizure freedom rates and cognitive changes were comparable to
those of the previously reported cohorts, this was the first study to identify the his-
topathological diagnosis of 'no hippocampal sclerosis with gliosis only' (GO) as a
risk factor for seizure recurrence after surgery. This questions the current assump-
tion that GO is a predecessor of the histopathological diagnosis of 'hippocampal
sclerosis' (HS). Hence, Grote, Heiland, Taube, et al. (2022) and Taube, et al. (2022)
investigated differences between GO and HS further. The later epilepsy onset,
higher surgical failure rates, mild memory impairments before surgery, and greater
postoperative memory losses favor the hypothesis that GO represents a distinct
clinical entity. Moreover, we found evidence of transcriptomic dysregulation in GO
suggestive of inflammatory processes through activation of the complement sys-
tem. Our results question not only the current clinical practice in treating patients
with TLE due to GO, but also emphasize the need for an investigation of inflamma-
tory mediators at the onset of TLE.

The involvement of spatiotemporal networks in the epileptic brain exceeding
the lesional epileptogenic zone (EZ) is increasingly well recognized. This has sig-
nificant implications for optimal resection extent because surgically targeting these
epileptic circuits may result in improved seizure outcomes. Borger, Schneider,
Taube, et al. (2021) retrospectively evaluated the impact of surgically removing the
piriform cortex (PIC), considered a hub for generating and spreading seizures, on
postoperative outcomes. Seizure outcomes improved with larger PIC resection ex-
tent, while the risk of complications and adverse neuropsychological events did not
increase. Future studies need to assess the surgical amenability of the PIC and



identify how residual involved cortical and subcortical circuits contribute to surgical
failures in the treatment of focal epilepsies.

The fifth study by Delev, Taube, et. al (2020) assessed the safety and effi-
cacy of temporal lobe surgery (TLS) in late adulthood. While TLE has been linked
to accelerated brain aging, the effects of TLS are inconclusive. Since seizures were
controlled in the majority of our patients, TLS can counteract the contribution of
epileptic dysfunction, injuries during seizures, and high drug load to cognitive im-
pairments. The cognitive costs of TLS were comparable to those reported in
younger cohorts despite evidence of more severe memory impairments already
before surgery. Even though long-term outcome studies indicate no progressive
memory decline beyond the immediate postoperative losses, TLS in late adulthood
may nonetheless contribute to reaching a disabling level of extensive memory im-
pairment much earlier. Especially in the light of accumulating evidence that epilep-
togenesis and neurodegeneration share common etiological mechanisms, patients
most at risk of severe cognitive sequelae following epilepsy surgery must be iden-
tified via early investigation of cerebrospinal fluid and neuroimaging biomarkers.

The present thesis contributes to our understanding of the impact of clinical
and etiological factors on postoperative cognitive and seizure outcomes. The re-
sults emphasize the importance of pathology-dependent surgical counseling and

decision-making to improve individual medical care.



2 Introduction and aims

Temporal lobe epilepsy (TLE) is a common neurological condition charac-
terized by recurrent disabling seizures and major cognitive sequelae resulting from
morphological changes in the hippocampus, the amygdala, or the lateral temporal
lobe (TL). Approximately 30% of people with epilepsy (PWE) continue to suffer from
seizures despite taking appropriate anti-seizure medication (ASM), which puts
them at risk of increased morbidity, mortality, adverse cognitive and psychosocial
consequences as well as accelerated brain ageing (de Bézenac et al., 2021; Fisher
et al.,, 2014; Kwan et al., 2010; Puka, Tavares, & Speechley, 2019; Tellez-Zenteno
et al., 2007). If the epileptogenic brain tissue is localizable and surgically amenable
without causing disabling cognitive or other neurological sequelae, epilepsy sur-
gery remains the only available curative treatment (Engel et al., 2003; Jobst & Cas-
cino, 2015; Wiebe et al., 2001). Therefore, neuropsychological assessments are
integral in the clinical evaluation of patients considered for surgery. The postoper-
ative examination is essential for outcome and quality control seeking to improve
individual medical care (Helmstaedter, 2004; Loring, 1997; Trenerry, 1996). Main-
taining cognitive abilities and preventing cognitive decline in PWE challenges epi-
leptologists and neurosurgeons alike (Borger et al., 2021a; Helmstaedter, 2004;
Vogt et al., 2017; Witt & Helmstaedter, 2009).

2.1 Temporal Lobe Epilepsy and Cognition

Cognitive problems are major comorbidities of epilepsy (Helmstaedter &
Witt, 2012; Witt & Helmstaedter, 2015). A significant number of patients (~50%)
already suffer from cognitive impairment at disease onset (Witt & Helmstaedter,
2012). Cognition often worsens over time depending on the contribution of many
epilepsy-related factors, i.e., the etiology (e.g., developmental lesions, sclerosis,
inflammation), the localization/lateralization (e.g. temporal, frontal, left or right hem-

isphere), the degree of epileptic dysfunction (e.g. seizures, interictal activity), and



treatment effects, e.g., ASM or surgery (Helmstaedter & Witt, 2017; Mula, Coleman,
& Wilson, 2022).

The clinical preconditions determine the cognitive profile of patients with ef-
fects on attention, executive functions, memory, language, visuospatial abilities,
and intelligence (Helmstaedter & Witt, 2012; Helmstaedter, Kemper, & Elger, 1996;
McDonald et al., 2022). TLE is associated with impaired episodic memory as the
most common cognitive impairment (Chelune, 1995; Moscovitch et al., 2016; Sco-
ville & Milner, 1957). This has been investigated primarily in patients with ‘hippo-
campal sclerosis’ (HS), long recognized as the most prevalent brain lesion causing
TLE. The histopathological hallmark of HS is significant neuronal cell loss and re-
active astrogliosis leading to hippocampal atrophy (Blumcke, Cross, & Spreafico,
2013).

According to the ‘hippocampal adequacy model’, the degree of memory im-
pairment depends on the structural integrity or the overall pathological status of the
hippocampus (Chelune, 1995). In support of this notion, previous studies reported
more severe memory impairments in patients with a more severe loss of hippocam-
pal cell densities and hippocampal volume (Trenerry, Westerveld, & Meador, 1995;
Witt et al., 2014a; Zentner et al., 1999). Moreover, impairments in learning and
memory tend to be material-specific depending on the lateralization of TLE. While
left TLE is associated with verbal memory impairment, right TLE is linked to visual
(non-verbal) memory impairment (Gargaro et al., 2013; Gleissner, Helmstaedter, &
Elger, 1998; Helmstaedter et al., 1997, 2008; Saling, 2009; Zannino et al., 2020).

Additionally, individual reserve capacities are essential in modulating cogni-
tive impairments pre- and postoperatively (Chelune, 1995). Support for the ‘hippo-
campal reserve model’ comes from early observations of severe memory impair-
ments following unilateral TLS producing the functional equivalent of bilateral hip-
pocampal resections (Scoville & Milner, 1957). Postmortem histopathological anal-
yses identified contralateral pathological hippocampal changes in these patients as
well. Therefore, it was hypothesized that the structural and functional integrity of
the contralateral hippocampus was essential for supporting memory postopera-

tively.
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2.2 Temporal Lobe Surgery and Cognition

For PWE with uncontrolled seizures, epilepsy surgery is generally a safe and
effective treatment option, despite the cognitive costs (Engel, 2018). The presurgi-
cal evaluation comprises a comprehensive multi-disciplinary assessment of seizure
semiology, (non)-invasive electrophysiological monitoring, epilepsy-specific MRI
protocols, functional imaging (Positron emission tomography, single photon emis-
sion computed tomography), and a neuropsychological assessment. Thereby,
each patient can be provided with a risk and benefit assessment of the possible
postoperative seizure and cognitive outcome (Helmstaedter, 2004).

A large cohort study reported that the long-term seizure outcome was favor-
able for 66% of patients, even though results varied between 51% and 75% de-
pending on the localization and lateralization, pathology, surgical approach, and
resection extent, as well as the duration of epilepsy, and types of seizures (Jobst &
Cascino, 2015; Lamberink et al., 2020). While seizure outcome has been compa-
rable between standard temporal lobe resections, e.g., anterior temporal lobectomy
(ATL), and strictly mesial resections, e.g., transsylvian selective amygdalohippo-
campectomy (sAHE), the neuropsychological outcome tends to be better following
more selective approaches (Clusmann et al., 2002; Gleissner et al., 2004; Helm-
staedter et al., 2004; Lutz et al., 2004; Schramm, 2008; Tanriverdi et al., 2008).
However, the optimal extent of resection for the best seizure outcome remains con-
troversial (Schramm, 2008).

In addition to seizure control, adverse cognitive effects of surgery are signif-
icant factors in deciding whether epilepsy surgery can be considered a success or
a failure for the individual patient (Cook & Baxendale, 2022; Lunney et al., 2018).
The postoperative cognitive changes are primarily determined by (i) the side of sur-
gery (language dominant vs. non-dominant hemisphere) and (ii) the preoperative
functional status (Bell et al., 2009; Helmstaedter, 2004; Trenerry et al., 1995; Vogt
et al., 2014). A lack of impairment or mild impairment is associated with a greater
postoperative memory decline (Helmstaedter, Petzold, & Bien, 2011; Hermann et
al., 1992). Previous research showed that decrements in verbal memory were evi-
dent in 40-50% of the patients after left TLS and 20-30% after right TLS, whereas
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visual memory declined in about 20-30% of patients without a lateralization effect
(Helmstaedter, 2013; Sherman et al., 2011).

Predicting TLS outcomes remains challenging. Therefore, this doctoral the-
sis aimed to investigate clinical and etiological factors contributing to a good seizure
and cognitive outcome as they provide the basis for evidence-based decision-mak-

ing in the treatment of PWE.

2.3 Aims

2.3.1

Accordingly, the first study by Borger, Hamed, Taube, et al. (2021) was con-
ducted to investigate predictors of postoperative seizure and cognitive outcome in
a large consecutive cohort of TLE patients who underwent resective TLS. In this
study, clinical, neuropsychological, and histopathological data were retrospectively
analyzed to assess their impact on the treatment outcome. The histopathological
diagnosis of 'no hippocampal sclerosis, gliosis only' (GO) was identified as a major
risk factor for poor seizure outcome. Therefore, the following studies by Grote, Hei-
land, Taube, et al. (2022) and Taube, et al. (2022) and explored the clinical, neu-
ropsychological, and histopathological characteristics of patients with GO in a large

retrospective cohort and compared the results to patients with HS.
Gliosis only (GO) and hippocampal sclerosis (HS)

Gliosis only has long been recognized as a predecessor of HS, since its
histopathological hallmark constitutes reactive astrocytes without extensive neu-
ronal cell loss. However, considering higher surgical failure rates, this assumption
needs to be questioned since previous studies found evidence for an association
of earlier treatment and improved seizure outcomes (Landfitt & Wiebe, 2008). Hip-
pocampal sclerosis and GO share pathological mechanisms contributing to epilep-
togenesis characterized by a complex network dysfunction between neurons and
glia. Moreover, astrocytic dysfunction, as the main finding in GO, is additionally
associated with changes in the activation and clearance of the complement immune
system triggering inflammation (Farina, Aloisi, & Meinl, 2007). Based on these prec-
edents, different pathomechanisms contributing to epileptogenesis in GO and HS

can be suspected.



2.3.2
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Additional evidence from brain imaging suggests a bilateral hippocampal af-
fection in GO but not in HS, even though unilateral TLE was suspected (Hattingen
et al., 2018). Thus, we propose that differences between HS and GO should be-
come evident at a functional level before surgery. Inflammatory involvement, high
surgical failure rates, and bilateral hippocampal pathology, even though structurally
more intact, in patients with GO put these patients at an increased risk of cognitive
decline after surgery. Thus, our study results may argue for an important reconsid-

eration of future diagnostic and surgical practice during the treatment.
Targeting epileptic networks by resection of piriform cortex

It is increasingly recognized that epilepsy resembles a network disease.
Hence, seizures that continue after surgery likely result from residual epileptic cir-
cuits insufficiently interrupted by the resection. The piriform cortex (PIC) is thought
to be an important node of epileptic networks in focal epilepsy because it has broad
connections to the limbic and cortical areas (Chee et al., 2022; Young et al., 2019).
Cumulative evidence from animal studies suggests that it is highly vulnerable to
excitotosis, thereby contributing to epileptogenesis (Cheng et al., 2020; Koepp &
Galovic, 2020). Hence, it has been discussed as a therapeutic target for treating
refractory TLE (Koubeissi, 2020; Vaughan & Jackson, 2014). The fourth study by
Borger, Schneider, Taube, et al. (2021) assessed whether (PIC) resection in TLE
would improve postoperative outcomes after selective surgery without increasing

the risk of complications and higher cognitive costs.
Epilepsy surgery in late adulthood

Treating elderly PWE is a unique challenge because of multiple comorbidi-
ties, physiologic changes, and adverse treatment effects through polypharma-
cotherapy (Gallo, 2006; Perucca et al., 2006). Moreover, cognitive deficits are gen-
erally more severe, especially in memory, attention, and executive functions (Witt
et al., 2014b). These deficits are likely to progress, which occurs as part of natural
brain aging but also because of epilepsy- and treatment- related factors (de Bé-

zenac et al., 2021; Helmstaedter et al., 2003). Therefore, being affected by epilepsy
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in late adulthood is associated with a higher risk of reaching critical thresholds for
significant functional impairment earlier (Sen, Capelli, & Husain, 2018).

Epilepsy surgery is underutilized in these patients because of concerns re-
garding a less favorable seizure outcome, and more perioperative complications
(Grivas et al., 2006). While the question whether epilepsy surgery further adds to a
progressive cognitive decline remains unanswered, at the same time postoperative
seizure-freedom may counteract the contribution of epileptic dysfunction, injuries
during seizures and high drug load to cognitive impairments. Considering emerging
evidence that epilepsy and dementia share common pathomechanisms, detection
of comorbid neurodegeneration or risk of such is of utmost importance when an
elderly patient is considered for surgery (Sen et al., 2018).

Only few studies have addressed the postoperative outcome in elderly pa-
tients after epilepsy surgery, and heterogeneous patient cohorts, small sample
sizes, and short-term follow-ups limit the validity of risk and benefit assessments
before surgery. This study comprised a homogenous sample of patients above 50
years of age who underwent TLS for treating TLE due to HS. Delev, Taube, et. al
(2020) assessed whether TLS in elderly patients is a safe and effective treatment

option.
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3 Publications

3.1 Publication 1: Resective temporal lobe surgery in refractory temporal lobe epilepsy:

prognostic factors of postoperative seizure outcome
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J Neurosurg 135:760-769, 2021

Resective temporal lobe surgery in refractory temporal
lobe epilepsy: prognostic factors of postoperative seizure

outcome

Valeri Borger, MD,! Motaz Hamed, MD,' Julia Taube, MSc¢,? Giilsah Aydin, MD,' Inja llic, MD,’
Matthias Schneider, MD,! Patrick Schuss, MD, PhD,' Erdem Giiresir, MD, PhD,'
Albert Becker, MD, PhD,* Christoph Helmstaedter, PhD,? Christian E. Elger, MD, PhD,? and

Hartmut Vatter, MD, PhD'

Departments of 'Neurosurgery and 2Epileptology, and ®Institute of Neuropathology, University Hospital Bonn, Germany

OBJECTIVE Temporal lobe epilepsy (TLE) is one of the most common forms of epilepsy. In approximately 30% of
patients, seizures are refractory to drug treatment. Despite the achievements of modern presurgical evaluation in recent
years, the presurgical prediction of seizure outcome remains difficult. The aim of this study was to evaluate the seizure
outcome in patients with drug-refractory TLE who underwent resective temporal lobe surgery (fTLS) and to determine
features associated with unfavorable postsurgical seizure outcome.

METHODS Patients with medically refractory TLE who underwent rTLS between 2012 and 2017 were reviewed from the
prospectively collected epilepsy surgery database. A retrospective analysis of clinical, radiological, neuropsychological,
histopathological, and perioperative findings of 161 patients was performed. The patients were divided into two groups
according to seizure outcome (group I, International League Against Epilepsy [ILAE] class 1; group II, ILAE class = 2).
For identification of independent risk factors for unfavorable postoperative seizure outcome (ILAE class 2 2), a multivari-
ate logistic regression analysis was performed.

RESULTS Seizure freedom (ILAE class 1) was achieved in 121 patients (75.2%). The neuropsychological evaluation
demonstrated that losses in cognitive performance were more pronounced in verbal memory after resections in the left
temporal lobe and in nonverbal memory after right-sided resections, whereas attention improved after surgery. Overall,
postoperative visual field deficits (VFDs) were common and occurred in 51% of patients. There was no statistically sig-
nificant difference in the incidence of VFD in patients with selective surgical procedures compared to the patients with
nonselective procedures. The lack of MRI lesions and placement of depth electrodes were preoperatively identified as

predictors for unfavorable seizure outcome.

CONCLUSIONS rTLS is an effective treatment method in patients with refractory TLE. However, patients with a lack of
MRI lesions and placement of depth electrodes prior to rTLS are at higher risk for an unfavorable postsurgical seizure

outcome.

https://thejns.org/doi/abs/10.3171/2020.7.JNS20284

KEYWORDS epilepsy surgery; hippocampal gliosis; temporal lobe epilepsy; seizure outcome

common forms of epilepsy, first described by
Hughlings-Jackson. In approximately 30% of pa-
tients, seizures are refractory to drug treatment.! Since the
first randomized controlled trial by Wiebe et al. showed
significantly improved outcomes with epilepsy surgery
over drug treatment in refractory TLE, resective tempo-

T EMPORAL lobe epilepsy (TLE) is one of the most

ral lobe surgery (fTLS) has been a reasonable option for
treatment in these patients.” In a meta-analysis including
32 studies with 2250 patients, Engel et al. reported that
after rTLS, seizure freedom was achieved in 65% of pa-
tients with TLE? In a recently published review, Englot
and Chang reported that the existing data favoring sur-
gery for appropriately selected candidates with refractory

ABBREVIATIONS AHE = amygdalohippocampectomy; ATL = anterior temporal lobectomy; CA = cornu ammonis; Cl = confidence interval; DCS-R = Diagnostikum fiir Zere-
bralschaden—-Revised; EEG = electroencephalography; FCD = focal cortical dysplasia; HG = hippocampal gliosis; HS = hippocampal sclerosis; ILAE = International League
Against Epilepsy; OR = odds ratio; rTLS = resective temporal lobe surgery; sAHE = selective AHE; TLE = temporal lobe epilepsy; VFD = visual field deficit; VLMT = verbal

learning and memory test.
SUBMITTED January 29, 2020. ACCEPTED July 31, 2020.

INCLUDE WHEN CITING Published online January 8, 2021; DOI: 10.3171/2020.7.JNS20284.
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©AANS 2021, except where prohibited by US copyright law



TLE are convincing and suggest that a cure is possible in
some patients with this disorder.* Despite this fact and all
achievements of modern presurgical evaluation in recent
years, the presurgical prediction of seizure outcome re-
mains difficult. The aim of this study was to evaluate sei-
zure outcome in patients with drug-refractory TLE who
underwent rTLS at our center and to determine features
associated with unfavorable postsurgical seizure outcome.

Methods

Population and Presurgical Evaluation

Patients with TLE who underwent rTLS between 2012
and 2017 were reviewed from the prospectively conducted
epilepsy surgery database at our center. The formation of
this database was approved by the local ethics commit-
tee. Given the retrospective nature of the study, written
informed consent was not required.

During the studied period, rTLS was performed in a
total of 184 patients. There were 23 cases lost to follow-up;
the most common reason was treatment of patients from
abroad who moved back to their countries after surgery.
These patients did not complete the follow-up visits at our
center. Because we included only patients with completed
follow-up at 12 months after rTLS, complete data sets for
161 consecutive patients were available. All patients suf-
fered from medically refractory TLE and had undergone
adequate treatment with at least two first-line antiepileptic
drugs. A retrospective analysis of clinical, radiological,
histopathological, and perioperative findings was per-
formed.

All patients were preoperatively assessed in the depart-
ment of epileptology in a similar fashion and were consid-
ered to be suitable for surgery.>® The evaluation included
detailed history of seizures, medical history, high resolu-
tion 3-T MRI, neuropsychological assessment, and video-
electroencephalography (EEG) monitoring using continu-
ous recordings. In patients with absent or several lesions
on MRI, PET and SPECT were performed to identify a
seizure focus. In cases with inconclusive findings, invasive
EEG monitoring was performed using stereotactically im-
planted depth electrodes.’

Surgical Procedures

All surgical procedures were performed while patients
were under general anesthesia using intraoperative neu-
ronavigation and intraoperative neurophysiological moni-
toring with motor evoked and somatosensory evoked po-
tentials. The goal of surgery was to remove temporal and
temporomesial structures, including the lesion depicted on
MRI or anatomical area with presumed seizure focus.

Histopathological Examination

The resected tissue was obtained from all patients in
this study. Standardized neuropathological analysis was
performed in all preserved specimens by local neuropa-
thologists. The histopathological findings were differ-
entiated into three categories. First were hippocampal
pathologies such as hippocampal sclerosis (HS) or hip-
pocampal gliosis (HG) according to the International
League Against Epilepsy (ILAE) classification.® Next
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were pathologies within the temporal lobe without the in-
volvement of the hippocampus, such as gliosis, gangliogli-
oma, cavernoma, and focal cortical dysplasia (FCD). The
diagnosis of HG was histologically confirmed as reactive
astrogliosis without neuronal loss within the resected hip-
pocampus. Neoplastic lesions were classified according to
the WHO classification.” The FCD was classified accord-
ing to the new ILAE classification.”” The last category was
no specific pathological changes.

Surgical Outcome Analysis

After rTLS, the outcome was assessed during follow-
up visits at 6 and 12 months. Patients with a follow-up pe-
riod less than 12 months were not included in this study.
At the 12-month visit, all patients underwent a thorough
clinical examination, evaluation of seizure outcome,
video-EEG recording, 3-T MRI, and neuropsychologi-
cal reassessment. The postoperative seizure outcome was
assessed according to the ILAE classification.!! The pa-
tients were divided into two groups according to seizure
outcome: group I (ILAE class 1) and group II (ILAE class
>2).

Surgically associated complications were assessed
during the postoperative course of treatment. The clini-
cally relevant events requiring surgical revision, such as
bleeding complications and surgical site infections, were
analyzed. Furthermore, relevant newly occurring neuro-
logical deficits such as motor deficits, aphasia, and cranial
nerve palsy were assessed and analyzed.

All patients underwent MRI within 2-3 days post-
operatively to detect the extent of resection of desired
structures. Incomplete resection was determined in cases
in which a substantial remnant of target tissue was not
reached by resection as confirmed by postoperative MRI,
whether it was from imprecise delimitation or surgical
and functional limitation. The target structures were
different according to the surgical procedure. In candi-
dates who underwent selective amygdalohippocampec-
tomy (SAHE) or anterior temporal lobectomy (ATL) with
amygdalohippocampectomy (ATL with AHE), the resec-
tion was stated as incomplete if mesial temporal struc-
tures such as the hippocampus, amygdala, or superior
part of the uncus were insufficiently removed. In patients
who underwent temporal lesionectomy or ATL without
AHE, the resection was incomplete if any parts of the ep-
ileptogenic lesion were not addressed by the surgery. Af-
ter completion of the presurgical evaluation, the extent of
resection and the desired structures that were intended to
be removed were defined by the responsible epileptologist
and reviewed by the interdisciplinary epilepsy surgery
conference. In cases where needed, resection masks were
generated and included in the intraoperative neuronaviga-
tion. Following surgery, the resection was matched with
the presurgical resection mask to confirm the proper ex-
tent of resection. The postoperative MRI was performed
in each patient within 2-3 days to confirm the extent of
resection of addressed structures or lesions and rule out
surgical complications such as bleeding, infarction, and
damage to brain tissue along the surgical approach. The
postsurgical MR images were analyzed by experienced
neuroradiologists.

J Neurosurg Volume 135 « September 2021 761
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Neuropsychological Assessment

The neuropsychological evaluation focused on tests of
verbal and nonverbal memory representing temporal lobe
functions. In addition, attention and executive functions,
visuospatial abilities, and language and motor functions
were considered. Verbal memory was measured via the
verbal learning and memory test (VLMT). For visual
learning, the Diagnostikum fiir Zerebralschiden—Revised
(DCS-R) was applied. Parallel versions of the VLMT
and DCS-R were used to minimize practice effects at the
follow-up. Attention was assessed by the EpiTrack screen-
ing tool and the d2 Aufmerksamkeitsbelastungstest. Lan-
guage assessment comprised the BNT and the Token Test.
Visuospatial abilities were evaluated via Leistungspruef-
system subtest 7 and Wechsler Adult Intelligence Scale
block design. The tests and their references are described
in previous articles.'> Pre- and postoperative test results
from each cognitive domain were summarized and classi-
fied into a 5-point scale, ranging from severely impaired
to above average (severely impaired = 0, at least two test
scores > 2 standard deviations below the mean of the nor-
mative sample; impaired = 1, at least two test scores > 1
standard deviation below the mean; borderline = 2, one
test score below the mean; unimpaired = 3, no test score
> | standard deviation below the mean; above average =
4, at least two test scores > 1 standard deviation above
the mean). The distance between two subsequent catego-
ries approximately corresponds to one standard deviation
from the mean standardized score across all test scores of
the respective domain.

Ophthalmological Examination

Visual fields were examined in each patient pre- and
postoperatively using kinetic Goldmann perimetry. A new
postoperatively diagnosed visual field deficit (VFD) was
classified as a superior quadrantanopia or homonymous
hemianopia.

Statistical Analysis

Statistical data analysis was performed using the SPSS
software package (IBM SPSS Statistics for Windows, ver-
sion 25.0., IBM Corp.). Associations between parametric
variables were analyzed using an unpaired, two-tailed
Student t-test. For analysis of associations between non-
parametric variables, the Mann-Whitney U-test was used.
Associations of categorical variables were compared using
the chi-square or Fisher exact test. Results with p values <
0.05 were considered statistically significant. For identifi-
cation of independent risk factors for unfavorable postop-
erative seizure outcome (ILAE class > 2), a multivariate
logistic regression analysis was performed including the
variables with significant p values in univariate analysis.
The results of the analysis were presented by logistic re-
gression as odds ratio (OR) with a 95% confidence interval
(CI).

Results
Population and Presurgical Evaluation
In total, data from 161 patients who underwent rTLS

762 J Neurosurg Volume 135 « September 2021
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for TLE were included in this analysis. There were 85
males (52.8%). The surgery was performed in 81 patients
(50.3%) on the left side and in 80 (49.7%) on the right.
The mean age at epilepsy onset was 17.32 + 13.09 years,
and the mean age at surgery was 36.1 + 14.96 years. The
mean duration of epilepsy was 19.1 + 1377 years. Ac-
cording to seizure outcome, 121 patients were assigned to
group I (ILAE class 1) and 40 to group II (ILAE class
= 2). Regarding basic clinical characteristics such as age
at seizure onset, age at surgery, duration of epilepsy, and
side of surgery, there were no statistically significant dif-
ferences (Table 1). During the presurgical evaluation, the
invasive evaluation using depth electrodes was performed
in significantly more patients in group II compared to
group I (15 [37.5%] vs 21 [17.4%], p = 0.015). The analysis
of preoperative MRI revealed the evidence of HS as the
most common radiological pathology in both groups (79
[65.3%] in group I vs 20 [50.0%] in group II, nonsignifi-
cant difference). The distribution of other lesions is shown
in Table 1. A negative MR image without any lesions was
found significantly more often in group II compared with
group I (8 [20%] vs 6 [5%], p = 0.007).

Surgical Procedures

Overall, the leading surgical procedure performed was
transsylvian SAHE in 91 of 161 patients. The ATL with
AHE was performed in 30 of 161 patients and without
AHE in 15 of 161 patients. In 20 of 161 patients, a tailored
lesionectomy without AHE was performed followed by
lesionectomy with AHE in 5 of 161 patients. As shown
in Table 2, the analysis revealed no differences related to
surgical procedure between the two outcome groups.

Histopathological Examination

The overview of the histopathological findings is shown
in Table 1. There were significantly more patients with HS
in the group with favorable seizure outcome (77 [63.6%] in
group I vs 17 [42.5%] in group II, p = 0.026). Furthermore,
the prevalence of HG was significantly higher in group II
compared with group I (11 [27.5%] vs 10 [8.3%], p = 0.05).
In regard to other histopathological findings, the groups
did not differ significantly (Table 1).

Surgical Outcome Analysis

Of the 161 patients, at 6- and 12-month follow-up visits
after rTLS a favorable seizure outcome with seizure free-
dom (ILAE class 1) was achieved in 121 patients (75.2%).
The proportion of patients with ILAE class 2—6 was not
significantly different for each ILAE class at the 6- and
12-month follow-ups, respectively (Table 3). The analysis
of surgical complications revealed an overall complica-
tion rate of 11.8%. The overall rate of revision surgery was
8.1% (Table 2). Surgical site infections were the most fre-
quent complication (in 9 [5.6%] of 161 patients), followed
by bleeding complications (6 [3.7%] of 161 patients). The
comparison of the two outcome groups revealed no sig-
nificant differences, either for overall complication rate or
rate of surgical revision, or for bleeding complications and
infections in each group (Table 2). Transient motor neuro-
logical deficits such as paresis and hemiparesis occurred
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TABLE 1. Patient demographics and characteristics according to ILAE seizure outcome class
Characteristic Overall Group | (ILAE class 1) Group Il (ILAE class 2-6) p Value

No. of patients 161 121 40
Sex, n (%)

Male 85 (52.8) 62 (51.2) 23 (57.5) NS

Female 76 (47.2) 59 (48.8) 17 (42.5) NS
Mean age at epilepsy onset + SD, yrs 17.32 £ 13.09 17.9 £ 13.59 15.56 £ 11.4 NS
Mean duration of epilepsy + SD, yrs 191 +£13.77 19.06 + 13.8 19.4 +13.71 NS
Mean age at surgery = SD, yrs 36.1 + 14.96 36.66 + 15.53 34.58 £13.12 NS
Site of surgery, n (%) NS

Lt 81(50.3) 56 (46.3) 25 (62.5) NS

Rt 80 (49.7) 65 (53.7) 15 (37.5) NS
Invasive presurgical evaluation w/ depth electrodes, n (%) 36 (22.4) 21 (17.4) 15 (37.5) 0.015
Preop MRI findings, n (%)

Unilateral HS 99 (61.5) 79 (65.3) 20 (50.0) NS

Hippocampal lesions other than HS 27 (16.8) 20 (16.5) 7(17.5) NS

Temporal lesion w/o hippocampal involvement 21(13.0) 16 (13.2) 5(12.5) NS

No lesion 14 (8.7) 6 (5.0) 8 (20.0) 0.007
Histology of hippocampus, n (%)

HS 94 (58.4) 77 (63.6) 17 (42.5) 0.026

HG 21(13.0) 10 (8.3) 11(27.5) 0.005
Histology of TL tissue w/o hippocampus, n (%)

Temporal gliosis 11 (6. 6 (5.0) 5(12.5) NS

Ganglioglioma 9(5. 7(5.8) 2(5.0) NS

Cavernoma 6 (3. 5(4.1) 1(2.5) NS

FCD type | 2 (1. 2(1.7) 0(0.0) NS

Other 6 (3. 5(4.1) 1(2.5) NS

No specific histopathological changes 12 (7. 9(7.4) 3(7.5) NS

NS = nonsignificant; TL = temporal lobe.

in 8 (4.9%) of 161 patients and were not significantly dif-
ferent between groups I and II (6 [4.9%] vs 2 [5%], non-
significant). The postoperative MRI showed that desired
extent of resection was significantly often not achieved in
group II compared to group I (4 [10%] in group II vs 2
[1.7%] in group I, p = 0.034).

Neuropsychological Outcome

Before surgery, visual memory was impaired in 66% of
patients, followed by verbal memory, language, and atten-
tion in approximately 50% each. Visuospatial functions
were affected in 39% of cases. Preoperatively, there were
no significant differences in performance between left and
right TLE (p = 0.29-0.80; Fig. 1).

Group-level analysis, by means of repeated-measures
ANOVA, revealed an interaction effect of visual memory
and surgical side (F [1,99] = 4.752, p = 0.032, 2= 0.046).
Patient performance was worse after right-sided resec-
tions (Fig. 2, left). A significant main effect of surgery (F
[1,101] = 10.831, p < 0.01, n*= 0.097) and a significant
main effect of surgical side (F [1,101] = 4.379, p < 0.05, v’
= 0.042) were found for verbal memory. There was a trend
for an interaction of side and surgery (F [1,101] = 3.127,
p = 0.08, n* = 0.03; Fig. 2, right). Attention significantly

improved after surgery (F [1, 99] = 12.561, p < 0.01, n*=
0.113). Language and visuospatial abilities did not show
significant changes.

Consistent with the group-level analysis, individual-
level analysis indicated that verbal memory decline was
more frequent after left rTLS (63%) than after right rTLS
(38%). Visual memory was worse for 48% of the patients
after right-sided and for 25% after left-sided resections
(x? [6] = 11.373, p < 0.05). Deteriorations of visuospatial
abilities and language were noted in 14%—19% of cases.
Attention improved after surgery (39% vs 16%). Figure 3
displays the number of patients with significant individual
changes, corrected for floor effects.

Postoperative Visual Field Impairment

Overall, postoperative VFDs were common and oc-
curred in 82 (51%) of 161 patients. The most frequent
VFED was superior quadrantanopia (40%). Homonymous
hemianopia occurred in 11% of the patients. There was no
statistically significant difference in the overall incidence
rate of VFD in patients with selective versus nonselective
procedures, either for superior quadrantanopia or for hom-
onymous hemianopia (Table 4).
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TABLE 2. Distribution of surgical modality and complications
during the perioperative course of treatment according to
seizure outcome

Groupl,  Group I,

Variable Overall n =121 n=40

Surgery modality

SAHE 91(56.5) 67 (55.4) 24 (60.0)
ATL w/ AHE 30(18.6)  21(17.3) 9 (22.5)
ATL wio AHE 15(9.3) 11(9.1) 4(10.0)

LE w/ AHE 5(3.1) 4(3.3) 1(2.5)

LE only 20(12.5)  18(14.9) 2(5.0)
Overall surgical complications 19 (11.8) 12 (9.9) 7(17.5)

Bleeding complication 6(3.7) 4(3.3) 2(5.0)
Surgical site infection 9(5.6) 54.1) 4(10.0)
Overall revision surgery 13 (8.1) 8 (6.6) 5(12.5)

LE = lesionectomy.
Data are given as number (%). All statistical comparisons between the two
groups for each variable were nonsignificant.

Multivariate Logistic Regression Analysis

We performed a stepwise multivariate logistic regres-
sion analysis using the variables “invasive preoperative
evaluation,” “evidence of a lesion in preoperative MRI,”
“histopathological evidence of HS,” “histopathological
evidence of HG,” and “extent of resection on postopera-
tive MRI” to find independent predictors for unfavorable
seizure outcome (ILAE class = 2). The analysis showed
that the histopathological evidence of HG (OR 4.99, 95%
CI 1.9-13.1, p = 0.001) and incomplete resection (OR 9.08,
95% CI 1.6-52.5, p = 0.014) were independent and sig-
nificant predictors for unfavorable seizure outcome after
fTLS in TLE (Table 5).

Discussion

Resective epilepsy surgery is an established treatment
option in patients with focal refractory epilepsy, particu-
larly those with TLE.? However, although it is effective,
it has been demonstrated that seizure freedom rates de-
crease over time after surgery.”* There are studies report-
ing that surgical treatment for TLE fails to provide a sei-
zure-free outcome in 20%—-30% of these patients.'*!> The
reasons behind failure of surgical treatment are multiple
and comparison with existing data is difficult because of
methodological issues. In this study, we tried to identify
factors associated with unfavorable seizure outcome in pa-
tients with TLE who underwent rTLS. In the present study,

19

a favorable seizure outcome (ILAE class 1) was achieved
in 75% of patients 1 year after surgery, which is consis-
tent with published data.'*-?° Schmeiser et al. reported on
a series of 458 patients with TLE who were treated with
different surgical approaches. They found no differences
in short- and long-term seizure outcomes in regard to sur-
gical approach.'® Other studies addressing this aspect have
shown comparable results regarding the seizure outcome
between standard temporal lobectomy and SAHE.?'?? The
systematic review and meta-analysis by Josephson et al.
shows that ATL is slightly more effective than SAHE re-
garding seizure outcome.'® Some authors have reported
that SAHE may carry the risk of seizure recurrence in
patients with an unrecognized lateral temporal epilepto-
genic zone.”® The analysis in this current series revealed
that surgical modality did not have an impact on seizure
outcome. The overall complication rate in our series was
11.8%, and a revision surgery was required in 8.1% of all
patients. However, the reported complication rates are
difficult to compare due to different surgical approach-
es, different underlying pathologies, and heterogeneous
study populations. Surgical site infections were the most
common complications (5.6%) in our series, followed by
bleeding complications (3.7%). The reported rate of infec-
tions ranges between 1.5% and 8.5%.>** The occurrence
rate of new postoperative motor deficits (hemiparesis) as
reported by Erba et al.>> was 4.3%, and 1.2% in the series
by Schmeiser et al.'® In our series, hemiparesis occurred
in 4.9% of patients and was completely resolved in all pa-
tients during the observation period. With respect to newly
occurring neurological deficits, the comparison of patients
with favorable and unfavorable outcomes in our series re-
vealed no impact on seizure outcome. VFDs are a com-
mon side effect after TLS. Due to inconsistent and differ-
ent definitions, the reported rate of VFDs has a very wide
range (between 1.5% and 69%).2* In their study, Schmeiser
et al. reported on a large cohort of patients suffering from
TLE (overall rate of 73%).2° In patients who underwent
ATL the overall rate was 83%, and in patients who under-
went transsylvian SAHE the rate was 74%. In the current
series, the overall rate of postoperative VFD is consistent
with the reported literature. However, our results did not
reveal any differences between selective and nonselective
surgical procedures. Due to the fact that at our institution
the SAHE was performed exclusively via a transsylvian
approach, there are some limitations with regard to com-
parability of the data with other studies.

As mesiotemporal and neocortical structures play an
important role in memory function, postoperative memo-
ry impairment is a major sequela after rTLS. In the current
series, left TLE patients were generally more impaired

TABLE 3. Seizure outcome according to ILAE classification at 6- and 12-month follow-up visits

Follow-Up ILAE Classification
(mos) 1 2 3 4 5 6 Total
6 121(75.2) 9(5.6) 11(6.8) 10(6.2) 8(5.0) 2(1.2) 161
12 121(75.2) 10 (6.2) 8(5.0) 10(6.2) 10 (6.2) 2(1.2) 161

Data are given as number (%).
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FIG. 1. Comparative histogram demonstrates the results of the preoperative cognitive performance. The results from each cogni-
tive domain are summarized and classified into a 5-point scale ranging from severely impaired to above average. The values
represent cumulative percentage of performance categories in each tested cognitive domain according to the side of the TLE.
Impaired = cumulative percentages of impaired and severely impaired performance categories; unimpaired = cumulative percent-
ages of unimpaired and above-average performance categories; borderline = percentages of borderline performance categories.
Visual memory was impaired in 66% of patients, followed by verbal memory, language, and attention in approximately 50% each,
respectively. Visuospatial functions were affected in 39% of cases. Preoperatively there were no significant differences in perfor-

mance between left and right TLE (p > 0.29-0.80).

than right TLE patients, and verbal learning and memory
deteriorated similarly in both groups. Language and vi-
suospatial abilities did not show significant changes. Our
findings are consistent with comparable previously pub-
lished studies in which deterioration of verbal memory
has been observed after left-sided resections and visual
memory deterioration has been observed after right-sided
resections.'*?” Selective attention significantly improved
after surgery, which could be due to the relatively high
number of seizure-free patients in our study cohort.”
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In a meta-analysis on a total of 3511 patients reported
by Tonini et al., the authors found that intracranial moni-
toring was a predictor for unfavorable seizure outcome.?
In accordance with these results, in the current series we
found significantly more patients in the group with unfa-
vorable seizure outcome who underwent invasive presur-
gical evaluation with depth electrodes. Interestingly, in
multivariate logistic regression analysis in our series, this
variable failed to be an independent predictor for an un-
favorable seizure outcome. According to published data,

4 -
o —
§3_ right
> left
)
52_ _—
$ \
3

1_
2

n

preoperative postoperative

FIG. 2. Performance in visual and verbal memory before and after surgery according to the side of the resection. Group-level
analysis revealed an interaction effect of visual memory and surgical side (F [1,99] = 4.752, p = 0.032, n? = 0.046). Patient perfor-
mance was worse after right-sided resections than after left-sided resections (/eft). In addition, a significant main effect of surgery
(F[1,101] = 10.831, p < 0.01, n2=0.097) and a significant main effect of surgical side (F [1,101] = 4.379, p < 0.05, n? = 0.042) was
found for verbal learning and memory. There was a trend for an interaction of side and surgery (F [1,101] = 3.127, p = 0.08, n? =

0.03) (right)
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FIG. 3. Postoperative changes in performance categories according to side of resection. The histogram displays the number of
patients with significant individual changes, corrected for floor effects. To account for floor effects, patients with the lowest pos-
sible baseline score without postoperative change were filtered. We identified 13 patients with floor effects in verbal memory, 15
patients in visual memory, 3 patients in attention, 2 patients in visuospatial abilities, and 1 in the language domain. This revealed
a higher rate of postoperative decline in verbal memory after left-sided resections (y? [2] = 9.160, p = 0.01). The other findings
remained the same as in the whole sample. Considering ceiling effects, the results were not significantly different from the results
obtained from the whole sample. The bars for verbal and visual memory exclude patients with floor effects. The asterisks repre-

sent significant postoperative changes.

about 20%-30% of patients with TLE have normal MRI
without epileptogenic lesions.*’3! The reported rates of sei-
zure-free outcome following rTLS in these patients varied
widely, between 20% and 80%.3** In our studied popula-
tion, the overall rate of patients with MRI-negative TLE
was 8.7%. There were significantly more patients (20%)
with negative MRI in the group with unfavorable seizure
outcome compared to the 5% in the group with favorable
seizure outcome. In contrast to the data published by To-
nini et al., in the multivariate logistic regression analysis
in the present series, negative MRI also failed to be an
independent prognostic factor for unfavorable seizure out-
come. These findings suggest that a normal MRI and the
need for invasive presurgical evaluation are not always as-
sociated with worse postoperative seizure outcome. This
suggestion can be supported by data reported by Sotero de

Menezes et al.** and Roberts et al.*® showing that seizure
outcome in patients with normal MRI is comparable to
that in patients with abnormal MRI. Ivanovic et al. showed
similar results in their analysis.*

Regarding the histopathological findings, there are
several studies suggesting that HS and its distinct pattern
may predict surgical outcome in patients with TLE.36-38
According to the ILAE Task Force, neuronal loss may
affect all of the areas of the cornu ammonis (CA; HS
ILAE type 1), predominantly CA1 (HS ILAE type 2), or
predominantly CA4 (HS ILAE type 3).2 Another pattern
described in surgical specimens is astrogliosis without
neuronal loss, and it is called “no hippocampal sclerosis,
gliosis only.” It is unclear whether HG precedes neuronal
loss leading to HS or whether it is a distinct disease entity.
The data evaluating the impact of HG on seizure outcome

TABLE 4. Occurrence of VFDs according to surgical procedures

Surgical Procedures

Variable Overall Selective Nonselective
No. of procedures 161 91 70
No VFD 79 (49) 39 (43) 40 (57)
VFD w/ superior quadrantanopia 65 (40) 43 (47) 22 (32)
VFD w/ homonymous hemianopia 17 (11) 9(10) 8 (1)
Total 161 (100) 91 (100) 70 (100)

Data are given as number (%). All comparisons of VFDs between surgical groups were nonsignificant.
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TABLE 5. Multivariate logistic regression analysis of factors related to unfavorable seizure outcome (ILAE class 2-6)
Seizure Outcome Multivariate Analysis
Factor Analyzed Group |, n =121 Group Il, n =40 OR 95% ClI p Value
Invasive presurgical evaluation w/ depth electrodes 21 (17.4%) 15 (37.5%) 2.01 0.8-5.1 0.144
Preop MRI w/o lesion 6 (5%) 8 (20%) 1.44 0.3-6.5 0.633
Histopathological evidence of HS 77 (63.6%) 17 (42.5%) 1.60 0.7-3.8 0.295
Histopathological evidence of HG 10 (8.3%) 11 (27.5%) 4.99 1.9-13.1 0.001
Incomplete resection 2(1.7%) 4 (10%) 9.08 1.6-52.5 0.014

in patients with TLE following resective surgery is scarce.
The majority of the literature is focused on evaluation of
the impact of HS on postsurgical seizure outcome. How-
ever, the identification of HG as an independent predic-
tor for lack of seizure freedom in our series is an aspect
that is underrepresented in the literature. Since ILAE de-
veloped a consensus classification of HS, several reports
have been published to rule out the impact of subtypes
of HS on postoperative seizure outcome. In their recently
published series on 307 cases with TLE and HS, Gales
et al. found no clear correlation between HS subtype and
epilepsy surgery outcome.* Similar results were found by
Deleo et al.*® and Savitr Sastri et al.,*! who showed no sig-
nificant difference in short-term seizure outcome between
patients with different HS subtypes. In their recently pub-
lished series, Hattingen et al. found that patients with hip-
pocampal “gliosis only” according to the ILAE classifi-
cation have distinct histopathological and MRI patterns
compared with HS.#> In the current series, we did not
distinguish between patient HS subtypes and seizure out-
come. However, the analysis of histopathological features
in our series revealed HS as the most frequent pathology.
Furthermore, there were significantly more patients with
HS in the group with favorable seizure outcome. In con-
trast, HG was found significantly more often in patients
with unfavorable outcome. Yet, only HG was identified to
be an independent predictor for unfavorable outcome in
the multivariate logistic regression analysis. These find-
ings may support the suggestion made by Hattingen et
al., who identified HG as a distinct entity in patients with
TLE. In our opinion, this finding is important given that
several reports have recently been published describing
features with the potential to distinguish between HG and
HS on preoperative MRI using novel methods of neuro-
imaging.*® Further progress in neuroimaging may allow
us to detect the underlying pathology within the hippo-
campus more precisely on the preoperative scan. Thus,
the fact that HG independently predicts seizure outcome
is novel in relationship to prior publications.

The insufficient resection of epileptogenic structures
is an obvious reason for continued seizures after epilepsy
surgery.?* The resection may prove difficult with struc-
tures involving eloquent brain area or those not easy to
access surgically. There are several series reporting that
further resection of residual epileptogenic structures can
result in a seizure-free outcome.>* This fact supports the
suggestion that a subgroup of patients fail rTLS for TLE
because of incomplete resection of mesial temporal struc-
tures. In accordance with these results, the analysis in our

series shows significantly more patients with incomplete
resection on postoperative MRI in the group with unfavor-
able seizure outcome. The data in the current study also
revealed the evidence of HG and an incomplete resection
of the epileptogenic lesion as independent predictors of un-
favorable postoperative seizure outcome. Furthermore, the
analysis shows that even though there were nonsignificant
differences, there was a much higher proportion of gliosis
in the specimen obtained from temporal lobe tissue among
patients without effects on the hippocampus and with un-
favorable seizure outcome compared to the seizure-free
group. This could be caused by the fact that neocortical
temporal lesions without clearly circumscribed pathology
are less resectable. Thus, such lesions might possibly have
worse results for reasons related to the lesion itself, not to
the surgery.

Study Limitations

The present study has several limitations. One of the
strengths of the present series is a relatively large study
population, which was treated at a high-volume center in
a standardized fashion. Our study suffers from the risk of
bias inherent to retrospective cohort analysis. Even though
data analysis was retrospective, data acquisition was pro-
spective. However, the implementation of standardized
neurosurgical approaches and strict variable definitions
might mitigate some of the shortcomings of a retrospec-
tive study design.

Conclusions

Our analysis shows that rTLS is an effective treatment
method in patients with refractory TLE. However, patients
with a lack of lesions on MRI and placement of depth
electrodes prior to rTLS are at higher risk for an unfavor-
able postsurgical seizure outcome. Therefore, these facts
should be carefully taken into account, and each of these
patients needs an individual approach during the selection
process for surgery.
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‘Hippocampal innate inflammatory gliosis
only’ in pharmacoresistant temporal lobe

epilepsy
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Drug-resistant mesial-temporal lobe epilepsy is a devastating disease with seizure onset in the hippocampal forma-
tion. A fraction of hippocampi samples from epilepsy-surgical procedures reveals a peculiar histological pattern re-
ferred to as ‘gliosis only’ with unresolved pathogenesis and enigmatic sequelae. Here, we hypothesize that ‘gliosis
only’ represents a particular syndrome defined by distinct clinical and molecular characteristics.

We curated an in-depth multiparameter integration of systematic clinical, neuropsychological as well as neuro-
pathological analysis from a consecutive cohort of 627 patients, who underwent hippocampectomy for drug-resistant
temporal lobe epilepsy. All patients underwent either classic anterior temporal lobectomy or selective amygdalohip-
pocampectomy. On the basis of their neuropathological exam, patients with hippocampus sclerosis and ‘gliosis only’
were characterized and compared within the whole cohort and within a subset of matched pairs. Integrated tran-
scriptional analysis was performed to address molecular differences between both groups.

‘Gliosis only’ revealed demographics, clinical and neuropsychological outcome fundamentally different from hippo-
campus sclerosis. ‘Gliosis only’ patients had a significantly later seizure onset (16.3 versus 12.2 years, P=0.005) and
worse neuropsychological outcome after surgery compared to patients with hippocampus sclerosis. Epilepsy was
less amendable by surgery in ‘gliosis only’ patients, resulting in a significantly worse rate of seizure freedom after sur-
gery in this subgroup (43% versus 68%, P =0.0001, odds ratio =2.8, confidence interval 1.7-4.7). This finding remained
significant after multivariate and matched-pairs analysis. The ‘gliosis only’ group demonstrated pronounced astro-
gliosis and lack of significant neuronal degeneration in contrast to characteristic segmental neuron loss and fibrillary
astrogliosis in hippocampus sclerosis. RNA-sequencing of gliosis only patients deciphered a distinct transcriptional
programme that resembles an innate inflammatory response of reactive astrocytes.

Our data indicate a new temporal lobe epilepsy syndrome for which we suggest the term ‘Innate inflammatory gliosis
only’. ‘Innate inflammatory gliosis only’ is characterized by a diffuse gliosis pattern lacking restricted hippocampal
focality and is poorly controllable by surgery. Thus, ‘innate inflammatory gliosis only’ patients need to be clearly iden-
tified by presurgical examination paradigms of pharmacoresistant temporal lobe epilepsy patients; surgical treat-
ment of this subgroup should be considered with great precaution. ‘Innate inflammatory gliosis only’ requires
innovative pharmacotreatment strategies.
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Introduction

Drug-resistant, mesial-temporal lobe epilepsy (MTLE) is one of the
most common epilepsy forms eligible for operative treatment.’
Surgery for MTLE is considered a safe and standardized therapy
option proven to have better results than conservative manage-
ment in properly selected cases.? The most common histopatho-
logical finding after surgery for MTLE is hippocampal sclerosis
(HS),* which is characterized by neuronal cell loss and various de-
grees of gliosis, is classified in three distinct groups according to
the recent International League Against Epilepsy classification
scheme (ILAE 1-3),® mainly on the basis of differences in the seg-
mental neuronal cell loss pattern. Despite the clinical and electro-
physiological evidence of a mesiotemporal seizure origin, 20% of
all resected hippocampi do not reveal significant neuronal cell
loss but rather a variable expression of astrogliosis and are re-
ferred to as ILAE ‘no-HS’. While the first three types of HS have
been investigated intensively with respect to etiopathogenetic as-
pects and postsurgical outcome,*® ‘no-HS’ remains enigmatic in
these regards.

In an MRI-negative series of patients undergoing surgery for
MTLE, ‘no-HS’ can be even found in up to 80% of patients.’
Recently, we reported an algorithm that enables the radiological
identification of hippocampi without significant neuronal rarefica-
tion on the preoperative MRI, comprising subtle bilateral changes
and less signal intensity. Thus, we concluded this pattern to re-
present a distinct disease entity involved in epileptogenesis.’”
Since the neuropathological hallmark of ‘no-HS’ is given by the
lack of segmental neurodegeneration and extensive cellular astro-
gliosis,"" instead of fibrillary™? scar-type astrogliosis typically found
in HS, we preferred to coin this hippocampal lesion pattern accord-
ing to most prominent pathological feature ‘gliosis only’ and will use
this term in the present study. ‘Gliosis only’ has, however, remained
controversial since it has been also claimed to represent a ‘pre-HS’
stage in individual MTLE patients instead of a distinct pathological
pattern.

On the basis of these precedents, we have here systematically
scrutinized the hypothesis that ‘gliosis only’ does not only constitute
a neuropathological pattern different from HS but defines a distinct
MTLE form with respect to clinical and neuropathological aspects
and pathomechanisms mediating epileptogenicity of the affected
hippocampal formations. To approach this hypothesis, we exam-
ined demographic, neuropsychological and surgical outcome differ-
ences between two large ‘gliosis only’ and HS collectives. On the

basis of a translational framework, we performed an integrated tran-
scriptomic profiling, which revealed that ‘gliosis only’ possesses a
characteristic, inflammatory-associated transcriptional signature.
Taken together, our data show that ‘gliosis only’ resembles a distinct
phenotype of MTLE, which we refer to as ‘innate inflammatory glio-
sis only’ (IGO). I>’GO is less curable by surgery, a finding that urgently
argues for an important reconsideration of future diagnostic and
clinical practice during the treatment of MTLE.

Materials and methods

The authors retrospectively searched the database of the Institute
of Neuropathology at the University Hospital of Bonn for the re-
sults ‘hippocampus sclerosis’ and ‘gliosis only’. A total count of
815 matched this search. Only patients with the distinct histo-
pathological finding of ‘hippocampus sclerosis’ or ‘gliosis only’
in the hippocampal specimen, who underwent either selective
amygdalohippocampectomy (sAHE) or anterior temporal lobec-
tomy between 1990 and 2012 at the Clinic for Neurosurgery of
the University Hospital at Bonn Medical Center, were included in
the study (local ethical board approval 229/00). Finally, 627 pa-
tients fulfilled the eligibility criteria. Clinical data were retrospect-
ively obtained either from patients’ records or from the
neurosurgical electronic database. Patients with dual pathology
or other type of surgeries (e.g. disconnective procedures) were ex-
cluded (n=188). All patients were evaluated and selected for surgi-
cal treatment following a standardized protocol at a tertiary
epilepsy centre at the Clinic of Epileptology, University Hospital
of Bonn. Only patients with drug-resistant epilepsy were included.
Limbic encephalitis was excluded in all patients either by clinical
or laboratory examinations. Presurgical evaluation was performed
as described by Kral et al.*®

To avoid potential statistical confounders caused by the different
sample size (‘hippocampus sclerosis’ =557; ‘gliosis only’ = 70) a sub-
group matched-pair analysis was additionally performed. For this
purpose, each patient with ‘gliosis only’ was matched to a patient
with HS by sex, type of surgery [anterior temporal lobe
resection (ATL) or sAHE], side of surgery and age at surgery (with
a tolerated variance of +2 years).
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We used open-source software for statistical analysis from the ja-
movi project (2021: jamovi v.2.0, computer software retrieved
from https:/www jamovi.org)."* Standard procedures (Pearson,
Wilcoxon and Fisher’s exact tests, linear-by-linear association
and Student’s t-test) were used for univariate analyses as indicated.
P-values <0.05 were considered to be significant. Confidence inter-
vals (CI) are given as 95%. For multivariate analyses, we used Cox re-
gression modelling (inclusion procedure).

All histological assessments were re-evaluated for this study. The
neuropathological standard procedure for epilepsy surgery speci-
mens has been described in detail elsewhere.'® In brief, surgical
specimens were fixed in formaldehyde overnight and embedded
into paraffin. Macroscopic and histopathological examinations
were performed by experienced neuropathologists. The microscop-
ic examination included haematoxylin and eosin (HE) staining and
immunohistochemistry (IHC) with antibodies against neuronal nu-
clear specific protein (NeuN, Chemicon) and glial fibrillary acid pro-
tein (GFAP, Dako). Semiquantitative estimates of the range of
hippocampal cell loss and astrogliosis were determined as described
in detail in the Supplementary material.

Specimens were neuropathologically re-evaluated and care was ta-
ken to have neuroanatomically optimally preserved starting mater-
ial for the asservation of up to 10 serial 10 pm sections to reach
equivalent amounts of starting material for all cases. HS cases
that were included here, fulfilled ILEA type 1 criteria. The tubes con-
taining formalin-fixed, paraffin-embedded (FFPE) sections for RNA
purification were stored at —80°C until use. The formalin fixed sam-
ples were thawed and RNA was extracted using the RNeasy FFPE Kit
(Qiagen, Cat. No. 73540) according to the manufacturer’s protocol.
In brief, FFPE tissue sections were first deparaffinized at 56°C for
3 min followed by lysis with proteinase K for 15 min. The genomic
DNA and small fragments of DNA were removed by adding DNAse
to the supernatant. Following two rounds of purification, concen-
trated RNA was purified using RNeasy MinElute spin columns and
eluted in a volume of 30 pl of RNAase free water and stored at —80°
C until use.

Since these lesions appear rarely, we used an optimized protocol to
purify and sequence samples originating in some cases from up to
20-year-old paraffin embedded specimens. After thawing, the RNA
concentration was measured on a Qubit 2.0 fluorometer (Thermo
Fisher Scientific), and RNA quality was assessed using an Agilent
2100 Bioanalyzer (Agilent Technologies). ~100 ng total FFPE RNA
was selected as an input as recommended. Poly-A enriched strand
specific libraries were generated using RNA TruSeq Exome Kit con-
sisting of TruSeq RNA Library Prep for Enrichment (Illumina, Cat.
No. 20020189), TruSeq RNA Enrichment (Illumina, Cat. No.
20020490) and Illumina Exome Panel Enrichment Oligos (Illumina,
Cat. No. 20020183) according to manufacturer’s protocol. Illumina
TruSeq RNA UD Indexes (Illumina, Cat. No. 20020591) were added
to each sample and ligated cDNA was selectively enriched with
15 PCR cycles. Produced libraries were then quantified using
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an Agilent 2100 Bioanalyzer DNA 1000 Kit (Agilent, Cat. No.
5067-1504) and a Qubit dsDNA HS Assay kit (ThermoFisher
Scientific). In order to achieve a 4-plex library pool complexity,
four unique precaptured cDNA libraries were combined into one
pool (with a concentration of 200 ng each). Next, cDNA libraries
were mixed with capture probes and hybridized probes were ob-
tained using streptavidin magnetic beads. Captured libraries were
cleaned up using AMPure XP beads (Beckman Coulter, Cat. No.
A63881) before a 10-cycle PCR amplification. To block excess free
adapters, Free Adapter Blocking Reagents (Illumina, Cat. No.
20024144) were added to each library pool according to the manu-
facturer’s instructions, followed by another clean-up with
AMPure XP beads. Libraries were normalized to 4 nM and com-
bined, denatured and diluted to a final concentration of 1.1 pM.
The library pool was loaded onto a MidOutput 150 cycles flowcell
(Mumina, Cat. No. 20024907) and sequenced on Illumina’s
NextSeq 500 system. During sequencing, 65 cycles for reads 1 and
2 and 10 cycles for index 1 and 2 were used, and we obtained a clus-
ter density of 194 K/mm?. Mapped reads were normalized by DESeq.

We performed supervised identification of marker genes across
both groups using the AutoPipe package (R software, CRAN) as re-
cently described.’® To infer functional states, we performed gene
set enrichment analysis and hypergeometric testing. Astrocytic
states were projected in a 2D representation using the 4state plot
function of SPATA2 (https:/github.com/theMILOlab/SPATA2) as re-
cently described.®

Patients were neuropsychologically assessed before (T1) and one
year after surgery (T2). The assessment, as previously described,”
focuses on tests of verbal and non-verbal memory proven to be sen-
sitive to temporal lobe pathology and the effects of temporal lobe
surgery."®?? In addition, the assessment comprises measures of at-
tention, executive functions, visuospatial abilities, language and
motor functions. Verbal learning and memory were measured via
the Verbaler Lern- und Merkfihigkeitstest’® (VLMT), a German
adaptation of the Rey Auditory Verbal Learning Test. For non-verbal
learning and memory, we used the revised version of the
Diagnosticum fiir Cerebralschidigung (DCS-R). Parallel versions of
the VLMT and DCS-R were available to minimize practice effects
at the follow-up. Attention was assessed by the EpiTrack and a
letter cancellation task (d2 Aufmerksamkeitsbelastungstest).
Language assessment comprised confrontation naming and a com-
prehension task (Token Test). Evaluation of motor functions in-
cluded finger tapping, Luria motor task and Purdue Pegboard. The
assessment consisted of visuospatial abilities by mental rotation
(LPS subtest 7) and WALIS block design. The tests and their refer-
ences are described in previous articles.’”**%

Test results were first standardized based on age-corrected norms
[mean =100, standard deviation (SD)=19]. In order to merge the vari-
ous parameters within the respective domain, the scores were trans-
formed into a five-point scale ranging from severely impaired to
above average with the following operational definition, which has
been used and published before®®?’: severely impaired =0, at least
two test scores >2 SD below the mean of the normative sample; im-
paired =1, at least two test scores >1SD below the mean; borderline
=2, one test score below the mean; unimpaired =3, no test score >1
SD below the mean; and above average =4, at least two test scores
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Figure 1 Demographics and clinical results. (A) lllustration of the workflow. A density plot at the bottom right indicates the age and gender distribution
of all patients. Patient characteristics and distribution of histopathological findings after surgical resection for drug-resistant MTLE (LE = limbic en-
cephalitis). (B) Patients with histopathological gliosis only developed epilepsy significantly later in life (seizure onset 12.2 years for HS versus 16.3 years
for ‘gliosis only’, P=0.005, one-sided t-test.). (C) Bar plot illustrates the postoperative epilepsy outcome in relation to neuropathological finding, Fisher’s
exact test, P=0.001. (D) Seizure outcome according to the ILAE classification, showing significant better postsurgical outcome in HS than ‘gliosis only’,
one-way ANOVA. (E) Graphical summary of neuropsychological results—patients with ‘gliosis only’ reveal significant postoperative impairment in ver-

bal and visual memory in relation to the preoperative baseline.

>1SD above the mean. The distance between two subsequent cat-
egories approximately corresponds to 1SD from the mean standar-
dized score across all test scores of the respective domain.?®
Neuropsychological change after surgery was defined as the
intra-individual change in cognitive performance from pre- to post-
operative assessment; the postoperative score was subtracted from
the preoperative score in each domain. A positive value indicated im-
provement; a negative value indicated deterioration; a value of zero
indicated no change."”” Neuropsychological analysis was conducted
for the matched-pairs sample. We used Chi-squared tests to assess
preoperative differences and repeated-measures ANOVAs for post-
operative changes on a group level with pathology and surgical
side as between-subjects factors, as well as Chi-squared tests to as-
sess individual postoperative changes.

Data availability

The datasets generated during and/or analysed during the current
study are available from the corresponding author on reasonable
request.

Results
Study cohort

A total of 627 patients (n=324 female, 52%) with diagnosed
drug-resistant MTLE due to presumed HS underwent standardized
presurgical evaluation and were selected for surgical treatment
(Fig. 1A). The complete diagnostic included at least 24 h long-term
video-EEG, MRI and neuropsychological evaluation. Any clinical

uncertainty for limbic encephalitis was ruled out by examination
of antineuronal or onconeuronal antibodies and complete patient
examination for any unknown underlying tumour. None of the
patients fulfilled the relevant integrated criteria for limbic en-
cephalitis based on clinical, MRI as well as serological and neuro-
pathological parameters.>®*° The median duration of epilepsy
was 22 [interquartile range (IQR) 18] years and median age of seiz-
ure onset was 11 (IQR 12) years. Invasive diagnostics was per-
formed in 281 (44%) cases. A total of 497 (79%) patients were
operated by sAHE, the remaining patients underwent standard
ATL. The mean postoperative follow-up was 64.7 months. HS
was found in 557 patients. ‘Gliosis only’ was diagnosed in the re-
maining 70 patients.

Differences between HS and I?°GO—seizure onset and
seizure outcome

Due to the lack of significant cell loss, ‘gliosis only’ might be consid-
ered as a precursor state of early-onset HS. The demographic profiles
of both cohorts described here, clearly argue against this concept.
‘Gliosis only’ patients developed epilepsy significantly later in life
compared to their HS counterparts [median seizure onset: °GO=13
(IQR 12.25) years versus HS=10 (IQR 12.0) years; P=0.005 two-sided
t-test, Fig. 1B and Table 1], supporting the hypothesis that ‘gliosis
only’ constitutes a distinct clinical-pathological condition.

Of note, anticonvulsive drug-resistance was reached in ‘gliosis
only’ patients far more rapidly, consequently leading to an earlier
inclusion for presurgical evaluation that resulted in significantly
shorter duration of epilepsy [median duration of epilepsy: I’GO =
20 (IQR 17.5) years versus HS=22 (IQR 19) years; P=0.005].



I’GO in epilepsy surgery

Table 1 Cohort description and univariate analysis

30

BRAIN 2023: 146; 549-560 | 553

Parameter/condition Sclerosis 12Go® Test statistic
Whole cohort (n=557) (n=70)
Sex: female 0.5 288/557 0.5 36/70 P=0.97%
Onset of epilepsy, years 4.010.0 16.0 7.4 13.0 20.0 P<0.01°
Duration of epilepsy, years 14.0 22.0 33.0 8.4 20.0 26.6 P<0.01°
Age at surgery, years 28.037.045.3 24934.044.1 P=0.08"
Side of surgery: right 0.5 261/557 0.5 38/70 P=0.24"
Type of surgery: SAHE 0.8 466/557 0.4 31/70 P<0.01?
Invasive EEG: no 0.6 324/555 0.3 20/70 P<0.01?
Outcome: seizure ILAE2-6 0.3 177/557 0.6 40/70 P<0.01?
Matched pairs (n=70) (n=70)
Sex: female 0.5 36/70 0.5 36/70 P=1.00%
Onset of epilepsy, years 3.09.0 14.0 7.4 13.0 20.0 P<0.01°
Duration of epilepsy, years 16.023.531.1 8.4 20.0 26.6 P=0.01°
FBTCS: yes 0.4 29/70 0.6 41/70 P=0.04°
Seizures

Focal aware 0.2 14/70 0.319/70

Focal unaware 0.532/70 0.5 36/70

Aware +unaware focal 0.3 24/70 0.2 15/70 P=0.22°
Interictal EEG

bilateral features: yes 0.320/70 0.319/70 P=0.85"
Ictal EEG

bilateral features: yes 0.4 27/70 0.3 18/70 P=0.14%
Invasive EEG: yes 0.6 39/70 0.7 50/70 P=0.05%
Invasive interictal EEG

bilateral features: yes 0.14/39 0.0 2/50 P=0.39¢
Invasive ictal EEG

bilateral features: yes 0.3 10/39 0.15/50 P=0.09¢
Early childhood convulsion: yes 0.3 22/70 0.4 28/70 P=0.29%
Traumatic brain injury: yes 0.01/70 0.15/70 P=0.1%
Age at surgery, years 25.035.543.1 24.934.044.1 P=0.82°
Side of surgery: right 0.6 39/70 0.5 38/70 P=0.87%
Type of surgery: SAHE 0.5 32/70 0.4 31/70 P=0.87°
Outcome: seizure: ILAE 2-6 0.4 25/70 0.6 40/70 P=0.01%

Cross table for univariate testing with categorial and continuous parameters for histology as the dependent variable. In the whole cohort parameters are calculated for the whole
cohort (n=627), while in matched-pairs parameters are calculated for the matched pair (n=140) analysis. For continuous parameters the median value is printed bold and
framed by its first and third quartiles (e.g. 4.0 10.0 16.0). Outcome is calculated for persisting epilepsy ILAE class 2-6. FBTCS = focal to bilateral tonic clonic seizure.

2Pearson.
PWilcoxon.
Fisher’s exact test.

Univariate testing for categorical and continuous parameters re-
garding demographics is shown in Table 1.

Because of the skewed distribution between HS and ‘gliosis only’
patients, we additionally performed a matched-pairs analysis in-
cluding detailed patients’ characteristics. We matched patients
with ‘gliosis only’ by gender, type and side of surgery and age at sur-
gery (with a tolerance of +2 years) to a sclerosis counterpart and
formed 70 pairs. In line with the results of the whole cohort ana-
lysis, seizure onset and duration of epilepsy showed significant dif-
ferences between both groups, while other clinical characteristics
(e.g. prior neurological insults, early childhood seizures, family his-
tory, interictal and ictal EEG) did not separate HS and I°GO.

One of the main clinical findings distinguishing 1°GO from HS
patients was the final seizure outcome. In general, surgery for
MTLE is a successful treatment option with excellent seizure out-
come. However, I°GO patients represent an important exception.
At the last available outcome, only 43% (n =30) of the I°’GO patients
were seizure free (ILAE1) compared to 68% (n=380) of the HS cases
[P=0.0001, odds ratio (OR) =2.8, CI 1.7-4.7)] (Fig. 1C). This finding re-
mained significant for other ILAE classes as well (Fig. 1D).

Since other factors can influence final seizure outcome as well, we
performed a multivariate logistic regression analysis testing the
hypothesis that the underlying histology independently influences
patients’ outcomes. The analyses for the whole cohort (n=627) con-
firmed ‘gliosis only’ (P <0.0001, OR=2.98, CI 1.73-5.16) as an inde-
pendent predictor for worse seizure outcome after correcting for
other variables known to influence the seizure outcome (Table 2,
left panel, whole cohort analysis).

In line with these findings, histology of ‘gliosis only’ was also the
only independent predictor, associated with worse seizure out-
come in the multivariate matched-pair analysis (P=0.030, OR=
2.182, CI 1.075-4.427, Table 2, right panel). Two additional multi-
variate models including further clinical variables (early childhood
seizures, meningitis, number of anti-seizure medications and pres-
ence of focal to bilateral tonic clonic seizures) confirmed this find-
ing showing a significant association between ‘gliosis only’ and
poor seizure outcome (Supplementary Table 1).
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Whole cohort (total n=627; HS n=557)

Matched pair (total n =140, HS n=70)

Predictor P Odds ratio 95% CI P Odds ratio 95% CI
Lower Upper Lower Upper

Side of surgery 0.3132 0.820 0.557 1.205 0.916 1.038 0.512 2.116
Right—Left

Duration of epilepsy 0.3521 1.007 0.992 1.022 0.389 0.987 0.958 1.017

Type of surgery 0.2380 1.338 0.824 2.173 0.530 0.798 0.396 1.611
SAHE—ATL

Invasive EEG 0.0378 0.660 0.446 0.976 0.640 1.188 0.575 2.453
No—Yes

Histology 0.0009 2.706 1.505 4.865 0.030 2.182 1.075 4.427

‘gliosis only’—HS

A binominal logistic regression analysis for the whole cohort (n=627) and the matched-pair cohort (n="70 pairs =140 patients) with ILAE1 seizure outcome as the dependent
variable. For the whole cohort, invasive EEG and the histology finding of gliosis only were independent prognostic factors for a worse seizure outcome. Within the matched-pair
group, the analysis confirms ‘gliosis only’ as the only independent prognostic factor for worse seizure outcome while invasive EEG lost its influence for the seizure outcome.
Estimates represent the log odds of ‘outcome = seizures’ versus ‘outcome =seizure free’. Significant values are highlighted in bold.

Neuropathologically, ‘gliosis only’ differs fundamentally from HS by
neuronal cell density, fibrillary as well as cellular astrogliosis (Fig. 2).

In ‘gliosis only’, i.e. the neuropathological surrogate of I’GO, the
combination of largely conserved neuronal densities accompanied
by mainly a cellular reactive astrogliosis throughout all subfields is
characteristic. The lesion pattern is in striking contrast to HS with
pronounced segmental neurodegeneration in CA1, CA3 and CA4,
whereas neuronal densities in CA2 and the dentate gyrus granular
layer are rather conserved. Granule cell dispersion is seen in the HS
pathology pattern (Fig. 2). Accordingly, semiquantitative neuron to
glia ratios provide distinct fingerprints separating all different
anatomical regions between the ‘gliosis only’ and HS patterns
(Supplementary Fig. 2).

Complete neuropsychological data sets from before and after sur-
gery were available for 46 patients with HS and 62 patients with
‘gliosis only’. Before surgery, at baseline, 90% of the patients with
HS and ‘gliosis only’ were impaired in at least one cognitive do-
main. Memory and language were most frequently affected
(Table 3). Of note, ‘gliosis only’ patients showed slightly fewer im-
pairments across the domains, and memory impairments tended
to be less lateralized than in HS patients.

On a group level, verbal [F(1,107) =6.96, P < 0.05] and non-verbal
memory [F(1,107)=4.01, P<0.05] differed significantly between
right and left TLE. There were no significant differences in atten-
tion, motor function and visuospatial abilities.

After surgery, ‘gliosis only’ patients declined more frequently in
verbal memory (64%), and language (25%) after left TLR, and in non-
verbal memory (26%) after right TLR than HS patients, who declined
in 30, 15 and 17%, respectively. Extratemporal functions (attention,
motor functions) also deteriorated more frequently in ‘gliosis only’.
Verbal memory decline was twice as likely in gliosis only than in HS
[¥*(2)=7.14, P=0.03]. A decline in language was more likely in ‘glio-
sis only’ than in HS [;*(2) =5.07, P=0.08].

Repeated-measures ANOVAs revealed a significant main effect of
surgery on the group level. Following resection, both groups showed
cognitive decline in verbal [F(1,104)=7.19, P <0.05] and non-verbal

memory [F(1,104) =6.71, P <0.05]. Attention [F(1,103)=7.49, P <0.05]
and visuospatial abilities [F(1,94)=7.83, P<0.05] improved rather
than declined. Language and motor functions did not show signifi-
cant postoperative changes on a group level.

Using RNA-sequencing we profiled 32 histologically defined HS and
‘gliosis only’ specimens. To avoid age and gender bias, we matched
the samples on the basis of their clinical features. Out of 32 speci-
mens, 24 reached quality control after library construction
(Fig. 3A). The high dropout is caused by the fact that the tissue was
up to 20 years old (paraffin embedded), which posed a challenge
for RNA-sequencing. After combining unsupervised clustering with
supervised analysis of differential expressed genes and correction
for multiple testing (FDR) we identified a stable set of 265 genes,
which marked the differences between classical HS and ‘gliosis
only’ (Fig. 3B). We observed several transcripts encoding proteins
with inflammatory-relevant function that were significantly upregu-
lated in the ‘gliosis only’ including Apolipoprotein E (APOE2), C-C
Motif Chemokine Ligand 2 (CCL2), Interleukin 1 Alpha (IL1A),
Macrophage-Associated Antigen (CD163) and complement factors.
Using gene set enrichment analysis, we confirmed an increase of in-
flammatory response and activation of the complement system
(Fig. 3C). Additionally, other markers such as CD3D, Hepatitis A
Virus Cellular Receptor 2 (HAVCR2) and Programmed Cell Death 1
(PDCD1) that are known hallmarks of chronic inflammation were sig-
nificantly expressed in ‘gliosis only’ (Fig. 3C). To further classify our
samples, we computed a two-dimensional classification model,
which showed a shift of ‘gliosis only’ samples towards the signature
genes defining the inflammatory state (Fig. 3D). This was further
confirmed by aligning the inflammatory score to clinical features
which revealed an exclusive inflammatory enhancement in the
‘gliosis only’ group not biased by other clinical parameters (Fig. 3E).

Since the major subtype of cells was reactively transformed astro-
cytes, we aimed to explore the linkage between ‘gliosis only’ astro-
cytes and common reactive subtypes. Using an unsupervised
clustering of publicly available datasets of astrocytes from different
CNS diseases and our transcriptional data, we were able to align our
samples to known reactive subtypes. The transcriptional profile of
HS clustered within a non-inflammatory reactive state similar to re-
active astrocytes found in stroke or glial tumour samples. In contrast,
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Figure 2 Neuropathological differences in ‘gliosis only’ versus HS. (A) Hippocampal formation with the lesion pattern referred to as I°’GO; note the vir-
tual absence of neurodegeneration (HE staining). (B) HS ILAE type 1 with extensive segmental neurodegeneration pronounced CA 1 (arrows), CA3 and
CA4 (asterisks). (C) Mainly cellular astrogliosis of the hippocampus is detected in I*’GO (IHC with antibodies against GFAP). (D) Intense fibrillary astro-
gliosis predominates in HS (GFAP-IHC). (E) Reactive astroglial cells with large somata and delicate stellate processes are present in varying density vir-
tually throughout all layers of the representative CA1 area high power magnification (GFAP-IHC); astroglial cells are occasionally clustered (arrow).
Note that the neuronal density is largely conserved. (F) Higher power magnification in HS-CA1 reveals the presence of an extensive fibrillary astroglial
matrix, which constitutes a scar-resembling pattern admixed to only rather sparse reactive astrocytes (arrow; GFAP-IHC). (G) NeuN-IHC underlines the
virtual absence of neuronal loss in I>GO. (H) NeuN-IHC emphasizes granule cell dispersion (asterisk) and conservation of CA2 neurons (arrow) in add-
ition to subtotal neurodegeneration in CA1 and CA3/4 in HS (bar graph corresponds to 1000 pm in A-D, G and H; 200 ym in E and F).

the histopathological ‘gliosis only’ showed astrocytes state similar to
those observed in partially inflammatory diseases (Supplementary
Fig. 1).

Discussion

Surgery for drug-resistant MTLE is a safe, standardized and effect-
ive treatment option. However, it fails to achieve seizure freedom in

30-40% of the patients, suggesting that the underlying lesion of the
mesial-temporal structures may not entirely cover the epileptogen-
ic zone. ‘Gliosis only’, as we have recently coined this neuropatho-
logical pattern,™ is a finding occurring in ~20% of the patients with
MTLE included in the current ILAE classification as ‘no-HS’. Our re-
sults support the hypothesis that ‘gliosis only’ hallmarks a distinct
disease entity with inflammation as underlying background, which
we refer to as I°GO. I°GO is defined by a specific neuropathological
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Table 3 Neuropsychological performance before and after surgery

Left Right

Impaired (T1) Impaired (T2) Losses Gains Impaired (T1) Impaired (T2) Losses Gains

Attention 1’GO 61% 50% 11%* 25% 50% 50% 16%* 23%
HS 70% 32% 5% 45% 48% 52% 9%* 26%
Verbal memory ’GO 75%° 89% 64% 14% 65%" 65% 32%* 39%
HS 87%° 96% 30% 13% 61%" 78% 23%* 22%
Non-verbal memory jgele) 54% 68% 36% 11% 77% 84% 26%" 10%
HS 70% 74% 30% 13% 74% 87% 17%2 13%
Language 1°GO 71% 79% 25%* 4% 67% 53% 14%* 31%
HS 77% 80% 15%° 25% 73% 67% 29%* 33%
Visuospatial abilities 1’GO 52% 48% 19% 15% 34% 24% 7% 25%
HS 45% 30% 20% 45% 57% 48% 10% 45%
Motor functions 1’Go 60% 57% 35%" 30% 57% 50% 22% 33%
HS 70% 63% 11%* 32% 63% 64% 15% 23%

T1=preoperative; T2 = postoperative; losses/gains = change of at least 1 SD from pre- to postoperative performance. Significant differences are highlighted in bold.
AIndicates a trend, but did not reach significance with P <0.05.
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Figure 3 Transcriptional signature and gene expression. (A) Illustration of the workflow. (B) Differential gene-expression analysis presented as a
volcano plot. (C) Gene set enrichment analysis from the MSigDB (v.7.0) indicate significant enrichment of the complement and inflammatory response
in ‘gliosis only’ samples and an upregulation of neuronal systems and glutamate release in HS samples, Kolmogorov-Smirnov-like test with adjust-
ment of P-value using the false discovery rate. At the bottom, bar plots of gene-expression differences between ‘gliosis only’ and sclerosis samples using
normalized gene-expression values. Wilcoxon rank with adjustment of the P-value by Benjamini-Hochberg. (D) 2D representation of astrocytic trans-
formation. Each quadrant corresponds to a defined substate of reactive astrocytes, the illustrated position of each transcriptome reflects their relative
scores for inflammatory-alternative activation (x-axis) and their grade of differentiation between adult and foetal programmes (y-axis). (E) Violin plot
(top) indicates the individual inflammatory score calculated from mean expression of genes with inflammatory signatures with respect to the clinical
information illustrated at the bottom.

pattern dominated by cellular gliosis, which renders a specific tran- In line with these findings, two recent imaging studies have re-
scriptomic profile and follows a characteristic demographic and vealed characteristic structural and connectivity MRI patterns distin-
clinical patterns (Fig. 4) making it less curable by surgery supporting guishing ‘gliosis only MRI-negative’- and ‘HS-caused’-MTLE.**%!
the inflammatory nature of the disease. Recently, our group published an MRI study showing that ‘gliosis
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Figure 4 Graphical summery of the differences between hippocampal I?’GO and HS. I’GO constitutes a distinct MTLE syndrome with characteristic clin-
ical and pathological features. I°GO is less amendable by surgery and bears a greater hazard for postoperative neuropsychological deterioration. ‘Gliosis
only’, the neuropathological hallmark of I?’GO, shows a unique transcriptional signature marked by an astrocyte-mediated chronic inflammation pattern.

only’ reveals characteristic MRI features discriminating it from HS.*
Therefore, we used the same MRI criteria to evaluate a representative
subset of MRI images of patients with ‘gliosis only’ and HS. The results
supported the previous results, showing that characteristic of HS fea-
tures (reduction in hippocampal volume, complete loss of internal
hippocampal structure and the marked increase in T,-signal inten-
sity) were absent in most I°GO cases (Supplementary Fig. 3). These
findings were further confirmed by a quantitative assessment of
hippocampus and amygdala volumes and normalized fluid-attenu-
ated inversion recovery (FLAIR) signal showing significant differences
between affected hippocampus and contralateral hippocampus in HS.
In contrast, no significant difference could be found between the af-
fected and the contralateral hippocampus in patients with GO
(Supplementary Figs 4 and 5).

I°’GO patients have distinct demography and worse
seizure and neuropsychological outcome compared
to HS patients

Here we argue that I°GO neuropathologically hallmarked by ‘gliosis
only’ may represent a distinct disease entity mapping to a charac-
teristic phenotype. Patients with I°GO are significantly older than

their HS counterparts, which per se excludes the hypothesis that
‘gliosis only’ is a precursor state of HS.

Patients with I’GO tended to show less and more diffuse cogni-
tive impairments prior to surgery compared to HS. Verbal and
non-verbal memory more frequently declined in this group after
surgery. Memory performance in TLE very much depends on the
structural and functional integrity of the hippocampus.® The find-
ing of more diffuse and less severe memory impairment in 1°GO
would be in line with the assumption of a less severe, more diffuse
and more bilateral hippocampal pathology. This puts this group ata
greater risk of postoperative decline.*?

Together with the fact that IGO patients are less likely to be-
come seizure free, they are at a higher risk of becoming so-called
‘double losers’, i.e. not becoming seizure free and also experiencing
memory loss.

I°’GO epileptogenicity based on astrocytic induced
inflammation without neuronal cell loss

The findings so far suggest that in I?GO, different from HS, a less se-
vere, more diffuse and widespread pathology is being found, impli-
cating a more widespread epileptogenic zone with greater risk for
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Figure 5 Decision pathway considering the diagnosis of I°’GO as part of the presurgical diagnostics.

seizure relapse after standard surgical procedures. Presurgical ana-
lyses as well as neuropsychological focus mapping have clearly ru-
led out epileptogenic network activity outside the hippocampal
formation as the seizure onset zone in the present patients. If a sus-
picion of extratemporal or even temporal lateral focus was raised
during the preoperative evaluation, patients were suggested for in-
vasive diagnostic tests aiming to localize the focus precisely.
Therefore, the observed gliosis pattern constitutes an intrinsic
pathological aspect of the epileptogenic focus. In this respect, it is
remarkable that the comparison of transcriptional programmes
between both entities reveals a first hint of potential innate non-
adaptive inflammatory alterations suggesting a distinct pathome-
chanism in I?GO. Pathogenetically, the molecular profile of the
I?’GO hippocampi uncovers a strongly inflammatory micromilieu
evoked by the reactively transformed astroglial cell component
that is therefore well suited to fundamentally contribute to epilep-
togenesis of the affected hippocampal network. We observed a dis-
tinct activation of the complement pathway associated with
inflammatory adaptation of astrocytes similar to those observed
in inflammatory diseases such as Morbus Alzheimer or encephalo-
myelitis disseminate (Supplementary Fig. 1). Further investigation
is required to corroborate these initial suspicions. In addition, the
frequent bilateral occurrence of I°Go underpinning these systemic
inflammatory changes may be involved in disease pathogenesis.
Thus, we assume that the reactive astrocytes in [°Go drive aberrant

neuronal plasticity, which is constituted by an astrocyte-neuron
signalling cascade resulting in persistent functional modification
of hippocampal excitatory synapses.**

In our work, we linked inflammatory transcriptional pro-
grammes to patients with a significantly worse clinical outcome
in terms of seizure freedom and neuropsychology, although the
causality was not proven and need further experimental valida-
tions. Other authors have demonstrated a neurotoxic effect of re-
active astrocytes on the hippocampus in murine models.
Although the definite mechanism remains to be further examined,
it can be assumed that alterations in neuronal synapses are pro-
voked by a loss of homeostatic functions and release of inflamma-
tory cytokines.?® Thus, our results reveal abundant transcriptional
differences between HS and I1°GO, suggesting two different disease
entities. The neuroinflammatory transcriptional signature of I’GO
suggests more global and vaster pathomechanisms involved in epi-
lepsy development, which may be less amendable by surgical treat-
ment. In accordance, the clinical differences between both groups
supported the transcriptional results.

Beside all other differences, it is the significantly worse post-
operative seizure outcome combined with the higher risk for neuro-
psychological deterioration after surgery that urges a direct clinical
consequence. Figure 5 proposes a decision-making flow chart,
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which considers the diagnosis of ‘gliosis only’ before performing a
resection of mesial-temporal structures. For this purpose, any in-
conclusive non-invasive findings during the preoperative diagnos-
tics of MTLE, which lead to the indication of invasive electrode
implantation, should be critically evaluated under the spotlight of
the current results. In particular, in patients showing ipsilateral
amygdala swelling and/or contralateral hippocampus involvement
as well as less severe and more diffuse preoperative neuropsycho-
logical impairment, a biopsy of a tissue sample to exclude possible
‘gliosis only’ together with invasive EEG, should be taken into con-
sideration. The biopsy samples are mainly encountering hippo-
campal tissue (CA1l, CA3 and CA4) that reflect the maximal
cellular compositional—and therefore—transcriptional profiling
differences between 1°GO and HS. Therefore, it may be clearly an-
ticipated that the neuropathological in concert with the mRNA sig-
nature analyses in biopsy specimens will successfully differentiate
I°GO from HS. Consequently, if ‘gliosis only’ is diagnosed, further
conservative treatment options prior to surgery should be critically
discussed with the patients and their caregivers.

This algorithm should not be interpreted as scepticism towards
surgical treatment of patients with MTLE, but rather as ‘change of
paradigm’ with ‘red flags’ pointing at important implications for
the consultation and treatment of patients with one of the most
common epilepsy types. Even though most patients with TLE can
be classified according to the established syndromic groups, there
are still subfractions of patients with TLE, where the pathology
and pathogenesis are still difficult to define, and conversely, also de-
fining clear and unequivocal clinic-electrophysiological/MRI profil-
ing features remains somewhat vague. Especially in ambiguous
cases, the use of radiologic biomarkers including quantitative volu-
metric analysis, estimation of T, relaxation time through the hippo-
campus or assessment of normalized FLAIR signal may help to
clarify the diagnosis of I>GO, thus supporting the decision-making
process during routine preoperative work-up.>***> Concerning the
topic of TLE, this e.g. holds true for grey-white matter blurring.*®
However, molecular genetic studies may fundamentally improve
the categorization of patients with so far poorly defined epilepsy
and support the improved definition of epilepsy-associated syn-
dromes. The finding of abundant SLC35A2 brain mosaicism in
mild malformation of cortical development with oligodendroglial
hyperplasia in epilepsy may be regarded as a striking example in
this context.>” Our present paper clearly shows that the integration
of neuropathological features with a transcriptomic signature fun-
damentally fosters the definition of an epilepsy syndrome (I>GO,
as we suggest here) overcoming the rather descriptive ‘no-HS, ‘glio-
sis only’ in a TLE patient group that has so far been difficult to define
by integrated clinico-electrophysiological/MRI and histological
characteristics. I?GO is less curable by surgery. Therefore, adequate
treatment requires a revision of the current MTLE diagnostic and
clinical practice algorithm and the consideration of novel pharma-
cotherapies (e.g. fingolimod)*® in the future.
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Preoperative and postoperative memory in epilepsy
patients with “gliosis only’ versus hippocampal
sclerosis: a matched case—control study

Julia Taube

" Juri-Alexander Witt, " Alexander Grote,? Daniel Delev, Jonas Enkirch,*

Elke Hattingen,” Albert J Becker,® Christian Erich Elger, Christoph Helmstaedter'

ABSTRACT

Background Gliosis only (GO) and hippocampal
sclerosis (HS) are distinct histopathological entities

in mesial temporal lobe epilepsy. This study explores
whether this distinction also exists on a functional level
when evaluating pre- and postoperative memory.
Methods Using a retrospective matched case—control
study design, we analysed verbal and visual memory
performance in 49 patients with GO and 49 patients
with HS before and one year after elective surgery.
Results Clinical differences were evident with a later
age at seizure onset (18+12 vs 12+9 years) and fewer
postoperative seizure-free patients in the GO group
(63% vs 82%). Preoperatively, group and individual-
level data demonstrated that memory impairments were
less frequent, less severe and relatively non-specific in
patients with GO compared with HS. Postoperatively,
verbal memory declined in both groups, particularly
after left-sided resections, with more significant losses
in patients with GO. Factoring in floor effects, GO was
also associated with more significant visual memory loss,
particularly after left resections.

Conclusions Compared with HS, GO is characterised
by (1) a later onset of epilepsy, (2) less pronounced and
more non-specific memory impairments before surgery,
(3) a less successful surgical outcome and (4) a more
significant memory decline after surgery. Overall, our
results regarding cognition provide further evidence
that GO and HS are distinct clinical entities. Functional
integrity of the hippocampus appears higher in GO, as
indicated by a better preoperative memory performance
and worse memory outcome after surgery. The different
risk—benefit ratios should be considered during
presurgical patient counselling.

INTRODUCTION
Hippocampal sclerosis (HS) is the most common
histopathological finding underlying drug-resistant
mesial temporal lobe epilepsy (mTLE) and has been
intensively investigated regarding clinical charac-
teristics, pathogenesis, epileptogenesis and treat-
ment outcome.' Notable characteristics of HS are
segmental pyramidal cell loss and reactive astrogli-
osis, described in 54% of hippocampal specimens.”
No HS with gliosis only (GO) is characterised by
mild or no neuronal cell loss with reactive astro-
gliosis and is found in 20% of the resected spec-
imens.”™ GO was only recently described as a
histopathological entity distinct from HS in the

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Gliosis only (GO) and hippocampal sclerosis
(HS) represent two distinct pathologies in
refractory temporal lobe epilepsy with different
clinical features, such as a later epilepsy
onset, bilateral MRI abnormalities and worse
seizure outcome after surgery in GO. However,
associated functional consequences as revealed
by preoperative and postoperative memory in
patients with GO have not yet been addressed.

WHAT THIS STUDY ADDS

= Our results confirm that GO and HS are
different clinical entities not only on a
histopathological but on a functional level. GO
is characterised by less severe and more non-
specific memory deficits before surgery. This
puts them at risk for postoperative memory
decline compared to patients with HS, who
show greater memory problems before surgery.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Our findings can help with surgical decision
making in individual patient care, and they may
stimulate further research into the aetiology of
gliosis as a disjunct pathological entity from HS.

consensus classification provided by the Interna-
tional League Against Epilepsy (ILAE), emphasising
that reactive astrocytes play a substantial role in
epileptogenesis and seizure spreading, even in the
almost complete absence of neuronal cell loss.*
Reactive astrocytes are heterogeneous and involve
poorly understood epileptogenic processes in GO
with associated structural and functional changes
and different implications for diagnosis, treatment
and outcome. Chronically activated astrocytes are
linked to the release of proinflammatory mediators
in the brain, contributing to the pathogenesis of
seizures, epilepsy and possibly cognition.*

MRI allows for a differentiation of HS and GO
before surgery. HS is characterised by a reduced
ipsilateral volume (hippocampal atrophy), an
increased T,-weighted/T -fluid-attenuated inver-
sion recovery (FLAIR) signal and a loss of internal
architecture.” While a narrower pyramidal cell layer
in the cornu ammonis area 1 corresponding to the
degree of atrophy in hippocampal specimens has
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been described in HS patients, it was not observed in GO.> GO
comprises larger ipsilateral hippocampal volumes® and fewer
ipsilateral signal intensity alterations,” which suggests that the
structural hippocampal integrity in GO is overall better preserved
compared with HS. Unlike HS, the contralateral hippocampus in
GO seems more frequently affected, as depicted by contralateral
T,-weighted signal intensity changes, implying a bilateral hippo-
campal involvement. As a result, GO has been referred to as a
network disorder associated with possible inflammatory patho-
mechanisms.®” In line with this argument, GO is associated with
a later onset of epilepsy and lower seizure freedom rates after
surgery.”

Functional differences between GO and HS have not yet been
addressed but would be relevant for patients’ presurgical evalu-
ation, clinical decision making and counselling. The previously
demonstrated interrelation of hippocampal integrity, preopera-
tive episodic memory performance and postoperative outcome
in HS provides the theoretical framework for our hypotheses.” ™!
Verbal memory impairments are most consistently found in left,
while visual memory impairments appear less strictly related to
right mTLE."? The structural hippocampal integrity, as assessed
by hippocampal cell densities, correlates with poor preoper-
ative memory performance.” * Verbal memory decline can be
expected in 44% and 219% of patients after left and right temporal
lobe surgery (TLS).' Visual memory decline following left or
right TLS can occur in up to 20% of the patients.'* > A major
predictor of postoperative deterioration of memory following
TLS is the preoperative structural and functional status of the
ipsilateral hippocampus to be resected.’ 1°1® Based on this struc-
tural and functional relation between hippocampal pathology
and memory in mTLE, we hypothesised that GO patients should
show milder, more non-specific and bilateral memory impair-
ments before surgery than patients with HS.> * '7 In addition,
due to the suspected baseline differences, GO patients should
be at greater risk of postoperative memory decline than patients
with HS.

METHODS

Participants

We retrospectively analysed 49 patients with GO (right TLE:
n=30) and 49 with HS (right TLE: n=29) (see table 1). All
patients underwent surgery for refractory mTLE at the level 4
epilepsy centre at the University Hospital in Bonn, Germany,
between 1989 and 2012. Histopathological analyses of the
resected specimens followed the ILAE criteria. The diagnosis
of mTLE was based on seizure semiology, clinical history,
prolonged videoelectroencephalography monitoring, neuro-
imaging and neuropsychological assessment. We evaluated
seizure freedom based on information obtained at the post-
operative neuropsychological follow-up assessment one year
after surgery. Freedom from seizures corresponded to category
Ia in the Engel classification, that is, completely seizure-free
since surgery. We only included histopathologically confirmed
GO or HS patients and no other pathology or epileptogenic
lesion.

Further inclusion criteria comprised no previous invasive
treatments (eg, surgery, radiotherapy), age >16 years and
complete neuropsychological data sets. Patients were matched
for the side of surgery and surgical procedure to control for
differential effects of the extent of resection. A subset of patients
has already been published in an imaging study by Hattingen et
al’

Epilepsy

Table 1 Patient demographics and clinical characteristics
GO HS

Pathology n= 49 49 P value
Sex (female) 59% 41% ns
Age at surgery (years) 3511 37£10 ns
Age at onset (years) 18+12 12+9 <0.05
Duration (years) 17+£10 24+12 <0.05
Intelligence (1Q) 102+13 103+12 ns
MRI 44 37

Positive/negative 18126 27110 <0.05

Unilateral/bilateral 15/3 23/4 ns
Type of surgery

tsAH 55% 59% ns

ATL 45% A% ns
Side of surgery (right) 61% 59% ns
Preoperative seizure frequency 10+25 6+11 ns
(per month)
Seizure outcome (Engel la/ILAE la) 63% 82% <0.05
Preoperative number of ASM 2+0.87 2+0.76 ns
Change in no of ASM —0.24+0.98 -0.50+0.82 ns

ASM, antiseizure medication; ATL, anterior temporal lobectomy; GO, gliosis only; HS,
hippocampal sclerosis; ILAE, International League Against Epilepsy; ns, no significant
difference; tsAH, trans-sylvian selective amygdalohippocampectomy.

Neuropsychological assessment

Standardised neuropsychological assessment was conducted
before and one year after surgery. The assessment focused on
the evaluation of material-specific episodic memory functions.
The Verbaler Lern- und Merkfihigkeitstest (VLMT), a German
adaptation of the Rey Auditory Verbal Learning Test, was
administered to assess verbal learning and memory. The VLMT
is the most frequently used verbal learning and memory test in
German-speaking epilepsy centres.'® Patients had to learn a list
of 15 words in 5 consecutive trials, followed by an interference
trial, an immediate recall after interference, a delayed recall and
a recognition trial."” ?° The VLMT is sensitive to left temporal
lobe dysfunction, left mesial temporal pathology and left-sided
TLS.1121-23

For visual learning and memory assessment, the revised Diag-
nosticum fiir Cerebralschiddigung (DCS-R) was administered.'?**
Patients had to learn nine different designs, each composed of
five lines of equal length, over five consecutive trials. A delayed
recognition trial followed learning. The DCS-R is sensitive to
right temporal lobe dysfunction, right mesial temporal pathology
and right-sided TLS.'2 %%

Parallel versions of the memory tests were used to minimise
practice effects.

Determination of language dominance was performed by
either the intracarotid amobarbital procedure, language func-
tional MRI or the functional transcranial Doppler sonography.
Furthermore, we used atypical hand dominance in left mTLE as
a marker for atypical hemispheric dominance.

Intelligence was estimated using a German vocabulary test
(Mehrfachwahl-Wortschatz-Intelligenztest),”®  which  reflects
education levels and is a good estimator for crystallised intelli-
gence and premorbid intellectual functioning.

All raw scores have been transformed into standardised scores
(mean=100; SD=10). Age norms are based on the data from
488 healthy controls. Reliable change indices (RClIs) are derived
from a subset of 100-142 healthy controls with repeated assess-
ment using parallelized versions. Patient norms and RClIs are
based on the data from 661 surgically treated TLE patients at
our centre including all types of surgery.
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Statistical analysis

Clinical patient characteristics and demographics have been
evaluated with independent t-tests, % tests of independence
and Fisher’s exact tests. Preoperative performance differences
between the two pathology groups have been investigated via
analysis of covariance with the surgical side as the independent
variable and seizure onset as a covariate. We also performed
x* tests of independence for pathology and lateralisation of
epilepsy to assess individual impairments before surgery.

We calculated the frequencies of atypical memory profiles
for each group, which were defined as: (1) performance in
verbal or visual memory is classified as unimpaired; (2) perfor-
mance in both verbal and visual memory was impaired (bilat-
eral memory impairments) or (3) there is a selective memory
deficit pointing to the side contralateral to the primary focus.

Preoperative to postoperative changes in memory perfor-
mance were analysed on a group level with repeated-measures
(rm) analysis of variances with surgery as the within-subjects
factor. Between-subjects factors were pathology and surgical
side. We included the onset of epilepsy and postoperative
seizure freedom as a covariate. The rm analyses have been
conducted with and without the covariates.

To evaluate significant intraindividual changes that might
be masked in group analyses by averaging the results of
patients who improved, declined and showed no change, we
subtracted the preoperative from the postoperative raw score,
that is, positive values indicate improvement and negative
values indicate a decline. The postoperative change for each
patient was classified into three categories (improvement,
deterioration and no change) based on practice-corrected
RClIs (with a CI of 90%). We performed % tests of indepen-
dence for pathology and side of surgery.

To evaluate the clinical significance of memory losses after
surgery, we calculated the average losses in the different
memory parameters from 600 to 661 surgically treated TLE
patients at our centre. Based on 1-year postoperative follow-up
assessments, RCIs (with a CI of 90%) were calculated. We then
identified patients with larger-than-average memory decline
after surgery, that is, a patient’s drop in memory performance
was significantly larger than the average drop recorded in the
TLE reference cohort. Finally, we calculated Odds Ratios for
the two pathology groups.

Additionally, we considered floor effects in visual memory
analysis, as they were observed in 28% of patients, evenly
distributed across the two groups. A floor effect occurs when
a patient performs so poorly on a test that a decline cannot be

reliably measured, that is, patients with preoperative scores
smaller than the RCls.

We used an alpha level of 0.05 for all statistical tests. Effect
size is measured by partial eta square (n2). N12=0.01 indicates a
small effect, N12=0.06 indicates a medium effect and n2=0.14
indicates a large effect. All analyses have been conducted in
IBM SPSS V.25 and jamovi V.2.2.2.

RESULTS

Clinical characteristics

The study sample’s demographic and clinical characteris-
tics are given in table 1. Forty-three per cent of the patients
underwent anterior temporal lobectomy (ATL), and 57%
underwent trans-sylvian selective amygdalohippocampec-
tomy (tsAH). There was no significant difference between
ATL and tsAH regarding seizure freedom, F(1,98)=1.11,
p=0.30, 2=0.01. The groups differed significantly regarding
age at epilepsy onset (£(96)=2.52, p=0.01), duration of
epilepsy (¢(95)=-3.24, p<0.01) and the number of MRI-
negative cases (y2(1)=8.37, p<0.01). GO was associated
with later epilepsy onset, shorter duration and more frequent
MRI-negative cases. The groups did not differ significantly
regarding intelligence.

gliosis only

m hippocampal sclerosis
verbal learning

[

verbal delayed free recall

verbal recognition

visual learning

visual recognition

o
N
5}

40 60 80 100
ive memory i i (in %)

Figure 1  Preoperative frequency of memory impairments (displayed
as percentages). Standardised preoperative memory scores <90 were
classified as impaired.

Table 2 Preoperative and postoperative memory performance (displayed as standard values, M=100, SD=10).

Left Right
pre mean (SD) post mean (SD) pre mean (SD) post mean (SD)
Verbal learning GO 90.5 (10.9) 79.3 (10.4) 89.0 (11.75) 87.1 (13.1)
HS 83.3(7.4) 80.0 (9.6) 86.3(9.7) 87.2 (15.0)
Verbal delayed free recall GO 84.4 (16.9) 72.6 (7.8) 86.2 (15.9) 86.0 (15.1)
HS 75.7 (9.4) 70.3 (9.1) 82.8(12.2) 82.1 (13.6)
Verbal recognition GO 91.8 (20.5) 73.2 (19.9) 83.7(21.1) 83.4(31.7)
HS 75.1 (24.9) 69.4 (20.8) 85.5 (15.8) 78.7 (25.6)
Visual learning GO 84.0 (13.6) 76.8 (10.7) 80.4(10.1) 78.1 (8.7)
HS 85.4 (10.6) 85.5(10.7) 80.1(9.2) 78.8 (9.4)
Visual recognition GO 85.9(19.8) 83.7(19.2) 89.2 (11.2) 82.5(16.0)
HS 95.4 (10.6) 97.3(12.1) 81.6 (13.4) 82.9(16.0)

GO, gliosis only; HS, hippocampal sclerosis.
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Preoperative memory

Patients with GO and HS showed impairments in almost all
verbal and visual memory parameters (see table 2). Overall,
visual learning was most frequently impaired, followed by
verbal learning and delayed verbal recall (see figure 1). Perfor-
mance was unimpaired in 19% of the GO patients and only
4% of the HS patients.

Group-level analysis indicated that GO patients performed
better in verbal learning (F(1,91)=4.98, p=0.028, 2=0.05),
and verbal delayed free recall (F(1,91)=4.12, p=0.04,
7?=0.04). Visual learning was significantly more impaired
in right than left mTLE (F(1,91)=4.31, p=0.04, #2=0.04).
Interaction effects between lateralisation and pathology were
found for verbal (F(1,91)=3.77, p=0.05, #2=0.04) and visual
recognition (F(1,76)=9.26, p=0.01, #2=0.09), indicating that
verbal recognition was most impaired in left HS and visual
recognition in right HS. The age at onset of epilepsy did not
significantly affect the preoperative performance (p>0.05).

Consistent with the group-level analysis, individual-level
analyses revealed that verbal learning, verbal delayed free
recall and verbal recognition were more frequently impaired
in HS than in GO in left mTLE (Fisher’s exact test, each
p<0.01). Also, visual recognition (Fisher’s exact test, p<0.01)
was more frequently impaired in right HS. Most patients
showed deficits in visual learning without significant group
differences (p>0.05).

Looking into individual atypical memory profiles, the
performance of patients with GO is significantly more often
unimpaired (14%) than in patients with HS (6%), but there
were no significant differences regarding bilateral or contra-
lateral impairment patterns (Fisher's exact t-test, p>.05).

Preoperative to postoperative memory change

Seizure freedom was reached in only 63% of the patients with
GO but in 82% of patients with HS (y2(1)=4.14, p=0.04).
Overall, verbal memory declined more frequently and severely
than visual memory in both groups (see table 2), with more
pronounced effects in patients with GO, especially following
left TLS. The frequencies of intraindividual losses and gains
following left and right TLS are presented in figure 2.

Verbal memory
Learning (F(1,87)=8.53, p=0.004, #2=0.003) and delayed
free recall of verbal information (F(1,87)=5.86, p=0.02,
7?=0.002) significantly declined after left TLS in both
pathology groups. In addition, postoperative loss in learning
performance was marginally greater in patients with GO
(F(1,87)=4.30, p=0.04, #2=0.002; see figure 3), with a
tendency of a more pronounced loss after left TLS. Recogni-
tion remained unchanged (p>0.05). Seizure freedom did not
significantly impact other postoperative outcomes (p>0.05).
Correspondingly, on an individual level, a decline in verbal
learning and recall performance occurred twice as often in
GO than in HS following left TLS (x2(2)=7.82, p=0.02). At
the same time, GO was associated with more gains in verbal
recognition than HS (y2(2)=8.44, p=0.01). After right TLS,
there was no significant group difference (p>0.05). The
results remained robust when excluding patients with atypical
language dominance.

Visual memory
To account for floor effects in visual learning (p>0.05), data
from 28% of the patients were excluded from further analysis.

decline (without floor effects) improvement

80 70 60 50 40 30 20 10 % 10 20 30 40
f " L . L n L N 8 " L L .

verbal learning

right 27 13
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Figure 2 Intraindividual memory change from preoperative to
postoperative assessment (displayed in % of patients who declined (left)
or improved (right)). The results of all patients without floor effects are
included. The postoperative change was classified into three categories
(improvement, deterioration and no change) based on practice-corrected
reliable change indices (with a CI of 90%) derived from 100 to 142
reassessed healthy controls.

After left TLS, and on a group level, learning declined signifi-
cantly more in patients with GO than HS, while losses were
comparable following right TLS, F(1,63)=4.62, p=0.035,
72=0.068; see figure 4). Recognition tended to decline only
in patients with GO following right TLS (p>0.05, see table 2).
Postoperative seizure freedom did not significantly impact cogni-
tive outcomes (p>0.05).

The individual-level analysis confirmed that a deterioration in
learning following left TLS was almost twice as likely in GO,
though the result failed to reach statistical significance (p>0.05).
Following right TLS, no statistical significance was found for
learning or recognition (p>0.05). The results were similar when
the analysis was performed without considering floor effects.

Significance of postoperative memory losses
In both pathology groups, we identified patients with larger-
than-average memory losses after surgery (see table 3). However,
patients with GO were more likely faced with a loss of perfor-
mance in verbal and visual memory much larger than the average
loss of the TLE cohort (OR=1.61-3.45).
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Figure 3  Verbal learning before and after left TLS (estimated marginal
means in standard values, M=100, SD=10). TLS, temporal lobe surgery.

DISCUSSION

This study investigated the preoperative memory performance
and postoperative memory outcomes in patients with mTLE due
to either histopathologically confirmed GO or HS. Following
previous studies describing HS and GO as different clinical
entities, we analysed potential functional differences based
on memory tests sensitive to temporal lobe pathology and the
effects of TLS, ! 217232627

Recent histopathological analysis indicates that HS is associ-
ated with neuronal cell loss and reactive astrogliosis, while GO
is associated with reactive astrogliosis only and no hippocampal
cell loss.” Together with imaging studies, which describe less
volume loss and fewer signal alterations in the ipsilateral hippo-
campus in patients with GO, better structural integrity than in
HS can be assumed.® In addition, imaging data suggest a more
bilateral affection in GO.? As preoperative performance in mTLE
depends on the overall pathological status of the hippocampus,
we expected to see mild but less specific memory impairments
before surgery in patients with GO versus HS."!

Better preoperative performance is a risk factor for cognitive
decline. According to the functional adequacy model, postoper-
ative memory loss depends on the tissue’s functional integrity to
be resected.” # Consequently, better preoperative performance
should put these patients at a greater risk for postoperative
cognitive decline.

In line with previous reports, significant differences between
the two pathology groups were already evident from a clinical
perspective. The age of onset was later, and the duration of
epilepsy was shorter in GO than in HS. MRI findings were more

left
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Table 3  Frequency of patients with a larger-than-average memory
decline

GO HS OR; 95% CI
Verbal learning 12 (25%) 5(10%) 2.85;0.92 t0 8.85
Verbal memory 9 (18%) 3 (6%) 3.45;0.87 t0 13.63
Visual learning 9 (25%) 6 (17%) 1.61;0.51 t0 5.13

GO, gliosis only; HS, hippocampal sclerosis.

frequently either negative or bilateral in our GO cohort. Our
results indicate that GO is a milder but more diffuse pathology
than HS, confirming previous research.’*° The more diffuse clin-
ical picture likely contributes to the lower postoperative seizure-
freedom rates found in our patients with GO (63% vs 82%).
The groups were matched for the side and surgical proce-
dures, and no differences in sex, intelligence or age at surgery
were found. In line with our hypotheses, GO was associated with
less frequent, less severe and more non-specific memory impair-
ments than HS before surgery. This result aligns with previously
mentioned studies reporting significant correlations between the
structural hippocampal integrity and the degree of preoperative
memory impairment.’ '* The memory profiles of the groups
primarily differed because of the larger proportion of unimpaired
patients in GO. The suggested differences in bilateral or contra-
lateral impairment rates did not reach statistical significance.

The surgical removal of structurally and functionally intact
mesial structures results in a higher risk for a more significant
loss of memory after surgery." *' Consistent with this, patients
with GO experienced a more frequent and severe postoperative
decline in verbal and visual memory than patients with HS, espe-
cially after left TLS.>*™ The frequency of decline in GO exceeds
the rate previously reported for TLS, i.e. verbal memory dete-
riorates in 40%-50% after left and 20%-30% after right TLS,
while visual memory decline occurs in 20%-30% after left or
right TLS."3* Compared to HS, there is a threefold risk in GO
patients for a larger-than-average decline in verbal memory and
a twofold risk for visual memory, based on our patient norms
. The results remained robust when statistically controlling for
relevant clinical differences between the groups.**™*

The question of when memory decline becomes a disabling
complication is a matter of debate.*® Interindividual differences
in daily experiences, activities and demands must be considered
when assessing the ecological impact of list learning impairments

right -gliosis only
90 - -hippocampal sclerosis
88 -
85 -
83 - |
80 -
|
78 -
75 T 1
preoperative postoperative

Visual Learning

Figure 4 Visual learning before and after TLS (estimated marginal means in standard values, M=100, SD=10). TLS, temporal lobe surgery.
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on everyday memory.** However, a recent study found that list
learning was highly predictive of how well TLE patients remem-
bered details from a real-life event,* that is, incidental learning
and memory of materials, concepts, and contents of a 3-hour
neuropsychological evaluation 1 week later. A verbal list learning
ability one and a half SDs below the normative mean corre-
sponded to a recall of a personal event, which resembled half of
what a healthy control could recall. Future studies will have to
determine how the extent of postoperative decline impacts the
functioning of everyday living.

In conclusion, the histopathological, clinical and neuropsy-
chological features of GO suggest a milder and more diffuse
pathology, which has been discussed to possibly be associated
with inflammatory processes and chronic astrocytic activation/
dysfunction.’ *® The absent neuronal cell loss and the intact
internal architecture found in GO explain the milder memory
impairments before surgery in this group.” The less distinct
memory patterns can be attributed to a more bilateral affection
of the hippocampal regions in GO, as suggested by radiological
findings.®

Noteworthy, this parallels findings in patients with late
onset TLE and absent definite structural damage associated
with autoimmune-related or inflammatory pathologies. These
patients also show less specific memory impairments, implying
a bilateral frontolimbic dysfunction rather than a lateralised
hippocampal dysfunction.” *®

From a clinician’s point of view, it would be essential to have
indicators for the presence of GO and the increased risk of post-
operative memory decline before surgery. First, the described
radiological characteristics (bilateral signal intensity changes in
T2 FLAIR) and the mild memory impairment may serve as good
indicators. Second, even when no MRI indicators are present,
we know from MRI-negative and histopathology-negative MTL
patients with no to moderate memory impairment, that they
are at an exceptional risk to show severe memory decline after
surgery.”

One question remains unanswered. Assuming that GO is
indeed associated with past or ongoing inflammatory processes,
is there a higher risk for GO patients to experience progressive
memory decline in addition to the postoperative losses? To our
knowledge, this question has not yet been addressed separately
for patients with GO or HS. However, the histopathological
evaluation of resected hippocampal specimens from surgically
treated patients with Limbic Encephalitis points to a possible
link between long-lasting immune reactions in the MTL, HS and
the development of neurodegenerative diseases.>®

LIMITATIONS

A limitation of our study is the retrospective study design.
However, this allowed us to match the patient groups according
to relevant clinical aspects, that is, type and side of surgery.
Data on language decline after surgery modulating memory loss
could be of interest but were not available for most patients.
According to our knowledge, this is the first study to describe
distinctive memory profiles of patients suffering from mTLE due
to GO compared with HS before and after surgery. Postoper-
ative changes were evaluated on a group and individual level
in the largest subset of patients with GO reported to date with
relevant clinical information otherwise masked through group
data. Furthermore, we employed valid cognitive measures with
proven sensitivity to left and right TL pathologies and surgeries.*’
A larger sample size and a more extended postoperative obser-
vation period would be required to assess the influence of

different surgical (tsAH or ATL) and possibly anti-inflammatory
approaches in treating mTLE due to GO.

CONCLUSION

This study provides confirmatory evidence that GO is distinct
from HS based on histopathology, imaging and cognitive func-
tion. The two pathologies are associated with different seizure
freedom rates after surgery and the risk of postoperative memory
decline. The different risk-benefit ratio regarding the surgical
treatment of GO calls for a more pathology-dependent surgical
decision making and patient counselling.

Our results show that we need a better understanding of the
pathomechanisms involved in GO, both regarding aetiology in
the disease course and as the basis for more targeted and tailored
treatments.” '
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Introduction

Abstract

Objective: Transsylvian selective amygdalo-hippocampectomy (tsSAHE) repre-
sents a generally recognized surgical procedure for drug-resistant mesial tempo-
ral lobe epilepsy (mTLE). Although postoperative seizure freedom can be
achieved in about 70% of tsSAHE, there is a considerable amount of patients
with persisting postoperative seizures. This might partly be explained by differ-
ing extents of resection of various tsSAHE target volumes. In this study we ana-
lyzed the resected proportions of hippocampus, amygdala as well as piriform
cortex in regard of postoperative seizure outcome. Methods: Between 2012 and
2017, 82 of 103 patients with mTLE who underwent tsSAHE at the authors’
institution were included in the analysis. Resected proportions of hippocampus,
amygdala and temporal piriform cortex as target structures of tsSAHE were vol-
umetrically assessed and stratified according to favorable (International League
Against Epilepsy (ILAE) class 1) and unfavorable (ILAE class 2—6) seizure out-
come. Results: Patients with favorable seizure outcome revealed a significantly
larger proportion of resected temporal piriform cortex volumes compared to
patients with unfavorable seizure outcome (median resected proportional vol-
umes were 51% (IQR 42-61) versus (vs.) 13 (IQR 11-18), P = 0.0001).
Resected proportions of hippocampus and amygdala did not significantly differ
for these groups (hippocampus: 81% (IQR 73-88) vs. 80% (IQR 74-92)
(P = 0.7); amygdala: 100% (IQR 100-100) vs. 100% (IQR 100-100) (P = 0.7)).
Interpretation: These results strongly suggest temporal piriform cortex to con-
stitute a key target resection volume to achieve seizure freedom following
tsSAHE.

of mesial TLE (mTLE), a selective amygdalo-hippocam-
pectomy via the transsylvian approach (tsSAHE) was

Temporal lobe epilepsy (TLE) is one of the most com-
mon entities of epilepsy, first described by Hughlings-
Jackson in 1898." In approximately 30% of patients, sei-
zures are refractory to drug treatment.>” Since the first
randomized controlled trial by Wiebe et al. has shown
significantly improved outcomes with epilepsy surgery
over drug treatment in refractory TLE, resective temporal
lobe surgery (rTLS) has become a reasonable option for
treatment in these patients.* Especially for the treatment

introduced.” The aim of this approach was to perform a
lesionectomy of mesiotemporal structures avoiding
trauma to the adjacent healthy temporal neopallial areas
and to the vasculature.® Despite reported seizure freedom
rates between 60% and 70%, there is a considerable
amount of patients with continued seizures after epilepsy
surgery.” The reasons behind failure of surgery for mTLE
are diverse and vary between cases. In the previous dec-
ades, many efforts were made to identify a sufficient

© 2020 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association 177
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resection extent of mesiotemporal structures.* 2 How-
ever, results from these studies have been conflicting and
the issue of optimal extent of resection remains contro-
versial."?

A recently published study by Galovic et al. reported
strong evidence for the association of piriform cortex
resection with surgical seizure outcome in patients with
TLE who underwent a standard anterior temporal lobe
(ATL) resection.'* Thus, extended removal of the piri-
form cortex has been shown to significantly increase the
probability of becoming seizure free. Against this back-
drop, the piriform cortex seems to constitute a novel key
target volume for ATL resections. However, the impact of
piriform cortex resection in the setting of transsylvian
SAHE for treatment of mTLE is still unknown. Therefore,
the aim of this study was to investigate whether the
extent of piriform cortex resection might significantly
contribute to postoperative seizure outcome in the course
of tsSAHE.

Methods

Patient population and presurgical
evaluation

Patients with TLE who underwent rTLS between 2012
and 2017 were reviewed from the prospectively kept epi-
lepsy surgery database at our hospital. The establishment
of this database was approved by the local ethics commit-
tee. Informed consent was not sought as a retrospective
design was used.

During the studied period, rTLS was performed in a
total of 184 patients. For patients suffering from unilateral
mTLE, in our center the tsSAHE is the first-line surgical
treatment option. The rationale for surgical procedure
selection was based on the magnetic resonance imaging
(MRI)-documented pathological lesion as well as putative
epileptogenic tissue volumes as suggested in the course of
preoperative clinical and electroencephalographical evalu-
ation as previously described for our interdisciplinary epi-
lepsy center."

All patients were presurgically assessed in the depart-
ment of epileptology and were considered to be suitable
for surgery.'®'® The evaluation included detailed history
of seizures, medical history, high resolution structural
3.0 Tesla MRI, neuropsychological assessment,'® and
video-electroencephalography (EEG) monitoring using
continuous recordings. In patients with absent or several
lesions on MRI — the latter defined as any coexistent
extratemporal lesion beyond the ipsilateral temporal lobe
that had undergone surgery for tsSSAHE — positron emis-
sion tomography (PET) and single-photon emission com-
puted tomography (SPECT) were performed in order to

V. Borger et al.

identify a seizure focus. In cases with nonconclusive find-
ings, invasive EEG monitoring was performed using
stereotactically implanted depth electrodes.”® Following
completed evaluation, the extent of resection was deter-
mined in every individual candidate by the interdisci-
plinary epilepsy conference.

Accordingly, the tsSAHE was performed in 103 consec-
utive patients. To establish a uniform code of study qual-
ity, we only included patients with (a) at least completed
12 months of follow-up after surgery; (b) available pre-
and postsurgical structural magnetic resonance imaging
(MRI) scans acquired according to the identical scanning
protocol and (c) tsSAHE that was performed as a highly
standardized surgical procedure by three neurosurgeons
(H.V., V.B.,, M.H.). Considering the abovementioned
inclusion criteria, 12 patients were lost to follow-up and
nine patients had limited postoperative MRI-protocols. A
total of 82 eligible patients were included in the analysis.
All patients suffered from medically refractory mTLE and
had undergone adequate treatment with at least two first-
line antiepileptic drugs (AED).

Surgical procedure of transsylvian selective
amygdalo-hippocampectomy

All surgical procedures were performed under general
anesthesia using intraoperative neuronavigation and intra-
operative neurophysiological monitoring with motor
evoked potentials (MEP) and somatosensory evoked
potentials (SSEP). The goal of surgery was to anatomi-
cally remove mesiotemporal target structures that entail
presumed seizure focus. For SAHE, exclusively the trans-
sylvian approach as described by Yasargil et al.® with sev-
eral modifications was used by all neurosurgeons. The
surgery was performed as a highly standardized proce-
dure. Shortly described, the patient is positioned supine,
the head is fixed in Mayfield-Clamp turned 45° to the
opposite side, and the vertex is tilled 5-10° to the bot-
tom. A standard pterional craniotomy was performed.
Attention was paid to extend the frontal margin of the
bone flap to the mediopupillar line. After opening of the
dura, the proximal sylvian fissure was dissected and the
sylvian fossa was exposed. In the next step, the deep syl-
vian vein and limen insulae were identified and a small
pial incision into the piriform cortex, 2-3 mm lateral to
the M, segment and lateral to the deep sylvian vein, was
performed. The resection of the superior and lateral parts
of the amygdala was performed using neuronavigation
and ultrasound suction system (CUSA) just along the lat-
eral border and ventral to the tip of the temporal horn
until the temporobasis was reached. From this point, the
further resection of amygdala and uncus was performed
using CUSA or Penfield dissector, until the pial and
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arachnoid membranes, adjacent to the crural and ambient
cisterns, was reached. The temporal horn was then
opened using a dissector and the coroidal point was iden-
tified followed by resection of the anterior part of the
hippocampus. The body of the hippocampus was then
resected en bloc and obtained for histopathological analy-
sis. The resection of dorsal parts of the hippocampus was
extended until the level of the tectum.

Imaging and volumetric analysis

All MRI studies were performed pre- and postoperatively
at the same 3.0 Tesla scanner (Achieva TX, Philips
Healthcare, Best, the Netherlands) with identical scanning
protocols. All patients underwent MRI within 2-3 days
postoperatively in order to detect the extent of resection
of desired structures. The pre- and postoperative scans
were measured as a pair by two independent and blinded
raters. For postoperative assessment the same landmarks
were used and preoperative outlines were transposed onto
postoperative scans. The volumetric analysis was per-
formed by A.-L.P. and M.S. after training and under con-
tinuous supervision provided by V.CK. and L.S. (8 and
25 years of experience in tumor volumetry) using com-
mercially available software (Intellispace 8.0, Philips
Healthcare, Best, the Netherlands). V.C.K. checked and
analyzed data for accuracy and methodological consis-
tency afterwards. The volumes of amygdala, hippocampus
and piriform cortex were obtained from presurgical and
postsurgical Imm isovoxel 3D TI1-weighted MPRAGE
scans. The resected proportions of amygdala, hippocam-
pus and piriform cortex were then calculated in each
individual. In this series, the segmentation and volumetry
of hippocampus, amygdala and piriform cortex were
manually performed by trained raters under continuous
supervision by experienced neuroradiologists. Each hip-
pocampus was traced in coronal, axial and sagittal plane.
The entire length of each hippocampus was manually out-
lined to anatomic landmarks. The anterior border of the
hippocampus was defined by distinguishing from amyg-
dala by the presence of the alveus or the cerebrospinal
fluid (CSF) of the lateral ventricle (e.g. uncal recess).?1??
The posterior border was reached when the fornices were
visible in their full length in sagittal plane. The anterior
mesial border was defined by the posterior portions of
the uncal fissure whereas the posterior mesial border was
made up by the open end of the hippocampal fissure.
The CSF of the lateral ventricle defines the lateral bound-
ary of the hippocampus. The white matter of the parahip-
pocampal gyrus below the subiculum defines the inferior
limit. The manual volumetrical segmentation of the
amygdala was performed according to existing proto-
cols.”> In short, the posterior border was defined in the

© 2020 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association
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coronal plane by the alveus that appears inferiorly to the
amygdala and the head of the hippocampus, which is
inferior-medial. The axial plane was used to identify the
medial and lateral border. The ambient cistern limited the
medial boundary. The lateral border was defined by the
inferior horn of the lateral ventricle. For the identification
of the inferior border, the amygdala was traced in the
coronal slices. The tentorial indentation was a demarca-
tion line between amygdala and entorhinal cortex. The
anterior limit was defined at the level of the closure of
lateral sulcus, which could easily be found in the axial
sections.

For volumetric analysis of piriform cortex, we basically
employed the work reported by Vaughan and Jackson.
Thus, the human piriform cortex was subdivided in a
frontal and a temporal part. In the temporal lobe, the pir-
iform cortex becomes contiguous to periamygdaloid cor-
tex both anatomically and functionally, and posteriorly
extends to overlie the amygdala complex. Medially, piri-
form cortex limits to the entorhinal cortex with the sulcus
semiannularis as its border. In the frontal lobe, the piri-
form cortex extends from the fundus of the entorhinal
sulcus, and is limited medially by the olfactory tubercle
and the lateral olfactory tract. The extent of the piriform
cortex in the posterior — anterior direction in coronal
plane begins at the level of the opening of the hippocam-
pal fissure. From this level, the anterior limit is at the
level of the limen insulae. The frontal part of the piriform
cortex was definded in accordance to Vaughan and Jack-
son’* as a triangular region, which starts from the fundus
of the endorhinal sulcus and is bounded medially by the
olfactory tubercle and the lateral olfactory tract. The
boundary between the superior medial border of the
amygdala and piriform cortex is represented by the peri-
amygdaloid cortex (PAC) area. Given by the fact, that in
the MR imaging, the discrimination between PAC and
piriform cortex is not possible, we grouped the piriform
cortex and PAC together for further volumetric analysis.
This approach is feasible because both these areas are clo-
sely connected both spatially and functionally and were
also previously reported by Congalves Pereira et al.>®

Due to its eloquent localization and inherent risk of
vascular damage, the frontal part of the piriform cortex
was not intended for resection during tsSAHE. Given by
this fact, we consequently excluded the frontal part of the
piriform cortex for volumetric analysis.

Seizure outcome analysis

Seizure outcome was assessed during follow-up visits at 6
and 12 months. At the 12 months visit, all patients
underwent thorough clinical examination, evaluation of
seizure outcome, Video-EEG recording, high resolution
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structural 3 Tesla MRI, and neuropsychological reassess-
ment. Postoperative seizure outcome was assessed accord-
ing to the ILAE classification.”® Patients were divided into
two groups according to the seizure outcome (group I:
ILAE class 1; group II: ILAE class > 2). The ILAE class 1
outcome was considered favorable, the ILAE class > 2
outcome unfavorable.

Statistical analysis

Statistical data analysis was performed using software pack-
age SPSS (IBM SPSS Statistics for Windows, Version 25.0.
Armonk, NY: IBM Corp.). Associations between parametric
variables were analyzed using unpaired, two-tailed Student
t-test. The Mann-Whittney-U test was chosen to compare
continuous variables as the data were largely not normally
distributed. Associations of categorical variables were com-
pared using Chi-square test or Fisher exact test. Results with
P < 0.05 were considered to be statistically significant. For
identification of independent risk factors for unfavorable
postoperative seizure outcome (ILAE class > 2), a two-level
logistic regression analysis was performed including the
variables with significant P-values in univariate analysis. The
results of the analysis were presented as odds ratios (OR)
with 95% confidential interval (CI). Finally, receiver operat-
ing characteristic (ROC) analysis was performed to explore
the power of the resulting model.

Neuropsychological assessment

The neuropsychological evaluation focused on tests of
verbal and nonverbal memory representing temporal lobe
functions. In addition, attention and executive functions,
visuo-spatial abilities, language and motor functions were
considered. Verbal learning and memory were measured
via the VLMT, a German adaptation of the Rey Auditory
Verbal Learning Test.”” For nonverbal learning and mem-
ory the revised version of the DCS-R was applied.*® Paral-
lel versions of the VLMT and DCS-R were employed to
minimize practice effects at the follow-up. Attention was
assessed by the EpiTrack®® and a letter cancellation task.
Language assessment comprised confrontation naming
and a comprehension task (Token Test). Evaluation of
visuo-spatial abilities was carried out by administering
mental rotation and WAIS block design. The tests and
their references are described in previous articles.*

Pre- and postoperative test results from each cognitive
domain were summarized and classified into a five-point
scale ranging from severely impaired to above average
(severely impaired = 0, at least two test scores > 2SD
below the mean of the normative sample; impaired = 1,
at least two test scores > 1SD below the mean; border-
line = 2, one test score below the mean; unimpaired = 3,

V. Borger et al.

no test score > 1SD below the mean; above average = 4,
at least two test scores > 1SD above the mean). The dis-
tance between two subsequent categories approximately
corresponds to one SD from the mean standardized score
across all test scores of the respective domain.”'

Statistical analysis

The neuropsychological outcome was defined as the
intraindividual change of cognitive categories from pre- to
postoperative assessment. Therefore, we subtracted the
postoperative from the preoperative category score per
domain. A positive value indicated improvement, a nega-
tive value indicated deterioration, a value of zero indicated
no change.” To investigate postoperative changes depend-
ing on the side of surgery we performed chi-square tests for
each cognitive domain (attention, verbal memory, visual
memory, language). In addition, language was examined
with separate repeated measures analyses of variance with
raw scores from the Token Test, Boston Naming Test and
phonemic fluency as within-subjects factors and side of
surgery as the between-subjects factor. We chose nonpara-
metric tests, since our data were not normally distributed.
To predict which factors influence the postoperative cogni-
tive outcome, separate multiple linear regressions (enter
method) were calculated for each cognitive domain. As
potential predictors we included the extent of resection of
piriform cortex, baseline performance, seizure freedom,
and side of surgery as independent variables.

Results

Patient characteristics

Between 2012 and 2017, 82 patients with drug-resistant
mTLE underwent tsSAHE at the authors’ institution.
Postoperative seizure freedom in terms of ILAE class 1
could be achieved for 59 patients (72%) (Table 1).

Side of surgery did not significantly impact the postop-
erative seizure outcome: 30/42 patients (71%) were sei-
zure free after left tsSAHE and 29/40 patients (73%) were
seizure free after right tsSAHE (P = 1.0).

In the course of pre-surgical evaluation, invasive diagnos-
tics using depth electrodes were performed in 12 patients
(20%) within the ILAE class 1 group and nine patients
(39%) within the ILAE class 2—6 group (P = 0.1). The
histopathological analysis revealed that 52 out of 67 (88%)
patients with hippocampal sclerosis had a favorable out-
come, compared to seven out of 15 (47%) patients with glio-
sis or other pathology. Piriform cortices did not exhibit any
identifiable preoperative MRI lesions. Coexistent MRI
lesions comprised extratemporal gliosis in 9/59 patients
(15%) and gray-white differentiation disorders in 5/59
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Table 1. Baseline patient characteristics according to ILAE class sei-
zure outcome’.

ILAE class 1 ILAE class 2 P
Characteristics (n=59) -6 (n=23) Value
Sex
Male, n (%) 28 (47) 14 (61) 0.33
Female, n (%) 31 (53) 9 (39)
Age at epilepsy onset (mean 16.8 £ 142 17.0 £ 12.1
years + SD)
Duration of epilepsy (mean 227 £13.2 200+ 164
years + SD)
Age at surgery (mean 39.2 £ 141 36.2 £ 14.2
years + SD)
Site of surgery
Left, n (%) 30 (51) 12 (52) 1.0
Right, n (%) 29 (49) 11 (48)
Invasive presurgical evaluation 12 (20.3) 9 (39) 0.1
with depth electrodes n (%)
Preoperative MRI findings
Unilateral hippocampal 52 (88.1) 16 (69.6) 0.06
sclerosis, n (%)
No lesion, n (%) 4 (6.8) 5(21.7) 0.1
Hippocampal gliosis, n (%) 1(1.7) 2 (8.6) 0.19
Unspecific hippocampal 2(3) 0(0) 1.0
lesion
Coexistent lesions? 10 (17) 421) 1.0
Histology of hippocampus
Hippocampal sclerosis, n (%) 52 (88.1) 15 (65.2) 0.03
Hippocampal gliosis, n (%) 7(11.9) 6 (26.1) 0.18
Others, n (%) 0 (0.0) 2 (8.7) 0.08
Peri- and postoperative 2(3) 3(13) 0.1

complications

ILAE, International League Against Epilepsy; SD, standard deviation.
"Values represent number of patients unless otherwise indicated (%).
’Defined as any coexistent extratermporal lesion beyond the ipsilateral
temporal lobe of surgery.

patients (8%). Peri- and postoperative complications were
present in five out of 82 patients (6%) and accounted for
postoperative bleeding in one case (1%) and postoperative
wound infection and meningitis in four cases (5%). Further,
peri- and postoperative unfavorable events did not signifi-
cantly impact the postoperative seizure outcome: two out of
59 (3%) patients with ILAE class 1 and three out of 23 (13%)
patients with ILAE class 2—6 (P = 0.1) exhibited surgery-as-
sociated complications. For further details on patient char-
acteristics see Table 1.

Extent of temporal piriform cortex
resection predicts postoperative seizure
outcome

While volumetric analysis of pre- and postoperative target
volumes did not vyield significant differences in the
resected proportions of hippocampus and amygdala for

Resected Piriform Cortex Predicts Seizure Outcome

the ILAE class 1 and ILAE class 2—-6 groups (hippocam-
pus: 81% (IQR 73-88) for favorable versus (vs.) 80%
(74-92) for unfavorable seizure outcome (P = 0.7); amyg-
dala: 100% (100-100) vs. 100% (100-100) (P = 0.6)),
patients with postoperative seizure freedom revealed a
profound reduction in residual piriform cortex volumes.
Thereby, patients with favorable seizure outcome exhib-
ited a median resected proportion of 51% (42—61) com-
pared to 13% (11-18) for patients with postoperative
persisting or deteriorating seizures (P = 0.0001) (Fig. 1,
Table 2).

Figure 2 illustrates the anatomical topography of hip-
pocampus, amygdala and piriform cortex as target vol-
umes in tsSSAHE surgery. Examples of differing extents of
piriform cortex resection are given in Figure 3. Preopera-
tive volumes of abovementioned tsSAHE target structures
did not significantly differ between the groups of favor-
able and unfavorable seizure outcome (Table 3). The vol-
umetric analysis of tsSAHE target volumes according to
affected side by the mTLE is shown in Tables S1 and S2.
Additionally, we analyzed the impact of the extent of piri-
form cortex resection in patients with histological evi-
dence of hippocampal sclerosis and in those without this
pathology. Thereby, we did not find any significant corre-
lation (Table 4). In order to check for a potential influ-
ence of hippocampal sclerosis and the extent of piriform
cortex resection as variables both of which were signifi-
cantly associated with postoperative seizure outcome in
univariate analysis, a two-level logistic regression analysis
including an interaction term was performed. Thereby,

100 — p<0.0001
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ILAE 1 ILAE 2-6

Figure 1. Box-Whisker Plots illustrate seizure outcome dependent on
the proportion of temporal piriform cortex resection. ILAE,
International League Against Epilepsy.
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Table 2. Extent of temporal piriform cortex resection predicts postop-
erative seizure outcome.

Resected proportion1 (median (IQR))

ILAE class 1 ILAE class 2-6 P
(n=59) (n=123) Value
Piriform 51 (42-61) 13 (11-18) 0.0001
cortex
Hippocampus 81 (73-88) 80 (74-92) 0.7
Amygdala 100 (100-100) 100 (100-100) 0.6

ILAE, International League Against Epilepsy; IQR, interquartile range.
"Walues indicated in %.

we could not find any evidence for potential interactions
between these two variables (P = 0.09).

The ROC analysis revealed that 50 out of 59 patients
(85%) with postoperative seizure freedom (ILAE class
1) had undergone resection of more than 26.4% of
preoperative temporal piriform cortex volumes. In com-
parison, 21 out of 23 patients (91%) with postoperative
persistent or deteriorated seizures (ILAE class 2-6)

A
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exhibited resection of less than 26.4% of preoperative
temporal piriform cortex volumes (Fig. 4, Table 5). As
shown in Table 6, the extent of piriform cortex
resection did not correlate with the new onset of
neurological deficits including new visual field impair-
ment.

Neurocognitive outcome

At baseline, cognitive impairments affected the majority
of patients undergoing tsSAHE. Visual memory was most
frequently impaired in 70% followed by verbal memory,
language and attention in about 50% of the patients
(Fig. 5). Postoperative assessments revealed that perfor-
mance in verbal memory tasks dropped in 60% after left
tsSAHE and in 27% after right tsSAHE (X*(2) = 6.87,
P = 0.032). Visual memory deteriorated in 33% after TLS
regardless of side. In contrast, attention improved in
33%, language remained stable in 60% of the patients.
Significant changes in language were found for phonemic
fluency (F(1,39) = 7.43, P < 0.05, eta? = 0.01) and con-
frontation naming (F(1,55) = 9.55, P < 0.05, eta® = 0.15).

I Hippocampus

B Piriform cortex

- Amygdala

Figure 2. lllustration of anatomical topography of mesiotemporal target structures in tsSAHE. tsSAHE, transsylvian selective amygdalo-

hippocampectomy.
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Figure 3. Representative coronal T2-weighted MRI of tsSAHE with differing extent of piriform cortex resection. Pre-(A) and postoperative (B)
images show profound residual volume of piriform cortex compared to a high extent of piriform cortex resection for respective images (C) and
(D). Red arrows in the enlarged sections point at postoperative residual piriform cortices.

Table 3. Preoperative volumetric analysis of tsSAHE target structures
according to seizure outcome.

Table 4. Extent of piriform cortex resection dependent on postopera-
tive histological analysis.

Volumes' (median (IQR))

ILAE class 1 ILAE class 2-6 P
(n =59) (n=23) Value
Piriform 0.39 (0.31-0.47) 0.40 (0.32-0.51) 0.7
cortex
Hippocampus  1.81 (1.54-2.36) 1.99 (1.71-2.50) 0.2
Amygdala 1.05 (0.88-1.24) 1.12 (0.93-1.41) 0.2

ILAE, International League Against Epilepsy; SD, standard deviation;
tsSAHE, transsylvian selective amygdalo-hippocampectomy.
"Walues indicated in ml.

Confrontation naming improved after right tsSAHE and
deteriorated after left tsSAHE. fluency
improved from pre- to postoperative assessment. The
pre- and postoperative memory profile for patients with a
smaller resection extent (less than median) and for
patients with a larger resection extent (more than med-
ian) is displayed in Figure 6.

Phonemic

Proportion of piriform cortex resection’ (median

(IQR))
ILAE class 1 ILAE class 2-6 P
(n =59) (n=23) Value
Hippocampal 50 (42-61) 13 (12-18) 0.0002
sclerosis
Hippocampal 62 (43-85) 13 (7-20) 0.0012
gliosis

ILAE, International League Against Epilepsy; IQR, interquartile range;
tsSAHE, transsylvian selective amygdalo-hippocampectomy.
"Values indicated in %.

According to regression analyses, baseline performance,
surgical side, seizure outcome and extent of piriform cor-
tex resection have proven to be good predictors of post-
operative cognitive outcome explaining between 29%
(attention) and 56% (language) of the variance (Table 7).
Baseline performance is the best predictor for attention,
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Figure 4. lllustration of the association between piriform cortex,
amygdala and hippocampus as target structures and seizure outcome
in tsSAHE. Receiver operating characteristic curves (ROC) reveals the
piriform cortex as the only target volume in tsSAHE to significantly
discriminate between favorable and unfavorable seizure outcome.
tsSAHE, transsylvian selective amygdalo-hippocampectomy.

Table 5. Seizure outcome dependent on the proportion of temporal
piriform cortex resection.

Number of patients

ILAE class 1 ILAE class 2-6 Total
EOR < 26% 9 21 30
EOR > 26% 50 2 52
Total 59 23 82

EOR, extent of resection; ILAE, International League Against Epilepsy.
P < 0.0001.

Table 6. New postoperative neurological deficits dependent on the
extent of piriform cortex resection’.

EOR < 26% EOR > 26% P
(n=30) (n=52) Value
New transient motor 0 (0) 1(2)? 1.0
deficit
New transient aphasia 1(3) 0 (0) 0.4
New visual deficit 17 (61) 33 (63) 0.6
quadrantanopsia 13 (43) 27 (52) 0.5
homonymous 4 (13) 6(12) 1.0
hemianopsia

EOR, extent of resection.
"Values represent number of patients unless otherwise indicated (%).
2transient hemiparesis.
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memory and language. In addition, side of surgery also
predicted the outcome of verbal memory. According to
the B weights the extent of piriform cortex resection con-
tributed little to the regression models.

Discussion

In this study, we presented results from one of the largest
cohorts comparing preoperative and postoperative volu-
metric data on MRI exclusively in candidates suffering
from mTLE and surgically treated using tsSAHE.”> We
showed that extended resection of piriform cortex pro-
foundly predicts seizure freedom following tsSAHE in
patients with mTLE.

In 1990 Siegel et al. provided the first study on 30
patients with TLE, who had undergone tsSAHE with the
focus on the relationship between seizure outcome and
volumetrically estimated amount of removal within tem-
poromesial structures.”® They found that smaller resection
in the cranio-caudal axis was associated with a poorer sei-
zure outcome. Furthermore, the authors concluded that
incomplete resection of the parahippocampal gyrus and
the subiculum results in less favorable seizure outcome.

Recently published data by Galovic et al. comparing
the association between volumetrically calculated extent
of resection in the course of ATL and seizure outcome in
individuals suffering from TLE'* suggest that seizure free-
dom was achieved in 60% of patients if at least 50% of
piriform cortex had been resected. In contrast to the find-
ings by Siegel et al., the analysis performed by Galovic
et al. revealed no significant difference in the amount of
resection of entorhinal cortex between seizure free
patients and patients with continued seizures after ATL.
The results of our series are in line with the findings
made by Galovic and coworkers. However, in contrast
with these findings, in the current series a removal of at
least 26.4% of the temporal part of piriform cortex was
required to achieve seizure freedom in 96% of patients
following tsSAHE.

In their study, Galovic and coworkers used outlining
methods for manual segmentation largely based on the
publication reported by Congalves Pereira et al. The
authors reported, that particularly in the frontal lobe, the
outlining of borders of piriform cortex could be difficult.
Therefore, to obtain more reliable estimates of piriform
cortex volumes, they focused on the temporal extention
of the piriform cortex. It is important to recognize, that
in the study reported by Congalves Pereira et al., the MR
images were acquired on 1.5 T MR scanner with a slice
thickness of 1.5-2.0 mm. In contrast, we performed entire
pre- and postoperative MR scans on a 3.0 T MR scanner
with a slice thickness of 1.0 mm. A similar scan protocol
was applied in the study by Galovic et al. According to
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Figure 5. Histogram demonstrates the results of the preoperative cognitive performance. The results from each cognitive domain summarized
and classified into a five-point scale ranging from severely impaired to above average. The values represent cumulative percentage of
performance categories in each tested cognitive domain according to the side of the TLE.
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Figure 6. Performance in visual (A) and verbal memory (B) before and after surgery according to the extent of piriform cortex resection.

the work reported by Vaughan and Jackson, in our study
we extended the outlining of the frontal part of the piri-
form cortex from the endorhinal sulcus to olfactorial
tubercle limiting it by the lateral olfactorial tract. In con-
trast to our study, Galovic et al. included only 50-75% of
this distance in the volumetric analysis. In light of this
aspect, the segmentation and volumetry of the frontal

part of the piriform cortex was performed slightly more
extensively in our study, compared to the method used
by Galovic et al.

The outlining of the temporal part of piriform cortex
was performed in the same fashion as reported by Galovic
et al. Of note is that the frontal part of the piriform cor-
tex was not included for volumetric analysis in the
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Table 7. Results of regression analysis for prediction of postoperative neurocognitive outcome.

Rai F P Variable B t P
Attention 0.29 7.07 <0.001 Baseline 0.50 4.39 <0.001
Seizure freedom 0.1 0.29 0.77
Surgical side 0.04 0.15 0.88
Piriform cortex 0.01 1.94 0.06
Verbal memory 0.34 9.16 <0.001 Baseline 0.54 4.76 <0.001
Surgical side 0.61 2.30 <0.05
Seizure Freedom -0.57 —1.49 0.14
Piriform cortex -0.01 —1.55 0.13
Visual Memory 0.51 14.85 <0.001 Baseline 0.73 7.57 <0.001
Surgical side —0.09 —0.43 0.67
Seizure Freedom 0.01 0.02 0.98
Piriform cortex 0.00 0.86 0.39
Language 0.56 17.83 <0.001 Baseline 0.60 7.10 <0.001
Surgical side 0.33 1.96 0.06
Seizure Freedom —0.24 —1.04 0.30
Piriform cortex 0.00 0.47 0.64

present series. This difference should be taken into
account, when interpreting both these studies in regard of
the required proportion of piriform cortex resection.
However, the results of our study strongly support the
evidence, that a more extensive resection of the temporal
part of the piriform cortex is associated with a signifi-
cantly higher chance to become seizure free after tsSAHE
in mTLE.

Additionally, the abovementioned discrepancy in
required amount of piriform cortex resection may be
caused by the fact that the population in our series con-
sists of candidates suffering from mTLE who represent a
more homogeneous group of patients with a highly
assumed seizure focus within the mesiotemporal struc-
tures. Therefore, extended resection of piriform cortex
during tsSAHE in patients with mTLE might be more
successful in removing the seizure foci compared to piri-
form cortex resection during ATL in patients with TLE.

Interestingly, a recent study of Wu et al. on laser inter-
stitial thermal therapy (LITT) as a minimally invasive
treatment for mesial temporal lobe epilepsy yielded supe-
rior seizure outcomes for ablation of more mesial and
anterior located target structures than in the case of
dorso-lateral tracts within the hippocampal body.**
Notwithstanding reported data do not allow for distinct
topographical analysis of piriform cortex volumes and
therefore might partly explain worse overall seizure free-
dom rates compared to our series, these results may sup-
port the findings of strictly mesiotemporal located target
volumes to significantly entail postoperative superior
favorable seizure outcome rates.

In regard to neuropsychological outcome, the results in
the current series are in line with previously reported

studies.!®® Resection of piriform cortex was safe and
there was no impact on neurocognitive performance in
regard of extent of resection. Although the role of piri-
form cortex in initiation and propagation of seizures is
well described in animal models, there is little evidence
regarding the exact function of piriform cortex in
humans.’*® Therefore, further research is required to
correlate the extent of resection with both seizure as well
as neurocognitive outcome.

Of note is that the resection of piriform cortex using
the transsylvian approach for SAHE is more challenging
for the surgeon due to several aspects. One of the main
limitations is a narrow operative space and restricted visu-
alization of the temporal part of the piriform cortex. There
is often a need for additional dissection of the brain tissue
or even retraction in order to attempt a better visualiza-
tion of the operating field. These maneuvers may be risky
as parts of basal ganglia, M; segment of the middle cere-
bral artery and other vessels traversing the anterior perfo-
rated substance could be affected. Despite this potential
risk, our data strongly indicate that an effort to access and
remove the temporal part of the piriform cortex should be
made by the neurosurgeon during tsSAHE.

With regard to an extension of piriform cortex resec-
tion to significantly improve favorable seizure outcome,
this study supports the hypothesis that the piriform cor-
tex may profoundly be involved in the genesis of seizures
in the temporal lobe. In addition to the evidence that the
piriform cortex is a part of an epileptogenic network in
rodent models,>®** there are several studies that provide
evidence that piriform cortex might also be involved in
the genesis and spreading of epileptic
humans.***>*® However, when analyzing the reasons

seizures in
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associated with failure of epilepsy surgery in mTLE, the
role of piriform cortex and its extent of resection during
the surgical procedure were underestimated in the litera-
ture.

One of the strengths of the present series is the homo-
geneous study population consisting of candidates with
mTLE. Another strength is that the surgical procedure
(tsSAHE) was performed in a highly standardized fashion
in all patients. The imaging used for volumetric analysis
was obtained from the same MRI scanner according to
the standardized scanning protocol in all individuals.
Despite the retrospective nature of data analysis, data
acquisition was prospective. Patients were not random-
ized, but treated according to the decision of the interdis-
ciplinary epilepsy surgery conference. Beyond doubt this
study has several limitations. Due to its retrospective
design, our study suffers from the risk of bias inherent to
retrospective cohort analysis. Additionally, the present
data represent a single-center experience. However, the
implementation of a standardized neurosurgical approach
and strict definition of inclusion criteria and variables
analyzed in the current series might mitigate some of the
shortcomings of a retrospective study design.

This study provides strong evidence for temporal piri-
form cortex as a novel key target structure in tsSAHE sur-
gery. With regard to a profound increase in the rate of
postoperative seizure freedom following extended piri-
form cortex resection, the authors suggest a renewed and
enhanced surgery regime. The resection strategy during
tsSAHE should take into account the residual temporal
piriform cortex volume as a pivotal predictor for postop-
erative seizure outcome in mTLE.
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ABSTRACT

Introduction: Temporal lobe epilepsy (TLE) surgery is still underutilized, especially in the elderly population
because of concerns related to postoperative complication rate and cognitive deterioration. The aim of the study
was to evaluate surgical data, quality of life and neuropsychological outcome in elderly patients, who underwent
resective surgery for drug resistant TLE.

Methods and materials: All patients underwent standardized presurgical assessment including clinical, neuror-
adiological, neuropsychological, and EEG examination. Elderly were considered all patients being 50 years or
above (mean 56 yr., range 50 — 71 yr.). Neuropsychology was assessed before and after surgery, health-related
quality of life (HRQOL) only after surgery.

Results: A total of 94 consecutive elderly patients were analyzed. Temporo-mesial resections were performed in
85 patients (90 %). Seizure outcome was available in all patients with a mean follow-up of 5.2 years
(1.2—19 =+ 3.75 years). 57 patients (60.6 %) were completely seizure free (ILAE 1). The overall morbidity was
10 % including 5 surgical complications and 5 permanent neurological deficits. Neuropsychological assessments
in 60 patients showed considerable preoperative impairment, losses in different domains in 25-45 % and gains in
about 25 % of the patients. Postoperative HRQOL data was available in 75 patients, revealing significant increase
of HRQOL in all domains. Complete seizure freedom was the strongest predictor for postoperative HRQOL
(p < 0.001).

Conclusion: Surgery for drug resistant temporal lobe epilepsy is a feasible option for elderly patients as seizure
control rates are comparable to the younger population. The acceptable rate of permanent neurological deficits
and relevant improvements in quality of life, despite considerable postoperative cognitive impairment, justify
surgical resection in properly selected elderly patients.

1. Introduction

morbidities. However, the incidence of newly diagnosed drug-resistant
epilepsy in elderly is increasing and due to the recent demographic

Epilepsy is one of the most common neurological diseases, leading
to premature death, cognitive impairment and diminished quality of life
[1,2]. About one third of all epilepsies are drug-resistant and surgery
for drug-resistant focal epilepsy is safe and effective treatment option
with proven better results than medical treatment in cases with tem-
poral lobe epilepsy [3,4].

Epilepsy patients, who are scheduled for surgical treatment, are
usually children or young adults without significant preoperative

development, the number of potential candidates for surgical treatment
in this subgroup is rising as well [5].

Despite these demographic changes and already established evi-
dence regarding the effect of epilepsy surgery, resective treatment in
elderly patients is still underutilized. The reluctance to surgery is
mostly based on concerns regarding increased complication rates and
more severe cognitive deterioration followed by a significant decrease
of patients’ quality of life. Additionally, long lasting epilepsy and older
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age have been shown to be a negative predictive factor associated with
poor seizure outcome after epilepsy surgery. This implies that elderly
patients would benefit less in terms of seizure outcome [6,7].

Recent publications comparing resective surgery in elderly and
younger adults could however show that standardized epilepsy surgery
procedures are not associated with significantly increased patient risk
[8,9]. Additionally, some studies have shown stable neuropsychological
outcomes after surgery in elderly [10]. Elderly patients are more vul-
nerable to the side effects of antiepileptic drugs (AEDs), present much
higher risk for injuries after seizures and show higher mortality after
prolonged seizures [11,12]. Meanwhile, this subgroup of patients is also
becoming healthier with better manageable comorbidities [13], thus
inevitably facing both neurosurgeons and epileptologists with the
question, whether “age” alone is enough to withhold epilepsy surgery to
the elderly population.

The outcomes of epilepsy surgery in the elderly has been poorly
investigated until now. Although some studies have shown similar
epileptological outcome to younger patients [5,8], the investigated
cohorts included heterogeneous population of patients with temporal
and extratemporal epilepsy and present no data in respect of the post-
operative quality of life.

Here, we report a rather homogenous population cohort of 94 el-
derly patients (age = 50 years), who underwent resective surgery for
drug-resistant focal temporal lobe epilepsy. Additionally, we present
long-term seizure outcome, data concerning postoperative health-re-
lated quality of life (HRQOL) and neuropsychological outcome. The
main aim of the study was to provide data on elderly epilepsy surgery
patients, analyze risk and benefit after resective surgery in terms of
seizure outcome and quality of life, and to evaluate a potential risk for
more severe cognitive long-term deterioration or surgical complica-
tions.

2. Methods
2.1. Study group

We identified 119 consecutive patients, who were 50 years or older
and underwent resective surgery for drug-resistant temporal lobe epi-
lepsy. Twenty-five patients did not fulfil the eligible criteria (extra-
temporal resections (n = 15) and incomplete clinical or follow-up data
(n = 10)) and were excluded from the study.

All patients (n = 94, 49 right-sided and 45 left-sided) had under-
gone presurgical assessment according to a standard protocol com-
prising clinical, neuroradiological, neuropsychological and EEG-data
[14]. All preoperative images were reviewed during the inter-
disciplinary epilepsy conference. The preoperative imaging corre-
sponded to specific epilepsy MRI protocols as described elsewhere [15].

The patients were assigned for the regular post-operative visits after
three and twelve months. Follow-up information regarding seizure
outcome (last available outcome, LAO) was obtained from the last
regular yearly outpatient visit or from standardized telephone inter-
views. Some of the data was published previously [16].

2.2. Neuropsychological evaluation

Standardized neuropsychological assessment was conducted prior to
and one year after epilepsy surgery. As previously described [17,18],
the assessment focused on the evaluation of material-specific memory
functions. To assess verbal learning and memory, the Verbaler Lern-
und Merkfdhigkeitstest (VLMT), an adaptation of the Rey Auditory
Verbal Learning Test, was used. Patients had to learn a list of 15 words
in 5 consecutive trials, which were followed by an interference trial, an
immediate recall, a delayed recall and recognition. For the assessment
of nonverbal learning and memory, the revised Diagnosticum fiir Cer-
ebralschddigung (DCS-R) was administered. Patients had to learn 9
different figures over 5 trials, which were followed by a delayed recall

62

113

Seizure: European Journal of Epilepsy 79 (2020) 112-119

and recognition. Attention and executive functions were assessed by a
German letter cancellation test (d2 Aufmerksamkeits- und Belas-
tungstest), a response inhibition task (Kurztest fiir cerebrale In-
suffizienz, ciT. Language was assessed with a phonemic fluency task, an
object naming task (Boston Naming Test) and a verbal comprehension
task (Token-Test). Visuospatial abilities were assessed with a mental
rotation task (Subtest 7 of the “Leistungs-Priifsystem”), the mazes of
Chapuis, and the block design test of the Wechsler Scales (HAWIE-R).
Detailed descriptions of the tests are provided in compendiums of
neuropsychological tests.

Test results from each domain were summarized and classified into
a five- point scale ranging from severely impaired to above average
(0 =severe impairment (at least two test scores > 2 SDs below the mean
of the age-corrected normative sample; 1 =impairment, i.e. at least two
test scores > 1 SD below the mean; 2=borderline, i.e. only one test
score > 1 SD below the mean; 3 =unimpaired, i.e. no test scores > 1
SDs below the mean; 4 =above average, at least two test scores > 1 SD
above the mean) based on the underlying psychometric test results
[19-21]. The distance between two subsequent categories approxi-
mately corresponds to one SD from the mean standardized score across
all test scores of the respective domain. Neuropsychological change
after surgery was defined as the intraindividual change in cognitive
performance from pre- to postoperative assessment; the postoperative
score was subtracted from the preoperative score in each domain. A
positive value indicated improvement, a negative value indicated de-
terioration, a value of zero indicated no change.

2.3. Functional outcome

Neurological status was obtained for each patient at discharge and
from the last regular annual outpatient visit. We used the term “tem-
porary morbidity” when neurological deficits resolved until discharge
or within 30 days. Deficits, which did not resolve after 30 days, were
designated as “permanent morbidity”. Additionally, we analysed post-
operative local and systemic complications during the 30-days period.

2.4. Health-related quality of life (HRQOL)

We routinely use a disease-specific questionnaire for assessing
HRQOL [22]. In brief, the questionnaire addresses the postoperative
self-assessed quality of life of the patients in four subdomains (physical
function, cognitive function, mood, social interaction). An average re-
sult for the respective domain is calculated and these results are given
as percentage of the maximum achievable value. Additionally, overall
health-related quality of life is calculated by building the sum of the
four subdomains, a self-assessment of “overall well-being” and “fear to
experience another seizure”.

Patients are then asked to rate the postoperative changes compared
to the presurgical status as better (+1), equal (0), or worse (-1). The
results concerning changes after surgery are expressed as “trend va-
lues”, where positive values indicate average improvement and nega-
tive values mean deterioration. The last available seizure outcome
(LAO) and the correlated quality of life data are obtained at the same
time. The questionnaire is sent via mail and can be completed in ap-
proximately 15min or is answered during a standardized telephone
interview.

2.5. Seizure outcome

Seizure outcome was evaluated according to the ILAE classification
[23]. ILAE 1 (completely seizure-free) has been referred to as excellent
seizure outcome, whereas patients in ILAE class 1, 2 or 3 at the last
available outcome (LAO) were classified as favorable outcome. The
mean follow-up was 63 months (18-228 months).
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2.6. Statistics

Statistical analysis was performed using a conventional Chi-square
test for the categorical variables. Fisher exact test was used if sample
sizes were < 5 and the Mann-Whitney-U-Test for comparison of non-
parametric values. Mean values of HRQOL domains were compared
using two sample t-tests. A correlation model was created and tested for
significance in order to examine the relationship between different
HRQOL domains and neuropsychological categories. All tests were two-
sided, and statistical significance was set at p < 0.05. 95 % confidential
intervals (CIs) were used. All analyses were performed with SPSS
software (BM Corp. Released 2011. IBM SPSS Statistics for Windows,
Version 20.0. Armonk, NY: IBM Corp).

3. Results
3.1. Patient characteristics and demographical features

94 consecutive elderly patients (age > = 50 years) were included.
There were 44 (47 %) male patients. The mean age at surgery was 56
years (50—71, + 4.4), while the mean duration of epilepsy was 31
years (1 —62, + 15.7). Temporo-mesial resections (including resection
of amygdala and hippocampus) were performed in 85 patients (90 %),
while the rest of the patients underwent temporo-lateral lesionec-
tomies. The histopathological examination revealed 54 patients with
hippocampus sclerosis, 12 patients with long-term epilepsy associated
tumors (LEAT), 12 patients with cavernoma and 16 cases with hippo-
campal gliosis. Further demographic characteristics are presented on
Table 1.

3.2. Seizure outcome

Seizure outcome was available in all 94 patients with a mean follow-
up of 63 months (18 —228, + 45 months). At last available outcome a
total of 75 (79 %) patients achieved favorable seizure outcome

Table 1
Patient cohort with corresponding histopathological results, complication rate
and seizure outcome.

Patient characteristics N %
Demographics
male 44 46.8%
female 50 53.2%
Age (Mean, Range) [yrs] 56 (50—71)
Duration of epilepsy (Mean, 31 (1-62)
Range [yrs)]
Follow-up (Mean, Range) 63 (18—228)
[mos]
Histopathological results
Hippocampal sclerosis 54 57.4%
Long-term epilepsy associated 12 12.8%
tumors (LEAT)
Gliosis 16 17.3%
Cavernoma 12 12.8%
Complications and deficits according to resection site
systemic 2 2.0%
complication
temporo-mesial surgical 5 5.0%
complication
temporary deficit 10 11.8 %
permanent deficit 5 5.9 %
temporo-lateral temporary deficit 1 1.0%
permanent deficit 0 0%
ILAE
1 57 60.6 %
2 3 3.2%
3 15 16.0%
4 18 19.1%
5 1 1.1%
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(ILAE1 —3), and 57 (60.6 %) were completely seizure free (ILAE 1). The
long-term seizure outcome showed stable results with a slight running-
down phenomenon resulting in seizure free rates of 52 % (16 of 32
patients ILAE1) at 5 years after surgery. We found no statistical corre-
lation between age of patients, duration of epilepsy, side or location of
resection or histopathological results of the lesion and postoperative
seizure control.

3.3. Complications and functional neurological outcome

There was no mortality. Two patients (2.1 %) showed systemic
complications (one pulmonary embolism and one cardiac infarction),
which were successfully managed but required extended hospitaliza-
tion. There were 5 surgical complications (5.3 %) (CSF fistula in 3
patients and post-operative hemorrhage in 2 patients). Both systemic
and surgical complications could be managed conservatively without
resulting in permanent morbidity. Permanent neurological deficits
(mild dysphasia (n = 2), aphasia (n = 1), mild hemiparesis (n = 3) and
severe hemiparesis (n = 1)) were observed in five patients (5.9 %).
Both severe complications (aphasia and severe hemiparesis) occurred in
one patient, who suffered an infarction in the territory of the perfor-
ating vessels after a left-sided amygdalohippocampectomy. Eleven pa-
tients (11.8 %) encountered temporary neurological deficits (dysphasia
in 7 patients and oculomotor nerve palsy in 4 patients) (Table 1), which
resolved completely during the postoperative follow-up period. Thus,
the overall permanent morbidity was 5.9 %. There was no correlation
between patients’ age and postoperative morbidity.

3.4. Neuropsychological outcome and post-operative health related quality
of life (HRQOL)

Pre- and postoperative neuropsychological data were available in 60
patients (64 %, 29 females, 29 left-sided resections). The percentage of
patients with impaired to severely impaired performance in at least one
cognitive domain before surgery was 93 %. The rate of impairments per
domain ranged from 37 % to 75 % (Fig. 1A). Visual memory was most
frequently impaired (right: 77 %; left: 72 %), followed by verbal
memory (right: 65 %; left: 72 %), attention (right: 45 %,; left: 34 %) and
language (right: 26 %; left: 50 %). Half of the patients had impaired
visuospatial performance. There were no significant differences be-
tween the surgical sides. Postoperatively the percentages of impair-
ments across domains remained the same. Postoperative course shows
the number of patients with deteriorations and improvements in at-
tention, language, visuospatial and memory functions for each surgical
side (left vs right) (Fig. 1B). To account for floor and ceiling effects we
excluded patients with severely impaired baseline performance and no
losses from the analysis of losses and patients with excellent perfor-
mance and no gains from the analysis of gains. With regard to verbal
memory we excluded 3 patients; to visual memory 14; to visuospatial
abilities and attention one, respectively, from the analysis of losses.
There were no patients excluded with regard to ceiling effects.

Based on this approach, significant individual losses were most
frequent in visual memory (42 %), followed by attention (30 %) and
verbal memory (25 %). A similar proportion of 25 % of the patients
improved in their performance across the different domains (Fig. 1B).

To assess cognitive change on the group level we used repeated-
measures ANOVA and included postoperative seizure freedom (one
year after surgery) and side of surgery into the model. A significant
postoperative decline was shown for verbal memory (F(155) = 5.44,
p < .05, n* =.09). Patients performed significantly worse after left-
sided resections. Visuospatial abilities improved after left-sided resec-
tions but not after right-sided resections (F(152) = 2.55, p < .05,
n? = .10). Changes in attention, language or visual memory did not
reach significance (p = .08-.82).

To assess cognitive change on the individual level we applied Chi-
Square tests including the side of surgery for patients with significant
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Fig. 1. A) Preoperative neuropsychological results for each cognitive domain and surgical side. B) Postoperative outcome in neuropsychological performance.
Percentages were based on significant intraindividual changes from one category to another and were adjusted for floor and ceiling effects. Downward facing bars
indicate deteriorations, upward facing bars indicate improvements. *Significant differences between surgical side.

intraindividual decline, improvement or stable performance. None of
the tests reached statistical significance (p = .07-.41).

Postoperative health-related quality of life (HRQOL) data were
available in 75 patients. The mean overall quality of life score was
51.81 points (from max 64 points, 76.2 %). The highest score was
achieved in the domain “physical function” with 9.72 points (from max.
12 points, 81.2 %), whereas the lowest scores were obtained in the
domain “cognitive function” with 10.91 points (from max. 16 points,
68.2 %) (Fig. 2A).

The self-rated postoperative changes (trend-value) showed positive
values in all domains of HRQOL. Highest gains were found in “physical
function” (0.38), while the least improvements were found for

“cognitive function” (0.07) (Fig. 2B)

Complete seizure freedom was significantly associated with higher
scores in “overall HRQOL” (p < 0.001) as well as in all subdomains
(“social function” and “mood” p < 0.001 respectively; “physical” and
“cognitive function”: p = 0.01 and p = 0.03, respectively) (Fig. 3A).
The same result was obtained for the trend-values of overall HRQOL
and all subdomains (Fig. 3B). Of note, the only deterioration after
surgery in patients who did not become completely seizure (ILAE 2-5)
was noted in the domain “cognitive function”.
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Fig. 2. A) Overall HRQOL and subdomains of HRQOL and B) post-operative changes (“trend-value”) of overall HRQOL and subdomains for all patients N = 75, Mean

Follow-up: 65 months.

4. Discussion

Resective surgery for drug resistant temporal lobe epilepsy is still
controversially discussed when it comes to elderly patients. Two im-
portant risk factors influence the decision-making process — the risk of
not becoming seizure free due to longer duration of epilepsy and the
risk of higher complication rates or cognitive deterioration. Although
some recent studies have showed good and stable seizure outcome
[10,24] after resective procedures in elderly, the increased risk for
surgical complications [25] and neuropsychological deterioration [26]
hinders many physicians to submit older patients to presurgical
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evaluation and surgery. Here, we address these questions by presenting
seizure outcome results, complication rates and comprehensive data of
neuropsychological and health-related quality of life evaluation in a
rather homogeneous group of elderly patients with temporal lobe epi-
lepsy.

In our cohort the final seizure outcome showed satisfactory results
with 60.6 % seizure freedom after surgery. These results are in line with
other series, reporting seizure-free rates in elderly patients ranging from
56 % to 78 % [8,9]. Despite the fact that most of the patients presented
with relatively long duration of epilepsy (mean 31.8 years), the seizure
outcome results remained favorable implying that at least in this
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Fig. 3. A) Overall HRQOL and subdomains of HRQOL and B) post-operative changes (“trend-value”) of overall HRQOL and subdomains in patients who were seizure-
free (ILAE 1) vs. patients who continued to have seizures (ILAE 2-5). N = 75, Mean Follow-up: 65 months.

subpopulation epilepsy duration should not be seen as a contra-
indication for surgery. The overall morbidity rate (12.6 %) in this co-
hort was comparable with the data published from other series, re-
porting complications rates between 5% and 17 % [5,27]. The rate of
permanent deficits (5%), however, was somewhat higher in comparison
to the overall population (1.3 %-3 %) [28] but was in the same range as

reported by other series with elderly patients. Although severe neuro-
logical deficits occurred only in two patients (2%), the high overall
permanent morbidity needs to be critically weighted against the ben-
efits of the surgery (seizure freedom and improvements in HRQOL)
during the decision-making process.

Another concern, which needs to be considered prior to a surgical
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resection in elderly patients, is the possibility of neuropsychological
deterioration, especially in patients undergoing temporo-mesial resec-
tions in the language dominant hemisphere. Normal preoperative
neuropsychological results, absence of structural damage ipsilateral to
surgery [29], older age at onset, longer duration of epilepsy and age at
surgery are considered as risk factors for postoperative memory im-
pairments. Since previous studies have described that patients with left
TLE show a similar lifespan memory decline as the general population
the remaining concern is whether surgery exacerbates age-related
memory impairments [30-32].

In this study elderly patients showed poor to very poor performance
levels remarkedly often even before surgery. Taking this into con-
sideration, it was verbal memory which nevertheless declined sig-
nificantly after left-sided resections. Although the results were not
statistically significant on the group or individual level, one third of the
patients declined in figural memory. These results are in line with other
studies reporting the neuropsychological outcome after epilepsy sur-
gery in elderly [33]. Considering the poor baseline performance elderly
patients still do have a risk of postoperative memory decline as seen in
younger cohorts. This resembles the reported outcome of patients with
bilateral hippocampal sclerosis, who despite their poor performance
before surgery still showed significant postoperative memory decline.

An important aspect of this study is HRQOL data, which was
available in 75 patients. HRQOL is increasingly considered as one of the
major aspects for the evaluation of success after epilepsy surgery
[22,34,35]. Satisfactory seizure outcome has been shown as major
factor for improved HRQOL; some authors reported even “normal-
ization” of HRQOL [36]. By reaching more than 75 % of the maximum
value, our data showed satisfactory results concerning the overall
HRQOL. Additionally, all trend values (self-assessed postoperative
changes) remained positive after surgery (whole cohort) thus under-
lining the postoperative improvement of patients’ perceived quality of
life. The domain with greatest improvement was the physical activity,
while the cognitive domain showed only slight positive change. Only
when seizure freedom could not be achieved, the self-reported cognitive
change was reported as negative, in line with evaluation of the post-
operative status.

Another important finding of this work is the lacking correlation
between neuropsychological outcomes and HRQOL suggesting that the
neuropsychological deterioration did not significantly influence pa-
tients’ quality of life. A possible explanation for this phenomenon could
be the fact that elderly showed significant neuropsychological deficits
already prior to surgery. Furthermore, most of those patients were al-
ready retired and integrated in protective social surrounding making
the demands at the neuropsychological performance less extensive. In
contrast, seizure freedom and neurological status gain importance ex-
actly in such social surrounding, which explains the relatively high
postoperative HRQOL scores in older patients.

Our study has some imitations. Firstly, this is a single-center cohort
study potentially leading to a relevant bias in terms of patient selection.
Data analysis was performed retrospectively, and the sample size may
limit proper analysis in some subgroups. However, due to the stan-
dardized surgical procedures, long follow-up and low dropout rate, as
well as evaluation of both HRQOL and neuropsychological outcomes,
this retrospective series provides concise and valuable information
about a homogenous group of older patients with TLE. Nevertheless, the
main goal of future investigations should be the generation of pro-
spective studies thus providing data with stronger evidence.

5. Conclusion

Surgery for drug resistant temporal lobe epilepsy is feasible option
for elderly patients. Although this subpopulation is characterized by
longer duration of epilepsy and poor baseline cognition, the chance for
becoming seizure free are as high as in the younger population. Despite
a higher rate of permanent neurological deficits and neuropsychological
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decline, seizure control and relevant improvements in quality of life
justify surgical resection in properly selected elderly patients.
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4 Discussion

This thesis investigated the contributions of different epilepsy- and surgery-
related factors on the postoperative seizure and cognitive outcome in patients who
underwent TLS for the treatment of refractory TLE. More specifically, the present
studies focused on the histopathological diagnosis of GO in comparison to HS, re-
section of the piriform cortex as a hub for epileptic circuits in TLE, and finally, risks

and chances of TLS in late adulthood.

4.1 Summary and outlook

The first study (Borger et al., 2021a) retrospectively analyzed a large con-
secutive cohort of 161 patients with refractory TLE who underwent TLS at the Uni-
versity Hospital Bonn. 75% of these patients were seizure-free one year after sur-
gery, which is consistent with previously reported outcomes (Lamberink et al.,
2020). It is important to note that we found similar seizure outcomes for sAHE and
ATL in our study sample. This is because ATL was only indicated in our epilepsy
center if lateral temporal regions were marked as epileptogenic or pathological dur-
ing the presurgical evaluation. In contrast, SAHE was the standard approach when
seizure origin was strictly mesial (Schramm, 2008).

We found a fivefold increase in risk of seizure recurrence after surgery as-
sociated with the histopathological diagnosis of GO, a finding that has not been
reported previously. This result questions the current classification of GO resem-
bling a predecessor of HS instead of a distinct clinical entity.

Regarding the neuropsychological outcome, we were able to replicate pre-
vious findings of verbal memory decline following left TLS and visual (non-verbal)
memory decline following right TLS. Therefore, laterality, as previously shown, re-
mains one of the most important predictors of postoperative cognitive changes
(Lee, Yip, & Jones-Gotman, 2002). This is one of the first studies to demonstrate
the clinical utility of applying global domain-specific cognitive scores, otherwise

termed cognitive phenotypes (Hermann et al., 2007), derived from different sub-
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tests, i.e., verbal memory derived from verbal learning, loss, free recall, and recog-
nition. Different from a study by Baxendale & Thompson (2020), domain-specific
cognitive scores were sensitive towards not only preoperative impairments but also
postoperative changes in patients who underwent TLS for the treatment of intrac-
table seizures originating in the TL. This approach may facilitate the comparison of
neuropsychological outcomes across different epilepsy centers even though the
applied tests and subtests remain heterogeneous (Vogt et al., 2017).

Following these findings, the second (Grote et al., 2022) and third study
(Taube et al., 2022) investigated patients with the histopathological diagnosis of
GO in more detail. Clinical, neuropathological, and neuropsychological data were
systematically analyzed and compared to patients with HS in a consecutive cohort
of 627 patients. The neuropsychological analysis focused on a matched case-con-
trol sample of 98 patients. Transcriptional analysis was performed in 24 histological
specimens.

Previous histopathological hallmarks suggestive of a strikingly different neu-
ron-to-glia ratio could be confirmed (Blumcke et al., 2007; Blumcke et al., 2013).
However, both studies, refuting previous assumptions, strongly indicate that GO
and HS represent distinct clinical entities. The later epilepsy onset associated with
GO argues against the assumption that it is simply a predecessor of HS before the
onset of neuronal cell loss in the hippocampal subfields. It was also significantly
less treatable by surgery, i.e., seizure outcome was favorable for only 43% of GO
patients but for 68% of HS patients. The transcriptional analysis identified 265
genes differentiating between GO and HS and upregulated proteins resembling an
innate chronic inflammatory state of reactive astrocytes in GO but not HS, a com-
pletely new finding. This led to the new term 'innate inflammatory gliosis only".

On a functional level, patients with GO were having less frequent, less se-
vere, and more non-specific cognitive impairments before surgery, both on a do-
main-specific level and on individual test scores. This result is in line with previous
studies highlighting the dependence of memory processes on the structural integ-
rity of the hippocampus to be resected (Chelune, 1995; Hermann et al., 1992; Witt
et al., 2014a). As expected, cognitive decline after TLS was more pronounced in
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patients with GO with a two- to threefold increased risk of disproportionate large
cognitive losses.

In summary, these results emphasize that epilepsy surgery should be of-
fered with great caution to patients with suspected GO due to the worse postoper-
ative seizure outcome and high cognitive costs. The underlying inflammatory
pathomechanisms, even though further investigations are required to underpin our
findings, may even argue against a surgical approach in these patients. Based on
these results, we propose that underlying inflammation should be suspected and
evaluated at the onset of TLE, as it may result in a different therapeutic regimen,
possibly even disrupting epileptogenesis in the first place.

The fourth study (Borger et al., 2021b) was conducted to investigate the PIC
as a surgical target structure in selective TLS. A subset of patients from the first
study was volumetrically (hippocampus, amygdala, and PIC) and neuropsycholog-
ically assessed and divided into two seizure outcome groups following sAHE. The
resection extent of PIC was significantly larger in the seizure-free group. Hippo-
campal or amygdala resection volumes did not differ between the groups. These
results are in line with other studies, which have established close associations
between increased PIC resection and improved seizure outcome (Koepp et al.,
2019; Leon-Rojas et al., 2021). In our cohort, seizure outcome was better when
more than 27% of the temporal PIC was resected. While this study further supports
the notion that the PIC is an important hub involved in the epileptic network of TLE,
further research needs to investigate how residual epileptic circuits may contribute
to postoperative seizure recurrence.

On a functional level, a larger PIC resection did not lead to larger cognitive
decrements after surgery, which is in line with previous research (Koepp et al.,
2019). This study was the first to evaluate attention and language outcomes de-
pending on the PIC resection. There was a marginally significant effect implying
that attention improved with increased PIC resection, which was possibly related to
better seizure outcomes and an associated reduction or withdrawal from ASM.
However, the functional consequences of resection need further investigation.
Even though it is part of the olfactory neuronal network, outcomes regarding odor

identification, discrimination, and odor memory have not yet been investigated
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(Hwang et al., 2020). Future studies need to address whether pathology inherent
in PIC can be linked to olfactory impairment, i.e., lateralization and localization of
the epileptogenic network and whether resection leads to decrements in olfactory
function as a surrogate marker for the postoperative outcome.

Prospective studies will also have to determine the risks and benefits of sur-
gical resection of PIC in a standardized procedure, as it is a surgically challenging
target structure because it is indistinct in humans and surrounds the M1 portion of
the middle cerebral artery and its lenticulostriate branches (Leon-Rojas et al.,
2021).

Finally, the fifth study (Delev et al., 2020) investigated whether TLS in the
elderly was associated with more neurological adverse events, an increased risk of
memory decline, and negative health-related quality of life. Of the 94 patients, 50
years of age or above, 61% were completely seizure-free after surgery. Even
though losses in neuropsychological performance were evident in up to 45% of the
patients, health-related quality of life improved. Hence, TLS in the elderly can be
considered as a safe and effective treatment option.

However, our results provide support for the assumption that accelerated
aging is a major concern in this age group. As expected, impairments were severe
before surgery. Additionally, TLS accentuated previous cognitive problems in al-
most half of the patients, which may put them at an increased risk of reaching a
critical threshold of memory impairment with incapacitating consequences for daily
life (Sen et al., 2018; Witt et al., 2014b).

4.2 Conclusion

While epilepsy surgery can be considered a safe treatment option for drug-
resistant TLE across the lifespan, several risk factors for an unfavorable seizure
and cognitive outcome became evident, which may lead to significant changes in
the treatment of TLE. We propose an early evaluation of inflammatory and neuro-
degenerative biomarkers (CSF, imaging, etc.) in patients with new-onset or late-
onset TLE. Epilepsy surgery should be offered with greater caution when neuro-

psychological performance is normal or only mildly impaired, even though the ques-
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tion about critical thresholds of when cognitive decline results in functional impair-
ment in daily life remains unanswered. Even though the PIC was identified as a
promising target of TLS, further research is needed to improve our understanding
of how residual epileptic networks contribute to seizure recurrence. Therefore, this
thesis adds to our current knowledge about the risks and benefits for patients un-
dergoing surgical treatment of refractory TLE with significant implications for pre-

operative decision-making and counseling to improve individual medical care.
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