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We aimed to investigate the role of interleukin-1 beta (IL-1β) in themechanisms underlying

mesial temporal lobe epilepsy with hippocampal sclerosis (MTLE+HS). We assessed

a cohort of 194 patients with MTLE+HS and 199 healthy controls. Patients were

divided into those with positive and negative antecedent febrile seizures (FS). We used

a multidimensional approach, including (i) genetic association with single nucleotide

polymorphisms (SNPs) in the IL1B gene; (ii) quantification of the IL1B transcript in the

hippocampal tissue of patients with refractory seizures; and (iii) quantification of the IL-1β

protein in the plasma. We found a genetic association signal for two SNPs, rs2708928

and rs3730364∗C in the IL1B gene, regardless of the presence of FS (adjusted p =

9.62e–11 and 5.14e–07, respectively). We found no difference between IL1B transcript

levels when comparing sclerotic hippocampal tissue from patients with MTLE+HS,

without FS, and hippocampi from autopsy controls (p > 0.05). Nevertheless, we found

increased IL-1β in the plasma of patients with MTLE+HS with FS compared with controls

(p = 0.0195). Our results support the hypothesis of a genetic association between

MTLE+HS and the IL1B gene

Keywords: mesial temporal sclerosis, hippocampal atrophy, association study, gene expression,

neuroinflammation

INTRODUCTION

Mesial temporal lobe epilepsy with hippocampal sclerosis (MTLE+HS) is the most common
and usually pharmacoresistant form of focal epilepsy in the adult population (1). In addition,
MTLE+HS has been associated with the presence of an initial precipitating injury (IPI) in some
patients, including trauma, status epilepticus, infections, and childhood febrile seizures (FS) (2).

Clinical and experimental evidence indicates a link between initial precipitating injuries (IPIs)
and neuroinflammation, leading to the development of epilepsy (3–7). Furthermore, it has been
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suggested that the interleukin-1 family may play a role in the
development of FS and subsequently in MTLE+HS (8, 9).
Among the interleukin-1 family, interleukin-1 beta (IL-1β) is the
primary cytokine responsible for intermediating human febrile
responses (7, 8). Indeed, many studies have shown a link between
IL-1β and MTLE (10–16). The use of an anticytokine compound
to block IL-1β synthesis in the kindling animal model suggests
that IL-1β is involved in kindling progression (17). In addition, a
subtle increase in the levels of IL-1βwas observed in plasma from
children with febrile status epilepticus, as part of the FEBSTAT
study (14).

Altogether, these findings raise the hypothesis that genetic
variation in the IL1B gene could lead to abnormal levels of IL1B
RNA transcripts and consequently of IL-1β protein levels, which,
in turn, could influence the development of MTLE+HS (18). In
fact, a previous study has identified a genetic association between
the single nucleotide polymorphism (SNP) rs16944 and patients
with MTLE+HS in the Japanese population. This SNP is located
in the promoter region of the IL1B (c.-511C>T), suggesting that
this change may be associated with abnormal levels of IL-1β
(10, 19). However, these results were not replicated in subsequent
studies in patients of European and Chinese origins (19–23).
More recently, a systematic meta-analysis including 17 studies of
European and Chinese children with FS suggested that the SNP
rs16944 on IL1B could be a risk factor for FS and the subsequent
development of MTLE+HS (24).

In this context, we aimed to assess a cohort of patients
with MTLE+HS to explore the role of IL-1β at three
different molecular domains: (i) a genetic association study with
polymorphisms covering the IL1B gene; (ii) quantification of
the IL1B transcript in the hippocampal tissue from patients
with pharmacoresistant MTLE+HS; and (iii) IL-1β protein
quantification in the plasma of patients with MTLE+HS.

MATERIALS AND METHODS

We included 194 unrelated patients with MTLE+HS from two
clinical centers. One hundred and seventy patients were followed
at the epilepsy clinic of the University of Campinas (UNICAMP)
University Hospital and 24 at the epilepsy clinic of the University
of São Paulo at Ribeirão Preto (USP-RP) University Hospital.
This study was approved by the research ethics committee of
the UNICAMP and USP-RP, and written informed consent was
obtained from all participants.

Characterization of the Patients
Only adults were included in this study; the mean age of the
patients was 45.7 years old, ranging from 23 to 90 years of
age. MTLE+HS was confirmed in all the patients according to
the International League Against Epilepsy (ILAE) criteria (25).
Clinical evaluation was performed by experienced neurologists
in the management of the patients with epilepsy. All the
patients were interviewed using a structured questionnaire to
collect information about age, the onset of epilepsy, detailed
seizure semiology, history of FS, other IPIs, family history of
epilepsy, and the number of antiseizure medications used. A
positive antecedent of FS was registered if confirmed by a

relative or in the presence of medical records. In addition, all
the patients had a neurological examination, serial interictal
electroencephalograms, and high-resolution magnetic resonance
imaging (MRI) with a specific epilepsy protocol to identify
hippocampal atrophy or other MRI signs of HS (26).

Patients with dual pathology (HS associated with other
structural lesions on MRI), mental retardation, associated
progressive neurologic diseases, autoimmune diseases, cancer, or
major chronic debilitating conditions such as renal failure or
hepatic failure were not included in this study.

Characterization of the Control Group
The control group included 199 unrelated healthy individuals,
mainly unrelated spouses of the patients. None of the control
subjects had an antecedent of epilepsy or FS in their own family
(blood relatives). In addition, 41 control individuals had an MRI
to confirm the absence of hippocampal abnormalities.

MRI Acquisition
The MRIs were acquired using a 3T scanner (Philips Achieva)
in coronal, sagittal, and axial planes, as well as 3D T1 high-
resolution with 1-mm3 voxel size. The coronal images for
visual analysis were obtained perpendicular to the long axis of
the hippocampus and included 1-mm T1-weighted, 3-mm T1-
inversion recovery, 3-mm fast spin-echo T2-weighted, 3-mm T2-
weighted multiecho, and 1- or 3-mm FLAIR (fluid-attenuated
inversion recovery). MRI signs of HS include hippocampal
atrophy, increased T2 and FLAIR signal intensity, and abnormal
shape and internal structure of the hippocampus (27), which
were defined by visual analysis and confirmed by hippocampal
volumetry and T2 relaxometry as described previously (26).

SNP Genotyping
Genomic DNA was isolated from peripheral blood from 194
patients with MTLE+HS and 199 controls using the phenol-
chloroform method (28). DNA samples were quantified using
a spectrophotometer (NanoVue, GE Healthcare, Pittsburgh, PA,
USA), and samples with a 260/280 ratio ≥ 1.7 were used in
the study.

We selected SNPs located within the IL1B gene by the
SNPBROWSERTM 4.0 software (Applied Biosystems, Foster
City, CA, USA) based on the SNPs from the HapMap project
(29), a minimum allele frequency (MAF) > 0.01, and linkage
disequilibrium (r2) > 0.8. To verify the presence of population
stratification, we genotyped additional 23 SNPs as a genomic
control on chromosome 2 (Supplementary Table 1). These were
randomly selected using an in-house algorithm developed in
the R software (30). These SNPs were located outside the IL1B
region, with a minimum distance of 0.3 cM (300 kb) between
each other, to avoid possible linkage disequilibrium (31). We
focused on using SNPs on chromosome 2 for the genomic control
because previous studies showed differences in fixation index
(Fst) values among chromosomes, and the presence of natural
selection imprint observed in many regions of the genome could
create significant variation in Fst, a phenomenon that could lead
to biased global Fst values (32).

Frontiers in Neurology | www.frontiersin.org 2 August 2021 | Volume 12 | Article 6908478

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Santos et al. Role of Interleukin 1 Beta in MTLE-HS

SNPs were genotyped using the SNPlexTM Genotyping System
48-plex technology (Applied Biosystems). Allelic discrimination
was performed through a capillary electrophoresis analysis
with the Applied Biosystems 3130xl DNA Analyzer and
the GeneMapperTM 4.0 software. Also, we genotyped
the rs16944 allele by polymerase chain reaction (PCR)
amplification of a 204-bp fragment and restriction
fragment length polymorphism (RFLP) using the following
primers: 5′-GGCTAGGGTAACAGCACCTG-3′ and 5′-
TGAGGGTGTGGGTCTCTACC-3′. PCR conditions were
as follows: a denaturing step of 94◦C for 10min, then 35 cycles of
94◦C for 20 s, 55◦C for 20 s, 72◦C for 40 s, and a final incubation
at 72◦C for 10min. RFLP analysis was performed using 5U DdeI
(Thermo Scientific, San Jose, CA, USA) at 37◦C overnight, and
PCR products were run on a 12% polyacrylamide gel followed
by ethidium bromide staining. PCR products were cut in three
fragments of 131, 42, and 31 bp for the rs16944∗A allele or two
fragments of 131 and 73 bp for the rs16944∗G allele.

IL1B RNA Quantification in Hippocampal
Tissue
To investigate the IL1B RNA levels in sclerotic tissue, we used
hippocampal specimens from four patients with MTLE+HS,
who underwent a standard anteromedial temporal resection to
treat pharmacoresistant seizures at the UNICAMP University
Hospital. None of the four patients with MTLE+HS presented
antecedent FS. We compared these samples with six autopsy
controls, whose cause of death was other than central nervous
system diseases. All tissues were evaluated by a neuropathologist,
who confirmed hippocampal sclerosis in samples from patients,
and no histopathological abnormalities in autopsy tissue used as
a control.

The hippocampal specimens were frozen in liquid
nitrogen immediately after resection and stored at −80◦C
until processing. Total RNA was obtained using a TRIzol R©

Reagent (Invitrogen, Carlsbad, CA, USA). RNA samples were
quantified by a spectrophotometer (NanoVue GE Health Care,
Chicago, IL, USA), and samples that met the requirement
of a 260/280 ratio ≥ 1.9 were used in the study. The RNA
integrity was checked on a 1% agarose gel. According to
the instructions of the manufacturer, 1 µg of total RNA was
reverse-transcribed into complementary DNA (cDNA) using
SuperScript IIITM Reverse Transcriptase (Invitrogen, Carlsbad,
CA, USA).

IL1B transcript quantification was carried out using a
TaqMan R© Gene Expression Assay (Hs01555410_m1) in an ABI
7500 Real-Time PCR system (Applied Biosystems, Waltham,
MA, USA) using SYP (synaptophysin, Hs00300531_m1) and
SDHA (succinate dehydrogenase, subunit A, Hs00417200_m1) as
endogenous control genes because they were previously validated
for the normalization of target genes in human hippocampal
samples obtained from patients with MTLE (33). Reactions were
performed in triplicate, and the relative quantification (RQ) was
calculated according to the equation RQ = 2−11CT (34). Data
were analyzed using the SDS 7500 software (Applied Biosystems,
Waltham, MA, USA).

IL-1β Protein Quantification in Plasma
We obtained plasma samples from 108 patients with MTLE+HS
and 75 controls. Of these, 90 patients had an antecedent of FS.
Samples were collected and analyzed blindly regarding clinical
status. Also, all samples were collected in the morning to avoid
influences from the circadian cycle. We did not collect the
blood in patients presenting any symptoms of infectious disease.
Blood samples were centrifuged for 10min at 3,000 rpm at 4◦C,
and plasma was collected and stored in a −80◦C freezer until
analyzed. IL-1β levels in plasma were measured by enzyme-
linked immunosorbent assay (ELISA) using a high sensitivity
immunoassay kit (Human IL-1Beta Quantikine High Sensitivity
ELISA, R&D Systems, Minneapolis, MN, USA). Samples were
analyzed in duplicate, and concentrations are expressed as pg/ml.
The lower detection limit for IL-1β is 0.023 pg/ml.

We compared the proportion of patients who had seizures
<24 h and more than 24 h before the blood collection and the
proportion of patients with depressive symptoms in the patients’
subgroups with and without FS using Fisher’s exact test; these
variables could affect the IL-1β plasma levels. In addition, we
assessed depressive symptoms by the Beck Depression Inventory
(BDI-II) scores.

Statistical Analysis
We compared patients and controls for sex distribution using
Fisher’s exact test and mean age using Student’s t-test, both
performed in the R software (www.r-project.org). The SNPs were
filtered by minimum allele frequency (MAF > 0.01) and Hardy–
Weinberg disequilibrium (p < 0.01) by the PLINK v1.9 software
(35). We also evaluated the linkage disequilibrium in terms of r2

among SNPs by the HAPLOVIEW software (36).
Population stratification is a known phenomenon that could

lead to biased genetic association results (37, 38). Therefore,
to assess whether our sample of patients and controls presents
population stratification, we performed an analysis of molecular
variance (AMOVA) using the ARLEQUIN software (39), based
on the 23 genomic control SNPs. The AMOVA approach
divides the source of genetic variance (σ2) into two components:
within-groups and between-groups. Under a null hypothesis,
the samples were obtained from a global population, and the
variation is due to random sampling in the construction of
populations. Thus, we would expect a high variation within-
groups (σ2 = 100%) and no variation between-groups (σ2 =

0%). On the other hand, under the alternative hypothesis of
population stratification, each group was obtained from different
populations, and we would expect a low variation within-groups
(σ2 < 100%) and high variation between-groups (σ2 > 0%) (40).

The genetic association between SNPs in IL1B andMTLE+HS
was estimated using an additive logistic regression model by
the PLINK v1.9 software (35). Because we performed two
comparisons (controls vs. MTLE+HS with FS and controls
vs. MTLE+HS without FS), we adjusted p-values with the
Bonferroni correction to account for multiple comparisons.
We also estimated the effect size in terms of an odds ratio
(OR) with a 95% confidence interval (CI). To evaluate the
sensitivity of our sample to detect an association, we estimated
the effect size in terms of OR using the G∗POWER software (41),
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TABLE 1 | Descriptive statistics of patients with MTLE+HS and controls ascertained for the genetic association study.

Variable MTLE+HS with FS

(n = 40)

MTLE+HS without

FS

(n = 126)

MTLE+HS

FS unknown

(n = 28)

Controls

(n = 199)

p-value

Sex Female 23 (57.5%) 73 (57.9%) 9 (32.1%) 82 (20.9%) 0.361

Male 17 (42.5%) 53 (42.1%) 19 (67.9%) 117 (29.8%)

Mean age (years) 45.7 (SD = 11.2) 52.4 (SD = 10.9) –* 47.15 (SD = 16.61) 0.011

Mean age at onset (years) 8.4 (SD = 10.3) 12.2 (SD = 9.2) –* – –

FS, febrile seizures; MTLE+HS, mesial temporal lobe epilepsy with hippocampal sclerosis; SD, standard deviation. *We did not estimate mean age and mean age at onset of epilepsy

in the group of patients with an unknown antecedent of FS because only three patients had age and age at onset available.

The p-value refers to the comparison between all patients with MTLE+HS and controls.

including the following parameters: logistic regression model;
two-sided analysis; a level of significance α = 0.00625 (adjusted
by Bonferroni correction); statistical power 1–β = 0.80; and total
sample= 393.

We used the Wilcoxon rank-sum test, using the Wilcox.test
function in the R software, to compare the RQ of the IL1B
RNA transcript from the hippocampal tissue between patients
and controls for both endogenous controls (SYP and SDHA).
We also used the Wilcoxon rank-sum test to compare the IL-1β
plasma levels in two scenarios: MTLE+HS with FS and controls
and between MTLE+HS without FS and controls. Because we
performed two comparisons, p-values were adjusted by the
Bonferroni correction. The effect size was also calculated in R,
including the 95% CI, using theWilcox.test function.

RESULTS

Subjects
Demographic and clinical data are shown in Table 1. Among the
patients, the mean age was 45.7 years old, ranging from 23 to 90
years old (standard deviation [SD] = 11.2), and the mean age
at seizure onset was 11.14 years old, ranging from 1 to 53 years
old (standard deviation [SD] = 9.53). Patients with MTLE+HS
were found to be older than controls (Student’s t-test p = 0.011).
Although we did not observe differences in the sex distribution
between the two groups (Fisher’s exact test p= 0.361), we observe
an imbalance in the female/male ratio between patients with
MTLE+HS (ratio = 1.18) and control individuals (ratio = 0.7).
Therefore, we included age and sex as covariates to adjust the
logistic regression model. We also identified 40 patients with an
antecedent of FS (20.6%). All 194 patients presented hippocampal
sclerosis, and all 41 normal controls who had MRIs did not
present any signs of hippocampal sclerosis.

IL1B Candidate Gene Association Analysis
We found that our cohort can detect a genetic association with
80% statistical power with an OR < 0.63 (protective allele effect)
or an OR > 1.58 (increased risk allele effect). Furthermore,
the AMOVA results also showed that 99.35% of the variation
component was observed within groups, and 0.65%was observed
between groups (Table 2), indicating that the sample does not
present population stratification. Hence, the sample provides
unbiased genetic association results.

TABLE 2 | Summary of the AMOVA results for the population structure analysis.

Variation source SSQ VC VC (%) Fst

Between-groups 11.340 0.0263 0.65 0.00647

Within-groups 2,455.741 4.0212 99.35

Total 2,467.081 4.0475 100.00

AMOVA, analysis of molecular variance; Fst, fixation index; SSQ, sum of squares; VC,

variance components.

The eight SNPs genotyped in the IL1B gene (Table 3)
presented a mean genotype call rate of 90.87%. Two SNPs
presented Hardy–Weinberg disequilibrium (rs3917365, p =

8.34e-07; rs1143633, p = 2.07e-24) and were excluded from
the logistic regression analysis. In addition, SNPs rs3917368
and rs1143646 presented linkage disequilibrium (r2 = 0.96). As
shown in Table 3, the SNP rs16944—located in the promoter
region of the IL1B gene—showed no association withMTLE+HS
and a small effect for both MTLE+HS with FS (rs16944∗T: OR=

1.06, 95% CI = 0.76–1.46, p = 1.000) and MTLE+HS without
FS (rs16944∗T: OR = 0.98, 95% CI = 0.70–1.39, p = 1.000). By
contrast, two other SNPs showed evidence of association with
the MTLE+HS with the FS phenotype (rs2708928, adjusted p
= 9.62e−11; rs3730364, adjusted p = 5.14e−07). These two SNPs
presented a protective effect (rs2708928∗G: OR = 0.10, 95% CI
= 0.05–0.20; rs3730364∗T: OR = 0.38, 95% CI = 0.26–0.54),
while other alleles were associated with an increased risk effect
(rs2708928∗C: OR = 9.66, 95% CI = 5.01–18.60; rs3730364∗C:
OR = 2.66, 95% CI = 1.86–3.79). Additional analyses, in which
patients with MTLE+HS with FS were removed, showed similar
results for the SNPs rs2708928 (adjusted p = 2.05e−10) and
rs3730364 (adjusted p = 1.34e−05), including similar estimates
for the OR (Table 3).

Even though rs2708928 and rs3730364 are located in intronic
regions, we decided to investigate possible functional implication
by predicting the impact on protein function using six algorithms
present in the Ensembl Variant Effect Predictor (VEP) (42),
which included PolyPhen2 (43), Sort Intolerant from Tolerant
(SIFT) (44), MutationTaster (45), PROVEAN (46), Combined
Annotation Dependent Depletion (CADD) (47), and Functional
Analysis through Hidden Markov Models (FATHMM) (48).
However, we did not find evidence of a functional effect for either
rs2708928 or rs3730364.
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TABLE 3 | Results of the logistic regression for the eight SNPs analyzed within the IL1B gene.

SNP BP HWD p Allele Allele frequency Including MTLE+HS with FS Removing MTLE+HS with FS

MTLE+HS Controls OR 95% CI Adjusted p OR 95% CI Adjusted p

rs3917368 112,825,205 1.000 T 0.306 0.356 0.83 0.60–1.16 1.000 0.83 0.57–1.19 1.000

C 0.694 0.644 1.20 0.86–1.67 1.21 0.84–1.75

rs3917365 112,828,892 8.34e-07 G 0.668 0.865 – – – – – –

A 0.332 0.135 – – – –

rs1143643 112,830,725 0.282 T 0.292 0.347 0.80 0.58–1.11 1.000 0.83 0.58–1.18 1.000

C 0.708 0.653 1.25 0.90–1.74 1.21 0.85–1.72

rs1143633 112,832,890 2.07e-24 T 0.565 0.697 – – – – – –

C 0.435 0.303 – – – –

rs2708928 112,834,661 0.021 C 0.203 0.037 9.66 5.01–18.60 9.62e−11 10.64 5.31–21.33 2.05e−10

G 0.797 0.963 0.10 0.05–0.20 0.09 0.05–0.19

rs3730364 112,836,014 0.143 C 0.673 0.414 2.66 1.86–3.79 5.14e−07 2.51 1.72–3.66 1.34e−05

T 0.327 0.586 0.38 0.26–0.54 0.40 0.27–0.58

rs16944 (−511C>T) 112,837,290 0.445 T 0.391 0.373 1.06 0.76–1.46 1.000 0.98 0.70–1.39 1.000

C 0.609 0.627 0.95 0.68–1.31 1.02 0.72–1.44

rs13032029 112,842,838 1.000 T 0.459 0.443 1.04 0.76–1.43 1.000 0.94 0.67–1.32 1.000

C 0.541 0.557 0.96 0.70–1.32 1.07 0.76–1.50

The results are presented with and without 40 patients with FS. The p-values were adjusted by the Bonferroni correction. CI, confidence interval; FS, febrile seizures; HWD, Hardy–

Weinberg disequilibrium; IL1B, interleukin 1 beta; MTLE+HS, mesial temporal lobe epilepsy with hippocampal sclerosis; OR, odds ratio; SNP, single nucleotide polymorphism. We

highlight in bold the results for the two SNPs that showed association.

IL1B RNA Quantification in Hippocampal
Tissue
We did not find differences in the IL1B RNA transcript levels
in the hippocampal tissue from patients with MTLE+HS, none
of whom had an antecedent of FS, compared with control
tissue using the two different endogenous control genes: SYP
(Wilcoxon rank-sum test adjusted p = 0.0762; Figure 1A) and
SDHA (Wilcoxon rank-sum test adjusted p= 0.1334; Figure 1B).
For the transcript analysis, we used two different reference genes,
SYP and SDHA, which have been validated specifically for this
type of analysis in human hippocampal tissue (Figure 1) (33).

IL-1β Protein Quantification in Plasma
We obtained information regarding the time of the last seizure
before the blood collection in 52 patients and depressive
symptoms in 87 patients. The proportion of patients who
had seizures <24 h and more than 24 h before the blood
collection was similar in patients with and without FS (Fisher’s
exact test p = 1.000; Supplementary Table 2). Also, the
proportion of patients with depressive symptoms was similar
in patients with and without FS (Fisher’s exact test p = 1.000;
Supplementary Table 3).

As shown in Figure 2, the median IL-1β plasma concentration
in controls was 0.997 pg/ml (25% quantile = 0.713 pg/ml, 75%
quantile = 1.924 pg/ml). A similar concentration was observed
in patients with MTLE+HS without FS (median = 0.728 pg/ml,
25% quantile = 0.214 pg/ml, 75% quantile = 1.973 pg/ml;
Wilcoxon rank sum test p = 0.4539), including a small effect
size (r = 0.129, 95% CI = 0.00–0.283). However, we observed a
significant increase in the IL-1β plasma concentration in patients
with MTLE+HS with an antecedent of FS (median = 2.063

pg/ml, 25% quantile= 1.466 pg/ml, 75% quantile= 3.420 pg/ml;
Wilcoxon rank sum test p= 0.0097), including an increase in the
effect size (r = 0.202, 95% CI= 0.052–0.347).

DISCUSSION

IL-1β is a powerful pro-convulsant and may have implications
in epileptogenesis (8). In the last two decades, many studies
have contributed to our knowledge about the role of the
proinflammatory cytokine IL-1β inMTLE+HS and FS. However,
there are still many controversies, and the subject is far
from being settled (11–13, 15, 49, 50). Noteworthy, most
previous studies investigating the role of IL-1β have not
addressed the specific questions of whether IL-1β may be
involved in the pathogenesis of MTLE=HS (10–16). Also, the
work presented here can only indicate a link between IL-
1β and MTLE+HS, and it was not explicitly designed to
investigate causality.

We performed a candidate gene association study using
SNPs encompassing the entire IL1B, including the still disputed
associated functional variant−511C>T, present in the promoter
region (20). This variant was first associated with MTLE+HS
in a Japanese cohort (20) and Finnish children with FS (21).
However, the association was not confirmed in other studies,
for example, by Buono et al. (22) in a cohort with European
ancestry, by Jin et al. (17) in Chinese individuals, and by Chou
et al. (44) in Taiwanese children with FS. In addition, a meta-
analysis revealed a modest association and effect size for the c.-
511C>T polymorphism in patients with MTLE+HS (51). In the
present study, we found no association between the c.-511C>T
(rs16944) promoter variant in patients with MTLE+HS, with or
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FIGURE 1 | Relative quantification of the IL1B (interleukin 1 beta) transcript in the hippocampal tissue of four patients with pharmacoresistant mesial temporal lobe

epilepsy, who were operated on to control refractory seizures, and autopsy controls (n = 6). (A) Analysis performed using the SYP (synaptophysin) gene as an

endogenous control (Wilcoxon rank-sum test, adjusted p = 0.0762). (B) Analysis performed using the SDHA (succinate dehydrogenase, subunit A) gene as an

endogenous control (Wilcoxon rank-sum test, adjusted p = 0.1334).

FIGURE 2 | Quantification of interleukin 1 beta (IL-1β) protein in plasma from controls, patients with mesial temporal lobe epilepsy with an antecedent of febrile seizure

(MTLE+HS with FS), and patients with mesial temporal lobe epilepsy with no antecedent of febrile seizure (MTLE+HS without FS). We used the Wilcoxon rank-sum

test to compare patients with MTLE+HS with FS and controls (p = 0.1639) and compare patients with MTLE+HS without FS and controls (p = 0.0195).

without an antecedent of FS (Table 3). Of note, Kanemoto and
coworkers reported that the rs16944∗T allele might be a risk
factor for prolonged febrile seizures (PFS) (52). Furthermore,
several authors have hypothesized that c.-511C>T (rs16944) may
increase IL1B transcription and the protein levels during PFS,
elevating the risk of hippocampal injuries (14, 53, 54), which, in
turn, could lead to the future development of MTLE+HS. Unlike
FS, which are seizures that last <10–15min in infants and young
children and are believed not to be associated with an increased

risk of epilepsy later in life, a history of PFS (lasting> 15min) has
been associated with subsequent MTLE+HS (55–57). However,
determining the exact duration of an event that occurred decades
earlier is either impossible or imprecise in retrospective studies,
which explains, at least in part, the high variability in the
proportion of PFS reported in theMTLE series (55–57).We could
not unequivocally distinguish between FS and PFS in our cohort,
which is a limitation of the present study. Thus, the absence
of genetic association with the c.-511C>T (rs16944) variant
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found in the current study may reflect phenotypic differences in
the cohorts.

Nevertheless, we found a genetic association signal between
MTLE+HS and the SNPs rs2708928 and rs3730364 (Table 3).
Interestingly, the SNP rs3730364∗C, associated with an increased
risk effect for MTLE+HS, appeared at a frequency of 0.673
in patients with MTLE+HS with FS and 0.414 in the control
group. These frequency estimates are much higher than what was
reported among 257 Brazilian exomes by the BIPMed project
(rs3730364∗C = 0.002; https://bipmed.org/) (58), as well as
in the 1,000 Genomes (rs3730364∗C = 0.008) and GnomAD
(rs3730364∗C = 0.007) databases (59, 60). We did not find the
reported frequency for the SNP rs2708928 in public databases.
SNPs rs3730364 and rs2708928 are located on the second and
third introns of the IL1B gene, respectively, and according
to prediction algorithms, there is no evidence that they have
functional implications (61). Therefore, it is more plausible that
both SNPs are in linkage disequilibrium with another functional
variant, still unidentified, located within the IL1B gene.

In genetic association studies, addressing population
stratification is a pivotal step to avoid spurious results due to
genetic diversity between the compared groups (37, 38). Our
AMOVA results showed a high variation component within
groups, patients, and controls and a low variation component
between the two groups (Table 2). Therefore, the two groups are
most likely derived from the same population and do not present
population stratification, allowing unbiased comparisons.

We also investigated the transcript levels of the IL1B gene in
hippocampal tissue from four patients with pharmacoresistant
MTLE+HS, who had no antecedent of FS, and we found no
difference when comparing with tissue from autopsy controls
(Figure 1). These results are somewhat different from previous
studies investigating gene expression in resected hippocampal
tissue from pharmacoresistant MTLE+HS and experimental
models of temporal lobe epilepsy, which have shown an increase
in IL1B mRNA levels (16, 62–67). However, all previous studies
mentioned above have a critical limitation since they did not
evaluate patients based on the antecedent of FS (16, 62–
67). Thus, our results bring a novel and important finding
regarding the relevance of considering the antecedent of FS
when analyzing the pattern of transcript expression in the
hippocampal tissue of patients with MTLE. Noteworthy, we also
did not find differences in IL-1β levels in the plasma of patients
with MTLE+HS without FS (Figure 2), which agrees with our
transcript results. Thus, taking all the evidence presented here,
we may suggest that the difference between our results and
previous studies is because our IL1B mRNA quantification was
carried out exclusively in patients with MTLE+HS without
FS. However, we also recognize that we could not obtain
hippocampal tissues from patients who presented antecedent
of FS, and further studies comparing hippocampal tissue from
patients with MTLE+HS with and without FS are essential to
investigate this issue further.

It is also worth mentioning that our gene expression study
in hippocampal tissue was carried out using two different
reference genes, which have been validated specifically for

this type of analysis in human hippocampal tissue (33).
This technical aspect is also a key feature of the present
study since it considerably increases the reliability of the
tissue transcript analysis. Indeed, a previous study of protein
expression in hippocampal tissue showed different results when
using two different antibodies for the same protein, pointing
to the lack of reliability of the western blot experiment
in detecting the tissue expression of IL-1β and suggesting
that RT-PCR is the method of choice to evaluate gene
expression (68).

Finally, we quantified IL-1β protein in the plasma of patients
with MTLE+HS and controls. We found similar IL-1β levels
when comparing patients with no antecedent FS and controls,
which agrees with our IL1BmRNA quantification findings in the
hippocampal tissue. Also, we observed increased IL-1β plasma
levels in patients with MTLE+HS with FS (Figure 2). The IL-1β
plasma level has been reported to be increased in the postictal
period in patients with MTLE and associated with depression
in these patients (69). However, the proportion of patients with
depressive symptoms and the intervals between the last seizure
and blood collection were similar in patients with and without
FS. Thus, our results might indicate a chronic inflammatory
state in patients with MTLE+HS with an antecedent of FS,
which may be less intense, or even not present in patients with
MTLE+HS without antecedent FS (70). Furthermore, it has been
demonstrated that IL-1β levels may be significantly different in
the cerebrospinal fluid, blood, and central nervous system tissue
of the same individual (18, 68), emphasizing the relevance of
studying these different biological compartments. In addition, we
recognize that upstream and downstream regulatory targets of
IL-1β should also be investigated in further studies, including in
the pediatric population (8, 9, 21, 23, 24).

In conclusion, we sought to assess the role of the IL-1β in a
cohort of patients with an in-depth phenotypic characterization
and using a multidimensional approach to access genetic
association, transcript, and protein quantification of IL-1β.
Not surprisingly, our results support a complex relationship
for IL-1β in the context of MTLE+HS, as demonstrated
by the positive genetic association with two SNPs in the
IL1B gene in patients with MTLE+HS independently of the
presence of FS. Also, there was an increase of plasmatic IL-
1β levels only in MTLE+HS patients with antecedent FS,
suggesting that they may have an immune system more prone
to overexpress inflammation. Overall, our results support the
hypothesis of a genetic association between MTLE+HS with
the IL1B gene.
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Purpose: A prospective study of individual and combined quantitative imaging

applications for lateralizing epileptogenicity was performed in a cohort of consecutive

patients with a putative diagnosis of mesial temporal lobe epilepsy (mTLE).

Methods: Quantitative metrics were applied to MRI and nuclear medicine imaging

studies as part of a comprehensive presurgical investigation. The neuroimaging analytics

were conducted remotely to remove bias. All quantitative lateralizing tools were

trained using a separate dataset. Outcomes were determined after 2 years. Of those

treated, some underwent resection, and others were implanted with a responsive

neurostimulation (RNS) device.

Results: Forty-eight consecutive cases underwent evaluation using nine attributes of

individual or combinations of neuroimaging modalities: 1) hippocampal volume, 2) FLAIR

signal, 3) PET profile, 4) multistructural analysis (MSA), 5) multimodal model analysis

(MMM), 6) DTI uncertainty analysis, 7) DTI connectivity, and 9) fMRI connectivity. Of

the 24 patients undergoing resection, MSA, MMM, and PET proved most effective

in predicting an Engel class 1 outcome (>80% accuracy). Both hippocampal volume

and FLAIR signal analysis showed 76% and 69% concordance with an Engel class 1

outcome, respectively.

Conclusion: Quantitative multimodal neuroimaging in the context of a putative mTLE

aids in declaring laterality. The degree to which there is disagreement among the

various quantitative neuroimaging metrics will judge whether epileptogenicity can be

confined sufficiently to a particular temporal lobe to warrant further study and choice of

therapy. Prediction models will improve with continued exploration of combined optimal

neuroimaging metrics.

Keywords: neuroimaging, temporal lobe epilepsy, MRI, lateralization, multimodal analysis
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INTRODUCTION

Optimization of the process of lateralizing mesial temporal
lobe epilepsy (mTLE) through a quantitative analysis of an
assortment of imaging applications has been pursued for over
25 years. Clinical decision-support mechanisms enhanced by
artificial intelligence have the ability to refine decision making
by rendering greater objectivity to investigation. By doing
so, clinical pathways may be shortened and better outcomes
secured by better informed surgical applications. The selection
of patients for surgical candidacy in cases of a putative
mTLE has involved a number of neuroimaging metrics applied,
in particular, to the hippocampus. Several publications have
addressed quantitative MRI applications such as hippocampal
volumetry (1–6) and signal intensity measures pertaining to
T2-weighted and fluid-attenuated inversion recovery (FLAIR)
analyses (7–15). Additional MRI applications have involved
texture analysis (10, 16, 17), diffusion weighting and diffusion
tensor image (DTI) analysis (18–25) and resting-state functional
(rsf) MRI study (26–34). Both SPECT (35–43) and PET (44–
46) have provided further confirmation of focal epileptogenicity
in select cases and have proven beneficial in surgical decision-
making. It is clear that TLE brings about hemispheric changes
that manifest as derivative effects of network-generated activity.
We take advantage of these wide-ranging changes through the
application of a variety of neuroimaging methods to decide upon
the laterality of expression. The degree of indeterminacy and/or
discordance of these measures may underlie the likelihood of
establishing a definitive laterality and achieving success with a
targeted resection within the temporal lobe.

The abundance of neuroimaging studies prompts the question
of what their cumulative impact may be upon the lateralization
of a temporal epileptogenicity or whether the condition may be
declared as residing wholly or partially in the temporal lobe at
all. Imaging modalities naturally differ in their reliability and
may, to some degree, show discrepancies in predicting laterality.
Prior individual analyses of such studies have been undertaken
with retrospective data to determine the ability to affirm laterality
in cases of known mTLE (22, 47–51). The use of hippocampal
volumetric and FLAIR signal intensity combined with SPECT-
derived signal intensity (i.e., SISCOM), in particular, provided
accurate lateralization in patients who had previously required
intracranial electrographic confirmation prior to resection (51).

Each imaging technique provides only a limited perspective
upon the condition and each has inherent weaknesses in its

respective application (52). Ostensibly, a multimodal imaging

approach would enhance lateralization capability by accruing

data, which, if concordant, would provide the required
confirmation to proceed with either intracranial electrographic
study targeting the appropriate area or to proceed directly
with resective surgery in those cases where electrophysiological
attributes were in agreement. As such, a multimodal integrative
approach could reduce the magnitude of the required surgical
exposure and perhaps, in some cases, even forego the need for
invasive monitoring (53).

This study seeks to establish what opportunities exist in
the use of a multimodal quantitative neuroimaging approach

in defining the laterality of a putative mTLE or identifying
whether an epileptogenic network is likely to be fully or partially
resident within the mesial temporal structure or at all. In those
cases where resection was performed, outcome measures (i.e.,
Engel classification) were used to establish the accuracy of the
decision-making process as it was carried out in current standard
fashion as well as that by various neuroimagingmetrics. Likewise,
an assessment was made of the presence of indeterminacy by
individual or combinations of neuroimaging attributes and/or
the degree of discordance among these attributes to judge
whether, in fact, a unilateral epileptogenicity existed in the
temporal lobe.

METHODS

Data
Neuroimaging data for the prospective study population of
epilepsy patients was acquired from a single healthcare system.
Datasets were obtained using clinical standard-of-care protocols
and according to needs dictated for each patient. Hence, not
all studies were performed for all patients although a number
of studies were performed in the majority of patients and are
identified accordingly. All MRI data were acquired using 3D T1-
weighted and FLAIR imaging protocols regardless of imaging
parameters. Certain cases also had included high-resolution DTI,
rsfMRI, SPECT, and/or PET data. A dataset, from Henry Ford
Hospital (HFH, Detroit MI), consisted of 133 mTLE patients
who underwent resection and remained seizure-free after 24
months and 27 non-epileptic subjects as controls. The study was
conducted with the approval of the Institutional Review Board
(IRB) of the Henry Ford Health System (HFHS). This dataset
was used only to train our lateralization prediction models. Non-
epileptic subjects were used as the control group only in the
Hippocampal volumetry section, Hippocampal fluid-attenuated
inversion recovery intensity section, and Diffusion tensor image
uncertainty analysis section below.

The second dataset, from SpectrumHealth (SH, Grand Rapids
MI), consisted of 48 prospective epilepsy patients. The study
was approved by the IRB at SH as part of a comprehensive
study format allowing for inclusion of participants in the surgical
epilepsy program. Patients undergoing study for a putative mTLE
were accrued over a period of 3 years to determine the impact
of quantitative neuroimaging on establishing laterality. A cohort
of 48 patients (16M:32F) with a mean age of 40 years (range
16–75) were acquired after ictal semiology and preliminary
scalp electroencephalographic (EEG) study suggested a possible
mTLE origin.

All patients presenting with features suggesting the presence
of TLE were admitted consecutively into the study after consent
was obtained to do so. Clinical assessment first addressed putative
temporal ictal origins with semiological traits that included but
were not limited to experiential and/or other sensory phenomena
with a loss of consciousness, oroalimentary automatisms,
and versive cephalo-ocular deviation with tonic posturing.
A standard investigation followed with inpatient video-EEG
monitoring over a minimum 5-day period as a Phase I study with
MRI, PET, sodium amobarbital study, neuropsychological profile
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and, in several cases, magnetoencephalography (MEG). SPECT
was used in just two cases at a time when the application was
under development; hence, it was not included in the assessment.
Sodium amobarbital study was completed in most subjects. In
those cases where discordant features arose, particularly dealing
with laterality and epileptogenic origin, a Phase II study was
performed. The latter was undertaken with surface electrode
arrays and/or multicontact depth electrodes targeting areas of
concern in one or both cerebral hemispheres. In some of these
situations, a Phase III study was warranted and involved a further
introduction of surface and/or depth electrode arrays to better
define an origin or extent of an epileptogenicity.

Several neuroradiologists provided qualitative impressions of
the appearance of the mesial temporal structure in each patient.
The reports were reviewed and all MRIs reexamined to render a
final impression of MTS according to the following criteria: (1)
reduction of hippocampal volume as determined by a right–left
asymmetry on T1-weighted coronal images, (2) increased FLAIR
signal intensity, and (3) loss of intrinsic hippocampal laminar
structure. These features were required on at least two sequential
coronal images to declare the impression of MTS.

MR Imaging
Scans were acquired with a 1.5T and a 3T MRI system
(GE Medical Systems, Milwaukee, WI) although over 93%
of studies were performed by the latter. The pulse sequence
parameters were not the same for the 1.5T and 3T MRIs because
of differing field strengths. Both sets of imaging parameters
were, however, set to optimize contrast for each scan, so
that any contrast mismatch would be minimized between the
two field strengths. We have previously shown no statistically
significant difference between average amygdalar volumes of
control subjects scanned with either 1.5T or 3T MRI units (p
= 0.11) (54). Similarly, no statistically significant difference was
identified between amygdalar FLAIR features of control subjects
scanned with either 1.5T or 3T MRI units (p = 0.19 and p
= 0.38 for amygdalar FLAIR mean and standard deviation
ratios, respectively). All scanners had passed American College
of Radiology (ACR) testing requirements to mitigate shifts in
signal intensity inhomogeneity. A 3D T1-weighted MR study
protocol consisted of a spoiled gradient echo (SPGR) sequence
with TR/TI/TE = 7.6/1.7/500ms, flip angle = 20◦, field of view
(FOV) = 200 × 200 mm2, matrix size 256 × 256, pixel size =

0.781× 0.781 mm2, slice thickness= 2.0mm (voxel size= 0.781
× 0.781× 2.0 mm3), number of slices= 124, bandwidth 25 kHz,
and scanning time of 5min and 45 s. Coronal FLAIRMR datasets
were acquired with TR/TI/TE = 10,002/2,200/119ms, flip angle
= 90◦, FOV = 200 × 200 mm2, matrix size = 256 × 256, pixel
size = 0.781 × 0.781 mm2, slice thickness = 3.0mm (voxel size
= 0.781 × 0.781 × 3.0 mm3), minimum number of slices =

47, bandwidth 20.8 kHz, and scanning time of 12min. Image
slices were acquired contiguously without gaps in all studies.
When required, translational corrections were made to correct
for head position from slice-to-slice, to avoid abandoning a study
secondary to head motion. Most adjustments were made in the
dorsoventral direction. Diffusion tensor images (b-value of 1,000
s/mm2) along with a set of null images (b-value of 0 s/mm2) were

acquired using echo planar imaging (EPI) (55, 56) with TR/TI/TE
= 7,500/0/76ms, flip angle= 90◦, voxel size= 1.96× 1.96× 2.6
mm3, imaging matrix 128× 128, FOV of 240× 240 mm2 and 25
diffusion gradient directions. Resting state fMRIs were acquired
using a gradient echo EPI sequence with an FOV of 240 × 240
mm2 on a 64 × 64 matrix (voxel size = 3.75 × 3.75 × 4 mm3),
and TR/TE= 2,000 ms/30ms. Functional MRIs were taken at 2-s
intervals for capture of activity while subjects lay quietly with eyes
open within the scanner. In total, 150 volumes were recorded,
each over 5 min.

Quantitative Neuroimaging Analysis
Quantitative studies of MRI, specifically T1-weighted
hippocampal volumes, FLAIR mean signal intensity with
standard deviation, DTI connectivity measures of hippocampal-
orbitofrontal and thalamo-temporopolar projections, and
rsfMRI were performed. Additional analyses involved signal
intensity measures with SPECT and PET. This battery of
quantitative neuroimaging measures was performed remotely
(Imaging Research Laboratory, HFH), while qualitative
interpretations of these studies were performed at the primary
institution (SH) as part of the standard investigation of a
prospective surgical candidate. Data for single classifiers (i.e.,
hippocampal volumetry, FLAIR, DTI) were arranged on scatter
plots and a boundary domain containing the uncertainty range
was depicted using the classifier model. The classifier developed
in each single modality model was optimized independent of
other modalities. Therefore, the features and the optimized
classifier are different among the single modality models.

All classifiers are developed from historical data from within
our working group and relate to independent retrospective
studies of individual quantitative metrics published over the
past decade. These studies dealt with cohorts of patients
who had attained Engel class 1 outcomes following standard
clinical assessments of their TLE with non-epileptic control
patients defining a boundary domain centrally within the scatter
plots generated.

Within the hippocampal volume and FLAIR plots, boundary
lines for each scatter plot were depicted parallel to the line fitted
to the control measures with a 2sd margin allotted. When results
were plotted beyond this margin, an “R” or “L” designation
was applied to indicate a high confidence in laterality. In cases
where there was a tendency toward right or left but with results
plotted between the 1sd and 2sd lines, a designation of “UR” or
“UL”, respectively, was applied to indicate a trend in laterality.
When the result appeared within the 1sd boundary domain, the
designation was “U” to indicate indeterminacy.

Hippocampal Volumetry
The regions of interest (ROIs) encompassing the hippocampi
were outlined manually for segmentation using sequential
coronal T1-weighted MR images with reference to an MRI
atlas identifying the hippocampus (57). The accuracy of current
automatic hippocampal segmentation techniques was judged
insufficient to reliably avoid contamination of the FLAIR signal
intensity measure with unwanted signal from outside the
intended ROI, despite acceptable performance for hippocampal
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volume (2, 58, 59). Manual segmentation was used to minimize
such error.

For volumetric analysis, the entire hippocampus was
examined. The volumes in each case were calculated by summing
the voxels occupying hippocampal ROIs and multiplying by
voxel volume. Hippocampal volumes were normalized to
the intracranial volume to reduce between-subject variability
of the brain. Therefore, two features were calculated from
hippocampal volumes:

f1 =
Vol

Hipp

Left

VolBrain
× 100 (1)

f2 =
Vol

Hipp

Right

VolBrain
× 100 (2)

Hippocampal Fluid-Attenuated Inversion Recovery

Intensity
The method of Kim et al. (6) was used to establish anterior
and posterior boundaries for hippocampal FLAIR analysis to
reduce the impact of partial volume effect (6). The anterior
coronal boundary plane coincided with the gyrus intralimbicus,
whereas the posterior plane was the most caudal section through
the quadrigeminal plate. Non-brain tissues were removed from
T1-weighted and FLAIR images by manual segmentation. This
improved the accuracy of subsequent coregistration. The skull-
stripped T1-weighted and FLAIR image sets were coregistered
using a rigid registration technique (FLIRT) (60) based on
mutual information. The manually segmented ROIs were
mapped onto the FLAIR MRI using the registration transform
and then used for feature extraction. Inaccurate hippocampal
segmentation and coregistration can result in misallocation of
ROIs on corresponding FLAIR images resulting in the inclusion
of unwanted sites containing disparate signal intensities (i.e.,
cerebrospinal fluid) and affecting estimates. To this end, the
segmentation and coregistration outcomes were cross-checked
using Eigentool. Specifically, new ROIs were placed on brain
landmarks of coregistered T1-weighted images. These were then
loaded into the FLAIR image dataset and rechecked for correct
placement. No misalignment was found between coregistered
T1-weighted and FLAIR images. Both a mean and standard
deviation (SD) of FLAIR signal intensity were extracted from
each hippocampal FLAIR intensity. The final value for each
feature was expressed as a ratio of measured values of the two
hippocampi for normalization purposes to avoid the problem
of variance in FLAIR signal intensity from case-to-case and
scan-to-scan, lessen the effect of imaging imperfections, and
facilitate the classification and graphical analysis of left- and
right-sided epileptogenicity.

f3 =
meanFLAIR

Hipp

Left

meanFLAIR
Hipp

Right

(3)

f4 =
stdFLAIR

Hipp

Left

stdFLAIR
Hipp

Right

(4)

The FLAIR scatter plot created shows SD of signal asymmetry vs.
mean signal asymmetry.

Multistructural Analysis (MSA)
We have developed a decision tree-based classifier using
multistructural analysis of preoperative T1-weighted images
in a retrospective cohort of 68 TLE patients with an Engel
class 1 surgical outcome (61, 62). The classifier uses the
normalized volume changes [i.e., 100(vL – vR)/(vL + vR)] of
the hippocampus, amygdala and thalamus and could lateralize
mTLE with an accuracy of 98.5% using training data. For each
patient, the brain structures were segmented automatically using
FreeSurfer (S22). A boundary domain was determined with a
logistic function model to identify the degree of certainty with
which to distinguish laterality by a probability measure. If the
probability equaled 0.5, the index case was labeled as “U” and,
otherwise, if less than 0.7, labeling was UL or UR, designating
lesser certainty of laterality then if it appeared outside the
boundary domain.

Positron Emission Tomography Profile Analysis
Hypometabolic features were investigated only within the
hippocampal region. For each patient, the 3D Standard Uptake
Value (SUV) image, acquired from PET imaging, was skull-
stripped (BET) and coregistered (rigid-FLIRT) to the skull-
stripped T1-weighted MRI using the FSL tool. Then, for
each subject, the hippocampal SUVs were extracted from the
coregistered PET modality using the hippocampal ROIs. From
anterior to posterior, SUV profiles for left and right hippocampi
were extracted and their coronal sections compared with a test
of significance (Welch test - unpaired and unequal variances)
at a confidence level of 95%. Based on the result of the test, a
measure for hypometabolism asymmetry (HA) was calculated
for each coronal section. If SUVs of the left were significantly
smaller than the right, then HA = (SUVl-SUVr)/SUVr; if SUVs
of the right were significantly smaller than the left, then HA =

(SUVl-SUVr)/SUVl; and, if there was no significant difference,
HA was set to 0. Therefore, HA values ranged from −1 to
1, providing a laterality measure for each slice through the
hippocampus with either left (HA < 0) or right (HA > 0)
preference depending upon the extent of hypometabolism (see
Figures 2D, 3D; HA values are shown as a percent and color-
coded with blue for HA< 0 and redHA>0). Such a profile can be
used to designate the hypometabolic changes extending through
the head, body, and tail segments of the hippocampus. The final
laterality was summarized in ameasure with−1 identifying a left-
sided certainty and 1, a right-sided certainty for epileptogenicity
[see Ref. (63) for details].

Multimodal Model Decision Scheme
As another approach toward establishing a greater refinement
in distinguishing laterality of epileptogenicity, a combination of
classifiers was used based upon a previous dataset of a specified
number of classifiers. Each classifier with its laterality declared
as L, R, UL, UR, or U was combined with others using a majority
voting scheme (65). Since any patient may not have undergone all
imaging modalities (i.e., T1-weighted MRI, FLAIR MRI, PET, or
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FIGURE 1 | Case P15. Quantitative neuroimaging analysis in a patient who underwent Phase I study followed by a left temporal resection and achieved an Engel class

I outcome. The epileptogenic site was predicted accurately by models for this case. The prospective case is shown (O). (A) Scatter plot of normalized hippocampal

volumes showing distribution of control subjects (C) and study cases by their laterality for epileptogenicity (i.e., left vs. right). The volumes of control subjects are

clustered and define the boundary domain (blue lines) within which the separation of a right- or left-sided mesial temporal lobe epilepsy (mTLE), to either side of the

decision line (red line), may not be possible. (B) Scatter plot of mean and standard deviation ratios (right/left) of fluid-attenuated inversion recovery (FLAIR) MR signal

intensity with control subjects (C) clustered in the boundary domain and study cases distinguished by their laterality for epileptogenicity (i.e., left vs. right). (C) The

logistic decision plane of the multistructural analysis (MSA) model uses the normalized bilateral volume change [i.e., 100(vL – vR)/(Vl + vR)] of thalamic, amygdalar and

hippocampal volumes to lateralize the prospective (O) case. Note that the decision plane is parallel to the angle of view; hence, it is seen as a line in two dimensions.

SPECT), we defined the rules for this model based upon various
combinations of the following:

• Volumetry (V): Hippocampal volume lateralization outcome
(R, UR, U, UL, L)

• MSA (M): Multistructural lateralization outcome (R, L)
• FLAIR (F): Hippocampal FLAIR lateralization outcome (R,

UR, U, UL, L)
• SPECT (S): SPECT lateralization outcome (R, L)
• PET (P): PET profile analysis lateralization outcome (R, UR,

U, UL, L)

Patients in this study had two to five classifier outcomes. The rules
of the majority voting system combining these outcomes were
as follows:

Multimodal decision is X if














1. (X)3 (.)n=0,1,2

2. (X)2 (.)n=0,1

3. (X)2 (.)n=0,1 (U.)n=1,2

4. (X)1 (UX)n=1,2,3,4 (U)n=0,1

and is U, if otherwise (5)

where X denotes either a L or R epileptogenicity, (.) denotes any
outcome that a single classifier can have (i.e., L, UL, U, UR, R) and
the power indicates the number of outcomes for that decision.
For example, a decision set of (L)(UR)(U)(L)(L) is summarized
as (X)3(.)2. Here, rule 1 is applied. Rules 1 and 3 do not apply
to decision sets with two outcomes and rule 2 does not apply to
decision sets with five outcomes. The majority voting score was
calculated using the following equation:

vs =

∑

(X)+ 0.5
∑

(UX)
∑

(.)
(6)

in which
∑

denotes the summation. For example, the voting
score of a decision set of (L)(UR)(U)(L)(L) amounts to 3/5= 0.6.

Diffusion Tensor Image Uncertainty Analysis
DTI involves consideration of a high variability in diffusion
indices. Hence, an analysis of hemispherical asymmetry of any
bilaterally situated structure must show a significant result to
exceed a certain hemispheric variation uncertainty (HVU) in
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FIGURE 2 | Case P03. Quantitative neuroimaging analysis in a patient who underwent Phase I study followed by a right temporal resection achieving an Engel class

2B outcome. The models did not adequately lateralize the epileptogenic side. Hippocampal volumetry (A) and FLAIR intensity (B) scatter plots lateralized this case as

right-sided (O). However, the MSA model (C) was poorly lateralizing with the prospective case immediately to the left of the decision plane (i.e., UL; Table 1). (D) The

cross-sectional position emission tomography (PET) profile of hippocampal hypometabolism strongly showed right-sided hypointensity for this case. Diffusion tensor

image (DTI) connectivity analysis was indeterminate (i.e., U; Table 1). The support vector machine (SVM)-based classifiers developed for (E) categorizing whether the

epileptogenic area resided in the temporal lobe, T, or not, T, and (F) lateralizing the epileptogenic area, showed the prospective case to reside within the boundary

domain and on the borderline, respectively. Note that the decision plane is parallel to the angle of view; hence, it is seen as a black line in two dimensions. The

uncertainty boundaries are demonstrated as pink lines which are defined here to be half the maximum margin of the support vectors (64). The features for

categorization (F1–F3) and for lateralization (F4–F6) are defined in Methods section Diffusion Tensor Image Connectivity Analysis.

order to be interpreted correctly. Using the DTI of 23 non-
epileptic subjects and 20 TLE patients who had undergone
surgical resection with Engel class 1 outcomes, we developed

a prediction model for the laterality of seizure onset based
on HVU levels of mean diffusivity (MD) in the hippocampus
and fractional anisotropy (FA) in the posteroinferior cingulum
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FIGURE 3 | Case P20. Quantitative neuroimaging study of a patient who underwent both Phase I and II study followed by a right temporal resection and achieved an

Engel class 1 outcome. Hippocampal volumetry (A) and FLAIR intensity (B) scatter plots showed poor lateralization (O) although MSA (C) identified a right laterality.

PET (D) was indeterminate for the most part with variable slice-by-slice distribution favoring either right or left sides although predominating toward the right in the

hippocampal body. DTI connectivity (E, F) favored the left minimally (i.e., UL; Table 1).

and crus of the fornix (22). The variability in asymmetry was
estimated using the same scanner and imaging parameters for
both controls and patients. A higher hippocampal MD and lower
posteroinferior cingulate and forniceal crus FA was identified
ipsilateral to the side of seizure onset in 10/10 pathologically
proven MTS cases.

The model involves the following tasks: (1) DTI preprocessing
including isotropic voxel size resampling (1.96 × 1.96 × 1.96
mm3), diffusion tensor estimation and diffusion parameter
calculation, (2) seed placement upon fiber bundles using
color-coded DTI with an in-house developed user-interactive
MATLAB-based tool, (3) fiber bundle segmentation and
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tractography, (4) FA and MD calculation for the segmented
tracts, and (5) uncertainty analysis to predict seizure onset [refer
to Ref. (22) for more details].

Diffusion Tensor Image Connectivity Analysis
For DTI connectivity analysis, we developed a support vector
machine (SVM)-based classifier for lateralizing seizure onset
(24). Brain regions were segmented on T1-weighted MRIs using
FreeSurfer and fiber bundles extracted from DTI using MRtrix.
Having defined whole fibers and the labeled segmented image,
a connectivity matrix was built for each subject by calculating
the connectivity strength between each pair of regions (i,j), i,jǫ
1,. . . ,164. Two measures were used to calculate DTI connectivity
strength: (1) Number-of-Fibers-based Connectivity, NFC(i,j),
derived by counting the number of fibers passing through both
regions or connecting the two regions and normalizing to the
total number of fibers passing through either of the two regions.
(2) FA-based Connectivity, FAC(i,j), calculated by averaging the
mean-FA value of all fibers passing through or connecting the
two regions. The mean FA value of each fiber is also derived by
averaging the FA values of the voxels it passes through. These two
measures reveal complimentary aspects of connectivity.

The white matter connectivity matrices of 73 epilepsy
patients (18 extratemporal, 16 multifocal, 19 right temporal,
20 left temporal) were used to build a decision-making system
employing two SVM classifiers. Classifier #1 discriminated
TLE patients from others (categorization) and classifier #2
discriminated L-TLE from R-TLE subjects (lateralization). A
prospective patient was identified if the evaluation of classifier #1
was TLE and the evaluation of classifier #2 was L or R. These two
classifiers were trained using the approach described by Davoodi-
Bojd et al. (24). We used an initial set of 1,600 fiber connections
between regional pairs for feature selection.

The algorithm selected three features:







F1 = FAC
(

L parietal superior gyrus
)

F2 = NFC(L ventral DC, L marginal cingulate sulcus)

F3 = NFC
(

L hippocampus, L ventral DC
)

(7)

for classifier #1 (categorization), and three features:







F4 = NFC
(

hippocampus
)

F5 = FAC(amygdala, lateral superior temporal gyrus)

F6 = FAC
(

putamen, inferior temporal sulcus
)

(8)

for classifier #2 (lateralization), in which 1 refers to the
connectivity difference between left and right hemispheres [i.e.,
F6 refers to FAC (left putamen, left inferior temporal sulcus)—FAC
(right putamen, right inferior temporal sulcus)].

Resting-State Functional MRI Connectivity Analysis
This measure was applied in only four cases but has been
added here to provide some comparison with the more standard
measures identified above. Similar to DTI connectivity analysis
(24), we have developed an SVM-based classifier for lateralizing
epileptogenic onset. Brain regions from T1-weighted MRIs were
segmented using FreeSurfer and labeled to 82 regions per
hemisphere and then coregistered to the fMRI space. The rsfMRI

data was processed using FSL, which includes eliminating the first
five volumes due to magnetization equilibrium, brain extraction,
motion correction, slicing timing, temporal high-pass filtering,
and spatial smoothing (FWHM = 5mm) and connectivity
measures calculated as the Pearson’s correlation between the
temporal rsfMRI signals of each pair of the 164 regions. This
resulted in a 164× 164 connectivity matrix for each subject. The
connectivity matrices of six left-TLE and five right-TLE patients
were used to develop a linear SVM classifier for lateralizing
TLE patients. The developed classifier used connectivity features
of only two regions: (1) “right inferior frontal sulcus (IFS)”
and (2) “right nucleus accumbens (NAc)”, with 100% accuracy
achieved over the training datasets. The overall connectivity of
these two regions was shown to be more reduced in right TLE
than in left TLE patients. The developed rsfMRI classifier was
used to identify the epileptogenic hemisphere of the prospective
TLE patients.

Data Analysis
Information regarding measures, particularly the methodologies
related to each attribute, is described within the respective
sections above. These relate to scatter plot analyses, boundary
definitions, classifier schemes, and measures of significance
within border domains. Further definition of these is given in the
introduction to Table 1 below. The use of a multimodal model
decision scheme considers the role of previous experience using
some of the same attributes as in the current study and is subject
to the shortfalls of retrospective review and the limitations
regarding the particular attributes in use in the model, as with
the inclusion of SPECT which was not implemented in the
current study.

Comparison with the outcomes of our standard decision-
making clinical protocol with those predicted by the various
attributes and multimodal model implemented here is made
in tabular form. These denote the accuracy of prediction of
correct laterality as indicated by an Engel class 1 outcome in
comparison with that in the case of an Engel class ≥2 outcome.
A two sample independent t-test was applied to identify the
extent of discrepancies among the individual quantitative metrics
with standard clinical decision-making that yielded Engel class 1
outcomes vs. Engel class ≥2 outcomes.

RESULTS

Patient Population
Case numbers P01 to P52 comprise the 48 study patients (16M,
32F). Cases P06, P13, P38, and P40 were excluded from the
study because of incomplete workup and departure from the
system. Of the remaining, 10 (21%) remain unoperated (P02,
04, 08, 09, 14, 23, 25, 26, 35, 39). Another 14 (29%) underwent
RNS implantation (NeuroPace) after Phase II study definition
of the site(s) of epileptogenicity (P19, 21, 24, 28, 34–37, 41, 43,
45, 46, 49, 52). Two of the latter group (P24, 43) underwent
both a resection and RNS implantation at the conclusion of the
Phase II study and were considered part of the RNS implant
group as their epileptogenic network was not remediable by
resection alone. Both attained Engel class 1 outcomes. The
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TABLE 1 | Quantitative neuroimaging and clinical attributes of cases.

Patient ID Gender Age

(Surgery)

Duration PhI PhII/III MTS

(L/R/N)

Proc Side 12 Engel 24 Engel (i) Vol

Ratio

(ii) FLAIR

(decision,

mean,

STD)

(iii) MSA (iv) PET (v) MMM (vi) DTI

Uncertainty

(vii) DTI

Connectivity

(viii) fMRI

Connectivity

P01 M 35 11 F7>F3, T3 Lmt N L 3A 2C UR 0.92 R (1.04,

0.97)

R _ R 0.833 _ _ _

P02 F NA 55 F8, F10 _ L _ _ _ L 1.99 L (0.90,

0.82)

L _ L 1.000 _ _ _

P03 F NA 32 F3, F1>T3 _ R R 2B 2B R 0.73 R (1.08,

1.30)

UL R R 0.750 U U _

P04 F 32 25 F3, F7>T3 Lt N _ _ _ U 0.97 L (0.92,

0.92)

L L L 0.750 _ _ _

P05 F NA 59 F7, T3 _ L L 1A 1A L 1.31 L (0.70,

0.54)

L _ L 1.000 _ _ _

P07 M NA 17 F7, T1, T3 _ L L 2A 3A L 1.39 U (1.00,

0.96)

L _ L 0.667 _ _ _

P08 F NA 10 T1, T5, T6 _ N _ _ _ U 0.99 R (1.05,

1.08)

UR _ R 0.500 L U _

P09 F NA 61 T3, F7 _ L _ _ _ L 1.69 L (0.91,

0.88)

L _ L 1.000 U L _

P10 M NA 24 T2, F8 _ R R 1A 1A R 0.84 R (1.06,

1.06)

R R R 1.000 U R _

P11 F 19 8 T1, F7, T3 Lmt N L 1A 1A UL 1.08 UL (0.98,

1.02)

L _ L 0.667 _ _ _

P12 M 16 6 F7, T1>T3 Lmt L L 1A 1A UL 1.09 L (0.96,

0.87)

L L L 0.875 L _ _

P14 F NA 4 F7, T3 _ N _ _ _ UL 1.09 L (1.17,

1.16)

L _ L 0.833 U U _

P15 F NA 59 T3>F7 _ L L 1A 1A L 2.09 L (0.91,

0.82)

L L L 1.000 L _ _

P16 M 34 17 T4, F8 Rtp N R 1A 1A R 0.87 R (1.07,

1.07)

R L R 0.750 _ _ _

P17 F 65 49 T4, F8 Rmt N R 1A 1A U 0.97 R (1.06,

1.15)

U _ R 0.333 U U _

P18 F NA 3 T3>T1 _ L L 1A 2A R 0.9 L (0.95,

0.91)

UR L L 0.500 U L L

P19 M 43 17 T1>T3 Lmt N L-RNS _ _ U 0.96 _ UR UL U L L _

P20 F 32 5 T2>F8 Rmt N R 1A 1A UL 1.1 UR (1.01,

0.95)

R U U U UL _

P21 F 44 33 F7>T1,

T2>T4

Lmt N B-RNS _ _ U 0.95 UL (0.98,

0.84)

UR L U U L _

P22 F 23 1 T2, T4 Rmt N R 3A 2B UL 1.10 U (1.01,

1.01)

UR U U L U _

P23 F 33 7 T3>T1 Lt>Rt N _ _ _ UL 1.07 L (0.85,

0.82)

UR L L 0.625 L R _

(Continued)
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TABLE 1 | Continued

Patient ID Gender Age

(Surgery)

Duration PhI PhII/III MTS

(L/R/N)

Proc Side 12 Engel 24 Engel (i) Vol

Ratio

(ii) FLAIR

(decision,

mean,

STD)

(iii) MSA (iv) PET (v) MMM (vi) DTI

Uncertainty

(vii) DTI

Connectivity

(viii) fMRI

Connectivity

P24 M 53 20 T1, T3>F7 Ltc N L-RNS 1B 1B U 1.00 L (0.91,

0.90)

UR L L 0.500 U U _

P25 F NA 2 T1, T3>F7 _ N _ _ _ L 1.14 R (1.03,

1.44)

F UR U _ _ R

P26 F NA 7 C4-P4,

T4-T6

_ N _ _ _ U 1.00 R (1.04,

0.76)

R _ R 0.667 _ _ R

P27 F 65 64 F7 Lmt>Rtc L L 1A 1A L 1.74 _ L L L 1.000 L U _

P28 F 41 37 C3-P3 Lf N L-RNS _ _ UL 1.07 U (1.01,

0.97)

R _ U _ _ _

P29 F 38 33 T5>F7, T3 Lmt N L 2B 1B R 0.66 R (1.13,

0.71)

R L R 0.750 L L _

P30 M 58 14 T2>F8, T4 Rmt N R 1A 1A UR 0.90 R (1.13,

1.15)

R R R 0.875 U R _

P31 M NA 64 F8, O2 Rmt R R 1B 1A R 0.62 _ R R R 1.000 _ _ _

P32 F 44 24 F8>T2,T6>O2Rmt, Rbto N R 1A 1A UL 1.06 U (1.00,

0.82)

R R R 0.500 _ U _

P33 M 73 1 C4, P4, T6 Rmt R>L R 3A 3A R 0.46 UL (0.96,

1.07)

R _ R 0.667 _ _ _

P34 M 44 40 F8, T8 Rstg, Rph N R-RNS _ _ UL 1.11 L (0.96,

1.11)

R _ U L F F

P35 M 50 5 F7, T1, T2,

T8

Lmt>Rmt N B-RNS _ _ U 0.98 UL (0.98,

1.04)

UL L L 0.500 _ _ _

P36 F 50 53 F7>T1,T2,T4 Lmt>Rmt N B-RNS _ _ U 0.92 U (1.00,

1.09)

R L U U L _

P37 F 47 40 P8,D2,T7,F7 Lt N B-RNS _ _ UL 1.10 _ L L L 0.833 _ _ _

P39 F NA 6 N _ N _ _ _ L 1.23 U (0.99,

1.26)

L _ L 0.667 _ L _

P41 F 28 28 T7, C3, F8,

T8

Lmto, Rp N B-RNS _ _ R 0.78 L (0.93,

0.86)

R R R 0.750 _ F F

P42 F 35 19 T7, F7 Lbto N L 3A 3A UL 1.1 L (0.96,

1.05)

R _ U _ _ _

P43 F 32 5 T2, T8, F8 Rmt>Lmt L R-RNS 1A 1B L 1.25 _ R _ U R L R

P44 F 43 43 Sp2 Rmt N R 1A 1A R 0.75 _ R _ R 1.000 _ _ _

P45 F 47 10 T1, F7, T7 Lbt, Lto N L-RNS _ _ U 0.95 L (0.96,

1.10)

UL L L 0.625 _ _ _

P46 M 14 10 C3, C4 Lpc, Lph N L-RNS _ _ U 0.96 _ R L U U UL _

P47 M 62 10 F8, T8 _ R R 2B 1C R 1.39 _ R R R 1.000 R R _

P48 M 38 27 F3, F7,

T1>T7

Lmt>Lmf N L 1A 1A UL 1.15 U (0.99,

1.27)

R _ U UL L _

(Continued)
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remaining 24 cases constitute the population of patients who
had undergone resection, not all of whom had a standard
temporopolar topectomy+ amygdalohippocampal removal. One
case was coupled with resection of an ipsilateral superior
temporal convexity angioma (P17), while another (P48) had an
additional remote epileptogenicity expressed in the ipsilateral
mesiobasal frontal region at the site of an angioma. One case
(P32) underwent an extended basal temporo-occipital resection
and another (P42) manifested a discrete epileptogenicity in
the basal temporo-occipital area where a cortical dysplasia
was identified and a local resection carried out. A final case
(P16) had abundant bilateral periventricular nodularity giving
rise to other epilepsy types although the primary presenting
epilepsy was effectively remediated by the standard resection
mentioned above.

Clinical Attributes
Table 1 presents the clinical attributes and quantitative
neuroimaging results for each patient including Phase I, II, and
occasional Phase III features, surgery type and laterality (R,
L) with 12- and 24-month outcomes. For the single modality
classifiers, uncertainty boundaries are defined as depicted in
Table 2. “F” signifies a failure to segment a structure sufficiently
well for measurement. For MMM, the decision is based on
majority voting rules with a score assignment as shown in
equations (5) and (6).

Phase I Study
A Phase I study was judged sufficient for resection in seven
cases (P03, 05, 07, 10, 15, 18, 47) by strict clinical determination,
and of these, three cases (P03, 07, 18) did not attain an Engel
class 1 outcome after 2 years although one (P47) did so after
the first year. All had qualitatively determined MTS. In contrast
to those cases which indicated clear predominance in laterality
by quantitative metrics with Engel class 1 outcomes (Figure 1),
the latter three showed more notable disagreement among
metrics. P03, for instance, showed both hippocampal volume
and FLAIR intensity metrics aligned ipsilateral to the side of the
MTS; however, MSA (i.e., hippocampus, amygdala, thalamus)
analysis favored the contralateral side and both DTI metrics were
non-lateralizing (Figure 2). Although reduced hippocampal and
multistructural volumes in P07 were identified ipsilateral to the
side of the MTS, FLAIR intensity metrics fell well within the
boundary domain. P18 showed reduced hippocampal volume
on the right supported by MSA to a lesser extent (i.e., UR) but
increased FLAIR intensity showed on the left with both rsfMRI
and DTI connectivity and PET metrics also in support.

Phase II Study
A total of 34 patients underwent Phase II study, 17 (50%)
underwent resection, 13 (38%) underwent RNS implantation,
two (6%) underwent resection followed by RNS implantation
and two (6%) deferred further intervention (see Table 1). MTS
was reported in six cases (P12, 27, 31, 33, 43, 51) in this group
but conflicting EEG and sodium amobarbital study data forced
further Phase II study. Quantitative study in three of these six
cases strongly confirmed agreement on the side of the MTS with
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TABLE 2 | Definition of decision boundaries and rules for single modality classifiers.

Model Features Decision function Decision boundaries Decision rules

Volumetry Hippocampal volumes, f1 and f2 Linear (Scatter plot Eigenvector) 1 and 2 standard deviations (sd) off the

decision line

(0,sd)→U

(sd,2sd)→UL/UR

(2sd,∞)→L/R

FLAIR Hippocampal FLAIR intensities,

f3 and f4

Linear (Scatter plot Eigenvector) 1 and 2 sd off the decision line (0,sd)→U

(sd,2sd)→UL/UR

(2sd,∞)→L/R

MSA Hippocampal, amygdalar, and

thalamic volumes

Logistic function 0.2 sd off the decision line (i.e., probability

equal to 0.5)

p=0.5→U

0.5<p<0.7 → UL

0.3<p<0.5 → UR

p≥0.7 → L

p≤0.3 → R

DTI

connectivity

Connectivity measures

[equations (7) and (8)]

SVM 0.5 and 1 maximum margin of support

vectors (M) off the decision line

(0,0.5M)→ U

(0.5M,M)→UL/UR

(M,∞)→L/R

four (P31) or five (P12, 27) quantitative attributes indicating the
same. Two cases (P43, 51) showedmixed results with quantitative
study. Both resection and RNS implantation was undertaken
in P43 to effect an Engel class 1B outcome with hippocampal
volume andDTI connectivity metrics identifying a left preference
but MSA, DTI uncertainty and rsfMRI connectivity metrics
favoring right. Likewise, in P51 with an Engel class 1A outcome,
both hippocampal volumetry and FLAIR showed weak and
opposing laterality yet MSA, PET, and MMM strongly supported
the correct side. Of the 17 cases undergoing solely resection, an
Engel class 1 outcome was attained in 13 (76%).

MTS Group
Of the entire group of 48 patients, 14 were reported to have
an unequivocal unilateral MTS after imaging review. Six of
these (P07, 12, 27, 31, 43, 51) underwent Phase II study.
Of the MTS group, 11 (79%) underwent resection with three
(P03, 07, 18) not attaining an Engel class I outcome. P33 was
reported as showing bilateral MTS with greater involvement on
the right as demonstrated by a reduced hippocampal volume.
This was supported by MSA and MMM, favoring the side of
the resection, although a contralateral slightly increased FLAIR
intensity was identified (i.e., UL). A further breakdown of cases
related to clinical complexity and outcomes is provided in the
following subsections:

Non-MTS Group
The non-MTS group comprised 33 cases of which 12 underwent
resection and 14 required RNS electrode implantation within
one or both cerebral hemispheres. Of those resected, nine
(75%) attained Engel class 1 outcomes after 2 years. The
remaining three cases (P01, 22, 42) showed poorer outcomes
and, correspondingly, the quantitative analyses disagreed with
the laterality in P01, showed a high degree of indeterminacy in
P22 or a mix of the two features in P42, respectively. The others
tended to show greater concordance among metrics but, in some,
despite a favorable outcome, the variance caused interpretive
problems and would not allow adequate lateralization (i.e., P17,
20, 48; Figure 3).

RNS electrode implants were lateralized to right or left sides
in nine cases. The tendency for discordance among the metrics
was greater than that found in the resected group but still showed
predominance for the side of implantation in a few cases (P19,
24, 45). Among bilateral RNS electrode implant cases, much the
same was apparent with greater variance among metrics and
some degree of predominance of lateralizing features toward
either side. Hippocampal volumetry was declared indeterminate
in 60% of RNS cases.

Engel Class 1 Outcome
Seventeen patients achieved an Engel class 1 outcome following
mesial temporal resection. Neuroimaging was assessed
quantitatively using three to seven metrics (median, 6) that
became available for analysis. Five patients showing the greatest
discordance regarding their metrics were either identified
possessing two to four metrics as indeterminate (i.e., ‘U’; P17,
20, 32, 48) or possessing opposite lateralities in a number of
modalities (i.e., R vs. L; P29).

Engel Class ≥2 Outcome
Of the analyses performed in the entire study group of 48
patients, 26 (57%) had at least five quantitative imaging metrics
completed and another 14 (30%) had four metrics completed.
Of this group of 40 patients, 22 (55%) underwent resection of
the putative site of epileptogenicity. An Engel class 1 outcome
was not attained after 2 years in five patients (P03, 18, 22,
33, 42). Three of these underwent Phase II study (P22, 33,
42). Four to eight metrics were available to judge laterality in
the five cases with notable disagreement in some (i.e., L vs.
R; P18, 42) or mixed weak lateralization (i.e., UR, UL) and
indeterminacy (i.e., U) among a number ofmetrics characterizing
others (P03, 22). A notable example was P22 showing no MTS
by report although Phase I and II studies confirmed right mesial
temporal ictal onset. A right mesial temporal resection resulted
in an Engel 2B outcome after 2 years. Quantitative studies all
showed indeterminate or weakly lateralizing results for TLE
except for the DTI uncertainly analysis which favored the left.
Later MRI identified evolution of a right inferior precuneal lesion
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TABLE 3 | Match of predicted values of individual, multistructural and multimodal study metrics with actual outcomes (Engel class 1 vs. Engel class ≥ 2).

Criteria (i) Vol Ratio (ii) FLAIR (iii) MSA (iv) PET (v) MMM (vii) DTI

Uncertainty

(vii) DTI

Connectivity

(viii) fMRI

Connectivity

Engel 1 13/17 = 0.76 9/13 = 0.69 15/17 = 0.88 10/12 = 0.83 14/17 = 0.82 7/10 = 0.70 5/9 = 0.56 2/2 = 1

Engel ≥2 4/7 = 0.57 3/7 = 0.43 3/7 = 0.43 2/3 = 0.67 4/7 = 0.57 0/3 = 0.00 1/3 = 0.33 -

Engel class 1 Outcomes Engel class ≥ 2 Outcomes

R\M L&UL R&UR U L&UL R&UR U

Hippocampal

Volume

L 6 1 0 2 2 0

R 2 7 1 1 2 0

FLAIR L 4 1 1 2 1 1

R 1 5 1 1 1 1

MSA L 5 2 0 1 2 0

R 0 8 1 1 2 0

PET L 4 0 0 1 0 0

R 1 6 1 0 1 1

MMM L 5 1 1 2 1 1

R 0 9 1 0 2 1

DTI (u) L 5 0 0 0 0 1

R 0 1 4 1 0 1

DTI (c) L 2 0 1 0 0 1

R 1 3 2 0 0 2

Note: each row in the upper display shows the number of cases predicted in each category leading to the identified outcome so that for Engel class ≥ 2, the number of wrong-side

predictions are provided. Comparative tables (Engel class 1 vs. Engel class ≥ 2) show outcomes achieved by resection (R) following standard clinical protocol decision-making (left vs.

right) and by model prediction (M) for each attribute, indicating absolute or partial determinacy for the epileptogenic side (L & UL vs. R & UR).

found histologically to be a combined pilocytic astrocytoma and
cortical dysplasia. Intraoperative electrocorticography confirmed
abundant epileptogenic activity and the site was laser-ablated
with resolution of the epilepsy.

Individual, Multistructural, and Multimodal
Model Evaluation
To judge the value of quantitative analysis, both individual
and cumulative (i.e., MSA, MMM), used in this study as a
tool for providing lateralizing information, each metric was
assessed by outcome category following resective surgery. Actual
outcomes (i.e., Engel class 1, Engel class ≥2) were matched
with those predicted by each of the metrics in the current
study. Variable numbers of cases qualified for each of these
attributes depending upon their actual use at the time of
patient assessment and successful completion of the study. Of
the 24 cases undergoing solely resection, for instance, all were
available for both hippocampal volume and MMM analysis. Case
numbers fell to 13 and 14 for DTI uncertainty and connectivity
measures, respectively, and to insufficient numbers for resting
state fMRI connectivity.

The best prediction of favorable outcome was achieved with
MSA, MMM, and PET (Table 3). With MSA, 17 of 24 cases had
an Engel class 1 outcome and a positive prediction of the correct
side was attained in 15 cases (88%). Otherwise, for those cases
resulting in poorer outcomes, the predicted side was opposite to
the side operated in four (P01, 03, 18, 42) of seven cases (57%)

and therefore in disagreement with clinical decision-making.
Multimodal modeling proved also reliable with 14 of 17 cases
(82%) showing an Engel class 1 prediction; it was indeterminate
in two of these (P20, 48) and incorrect with laterality in one
(P29). In the 11 cases with an unequivocal unilateral MTS, MMM
lateralized eight (73%) that attained an Engel class 1 outcome.
In two of the MTS cases with poorer outcomes, both MSA and
DTI metrics identified contralateral features supporting their
inclusion in a future model. Of a total of seven cases with poorer
outcomes, MMM lateralized incorrectly in four (P03, 07, 18,
33) agreeing with the side operated. It disagreed with the side
operated in one (P01) and was indeterminate in two (P22, 42).
With PET profile analysis, of 12 cases with an Engel class 1
outcome, 10 were given a positive prediction of the correct side
(83%). It incorrectly identified laterality in one (P16) and was
indeterminate in the remaining case (P20). In the three cases with
poorer outcomes, two were incorrectly lateralized (P03, P18) and
one was shown to be indeterminate (P22). In the 20 cases for
which FLAIR signal analysis was possible, 9 of 13 (69%) with
Engel class 1 outcomes were correctly identified. A definitive
‘left’ or ‘right’ designation (i.e., scatter plot, >2sd) was possible
in seven of the nine cases with MTS not declared in four of
these. Of the seven cases with poorer outcomes, FLAIR signal
analysis identified the side opposite the resection in two (P01, 33)
and was indeterminate in two (P07, 22). Hippocampal volumetry
provided a similar result by matching favorably in 13 (76%) of
17 cases with an Engel class 1 outcome in which a definitive
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“left” or “right” designation was provided in eight. One case
(P17) was declared indeterminate as it was with MSA and both
DTI measures. Otherwise, in three (P01, 18, 22) of seven cases
with an Engel class ≥2 outcome, there was disagreement with
the side operated. The DTI uncertainty analysis was applied to
14 cases of which 10 attained an Engel class 1 outcome with
six (60%) correctly identifying the resected side while the DTI
connectivity analysis was applied in 13 cases of which nine
attained an Engel class 1 outcome with five (56%) of these
matching the resected side. Three cases with poorer outcomes
identified indeterminacy in the uncertainty analysis in two (P03,
18) and in the connectivity analysis in two (P03, 22).

The discrepancies toward laterality among the quantitative
metrics in cases with poorer Engel class outcomes become
evident when compared with those attaining Engel class 1
outcomes (Table 4). The mean value obtained for percentage
agreement with laterality between standard clinic decision-
making and individual metrics was notably greater among those
with Engel class 1 outcomes than those without (i.e., 0.78 and
0.48, respectively; p = 0.0216). Considering only those cases
in which Engel class ≥2 was achieved, relatively few cases
can be assembled to establish specificity for each attribute. An
indeterminate (i.e., U) allocation for any of these applications
would render a definitive rejection of laterality. Otherwise, an
allocation of laterality in one or more applications opposite to
others might raise caution.

Responsive Neurostimulation
Fifteen patients underwent placement of an RNS unit with two
also undergoing additional resection. All had attained at least
a 50% reduction in seizure frequency within a three-year time
period with two having exceeded 80%. Six of the 15 had bilateral
implants with all showing features of bilateral disturbance
electrographically and, four of these, an absence of hippocampal
volume asymmetry (i.e., U). For all patients undergoing RNS
implantation, nine had shown no volume asymmetry with three
others declared as definitively lateralized as right or left. Of
the nine patients undergoing unilateral RNS implantation on
the right (3) or left (6), only three showed some indication,
by neuroimaging attribution, of ipsilateral abnormality whereas
the others showed a mix of results insufficient to declare
a trend.

DISCUSSION

The findings of this study lend support to a neuroimaging-
based decision-making process that seeks to determine laterality
of a putative mTLE or exclude a pure unilateral temporal lobe
epileptogenicity (i.e., bitemporal, extrahippocampal, extended
extratemporal or pure extratemporal). BothMSA and PET profile
analyses, with Multimodal Model (MMM) analysis followed by
FLAIR signal analysis and hippocampal volumetry provided
means of lateralizing a mTLE sufficient to proceed to a favorable
outcome with resection. The MMM decision scheme used here
included both MSA and PET as indices, adding a multistructural
and a functional element, respectively, to its decision-making
paradigm. It also contained SPECT as a metric which was

TABLE 4 | Agreement of laterality among neuroimaging metrics with results of

standard clinical decision-making in cases with Engel class 1 vs Engel class ≥ 2

outcomes.

Patient ID No of Metrics Agreement (%)

Engel class 1 outcomes

5 4 100

10 7 86

11 4 100

12 6 100

15 6 100

16 5 80

17 6 33

20 7 29

27 6 83

29 7 43

30 7 86

31 4 100

32 6 50

44 3 100

47 6 100

48 6 50

51 5 80

Mean ± STD 5.6 ± 1.2 77.6 ± 25.9

Engel class ≥ 2 outcomes

1 4 0

3 7 57

7 4 75

18 8 63

22 7 14

33 4 75

42 4 50

Mean ± STD 5.4 ± 1.8 47.7 ± 29.5

A total of 17 cases with Engel class 1 outcomes and 7 cases with Engel class ≥ 2

outcomes are presented with their corresponding number of metrics applied in each

case. The percentage agreement between the clinical decision of laterality and the number

of metrics agreeing with the same laterality is provided, showing significant discrepancy

between the groups (two-sample independent t-test, p = 0.0216).

not used in the current analysis of prospective cases. The use
of other attributes in the study may well have provided even
better predictions. Those cases in which there was considerable
variability in lateralization (i.e., R vs. L) among themetrics, mixed
with some weakness in lateralization (i.e., UL, UR) or simply,
indeterminacy (i.e., U), resulted in a poorer outcome (Engel class
≥2) when undergoing resection. Optimization of the approach
is still required and can be achieved through the selection of
neuroimaging attributes better able to discriminate those features
necessary for decision-making. Consideration must be given to
weighting some attributes over others based upon their ability to
discriminate and then to combine them into a model that can
be tested.

Several multistructural lateralization studies of mTLE (1, 54,
62, 64, 66, 67) have shown utility in providing reliable measures
of laterality. More recently, using data-mining methodology in
a retrospective study, Mahmoudi et al., confirmed the optimal
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number of neuroanatomical sites for this purpose to include
the hippocampus, thalamus, and amygdala, and provided a
model by which to establish laterality using a scatter plot
(62). The tristructural volumetric application proved effective
in lateralizing 98.5% of cases compared with that of an 82.4%
lateralization using hippocampal volumetry alone. Moreover,
MSA had correctly lateralized 92.9% of MTS-negative mTLE
cases. This is borne out in the current prospective study with
MSA again outperforming hippocampal volumetry alone. The
MMM approach in the current study included both biomarkers
and, under these circumstances, an argument can be made to
exclude hippocampal volumetry from such a model in favor of
another more opportune attribute such as DTI connectivity.

The hallmark imaging feature of mTLE is MTS in which
both hippocampal volumetry and FLAIR mean signal intensity
combine to provide some probability of epileptogenicity
sufficient to lateralize a mTLE in several cases. In the current
study, hippocampal volumetry alone correctly lateralized 76%
of resected cases whereas combined FLAIR mean signal and
standard deviation measures did the same in 69%. Twenty
resected cases had both measures completed, although five
cases had one of the two measures declared indeterminate. In
11 of the 20 cases, an MTS was not declared although nine
attained an Engel class 1A outcome but only five of these were
confirmed by one or bothmetrics. Such findings align with recent
determinations of the predictive value of both hippocampal
volumetry (67%) and hippocampal FLAIR mean signal and
standard deviation (70%) (10) and point to shortcomings in the
use of this dual measure.

A neuropathological analysis of cases was not consistently
performed in this series to warrant inclusion and to offer some
insight into associated histopathological features; however, in a
prior study (10), such analysis of an mTLE caseload identified
Ammon’s horn sclerosis in 21/31 cases (68%). Interestingly, some
qualitative differences were identified histologically wherein
gliosis predominated without notable cell loss in cases of MTS
(10, 22).

Interictal PET study with 2-[18F]fluoro-2-D-deoxyglucose
(FDG) has been useful in identifying epileptogenic sites often
prior to structural changes such as MTS (68–70) although
metabolic abnormalities can often be found at more than one
site, sometimes complicating the localization of primary nodal
sites of epileptogenicity (71, 72). Moreover, distinct hippocampal
volume asymmetries in mTLE cannot be ascertained in 15–
30% of cases (73). Kerr et al. showed FDG-PET to accurately
lateralize epileptogenicity in 89% of patients (74). A prospective
study of 23 patients with age-matched controls also lateralized
87% of TLE cases with FDG-PET where hippocampal volumetry
did so in only 65% (48); however, only hippocampal volumetry
was predictive of an Engel class 1 outcome. Binding of
[11C]flumazenil (FMZ) to GABAA receptors with PET imaging
provides a more direct ligand-related means of detecting
abnormality in TLE andmay afford further utility in investigating
mTLE. Hammers et al. identified 16 of 18 (90%) patients with
mTLE despite a normal MRI, characterized by quantitative
volumetric and T2 signal intensity measures, to have functional
abnormalities with FMZ-PET (71). The current study supports

the use of PET as a suitable metric in a multimodal
decision-making scheme for lateralization and possibly for
localization of an mTLE, adding favorably to the results obtained
with MSA in such a model.

Multimodal postprocessing is defined as the simultaneous
rendering of various spatially coregistered modalities, both
structural and functional, for the purpose of identifying
localizable abnormalities (52). A multimodal computer-aided
lateralization framework would ostensibly increase sensitivity
and confidence in lateralizing mTLE. The scheme used in
the current study provides evidence of the utility of this
approach. These modalities differ in their reliabilities and may,
to some degree, show discrepancies in predicting laterality.
Hence, simply combining data from multiple modalities will
not necessarily enhance accuracy. Optimizing a battery of select
neuroimaging attributes in such a way as to avoid the curse
of dimensionality would provide an ultimate solution to this
problem. In a previous study (51), 10 univariate or multivariate
response-driven lateralization models were developed using
MRI, DTI, and SPECT attributes and logistic regression, to
determine the side of epileptogenicity in TLE patients. By
incorporating all multivariate attributes for 138 TLE cases that
had at least one imaging attribute and imputing the mean
value of the measured attributes of the control cases into
the corresponding missing attributes, an all-inclusive model
reached a probability of detection of the epileptogenic side
of 0.83. This response model allowed the epileptogenic side
to be detected in 90% of TLE patients. A high reliability for
lateralization could be established by incorporating conventional
(i.e., MSA, FLAIR, MRI), functional (i.e., PET, rsfMRI) and
microstructural (i.e., DTI) attributes into a single MMM
analysis that would likely improve upon the analysis put
forward here.

The use of SPECT was excluded from this study because
of a lack of availability during the timeframe of the study. It
constituted part of the metrics ensemble within the MMM set
established remotely that was available for comparison. The
application of SPECT as an assessment of blood perfusion for
lateralizing and localizing epileptogenicity has been shown to
be reliable in several studies (35, 75–77). A retrospective study
of hippocampal subtraction ictal SPECT in 48 patients with an
Engel class 1A outcome showed a lateralization accuracy of 91%,
slightly higher than that achieved with FLAIR MR signal analysis
in the same study (77). Its use in further studies of this sort would
be of interest.

Because DTI measures provide a sensitive tool for detecting
microstructural changes in brain tissue often before any
abnormality appears on structural MRI (78, 79) and the
widespread propagation of synchronized neuronal firing in
mTLE affects a number of remote structures (80), they become
a useful tool for identifying change in the integrity of white
matter fiber tracts involved in mTLE (81, 82). A retrospective
study with DTI in mTLE also showed promise in distinguishing
both bilateral from unilateral cases and right from left mTLE
cases by assessing fractional anisotropy and mean diffusivity
in the cingulum, the forniceal crura and corpus callosum
(23). It succeeded in differentiating 54 cases into right mTLE,
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left mTLE, and bilateral mTLE from control. The current
prospective study showed some utility of both connectivity
and uncertainty measures of DTI although with reduced case
numbers in comparison with the other metrics. Of some interest
are the indeterminate features that may provide some warning
regarding laterality of an mTLE or its centrality as a principal
node in the epileptogenic network. More study is required
with greater numbers of cases for an adequate conclusion to
be drawn.

This study is based on the presumption of dealing at the outset
with whatmay possibly be a TLE. Although experience has shown
that, in fact, the majority of cases operated upon present with
a pure mTLE that can be effectively treated by surgery, several
do present with epileptogenic networks extending beyond the
confines of the temporal lobe to involve extratemporal sites as
immediate regional extensions within the neighboring insula,
frontal cortex, or parietal cortex, or are more remotely linked as
with the cingulate gyrus (i.e., P46) or precuneus (i.e., P22). Other
cases may be identified at the outset as bitemporal epilepsies
behaving as independent epileptogenic networks or as linked
entities. Some, of course, are purely extratemporal. Much of
this accounts for the failure of resective surgeries targeting a
putative mTLE when electrographic study was suggestive but
inconclusive and qualitative neuroimaging was supportive. Part
of the aim of having a concerted effort of investigation centered
upon a quantitative neuroimaging platform must be not only to
distinguish the features of a distinctive localized network as in the
case of an isolated mTLE but to provide strong indication of why
it may not necessarily be the latter.

A computer-aided quantitative multimodal multistructural
response model, using a preferred list of MRI and nuclear
medicine-derived attributes, shows promise in optimizing the
lateralization of mTLE and the selection of surgical candidates
and possibly reducing the need for Phase II study. The
approach overcomes the intrinsic limitation of individual
modalities by increasing the information content made available
(52). Phase II evaluation itself may fail to survey the entire
epileptogenic network sufficiently to declare its full extent.
A preliminary quantitative multimodal approach provides the
opportunity to identify most nodal elements that designate a
significant component of the network well enough that, in
many circumstances, resection of a contained segment may
succeed in a seizure-free status. The results of this study with
its limited cohort emphasize the concerns that are commonly
raised in patients in whom both EEG analysis with Phase
I and II and qualitative imaging interpretations taken in
combination can lead to a wrong conclusion. The degree to which
there is disagreement among the various quantitative metrics
must be considered a parameter by which we judge whether
epileptogenicity exists in a single temporal lobe, particularly, its
mesial aspect.

As a single institutional prospective comparative study
involving multivariate analysis of neuroimaging features, this
work has its limitations. The nature of this sort of study with
all data accrued from a single institutional experience limits
the number of cases that could be gathered within a given
timeframe, largely because of the unpredictability of a prospective

analysis and the number of comparative neuroimaging methods
employed. Moreover, data inhomogeneity arises when using
clinical standard-of-care protocols as part of daily operations so
that not all patients will necessarily undergo all investigations.
However, the strength of the work is that the present study is of
a single institutional nature as was the quantitative analysis itself.
This provides assurance that the standards of clinical decision-
making, outcomes and the analyses were performed uniformly
across the entire study.

The creation of a standardized quantitative neuroimaging
platform that incorporates multistructural and multimodal
attributes coupled with initial (i.e., Phase I) video-EEG
investigation may limit the need for subsequent more invasive
(i.e., Phase II/III) study by declaring a unilateral mesial
temporal epilepsy more objectively or limit the targeting of
intracranial sites when there is further need of such study.
Apart from ensuring greater patient safety and improving
upon the efficiency of investigation, the expense is likely to
be reduced as improved machine-learning methods are used
with such platforms for decision-making purposes (83). This
prospective study of a variety of quantitative neuroimaging
applications for the lateralization of a putative TLE provides
a comparison with the benefits of each. Certain applications
focused upon combined multistructural and multimodal
attributes hold promise in decision-making. The study
supports future directions in the use of machine learning
and decision-support platforms in defining laterality and
the likelihood of success with epilepsy surgery as it applies
to the temporal lobe (84, 85). Specifically, the presence of
agreement among individual and combined neuroimaging
metrics regarding laterality points to a high degree of assurance
of a specific site of epileptogenicity. By contrast, greater
numbers of these metrics showing a discordance of laterality
or indeterminacy indicates an absence of a distinct laterality
and the likelihood of a poorer outcome should resection
be undertaken.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Institutional Review Board (IRB) of the Henry Ford
Health System (HFHS); IRB of Spectrum Health (SH). Written
informed consent to participate in this study was provided by the
participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

KE did the conceptualization, data curation, formal analysis,
investigation, validation, and writing. ED-B handled the data
curation, formal analysis, investigation, methodology, and

Frontiers in Neurology | www.frontiersin.org 16 November 2021 | Volume 12 | Article 74758032

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Elisevich et al. Prospective Quantitative Neuroimaging Analysis

validation. JH also handled methodology, resources, and writing.
HS-Z also did the conceptualization, handled the funding
acquisition, and project administration.

FUNDING

Funding will come through the Department of Clinical
Neurosciences, Spectrum Health.

ACKNOWLEDGMENTS

This work was supported, in part by the NIH grant R01-
EB013227. Statistical review by Jessica Parker, MS, GSTAT, and
editorial review by Alan Taylor, PhD, of the Spectrum Health
Office of Research and Education is much appreciated. Gratitude
is also extended to Meredith Wiggins of the Department of
Clinical Neurosciences for her assembly of the final draft of
this manuscript.

REFERENCES

1. Cendes F, Leproux F, Melanson D, Ethier R, Evans A, Peters T, et al. of

amygdala and hippocampus in temporal lobe epilepsy. J Comput Assist

Tomogr. (1993) 17:206–10. doi: 10.1097/00004728-199303000-00008

2. Hammers A, Heckemann R, Koepp MJ, Duncan JS, Hajnal JV, Rueckert D,

et al. Automatic detection and quantification of hippocampal atrophy on

MRI in temporal lobe epilepsy: a proof-of-principle study.Neuroimage. (2007)

36:38–47. doi: 10.1016/j.neuroimage.2007.02.031

3. Jack CR, Sharbrough FW, Twomey CK, Cascino GD, Hirschorn KA,

Marsh WR, et al. Temporal lobe seizures: lateralization with MR volume

measurements of the hippocampal formation. Radiology. (1990) 175:423–

9. doi: 10.1148/radiology.175.2.2183282

4. Van Paesschen W, Sisodiya S, Connelly A, Duncan JS, Free SL, Raymond AA,

et al. Quantitative hippocampal MRI and intractable temporal lobe epilepsy.

Neurology. (1995) 45:2233–40. doi: 10.1212/WNL.45.12.2233

5. Woermann FG, Barker GJ, Birnie KD, Meencke HJ, Duncan JS. Regional

changes in hippocampal T2 relaxation and volume: a quantitative magnetic

resonance imaging study of hippocampal sclerosis. J Neurol Neurosurg

Psychiatry. (1998) 65:656–64. doi: 10.1136/jnnp.65.5.656

6. Kim JH, Tien RD, Felsberg GJ, Osumi AK, Lee N. MR measurements

of the hippocampus for lateralization of temporal lobe epilepsy: value of

measurements of the body vs the whole structure.AJRAm J Roentgenol. (1994)

163:1453–7. doi: 10.2214/ajr.163.6.7992746

7. Bernasconi A, Bernasconi N, Caramanos Z, Reutens DC, Andermann

F, Dubeau F, et al. T2 relaxometry can lateralize mesial temporal lobe

epilepsy in patients with normal MRI. Neuroimage. (2000) 12:739–

46. doi: 10.1006/nimg.2000.0724

8. Briellmann RS, Kalnins RM, Berkovic SF, Jackson GD. Hippocampal

pathology in refractory temporal lobe epilepsy: T2-weighted

signal change reflects dentate gliosis. Neurology. (2002) 58:265–

71. doi: 10.1212/WNL.58.2.265

9. Coan AC, Bonilha L, Morgan PS, Cendes F, Li LM. T2-weighted and

T2 relaxometry images in patients with medial temporal lobe epilepsy. J

Neuroimaging. (2006) 16:260–5. doi: 10.1111/j.1552-6569.2006.00051.x

10. Jafari-Khouzani K, Elisevich K, Patel S, Smith B, Soltanian-Zadeh H. FLAIR

signal and texture analysis for lateralizing mesial temporal lobe epilepsy.

Neuroimage. (2010) 49:1559–71. doi: 10.1016/j.neuroimage.2009.08.064

11. Kobayashi E, D’Agostino MD, Lopes-Cendes I, Berkovic SF Li ML,

Andermann E, Andermann F, et al. Hippocampal atrophy and T2-weighted

signal changes in familial mesial temporal lobe epilepsy. Neurology. (2003)

60:405–9. doi: 10.1212/WNL.60.3.405

12. Okujava M, Schulz R, Ebner A, Woermann FG. Measurement of temporal

lobe T2 relaxation times using a routine diagnostic MR imaging protocol in

epilepsy. Epilepsy Res. (2002) 48:131–42. doi: 10.1016/S0920-1211(01)00325-4

13. Jack CR. Hippocampal T2 relaxometry in epilepsy: past, present, and future.

Amer J Neuroradiol. (1996) 17:1811–4.

14. Jack CR, Rydberg CH, Krecke KN, Trenerry MR, Parisi JE, Rydberg

JN, et al. Mesial temporal sclerosis: diagnosis with fluid-attenuated

inversion-recovery versus spin-echo MR imaging. Radiology. (1996) 199:367–

73. doi: 10.1148/radiology.199.2.8668780

15. Jackson GD, Connelly A, Duncan JS, Grunewald RA, Gadian DG. Detection

of hippocampal pathology in intractable partial epilepsy: increased sensitivity

with quantitative magnetic resonance T2 relaxometry. Neurology. (1993)

43:1793–9. doi: 10.1212/WNL.43.9.1793

16. Bonilha L, Kobayashi E, Castellano G, Coelho G, Tinois E, Cendes F,

et al. Texture analysis of hippocampal sclerosis. Epilepsia. (2003) 44:1546–

50. doi: 10.1111/j.0013-9580.2003.27103.x

17. Yu O, Mauss Y, Namer IJ, Chambron J. Existence of contralateral

abnormalities revealed by texture analysis in unilateral intractable

hippocampal epilepsy. Magn Reson Imaging. (2001) 19:1305–

10. doi: 10.1016/S0730-725X(01)00464-7

18. Hugg JW, Butterworth EJ, Kuzniecky RI. Diffusion mapping applied to

mesial temporal lobe epilepsy: preliminary observations. Neurology. (1999)

53:173–6. doi: 10.1212/WNL.53.1.173

19. Rugg-Gunn FJ, Eriksson SH, Symms MR, Barker GJ, Duncan JS. Diffusion

tensor imaging of cryptogenic and acquired partial epilepsies. Brain. (2001)

124:627–36. doi: 10.1093/brain/124.3.627

20. Wehner T, Lapresto E, Tkach J, Liu P, Bingaman W, Prayson

RA, et al. The value of interictal diffusion-weighted imaging in

lateralizing temporal lobe epilepsy. Neurology. (2007) 68:122–

7. doi: 10.1212/01.wnl.0000250337.40309.3d

21. Scanlon C, Mueller SG, Cheong I, Hartig M, Weiner MW, Laxer

KD. Grey and white matter abnormalities in temporal lobe epilepsy

with and without mesial temporal sclerosis. J Neurol. (2013) 260:2320–

9. doi: 10.1007/s00415-013-6974-3

22. Nazem-Zadeh MR, Schwalb JM, Elisevich KV, Bagher-Ebadian H, Hamidian

H, Akhondi-Asl AR, et al. Lateralization of temporal lobe epilepsy using a

novel uncertainty analysis of MR diffusion in hippocampus, cingulum, and

fornix, and hippocampal volume and FLAIR intensity. J Neurol Sci. (2014)

342:152–61. doi: 10.1016/j.jns.2014.05.019

23. Nazem-Zadeh MR, Elisevich K, Air EL, Schwalb JM, Divine G, Kaur M, et al.

DTI-based response-driven modeling of mTLE laterality. NeuroImage Clin.

(2016) 11:694–706. doi: 10.1016/j.nicl.2015.10.015

24. Davoodi-Bojd E, Elisevich KV, Schwalb J, Air E, Soltanian-Zadeh H. TLE

lateralization using whole brain structural connectivity. In: 38th Annual

International Conference of the IEEE Engineering in Medicine and Biology

Society (EMBC). (2016). doi: 10.1109/EMBC.2016.7590896

25. Waites AB, Briellmann RS, Saling MM, Abbott DF, Jackson GD. Functional

connectivity networks are disrupted in left temporal lobe epilepsy. Ann

Neurol. (2006) 59:335–43. doi: 10.1002/ana.20733

26. Zhang Z, Lu G, Zhong Y, Tan Q, Yang Z, Liao W, et al. Impaired attention

network in temporal lobe epilepsy: a resting FMRI study.Neurosci Lett. (2009)

458:97–101. doi: 10.1016/j.neulet.2009.04.040

27. Bettus G, Guedj E, Joyeux F, Confort-Gouny S, Soulier E, Laguitton V, et al.

Decreased basal fMRI functional connectivity in epileptogenic networks and

contralateral compensatory mechanisms. Hum Brain Mapp. (2009) 30:1580–

91. doi: 10.1002/hbm.20625

28. Pereira FR, Alessio A, Sercheli MS, Pedro T, Bilevicius E, Rondina

JM, et al. Asymmetrical hippocampal connectivity in mesial temporal

lobe epilepsy: evidence from resting state fMRI. BMC Neurosci. (2010)

11:66. doi: 10.1186/1471-2202-11-66

29. Yang Z, Choupan J, Reutens D, Hocking J. Lateralization of temporal

lobe epilepsy based on resting-state functional magnetic resonance imaging

and machine learning. Front Neurol. (2015) 6:184. doi: 10.3389/fneur.2015.

00184

Frontiers in Neurology | www.frontiersin.org 17 November 2021 | Volume 12 | Article 74758033

https://doi.org/10.1097/00004728-199303000-00008
https://doi.org/10.1016/j.neuroimage.2007.02.031
https://doi.org/10.1148/radiology.175.2.2183282
https://doi.org/10.1212/WNL.45.12.2233
https://doi.org/10.1136/jnnp.65.5.656
https://doi.org/10.2214/ajr.163.6.7992746
https://doi.org/10.1006/nimg.2000.0724
https://doi.org/10.1212/WNL.58.2.265
https://doi.org/10.1111/j.1552-6569.2006.00051.x
https://doi.org/10.1016/j.neuroimage.2009.08.064
https://doi.org/10.1212/WNL.60.3.405
https://doi.org/10.1016/S0920-1211(01)00325-4
https://doi.org/10.1148/radiology.199.2.8668780
https://doi.org/10.1212/WNL.43.9.1793
https://doi.org/10.1111/j.0013-9580.2003.27103.x
https://doi.org/10.1016/S0730-725X(01)00464-7
https://doi.org/10.1212/WNL.53.1.173
https://doi.org/10.1093/brain/124.3.627
https://doi.org/10.1212/01.wnl.0000250337.40309.3d
https://doi.org/10.1007/s00415-013-6974-3
https://doi.org/10.1016/j.jns.2014.05.019
https://doi.org/10.1016/j.nicl.2015.10.015
https://doi.org/10.1109/EMBC.2016.7590896
https://doi.org/10.1002/ana.20733
https://doi.org/10.1016/j.neulet.2009.04.040
https://doi.org/10.1002/hbm.20625
https://doi.org/10.1186/1471-2202-11-66
https://doi.org/10.3389/fneur.2015.00184
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Elisevich et al. Prospective Quantitative Neuroimaging Analysis

30. Haneef Z, Lenartowicz A, Yeh HJ, Levin HS, Engel J, Stern JM. Functional

connectivity of hippocampal networks in temporal lobe epilepsy. Epilepsia.

(2014) 55:137–45. doi: 10.1111/epi.12476

31. Barron DS, Fox PT, Pardoe H, Lancaster J, Price LR, Blackmon K, et al.

Thalamic functional connectivity predicts seizure laterality in individual TLE

patients: application of a biomarker development strategy. NeuroImage Clin.

(2015) 7:273–80. doi: 10.1016/j.nicl.2014.08.002

32. Centeno M, Carmichael DW. Network connectivity in epilepsy:

resting state fMRI and EEG-fMRI contributions. Front Neurol. (2014)

5:93. doi: 10.3389/fneur.2014.00093

33. He X, Doucet GE, Sperling M, Sharan A, Tracy JI. Reduced thalamocortical

functional connectivity in temporal lobe epilepsy. Epilepsia. (2015) 56:1571–

9. doi: 10.1111/epi.13085

34. Morgan VL, Sonmezturk HH, Gore JC, Abou-Khalil B. Lateralization

of temporal lobe epilepsy using resting functional magnetic resonance

imaging connectivity of hippocampal networks. Epilepsia. (2012) 53:1628–

35. doi: 10.1111/j.1528-1167.2012.03590.x

35. Hogan RE, Cook MJ, Binns DW, Desmond PM, Kilpatrick CJ, Murrie

VL, et al. Perfusion patterns in postictal 99mTc-HMPAO SPECT after

coregistration with MRI in patients with mesial temporal lobe epilepsy. J

Neurol Neurosurg Psychiatry. (1997) 63:235–9. doi: 10.1136/jnnp.63.2.235

36. Houston AS, Kemp PM, Macleod MA. A method for assessing the

significance of abnormalities in HMPO brain SPECT images. J Nucl Med.

(1994) 35:239–44.

37. Kaiboriboon K, Bertrand ME, Osman MM, Hogan RE. Quantitative analysis

of cerebral blood flow patterns in mesial temporal lobe epilepsy using

composite SISCOM. J Nucl Med. (2005) 46:38–43. Available online at: https://

jnm.snmjournals.org/content/46/1/38.long

38. Lee HW, Hong SB, Tae WS. Opposite ictal perfusion patterns of subtracted

SPECT. Hyperperfusion and hypoperfusion. Brain. (2000) 123:2150–

9. doi: 10.1093/brain/123.10.2150

39. Lee JJ, Kang WJ, Lee DS, Lee JS, Hwang H, Kim KJ, et al. Diagnostic

performance of 18F-FDG PET and ictal 99mTc-HMPAO SPECT in pediatric

temporal lobe epilepsy: quantitative analysis by statistical parametric

mapping, statistical probabilistic anatomical map, and subtraction ictal SPET.

Seizure. (2005) 14:213–20. doi: 10.1016/j.seizure.2005.01.010

40. McNally KA, Paige AL, Varghese G, Zhang H, Novotny EJJr, Spencer SS, et al.

Localizing value of ictal-interictal SPECT analyzed by SPM (ISAS). Epilepsia.

(2005) 46:1450–64. doi: 10.1111/j.1528-1167.2005.06705.x

41. Pagani M, Salmaso D, Jonsson C, Hatherly R, Jacobsson H, Larsson SA, et al.

Regional cerebral blood flow as assessed by principal component analysis

and (99m)Tc-HMPAO SPET in healthy subjects at rest: normal distribution

and effect of age and gender. Eur J Nucl Med Mol Imaging. (2002) 29:67–

75. doi: 10.1007/s00259-001-0676-2

42. Rossman M, Adjouadi M, Ayala M, Yaylali I. An interactive interface for

seizure focus localization using SPECT image analysis. Comput Biol Med.

(2006) 36:70–88. doi: 10.1016/j.compbiomed.2004.09.001

43. Van Paesschen W, Dupont P, Van Driel G, Van Billoen H, Maes A.

SPECT perfusion changes during complex partial seizures in patients

with hippocampal sclerosis. Brain. (2003) 126:1103–11. doi: 10.1093/brain/

awg108

44. Carne RP, O’Brien TJ, Kilpatrick CJ, MacGregor LR, Hicks RJ, Murphy MA,

et al. MRI-negative PET-positive temporal lobe epilepsy: a distinct surgically

remediable syndrome. Brain. (2004) 127:2276–85. doi: 10.1093/brain/awh257

45. Carne RP, O’Brien TJ, Kilpatrick CJ, Macgregor LR, Litewka L, Hicks RJ, et al.

’MRI-negative PET-positive’ temporal lobe epilepsy (TLE) and mesial TLE

differ with quantitative MRI and PET: a case control study. BMC Neurol.

(2007) 7:16. doi: 10.1186/1471-2377-7-16

46. Willmann O, Wennberg R, May T, Woermann FG, Pohlmann-Eden B. The

contribution of 18F-FDG PET in preoperative epilepsy surgery evaluation

for patients with temporal lobe epilepsy. A meta-analysis. Seizure. (2007)

16:509–20. doi: 10.1016/j.seizure.2007.04.001

47. Doelken MT, Richter G, Stefan H, Doerfler A, Noemayr A, Kuwert T, et al.

Multimodal coregistration in patients with temporal lobe epilepsy–results

of different imaging modalities in lateralization of the affected hemisphere

in MR imaging positive and negative subgroups. Amer J Neuroradiol.

(2007) 28:449–54. Available online at: http://www.ajnr.org/content/28/3/449

48. Knowlton RC, Laxer KD, Ende G, Hawkins RA, Wong ST,

Matson GB, et al. Presurgical multimodality neuroimaging in

electroencephalographic lateralized temporal lobe epilepsy. Ann Neurol.

(1997) 42:829–37. doi: 10.1002/ana.410420603

49. Kuzniecky RI, Bilir E, Gilliam F, Faught E, Palmer C, Morawetz R, et al.

Multimodality MRI in mesial temporal sclerosis: relative sensitivity and

specificity. Neurology. (1997) 49:774–8. doi: 10.1212/WNL.49.3.774

50. Zhang J, Liu Q, Mei S, Zhang X, Liu W, Chen H, et al. Identifying the

affected hemisphere with a multimodal approach in MRI-positive or negative,

unilateral or bilateral temporal lobe epilepsy.Neuropsychiatr Dis Treat. (2014)

10:71–81. doi: 10.2147/NDT.S56404

51. Nazem-Zadeh MR, Elisevich KV, Schwalb JM, Bagher-Ebadian H, Mahmoudi

F, Soltanian-Zadeh H. Lateralization of temporal lobe epilepsy by multimodal

multinomial hippocampal response-driven models. J Neurol Sci. (2014)

347:107–18. doi: 10.1016/j.jns.2014.09.029

52. Olson LD, Perry MS. Localization of epileptic foci using

multimodality neuroimaging. Int J Neural Syst. (2013)

23:1230001. doi: 10.1142/S012906571230001X

53. Jayakar P, Dunoyer C, Dean P, Ragheb J, Resnick T, Morrison G,

et al. Epilepsy surgery in patients with normal or nonfocal MRI scans:

integrative strategies offer long-term seizure relief. Epilepsia. (2008) 49:758–

64. doi: 10.1111/j.1528-1167.2007.01428.x

54. Jafari-Khouzani K, Elisevich K, Wasade VS, Soltanian-Zadeh H.

Contribution of quantitative amygdalar MR FLAIR signal analysis for

lateralization of mesial temporal lobe epilepsy. J Neuroimaging. (2018)

28:666–75. doi: 10.1111/jon.12549

55. Stieltjes B, Kaufmann WE, van Zijl PC, Fredericksen K, Pearlson

GD, Solaiyappan M, et al. Diffusion tensor imaging and

axonal tracking in the human brainstem. Neuroimage. (2001)

14:723–35. doi: 10.1006/nimg.2001.0861

56. Mori S, van Zijl PC. Fiber tracking: principles and strategies - a technical

review. NMR Biomed. (2002) 15:468–80. doi: 10.1002/nbm.781

57. Duvernoy HM. The Human Hippocampus Functional Anatomy,

Vascularization and Serial Sections with MRI. Third Edition. Berlin,

Heidelberg: Springer-Verlag (2005). p. 278. doi: 10.1007/b138576

58. Chupin M, Gerardin E, Cuingnet R, Boutet C, Lemieux L, Lehericy

S, et al. Fully automatic hippocampus segmentation and classification

in Alzheimer’s disease and mild cognitive impairment applied on

data from ADNI. Hippocampus. (2009) 19:579–87. doi: 10.1002/hipo.

20626

59. Rodionov R, Chupin M, Williams E, Hammers A, Kesavadas C, Lemieux L.

Evaluation of atlas-based segmentation of hippocampi in healthy humans.

Magn Res Imaging. (2009) 27:1104–9. doi: 10.1016/j.mri.2009.01.008

60. Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TEJ,

Johansen-Berg H, et al. Advances in functional and structural MR

image analysis and implementation as FSL. NeuroImage. (2004) 23:S208–

S19. doi: 10.1016/j.neuroimage.2004.07.051

61. Mahmoudi F, Bagher-Ebadian H, Nazem-Zadeh M-R, Elisevich KV, Schwalb

JM, Air EL, et al. A multistructural imaging marker for non-invasive

lateralization of temporal lobe epilepsy. Biomedical Imaging (ISBI), IEEE 12th

International Symposium. (2015). doi: 10.1109/ISBI.2015.7163916

62. Mahmoudi F, Elisevich K, Bagher-Ebadian H, Nazem-Zadeh M-R, Davoodi-

Bojd E, Schwalb JM, et al. Data mining MR image features of select

structures for lateralization of mesial temporal lobe epilepsy. PLoS ONE.

(2018) 13:e0199137. doi: 10.1371/journal.pone.0199137

63. Bagher-Ebadian H, Schwalb J, Mahmoudi F, Air E, Shokri S, Nazem-ZadehM,

et al. Localized quantitative analysis of positron emission tomography (PET)

for temporal lobe epilepsy lateralization and surgical intervention. J Nuclear

Med. (2016) 57:1927. doi: 10.2967/jnumed.116.175398

64. Keihaninejad S, Heckemann RA, Gousias IS, Hajnal JV, Duncan

JS, Aljabar P, et al. Classification and lateralization of temporal

lobe epilepsies with and without hippocampal atrophy based on

whole-brain automatic MRI segmentation. PLoS ONE. (2012)

7:e33096. doi: 10.1371/journal.pone.0033096

65. Rahman AFR, Alam H, Fairhurst MC. Multiple Classifier Combination

for Character Recognition: Revisiting the Majority Voting System and Its

Variations. In: Lopresti D, Hu J, Kashi R, editors. Document Analysis Systems

Frontiers in Neurology | www.frontiersin.org 18 November 2021 | Volume 12 | Article 74758034

https://doi.org/10.1111/epi.12476
https://doi.org/10.1016/j.nicl.2014.08.002
https://doi.org/10.3389/fneur.2014.00093
https://doi.org/10.1111/epi.13085
https://doi.org/10.1111/j.1528-1167.2012.03590.x
https://doi.org/10.1136/jnnp.63.2.235
https://jnm.snmjournals.org/content/46/1/38.long
https://jnm.snmjournals.org/content/46/1/38.long
https://doi.org/10.1093/brain/123.10.2150
https://doi.org/10.1016/j.seizure.2005.01.010
https://doi.org/10.1111/j.1528-1167.2005.06705.x
https://doi.org/10.1007/s00259-001-0676-2
https://doi.org/10.1016/j.compbiomed.2004.09.001
https://doi.org/10.1093/brain/awg108
https://doi.org/10.1093/brain/awh257
https://doi.org/10.1186/1471-2377-7-16
https://doi.org/10.1016/j.seizure.2007.04.001
http://www.ajnr.org/content/28/3/449
https://doi.org/10.1002/ana.410420603
https://doi.org/10.1212/WNL.49.3.774
https://doi.org/10.2147/NDT.S56404
https://doi.org/10.1016/j.jns.2014.09.029
https://doi.org/10.1142/S012906571230001X
https://doi.org/10.1111/j.1528-1167.2007.01428.x
https://doi.org/10.1111/jon.12549
https://doi.org/10.1006/nimg.2001.0861
https://doi.org/10.1002/nbm.781
https://doi.org/10.1007/b138576
https://doi.org/10.1002/hipo.20626
https://doi.org/10.1016/j.mri.2009.01.008
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1109/ISBI.2015.7163916
https://doi.org/10.1371/journal.pone.0199137
https://doi.org/10.2967/jnumed.116.175398
https://doi.org/10.1371/journal.pone.0033096
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Elisevich et al. Prospective Quantitative Neuroimaging Analysis

V: 5th International Workshop, Heidelberg, Berlin: Springer (2002). p. 167-

178. doi: 10.1007/3-540-45869-7_21

66. Bower SPC, Vogrin SJ, Morris K, Cox I, Murphy M, Kilpatrick CJ, Cook

MJ. Amygdala volumetry in “imaging-negative” temporal lobe epilepsy.

J Neurol Neurosurg Psychiatry. (2003) 74:1245–9. doi: 10.1136/jnnp.74.

9.1245

67. Coan AC, Campos BM, Yasuda CL, Kubota BY, Bergo FP, Guerreiro CA,

Cendes F. Frequent seizures are associated with a network of gray matter

atrophy in temporal lobe epilepsy with or without hippocampal sclerosis. PLoS

ONE. (2014) 9:e85843. doi: 10.1371/journal.pone.0085843

68. Theodore WH, Katz D, Kufta C, Sato S, Patronas N, Smothers

P, et al. Pathology of temporal lobe foci. Neurology. (1990)

40:797. doi: 10.1212/WNL.40.5.797

69. Ryvlin P, Cinotti L, Froment JC, Le Bars D, Landais P, Chaze M,

et al. Metabolic patterns associated with non-specific magnetic resonance

imaging abnormalities in temporal lobe epilepsy. Brain. (1991) 114:2363–

83. doi: 10.1093/brain/114.6.2363

70. Swartz BE, Tomiyasu U, Delgado-Escueta AV, Mandelkern M, Khonsari

A. Neuroimaging in temporal lobe epilepsy: test sensitivity and

relationships to pathology and postoperative outcome. Epilepsia. (1992)

33:624–34. doi: 10.1111/j.1528-1157.1992.tb02338.x

71. Hammers A, Koepp MJ, Hurlemann R, Thom M, Richardson MP, Brooks

DJ, et al. Abnormalities of grey and white matter [11C]flumazenil binding

in temporal lobe epilepsy with normal MRI. Brain. (2002) 125:2257–

71. doi: 10.1093/brain/awf233

72. Henry TR, Roman DD. Presurgical epilepsy localization with

interictal cerebral dysfunction. Epilepsy Behav. (2011) 20:194–

208. doi: 10.1016/j.yebeh.2010.12.008

73. Van Paesschen W, Connelly A, King MD, Jackson GD, Duncan JS. The

spectrum of hippocampal sclerosis: a quantitative magnetic resonance

imaging study. Ann Neurol. (1997) 41:41–51. doi: 10.1002/ana.410410109

74. Kerr WT, Nguyen ST, Cho AY, Lau EP, Silverman DH, Douglas

PK, et al. Computer-aided diagnosis and localization of lateralized

temporal lobe epilepsy using interictal FDG-PET. Front Neurol. (2013)

4:31. doi: 10.3389/fneur.2013.00031

75. Aubert-Broche B, Grova C, Jannin P, Buvat I, Benali H, Gibaud B. Detection of

inter-hemispheric asymmetries of brain perfusion in SPECT. Phys Med Biol.

(2003) 48:1505–17. doi: 10.1088/0031-9155/48/11/302

76. Chang DJ, Zubal IG, Gottschalk C, Necochea A, Stokking R, Studholme C,

et al. Comparison of statistical parametric mapping and SPECT difference

imaging in patients with temporal lobe epilepsy. Epilepsia. (2002) 43:68–

74. doi: 10.1046/j.1528-1157.2002.21601.x

77. Jafari-Khouzani K, Elisevich K, Karvelis KC, Soltanian-Zadeh

H. Quantitative multi-compartmental SPECT image analysis for

lateralization of temporal lobe epilepsy. Epilepsy Res. (2011)

95:35–50. doi: 10.1016/j.eplepsyres.2011.02.011

78. Nakasu Y, Nakasu S, Morikawa S, Uemura S, Inubushi T, Handa J. Diffusion-

weighted MR in experimental sustained seizures elicited with kainic acid.

Amer J Neuroradiol. (1995) 16:1185–92.

79. Parekh MB, Carney PR, Sepulveda H, Norman W, King M, Mareci TH. Early

MR diffusion and relaxation changes in the parahippocampal gyrus precede

the onset of spontaneous seizures in an animal model of chronic limbic

epilepsy. ExpNeurol. (2010) 224:258–70. doi: 10.1016/j.expneurol.2010.03.031

80. Bernasconi N, Bernasconi A, Andermann F, Dubeau F, Feindel W,

Reutens DC. Entorhinal cortex in temporal lobe epilepsy: a quantitative

MRI study. Neurology. (1999) 52:1870–6. doi: 10.1212/WNL.52.

9.1870

81. Wall CJ, Kendall EJ, Obenaus A. Rapid alterations in diffusion-weighted

images with anatomic correlates in a rodent model of status epilepticus. Amer

J Neuroradiol. (2000) 21:1841–52. Available online at: http://www.ajnr.org/

content/21/10/1841.long

82. Liu M, Chen Z, Beaulieu C, Gross DW. Disrupted anatomic white matter

network in left mesial temporal lobe epilepsy. Epilepsia. (2014) 55:674–

82. doi: 10.1111/epi.12581

83. Kwon CS, Chang EF, Jetté N. Cost-effectiveness of advanced imaging

technologies in the presurgical workup of epilepsy. Epilepsy Curr. (2020)

20:7–11. doi: 10.1177/1535759719894307

84. Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove

C, et al. Whole brain segmentation: automated labeling of

neuroanatomical structures in the human brain. Neuron. (2002)

33:341–55. doi: 10.1016/S0896-6273(02)00569-X

85. Cortes C, Vapnik VJML. Support-vector networks. Mach Learn. (1995)

20:273–97. doi: 10.1007/BF00994018

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Elisevich, Davoodi-Bojd, Heredia and Soltanian-Zadeh. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Neurology | www.frontiersin.org 19 November 2021 | Volume 12 | Article 74758035

https://doi.org/10.1007/3-540-45869-7_21
https://doi.org/10.1136/jnnp.74.9.1245
https://doi.org/10.1371/journal.pone.0085843
https://doi.org/10.1212/WNL.40.5.797
https://doi.org/10.1093/brain/114.6.2363
https://doi.org/10.1111/j.1528-1157.1992.tb02338.x
https://doi.org/10.1093/brain/awf233
https://doi.org/10.1016/j.yebeh.2010.12.008
https://doi.org/10.1002/ana.410410109
https://doi.org/10.3389/fneur.2013.00031
https://doi.org/10.1088/0031-9155/48/11/302
https://doi.org/10.1046/j.1528-1157.2002.21601.x
https://doi.org/10.1016/j.eplepsyres.2011.02.011
https://doi.org/10.1016/j.expneurol.2010.03.031
https://doi.org/10.1212/WNL.52.9.1870
http://www.ajnr.org/content/21/10/1841.long
http://www.ajnr.org/content/21/10/1841.long
https://doi.org/10.1111/epi.12581
https://doi.org/10.1177/1535759719894307
https://doi.org/10.1016/S0896-6273(02)00569-X
https://doi.org/10.1007/BF00994018
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


CASE REPORT
published: 18 November 2021

doi: 10.3389/fneur.2021.779113

Frontiers in Neurology | www.frontiersin.org 1 November 2021 | Volume 12 | Article 779113

Edited by:

Fernando Cendes,

State University of Campinas, Brazil

Reviewed by:

Sandipan Pati,

University of Texas Health Science

Center at Houston, United States

Andre Palmini,

Pontifical Catholic University of Rio

Grande do Sul, Brazil

*Correspondence:

Frank G. Gilliam

frank.gilliam@utrgv.edu

Specialty section:

This article was submitted to

Epilepsy,

a section of the journal

Frontiers in Neurology

Received: 17 September 2021

Accepted: 21 October 2021

Published: 18 November 2021

Citation:

Gilliam FG, Ssentongo P, Sather M

and Kawasawa YI (2021) Case

Report: PAFAH1B1 Mutation and

Posterior Band Heterotopia With Focal

Temporal Lobe Epilepsy Treated by

Responsive Neurostimulation.

Front. Neurol. 12:779113.

doi: 10.3389/fneur.2021.779113

Case Report: PAFAH1B1 Mutation
and Posterior Band Heterotopia With
Focal Temporal Lobe Epilepsy
Treated by Responsive
Neurostimulation
Frank G. Gilliam 1*, Paddy Ssentongo 2,3, Michael Sather 4 and Yuka I. Kawasawa 5

1Department of Neurology, University of Texas Rio Grande Valley, Edinburg, TX, United States, 2Department of Engineering

Science and Mechanics, Penn State University, Hershey, PA, United States, 3Department of Public Health Sciences, Penn

State University, Hershey, PA, United States, 4Department of Neurosurgery, Penn State University, Hershey, PA,

United States, 5Department of Pharmacology and Biochemistry and Molecular Biology, Penn State University, Hershey, PA,

United States

Subcortical band heterotopia (SBH), also known as double cortex syndrome, is a

malformation of cortical development caused by inherited or somatic gene variants.

We present a case of a young adult with posterior SBH and electroclinical features of

focal neocortical temporal lobe epilepsy. Genomic blood analysis identified a pathogenic

somatic mosaicism duplication variant of the PAFAH1B1 gene. Despite bilateral cortical

MRI abnormalities, the interictal and ictal EEG findings indicated a focal epileptogenic

region in the left posterior temporal region. Chronic responsive cortical neurostimulation

across two four-contact depth electrodes placed 5mm on either side of the maximal

interictal spiking identified during intraoperative electrocorticography resulted in a

consistent 28% reduction in duration of electrographic seizures and as well as constricted

propagation. Although electrographic seizures continued, the family reported no clinical

seizures and a marked improvement in resistant behaviors. This observation supports

that focal neocortical neuromodulation can control clinical seizures of consistently

localized origin despite genetic etiology, bilateral structural brain abnormalities, and

continuation of non-propagating electrographic seizures. We propose that a secondary

somatic mutation may be the cause of the focal neocortical temporal lobe epilepsy.

Keywords: band heterotopia, LIS1 gene, temporal lobe epilepsy, responsive neurostimulation (RNS), PAFAH1B1

Subcortical band heterotopia (SBH), also known as double cortex syndrome, is a malformation
of cortical development that is associated with cognitive problems and seizures (1). The most
common causal mutations occur on theDCX gene (protein doublecortin) at Xq22.3–q23 (2). More
prominent posterior heterotopia are seen on MRI in persons with a mosaic pathogenic mutation
of the platelet-activating factor acetylhydrolase 1B1 [PAFAH1B1; also known as LIS1 (3)] gene (4).
We present a 32 year old patient with posterior SBH (Figures 1A,B) and a pathogenic somatic
mosaicism duplication variant of the PAFAH1B1 gene (c. 162dupA; p. Trp55MetfsX6; GeneDx,
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Gilliam et al. Double Cortex and TLE

FIGURE 1 | (A) T2-weighted axial MRI of bilateral posterior band heterotopia

(white arrows), (B) T1-weighted coronal MRI, and (C) scalp interictal EEG with

left posterior temporal spikes (black arrow).

Inc., Gaithersburg, MD). She had a moderate static
encephalopathy with limited vocabulary and fund of knowledge,
but was able to express herself clearly. No family members had
epilepsy or genetic disorder, supporting a de novomutation. Her
epilepsy was diagnosed at age 20 months. The seizures consisted
of staring, unresponsiveness, and downward head turning to the
left lasting up to 30 s. She remained irritable and depressed for
many hours afterward. The seizures recurred at a rate of up to
several per day, several days per week. Seven medications during
30 years of treatment had not controlled the focal seizures with
impaired awareness. She had several generalized tonic clonic
(GTC) seizures per year throughout adulthood, but these stopped
after the addition of zonisamide to lamotrigine. Interictal scalp
EEG showed frequent spike and slow wave complexes in the left
posterior temporal region, maximal at the T5 (P7) electrode as
shown in Figure 1C. Seizure onset consisted of low amplitude
fast (beta) activity in same electrode.

After extensive discussion of treatment options, she and her
family elected responsive cortical neurostimulation (Neuropace
RNS R©, Mountain View, CA). Following their review of the
published efficacy data on vagal nerve stimulation and anterior
thalamic nucleus stimulation, her parents concluded that
responsive cortical stimulation was their preferred option. Also,
anterior thalamic stimulation was not yet commercially available.
Based on the highly focal and concordant interictal and ictal
EEG findings, and frequency of the discrete interictal spikes
every 1–5 s (Figure 1C), the clinical epilepsy team concluded
that intraoperative electrocorticography was adequate to

FIGURE 2 | (A) Typical seizure recorded from chronic intracortical electrodes

prior to activating stimulation and (B) The typical shortened seizure with less

propagation following optimization of stimulation parameters.

localize the epileptogenic region. The neurosurgeon (M.S.)
performed a craniotomy large enough to allow several
centimeters of cortical EEG recording around the predicted
epileptogenic region based on the T5 maximal interictal EEG
spikes. Intraoperative electrocorticography during 25min
of recording from a depth electrode sequentially placed at
3–5mm increments targeting both layers of cortex across
the epileptogenic region identified a single, discrete region
of maximal spike amplitude. The two depth electrodes for
responsive neurostimulation had four contacts each at 3.5mm
intercontact spacing, and were placed 5mm on either side of the
maximal spike negativity identified during electrocorticography.
The depth of each electrode was calculated based on MRI
measurements to allow two contacts in each layer of the
double cortex.

Following 1 month of baseline observation, stimulation
intensity was gradually increased by 0.5–1mA at 2- to 4-week
intervals. The final stimulation pathway was 5mA across anodal
contacts on one electrode to cathodal contacts on the other
(charge density 2.5 µC/Cm2, pulse width 160 µS, duration
100ms, and frequency 200Hz). Her family reported a gradual
decline in the intensity and duration of the clinical seizures,
until they no longer observed any behaviors suspicious for
seizures. The family emphasized cessation of postictal irritability
and depression. She also began participating in family activities
such as cooking and singing. This clinical improvement was
associated with decreased electrographic seizure duration from
a mean of 25–18 s (median 23 and 17 s; Wilcoxon two-
sample test p-value <0.001) and less propagation, as shown in
Figures 2A,B. Her electrographic seizure rate did not decrease.
No electrographic seizures over 19 s, and no clinical seizures,
were observed for a follow-up period of 18 months. No changes
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were made to the doses of lamotrigine and zonisamide following
RNS implantation.

Focal resection was reported to improve three of eight
patients with SBH and evidence of a focal epileptogenic region,
but the authors concluded that their results did not support
the use of focal surgical resection (5). To our knowledge
this is the first reported case of SBH to receive responsive
focal neurostimulation, which resulted in cessation of clinical
seizures as the mean duration of electrographic seizures
decreased by 28%. Similar to tuberous sclerosis complex with
a genetic etiology and multiple tubers, SBH patients may
have consistently focal onset that responds to focal treatment
(6). We speculate that focal epilepsy in SBH patients may
be due to “second hit” somatic mutations, analogous to the
formation of tubers in tuberous sclerosis (7). Our case also
supports proof of principle that shortening seizure duration
and propagation with responsive neurostimulation can eliminate
clinical seizures.
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Most focal seizures originate in the temporal lobe and are commonly divided into

mesial and lateral temporal epilepsy, depending upon the neuronal circuitry involved.

The hallmark features of the mesial temporal epilepsy are aura, unconsciousness, and

automatisms. Symptoms often overlap with the lateral temporal epilepsy. However,

the latter present a less evident psychomotor arrest, frequent clones and dystonic

postures, and common focal to bilateral tonic–clonic seizures. Sclerosis of the

hippocampus is the most frequent cause of temporal lobe epilepsy (TLE). TLE is

among all epilepsies the most frequently associated with psychiatric comorbidity. Anxiety,

depression, and interictal dysphoria are recurrent psychiatric disorders in pediatric

patients with TLE. In addition, these alterations are often combined with cognitive,

learning, and behavioral impairment. These comorbidities occur more frequently in

TLE with hippocampal sclerosis and with pharmacoresistance. According to the

bidirectional hypothesis, the close relationship between TLE and psychiatric features

should lead to considering common pathophysiology underlying these disorders.

Psychiatric comorbidities considerably reduce the quality of life of these children and their

families. Thus, early detection and appropriate management and therapeutic strategies

could improve the prognosis of these patients. The aim of this review is to analyze TLE

correlation with psychiatric disorders and its underlying conditions.

Keywords: temporal lobe epilepsy, psychiatric comorbidity, bi-directional hypothesis, hippocampal sclerosis,

antiseizure medications (ASMs)

INTRODUCTION

Temporal lobe epilepsy (TLE) is the most common focal epilepsy (1). According to the
International League Against Epilepsy (ILAE) classification (2), TLE can be divided into mesial
temporal lobe epilepsy (mTLE) and lateral or neocortical temporal lobe epilepsy (nTLE). mTLE
is the most common subtype and seizures originate from the hippocampus, entorhinal cortex,
amygdala, and parahippocampal gyrus. The brain structures involved in nTLE are temporal
neocortex that includes the superior, medial, and inferior temporal circumvolutions, the temporal-
occipital and temporal-parietal junctions and the associative sensorial areas for hearing, visual, and
language functions (Figure 1) (3, 4). The age at seizure onset for mTLE is lower than nTLE (10.9
years and 23.2, respectively). A personal history of febrile convulsion is more frequent in mTLE
(1). Patients with TLE generally present focal impaired awareness seizures mainly characterized
by the loss of consciousness associated with stereotyped automatisms, language alterations, and

39
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FIGURE 1 | Neuroanatomical representation of the temporal lobe and related seizure symptoms and psychiatric symptoms: (A) auditive hallucinations; (B) visual

hallucination; (C) visceral-sensory or autonomic symptom; (D) depression; (E) anxiety disorders, depression; (F) avoidance behavior and fear response.

unilateral dystonic posturing. Focal impaired awareness seizure
is frequently preceded by epileptic auras or focal aware
seizures featured by visceral-sensory or autonomic symptoms
and cognitive or emotional manifestations. Epigastric aura
is considered a typical feature of mTLE (1, 3, 5). Dystonic
posturing seems to be associated with basal ganglia involvement,
whereas oral automatisms seem to be related to amygdala
activation (1, 5–9). Ictal-electroencephalography (EEG) in mTLE
is characterized by focal rhythmic activity in the theta range (5–
9Hz) with maximum amplitude in the basal temporal electrodes,
preceded or not by bilateral hypersynchronous slowdown. nTLE
might have a wider distribution at seizure onset with the
typical presence of polymorphic activity at 2–5Hz in inferior-
temporal regions. Interictal-EEG inmTLE showsmore frequently
unilateral spike-wave, normally located in the anterior temporal
region. Paroxystic discharges in medium or posterior-temporal
derivations are more commonly found in the interictal-EEG
records of nTLE (4). In addition to neurological features,
TLE is frequently associated with psychiatric comorbidity.
The prevalence of psychiatric disorders in patients with TLE
is higher than in generalized epilepsy particularly in the
pediatric population (79 vs. 47%) (10). Anxiety, depression, and
interictal dysphoria often combined with cognitive, learning, and
behavioral impairment are recurrent psychiatric disorders in the
pediatric patients with TLE. Mesial temporal sclerosis (MTS) is

the most common structural abnormality associated with TLE.
MTS is correlated to a higher prevalence of psychiatric symptoms
up to 70% in pharmacoresistant forms of TLE (11). The aim of
this review is to analyze the psychiatric comorbidity of TLE and
identify actual management and therapeutic perspectives that
might increase the quality of life of these patients.

NEUROLOGICAL FEATURES

Temporal lobe epilepsy seizures are characterized mainly by
behavior arrest and impaired awareness. Focal aware seizures
are frequently reported prior to seizure onset. Autonomic or
visceral-sensory seizure, characterized by the abdominal or
epigastric rising sensation, is more commonly present in mTLE.
Other autonomic manifestations are pallor, flushing, cyanosis,
alterations in cardiac frequency and rhythm, vomiting, urinary
urgency, piloerection or pupillary alterations (3, 4, 12–15).
Cognitive and emotional seizures are peculiar of TLE and
are characterized by I) dysmnesic features such as déjà vu
or jamais vu, II) cognoscitive features with a misperception
of internal or external reality, III) emotional features such
as panic attacks and behavioral changes, IV) illusions and
hallucinations that might set visual, auditive, or olfactory auras
(3, 12, 14). Approximately 70% of focal aware seizures are
followed by the impaired awareness associated with various
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clinical features (3). Focal to bilateral tonic-clonic seizures may
occur in about 60% of patients with TLE (4). Oroalimentary
automatisms and manual stereotypes movements are described
in 40–80% of TLE. Particularly, oral alimentary automatism
can be associated with amygdala and anterior temporal region
involvement (3, 12, 16). Ictal speech, characterized by intelligible,
well-articulated, linguistically correct language during crisis, is
observed especially in non-dominant TLE, whereas in dominant
TLE is more frequent to observe ictal aphasia and verbal
automatisms (3). Unilateral dystonic posturing is more common
in mTLE (1). The head deviation is common but not exclusive of
TLE with supra-Sylvian structures and frontal lobe involvement
(14, 17, 18). Postictal period is commonly present with a
lower frequency in nTLE compared with mTLE (23.5 vs.
85%) and it is characterized by a confusional state sometimes
combined with language alterations or psychiatric symptoms
(4, 19).

PSYCHIATRIC COMORBIDITY

Psychiatric symptoms are a common comorbidity of epilepsy
(20) especially of TLE occurring in more than half of the
cases. However, these manifestations are often misunderstood
with a consequent reduction of quality of life of the patients.
While ictal disorders are directly related to seizures, interictal
psychiatric disorders may occur independently in the context
of epilepsy (21). Filho et al. (22) in a study conducted
on 170 patients with mTLE detected mood disorders in
25.8% of cases followed by the psychotic disorders (15.8%)
and anxiety disorders (14.1%). Whereas, according to Ertem
et al. (23), anxiety disorders resulted the most common
psychiatric comorbidity (23%), followed by mood disorders
(17%), psychotic disorders (13%), and somatoform disorders
(3%). Seizures worsening and the increasing of seizure frequency
are risk factors for psychopathology. Polytherapy with antiseizure
medications (ASMs) has been associated with a major risk
of behavioral and emotional features. Moreover, familiarity
with psychiatric disorders and family disruption are predictors
of psychopathology. Hippocampal sclerosis can be associated
with an increased risk of frontotemporal network dysfunction
resulting in the psychiatric comorbidity. Psychiatric symptoms
can occur before and after seizure. Premonitory symptoms,
occurring at least 30min before a seizure, are frequently
described as irritability, depression, headache, “euphoria,” and
confusion (19). About 44% of children with TLE are considered
at-risk for depression, while 22% are considered in the clinical
significative range (24). Depression and TLE are supposed to
have similar physiopathology with common involvement of
hippocampus, amygdala, and long-range frontal lobe projections
(24–28). The amygdala is determinant in the experience of
fear and its autonomic and endocrine responses. Instead, the
connection between the amygdala and periaqueductal gray is
implicated mainly in avoidance behavior and fear responses.
The hippocampus is important in the re-experiencing of fear.
Activation of fear circuits is a major hypothesis for explaining
symptoms in anxiety disorders (29–31). MRI volumetric studies

have found decreased volumes of the amygdala and hippocampus
in the recurrent and chronic untreated depression (26, 32).
Increasing amygdala volumes, particularly on the left side, are
associated with depression severity among patients with TLE
(33–36). These findings may be due to enhanced regional blood
flow and vascular volume as detected by the positron emission
tomography (PET) (37) or secondary to dendritic remodeling
with increased branching of amygdaloid neurons (38). Patients
with TLE and aggressive episodes, such as interictal dysphoric
depressionmanifestation, had a decrease of graymatter mainly in
the left frontal lobe (39). Attention deficit hyperactivity disorder
(ADHD) is a common comorbidity of childhood epilepsy, but
the neuroanatomical correlation of ADHD with epilepsy has yet
to be comprehensively characterized. High frequency of seizures
and nocturnal crisis may alter attention during the day and
worsen ADHD symptoms. In patients with TLE, alterations in
attentional control may be charged to structural abnormalities
outside the temporal lobe involving frontostriatal connections
(40). The greatest deficits appear in divided attention, selective
attention, and set shifting that requires a high level of processing
resources. In contrast, sustained attention is less compromised
and dual-task performance appears to be normal in the patients
with TLE (41). Cognitive and behavioral disorders occur in
almost 50% of patients with dysphoric symptoms and usually
begin within 24–72 h postictally. Psychosis is less frequent (2–
6%) and usually follows clusters of focal impaired awareness
seizures. This disorder continues for 9–10 days on average
postictally and sometimes it can last up to 3 months (19).
Autism spectrum disorders (ASDs) are frequent comorbidities
in childhood and adolescent epilepsies. According to Chez et al.
60.7% of children with ASD present epileptiform activity in sleep
frequently localized over the right temporal region (42). EEG
abnormalities appear to be more frequent in regressive autism
(43). The ILAE estimates an overall prevalence of ASD in the
epileptic population of ∼20%, whereas the prevalence in the
general pediatric population is ∼1% (43, 44). The prevalence
of ASD is the highest in cases with epilepsy accompanied
by intellectual disability (45, 46). Children with ASD and
epilepsy have greater motor difficulties, developmental delays,
and behavioral problems than ASD cases without epilepsy (47).
The causes of ASD are extremely variable and are sometimes
common to epilepsy (48). Increasing evidence suggests that
common genetic abnormalities may be associated with both
epilepsy and autism (49, 50). Alterations in the mTOR pathway
may lead to hyperplasticity and contribute to expression of the
epilepsy-ASD comorbidity (51). According to Keown et al. (52)
the enhanced local visual processing in the autistic patients
may be due to the enhanced local connectivity in primary
visual and extrastriate cortices, extending into the temporal
lobe. Hyperconnectivity of the mesial temporal lobe has as
well-been described in TLE (53–55). A diagnosis challenge is
represented by psychogenic non-epileptic seizures (PNES), which
are conversion disorder that is often misdiagnosed in 5–33%
of patients considered affected by refractory epilepsy (56, 57).
PNES mainly affect adults but can also occur in children,
especially in patients with a history of multiple psychiatric
diagnoses (58–60).
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FROM CLASSIC PARADIGM TO
BIDIRECTIONAL HYPOTHESIS

For several years, the “classic paradigm” explained the correlation
between neurobehavioral comorbidity and epilepsy using lesion-
related model (61). Indeed, according to this model, epilepsy
comorbidity should be consequent to the epilepsy syndrome and
its characteristics (etiology, onset, frequency, and treatment). The
improvement in cognitive, neuroimaging, and clinical research
highlighted neurobehavioral features heterogeneity leading to a
challenge to the classic paradigm (62). For example, executive
dysfunction, long considered as a pathognomonic feature of the
frontal lobe epilepsy, has also been highlighted in the forms of
TLE. Indeed, this feature is related to neurobiological influences
exerted directly by the frontal lobe and/or indirectly through
broader network connectivity (63–67). Neuroimaging studies
conducted in patients with TLE showed different abnormalities
involving networks disruption far from the primary seizure
generation area. Particularly in patients with drug-resistant
epilepsy, early-onset seizures can alter white matter development
especially involving frontotemporal connections. Long disease
durations in focal epilepsy syndromes such as TLE, can also lead
to widespread age-accelerate cortical thinning, compounding
global cognitive, memory, and processing speed impairments
(68, 69). Different studies reported that psychiatric features were
often present before the epilepsy diagnosis and sometimes they
predate seizures onset (70–74). Other studies demonstrated that
psychiatric diagnoses might occur before and after epilepsy onset
with similar frequency (58, 75, 76). These findings are in contrast
with the classic paradigm assuming that neurobehavioral
risk increase over epilepsy development and points out the
necessity to explore other common pathways (77). According
to the “bi-directional hypothesis,” behavioral disorders and
psychiatric features may be considered not only comorbidity
but related to the same pathophysiology of epilepsy (78–83).
For instance, temporal lobe dysfunction has been related to
mood and anxiety disorders (84, 85). Alteration of pathways
involved in temporal lobe connections was found in suicide-
related behavior and post-traumatic stress disorder (29, 86).
Moreover, depression in youth with TLE has a negative impact
on epilepsy management and on the overall quality of life due
to poor-treatment adherence, different response and tolerance
of ASM, and a higher rate of hospitalization and mortality
risk (81, 87–90). The close and complex relationship between
epilepsy and psychiatric features should lead to considering these
conditions not as an individual but in relation to each other
(19, 58, 70, 72, 81, 91–93). The finding of cognitive, behavioral,
and brain-imaging alterations in relatives of patients with
epilepsy confirms the importance of genetic study not only in
the definition of epilepsy but also of associated neuropsychiatric
comorbidities (94–98). To date, studies on the impact of genetics
on neurobehavioral comorbidities are scarce and limited to
syndromic forms of epilepsy (99). In contrast, the study of this
correlation in idiopathic forms of epilepsy remains unexplored.
In a study of patients with refractory epilepsy, polymorphisms
in the brain-derived neurotrophic factor (BDNF) gene were

associated with depression, whereas alterations in the catechol-
omethyltransferase (COMT) gene were associated with anxiety
disorders (100). In addition, epigenomic, transcriptomic, and
proteomic alterations certainly play a role in the development
of mostly unknown neurocognitive comorbidities (62).
Environmental factors are also known to be associated with
neurobehavioral disorders. The stigma of epilepsy and its
prevalence in poorer and less educated settings with under
resourced medical services certainly plays a major role in the
development of psychiatric comorbidities and overall quality
of life (62). Indeed, a higher cognitive level seems to have a
protective role against the neurocognitive comorbidities of
epilepsy (101). Intervention toward a better lifestyle through
education and psychosocial therapy can contribute to the
treatment of epilepsy comorbidities. This approach should be
implemented in the clinical practice and tailored to the patient
epilepsy and neuropsychiatric comorbidities (62).

DIAGNOSIS AND PHARMACOLOGICAL
MANAGEMENT OF PSYCHIATRIC
COMORBIDITY

Early recognition of psychiatric features is the first step to
guarantee the correct management of this disorder. It is
necessary to exclude that symptoms are a consequence of
seizures or an adverse effect of ASM. For the most ASMs,
remarkably few studies providing robust data on the psychiatric
adverse effects in epileptic patients were identified. Barbiturates,
Topiramate, Valproate, and Zonisamide have been reported to
cause worsening attention (102, 103). Phenobarbital, vigabatrin,
zonisamide, topiramate, and levetiracetam could be associated
with depression (102). When this is suspected, modification
or discontinuation of the responsible drug is recommended.
Instead, moderate–severe forms of psychiatric comorbidity
not related to ASM require early treatment (60). A good
seizure control in these patients is essential to improve
psychiatric symptoms (60). No large, double-blind, placebo-
controlled trials of medications for ADHD were conducted
in children with epilepsy. Methylphenidate was used in small
trials in children affected by epilepsy and ADHD with an
improvement in attention without worsening of seizures (104–
108). Amphetamine and atomoxetine may reduce ADHD
symptoms without increase in seizure frequency, but little
data have been collected for these treatments (109). Anxiety
and depression treatment is a combination of education,
psychotherapy, and medication. Cognitive behavioral therapy
and medication are recommended by the American Academy
of Child and Adolescent Psychiatry guidelines for moderate-
to-severe disorder from Bernstein and Shaw (110). The first
choice treatment is serotonin reuptake inhibitors (SSRIs) (111).
No controlled trials of SSRIs are conducted in children with
epilepsy, but studies on fluoxetine and sertraline have shown
improvement in anxiety and depression symptoms without
adverse effect on the seizure management (112). Tricyclic
antidepressants are not effective in children with anxiety and
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depression, contrary at high dose may reduce seizures threshold
with worse control of epilepsy. Bupropion and clomipramine
have been associated with an increased risk of seizures (113).
Treatment of autism spectrum disorder includes educational
and behavioral interventions, but a pharmacological approach
can be necessary for specific symptoms (114, 115). Indeed,
pharmacologic treatment is warranted in the autistic patients
with epilepsy. In children with ASD who have mood disorders,
choosing a medication that also has mood-leveling properties
may be useful. Whether there is any benefit in treating a child
with ASD and epileptiform discharges in the absence of epilepsy
remains debated (44).

SURGICAL APPROACH

Temporal lobe epilepsy surgery is currently considered safe
and successful in the patients with drug-resistant epilepsy.
High-resolution magnetic resonance techniques and advances
in microsurgery ability have led to the improvement of this
therapeutic approach. However, an adequate patient selection
with invasive and non-invasive monitoring including psychiatric
assessment is necessary (116, 117). Resection strategies have been
enhanced over time. Initially, anterior temporal lobectomy (ATL)
was considered first-line treatment for mTLE. Subsequently,
transsylvian Amygdalo–Hippocampectomy (AH) replaced ATL
thanks to improved epileptogenic focus identification technics.
Instead, patients with nTLE are treated with lateral lesionectomy
without ATL with increasingly limited resections. A satisfactory
outcome (Engel I/II) is achieved in 84.7% of patients treated
with surgery. Lateral lesionectomy has the highest success
rate (94.1%), while AH has the lowest (78.8%). This result
can be related to the multiple comorbidities in children with
mTLE. Indeed, patients with mTLE are less likely to achieve
seizure freedom independently of the resection strategies (116).
The presence of the psychiatric disorders before the surgery
predisposes to psychiatric pathology at 2-year follow-up and
is not correlated with epilepsy outcome. After microsurgery,

anxiety and depressive disorders decreased, and psychotic
disorders increase without statistical significance. De novo
psychiatric disorders occurring after surgery represented 52%
of the postoperative psychiatric pathology, 62% being psychotic
disorders. These disorders became more frequent from the first
year after surgery, occurring mainly in the patients seizure
free (118).

CONCLUSION

Psychiatric features and TLE are closely related with
overlapping risk factors and common etiologies. Alterations
and neurotransmission disturbances among critical networks
with impaired or aberrant plastic changes might predispose
patients with TLE to the development of these symptoms. Mood
and anxiety disorders are the most frequent in the pediatric
population. Early diagnosis of these disorders can result in better
management, ensuring a multidisciplinary approach and, if
necessary, appropriate treatment with increased quality of life.
Routine psychological and/or psychiatric evaluation should be
standard in the comprehensive care of children with epilepsy.
Any comorbid psychiatric disorder must be considered in the
choice of ASM, taking into consideration their potential positive
and negative psychotropic properties.

Finally, advances observed in the neurosurgery particularly
in resection strategies have led to additional therapeutic
options. The surgical approach, besides improving neurological
symptoms, can lead to a reduction in psychiatric comorbidities
in these patients.
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Background: Surgical resection is frequently the recommended treatment for

drug-resistant temporal lobe epilepsy (TLE), yet many factors play a role in patients’

perceptions of brain surgery that ultimately impact decision-making. The purpose of the

current study was to explore how people with epilepsy, in their own words, experienced

the overall process of consenting to surgery for drug-resistant TLE.

Methods and Materials: Data was drawn from in-person, semi-structured interviews

of 19 adults with drug-resistant TLE eligible to undergo epilepsy surgery. A systematic

thematic analysis was performed to code, sort and compare participant responses. The

mean age of these 12 (63%) women and seven (37%) men was 37.6 years (18–68 years),

with average duration of epilepsy of 13 years (2–30 years).

Results: Meeting the neurosurgeon and consenting to surgery represented an

important treatment milestone across a prolonged treatment trajectory. Four themes

were identified: (1) Understanding the language of risk; (2) Overcoming risk; (3)

Family-centered, shared decision-making, and (4) Building decisional-confidence.

Conclusion: Despite living with the restrictions of chronic uncontrolled seizures,

considering an elective brain procedure raised unique and complex questions. Personal

beliefs and expectations related to treatment outcomes influenced how the consent

process was ultimately experienced. Decisions to pursue surgery had frequently

been made ahead of meeting the surgeon, with many describing the act of signing

as personally empowering. Overall, satisfaction was expressed with the information

provided during the surgical visit, despite later inaccurate recall of the facts. These

findings support the resultant recommendation that the practice of informed consent be

conceptualized as a systematic, structured interdisciplinary process which occurs over

time and encompasses three stages: preparation, signing and follow-up after signing.

Keywords: decision-making, epilepsy surgery, informed consent, thematic analysis, qualitative research, patient

experiences, surgical risks
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INTRODUCTION

The advantages of epilepsy surgery for seizure control have
been established by Class 1 evidence (1, 2). However, electing
to under go an irreversible brain procedure represents a
complex decisional process for both people with epilepsy (PWE)
and clinicians, that includes weighing surgical risks against
expectations for seizure freedom and a hopeful future (3). Even in
well-selected candidates, and despite illness severity, firmly held
beliefs especially fear, influence whether patients will choose or
defer surgery (4, 5). Although the risks of permanent, noticeable
neurological deficits due to surgery are small (6), physician
and patient misperceptions of surgical risk remain a significant
barrier to an effective treatment (7, 8).

In general, a central goal of informed consent is to inform
and manage risk such that patients feel they have sufficient
information about a planned procedure and the alternatives, to
make a rational choice (9). Risk management is a process that
takes place over time (10), incorporates the contributions of
multidisciplinary team members and is foundational to building
trust (11, 12). How surgical risks are presented and understood
have implications for approaches to providing information
about surgery and ultimately signing (or not) an informed
consent (12, 13).

Specific to epilepsy surgery, preoperative counseling includes
weighing up the substantial risks for morbidity and mortality
of uncontrolled seizures vs. the potential risks of the operation.
Complication rates associated with epilepsy surgery are reported
as “low” and mostly minor and temporary (6). Counseling for
epilepsy surgery should be individually tailored to balance the
possibilities of seizure-freedom after surgery against potential
procedure related cognitive losses (14). The impact of surgery
on memory is always a consideration in TLE, leading authors to
suggest that memory decline should be viewed as a cost of surgery
and not necessarily a surgical risk (14).

The goal of epilepsy surgery is to achieve seizure freedom.
However, a potentially life-changing shift from chronic
disability to sudden wellness evokes unique psychological and
philosophical adjustments described as the concept of ‘burden
of normality’ (15). In a substantial body of work, Wilson and
colleagues illustrate the concept in a theoretical framework
comprising the broad, interrelated psychosocial features that
shape patient identity and family behavior. This framework
that conceptualizes the reversal of disability has significant
application to surgical outcomes (16). The identification of key
features are frequently neglected by questionnaires related to
quality of life (15). Consequently, the role of the epilepsy team in
comprehensive patient evaluation is underscored, with specific

emphasis on the potential of specialized epilepsy nurses for
promoting individualized care and shared decision-making.

Although the complexity of decision-making in epilepsy

surgery has been described (14, 17, 18), there appears to be

a dearth of studies in the epilepsy literature dedicated to the
process of obtaining the informed surgical consent. Signing
an informed consent does not guarantee the understanding of
information provided, as shown in studies of informed consent
in clinical trials research (19) and a qualitative research study of

patients who had consented for general surgical treatment (20).
What was understood and remembered was mostly subjective
and influenced by emotional responses (21). To improve
communication, supplemental, high-quality decision-aids have
been shown through randomized control trials to be effective in
supporting understanding and recall (21, 22). Decision-making
shared between patient and physician, actualizes the concept of
informed consent (12). Such shared decision-making is especially
important when treatment outcomes are uncertain (12), and
therefore holds specific relevance for decisions about epilepsy
surgery. Underutilization of effective and safe surgical therapy
for epilepsy is longstanding and vexing (23, 24). Furthermore,
the recently documented decline in number of open resective
epilepsy surgeries performed (8), co-incides with the advent of
new surgical therapies, such as responsive neurostimulation and
stereotactic thermal ablation. In light of expanded therapies,
understanding key aspects of surgical decision-making naturally
takes on heightened importance.

Conclusions from our larger study of patient perceptions of
risks and benefits (3), were that an elective brain procedure for
a chronic and frequently life-long condition, raised uniquely
complex questions for PWE and their families when surgery
was presented as an option. As part of the parent study, the
purpose here was to explore how people with pharmaco-resistant
TLE experienced the process of signing the informed consent
for epilepsy surgery. As an understudied aspect of treatment,
exploring personal experiences of this consenting process may
offer a new angle on how to overcome underutilization of
epilepsy surgery.

MATERIALS AND METHODS

The techniques of constructivist grounded theory guided the
initial design of this qualitative study, the data collection, and
initial analysis. The philosophical cornerstones of grounded
theory included paving the way to understanding how study
participants construct what is meaningful to them and how they
act. This methodology was selected as the best way to explain
how knowledge was perceived, internalized and recalled (25).
We utilized the flexibility of thematic analysis to present the
findings (26).

Setting and Background
Data for this manuscript originated from a parent qualitative
study (N = 35) where the contextual basis of decision-
making centered on how treatment risks and benefits were
described (3). In the present study, we focus on the subgroup
of 19 participants who had signed an informed consent to
undergo a craniotomy and surgical resection of epileptogenic
tissue. Study participants were adults seeking treatment for
uncontrolled temporal lobe seizures at a leading, academic
epilepsy center in the United States. Before they signed the
informed consent, the first author, a clinical nurse specialist,
invited eligible patients on the surgical waiting list to participate
in a semi-structured interview about their understanding of
treatment options including surgery. All invited patients in this
convenience sample agreed to participate.
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Standard consent process. At the time the informed consent
was obtained, patients were typically meeting and receiving
information about the surgery from the neurosurgeon (IF) for
the first time and simultaneously signing a surgical consent
form should they wish to proceed. The clinical nurse specialist
(SD), who was known to the patients, was present to actively
contribute to the consent process by articulating key elements
of the clinical history relevant to individual surgical risks and to
clarify explanations for the patient, family members and surgeon.

The consent form was a standard document used for surgical
procedures at our medical center. Upon signing, the patient
agreed that a description of the surgical procedure was provided,
the reasons for the surgery had been given, and the risks, benefits
and treatment alternatives have all been explained. Patients
and any caregivers present were given the opportunity to ask
questions about the procedure, the recovery process, and the
benefits of surgery. The name of the procedure was repeated
several times during the consultation and a copy of the signed
consent formwas provided to the patient. Five (26%) participants
received surgery within a week of signing the informed consent.
Of the remaining 14, 12 (63%) participants underwent surgery
several weeks later while 2 (11%) eventually opted not to
undergo surgery.

Participant Selection, Study Procedure and
Data Collection
Institutional Review Board approval was obtained prior to
recruitment. Participants were English speaking adults with
drug-resistant temporal lobe epilepsy, who were legally able to
sign their own surgical consent. Patients who had undergone a
previous brain resection were excluded to avoid the potential
bias that a past experience of signing an informed consent may
bring. An in-person research consent was obtained and a time
convenient to the participant was scheduled for the interview
once the surgical consent had been signed. All interviews were
conducted one-on-one in a comfortable, private room in the
clinic, by an experienced, female qualitative researcher with
a background in neuropsychology, and who was not part of
the clinical team. A semi-structured script provided a flexible
guide for data collection. Selected questions from the guide are
provided in Table 1. Although seven (37%) participants chose
to be interviewed on the same day as meeting the surgeon, the
interviews were conducted an average of 31.2 days after the
consent had been signed.These audio-recorded interviews lasted
an average of 105.7min each (range: 54–147min). Participants
received a honorarium of $50 cash on completion of the interview
as a token of appreciation for their time. Demographic and
clinical characteristics of the sample were derived from the
medical records (Table 2). The verbal comprehension index
(VCI) was obtained from the standardized neuropsychological
battery derived from the Weschler Adult Intelligence Scale
(WAIS) version 4. Neuropsychological testing conducted by a
licensed psychologist is an essential component of an epilepsy
surgery evaluation at our medical center.

Extensive analytic memos were written after each interview
to describe analytic hunches, identify commonalties and

TABLE 1 | Examples of conversational interview questions.

Setting the scene

You have come to an important time in the treatment of your epilepsy.

Can you tell me about the surgery you are having?

Part of signing a consent for surgery is to hear about the risks of the procedure,

how do you understand the risks of the surgery?

Follow-up: How do you think surgery for your epilepsy will be of benefit to you?

The possibility that surgery will stop the seizures was given to you as a percentage.

When it comes to understanding this number, what does it mean to you to hear

from the surgeon that you have a xx% (% specific to the individual) chance to be

seizure-free after surgery?

Follow-up: How is it helpful to hear about seizure freedom as a percentage?

Once you had signed the consent and agreed to the procedure, how did that feel

for you?

Follow-up: Can you describe any specific thoughts that crossed your mind?

What was it about talking to the surgeon that gave you confidence to go ahead

with surgery?

Can you tell me what has helped you to be certain that the benefits of surgery

outweigh the risks?

How did discussions with your family help, or not help you to make the decision

to have surgery?

Can you tell me about the specific questions you or your family had for the

surgeon?

Follow-up: Is there anything that is worrisome about the surgery now that you

have had the chance to talk with the surgeon? If so, can you tell me about these

concerns?

How does having a team involved in your epilepsy care help you to feel positive

about the surgical decision?

On a scale of one to ten, how satisfied are you that you had all the information you

needed to make this important decision? Ten is totally satisfied. One is totally not

satisfied.

How might it have been helpful for you to talk to someone who had undergone

epilepsy surgery?

differences, and inform potential new questions to promote
deeper descriptions in future interviews. In addition,
observational memos were written by the clinical nurse
specialist shortly after the surgical consent was obtained to
record her observations of the process. As part of the study,
and since she played an active role in this aspect of treatment,
the CNS paid special attention to how the information was
presented, and observed the emotional responses of the patients
and family members who were present.

Data Analysis
Interview scripts were transcribed verbatim by a professional
transcriptionist, checked for accuracy and de-identified. Data
analysis by the first and second authors followed the principles
of a robust, thorough and systematic analysis based on the phases
of coding described by Braun and Clarke (26). The data set for the
parent study was coded independently by the analytic dyad (SD
and HP). Codes were agreed upon, sorted and compared across
participants to identify similarities and differences. Reflexive
memos in qualitative research contain the clues to recurring
ideas in the data and their relationships to one another (27).
Our memos contributed to data interpretation, and supported
the identification and development of themes. Regular meetings
throughout the analytic process boosted interpretations that
reflected the data. ATLAS.ti was used to manage and organize the
codes and record the reflexive memos (28).
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TABLE 2 | Sample characteristics (N = 19).

Clinical

Age at interview: mean (range) 37.6 (18–68)

Duration of interviews (range) 105.7 mins

(54–147)

*Age at seizure onset in years: mean (range) 24.4 (3–60)

*Duration of epilepsy in years: mean (range) 13 (2–30)

Days from consent to interview 31.2 (0–168)

Days from consent to surgery (n = 16) 57.5 (1–169)

Side of proposed surgery

Right 12 (63)

Left 7 (37)

n (%)

Gender

Men 7 (37)

Women 12 (63)

*Number of anti-seizure drugs at time of consent

1 1 (5)

2 7 (37)

3 or more 11 (58)

**Verbal Comprehension Index (VCI)

Borderline (70–79) 2 (11)

Low average (80–89) 1 (5)

Average (90–109) 12 (63)

High average (110–119) 1 (5)

Superior (120–129) 2 (11)

Very superior (130 and over) 1 (5)

Demographic

Ethnicity

Caucasian 13 (68)

Hispanic 3 (16)

African American 2 (11)

Asian 1 (5)

Marital status

Never married 7 (37)

Married 10 (52)

Divorced or separated 2 (11)

Living situation

With spouse 6 (31)

With spouse and children 3 (16)

With children (no spouse) 2 (11)

With parents 6 (31)

With roommate 2 (11)

Highest level of education

≤ High school 7 (37)

Some college 5 (26)

Completed undergraduate degree 5 (26)

Completed graduate degree 2 (11)

Gainfully employed (full, part or self) 9 (47.5)

Unemployed 9 (47.5)

Retired 1 (5)

(Continued)

TABLE 2 | Continued

Clinical

*Health insurance provider

Private (through own or parent employment) 14 (77)

State Health 5 (23)

*Source: Medical records. **The Verbal Comprehension Index (VCI) measures verbal

reasoning ability. This includes the ability to listen to a question and create a verbal

response that expresses the person’s thoughts. The index is a composite score of three

tasks that measure word similarities, vocabulary and comprehension.

In keeping with the guidelines on data analysis of Braun and
Clarke, the ongoing dialogue between the analytic dyad facilitated
agreement upon four themes that accurately captured the essence
of a rich data set (26). Theoretical saturation was reached once the
themes with their properties and dimensions were determined to
represent a logical, detailed and complete account of the data.

RESULTS

The sample characteristics, shown in Table 2 included 19 adults
with a mean age of 37.6 years (18–68), and drug-resistant
temporal lobe epilepsy for an average of 13 years (2–30). Of
these 12 (63%) women and seven (37%) men, seizure onsets
were localized to the right temporal in 12 (63%) cases. The
study participants reported an average of 14.2 years (12–
20) of education. Verbal comprehension scores obtained from
neurocognitive testing fell within the low to high average range in
14 (74%) cases, two (10%) were within the borderline range and
three (16%) were in the superior range. As a component of IQ,
these scores reflect verbal reasoning ability, and include a person’s
ability for comprehension and verbal expression. Interviews were
conducted an average of 31 days (0–168) after signing the consent
with seven (37%) preferring to interview on the same day, shortly
after meeting the surgeon. Surgery itself occurred an average of
57.5 days after consenting (n = 16) (Table 2). Excluded from the
latter calculation were two patients who declined surgery and one
whose surgery was unusually delayed for 355 days.

Meeting the surgeon and signing the consent form
represented an important treatment milestone. Although
the surgery followed an extensive evaluation process and was
viewed as a positive step, the reality of removing brain tissue lay
outside personal experience. Surgery signified an opportunity
to achieve seizure freedom and lessen caregiver burden, but the
risks of a surgical complication, albeit presented as “low” still
meant that fear and uncertainty had to be overcome. A woman
in her mid-thirties expressed the existential meaning of “cutting
out a piece” of a vital organ and the courage it took to consider
elective brain surgery saying:

When I was diagnosed with epilepsy nine years ago, I was totally

against surgery because I was scared. It was something totally new,

and it made me feel old. Now I’m not scared. I’m ready. . .Now it’s

time to move forward and do something.
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Despite inherent unknowns, it was also apparent that
decisions in favor of surgery were frequently made in advance of
meeting the surgeon, and signing the IC was viewed as a simple
formality. Yet, having signed the consent, becoming mentally
prepared for surgery became all-consuming and was described as
“the last thing on my mind when I go to bed, and the first thing
on my mind when I wake up.”

Overall, four themes informed the experiences of signing
the IC. The first, understanding the language of risk, included
comprehension of the procedure and the surgical risks. The
second encompassed how risk was overcome and benefits
prioritized. Theme three revolved around the integral nature
of family-centered decision-making and emphasized who
ultimately owned the surgical decision. In the last theme,
decisional confidence and satisfaction with information was
captured. Illustrative quotes representing each theme are
provided in Table 3.

Theme 1: Understanding the Language of
Risk
Recalling the Brain Procedure
Participants’ views of the brain as a vital organ influenced how
surgical decisions were made. Such views included questioning
whether seizures themselves could damage the brain, but also
evoked images of the life-long implications should a surgical
complication occur. Recall of the procedure consistently included
locating the head shave above the ear, in the general region of the
temporal lobe, and stating that the skin incision would take the
form of a question mark. Although the scar would be behind the
hairline, the size of the incision and the amount of tissue to be
removed mattered. Participants commonly referred to a “small”
incision or a “small” head shave, and resection of a “small”
amount of tissue. To underscore a shared experience, participants
spoke collectively about their understandings as illustrated in the
words of one person who said of herself and her spouse, “We had
a picture of ourselves having a dime-size taken out of my brain.
By the time I was done talking to the surgeon, we realized we were
talking about a much larger section.”

When asked what operation was to be done, participants
had frequently forgotten the procedure name, and described the
surgery in general terms such as, “lesion extraction,” “corrective,”
or “minimally invasive?” In recounting the surgeon’s explanation,
one participant shared, “I didn’t know all the words he was saying
about the pieces of the brain, but I know that it’s up here [points
to left side of head].” Although the surgeon stated that surgery
was to be performed on the anterior or front part of the temporal
lobe, some participants explained that surgery would be on the
right or left “front side”, others referred simply to “removing the
part that’s causing the seizures”. Seven (37%) participants clearly
named the temporal lobe as the site of surgery, and two were also
able to correctly name the mesial structures, i.e., the amygdala
and hippocampus as implicated in the seizure network.

The specialized memory functions of right and left temporal
lobe structures were explained by the surgeon, nevertheless
participants’ concerns about post-operative changes in memory
tended to center around losing memory for important past

events, or fears of forgetting loved ones. Especially in the
language dominant group (n = 7), word-finding deficits were
understood to imply a communication difficulty with one
participant imagining that “loss of speech” would mean he
would need to relearn language as in childhood. A participant
who required a left-sided antero-mesial temporal lobe resection
explained her understanding of the brain region and what it
meant to her to have surgery in this part, saying that the surgeon
“doesn’t want to get close to my speech and memory section
because they’re very strong. . . , and he does not want to interfere
with a part of who I am.” Two participants feared language
deficits despite the plan for surgery on the side contralateral
to language localization. Concerns about memory loss were
expressed across participants especially since poor memory was
a pre-existing challenge. Yet for some participants, stopping the
seizures raised hopes that memory would improve after surgery
to potentially improve learning ability.

The potential for a visual field deficit, was consistently
remembered however this deficit was sometimes understood
to imply vision loss, blindness, or restricted eye movements.
Although participants were uncertain about what a visual deficit
meant, the relevance of the deficit was openly dismissed, and
expressed as “not a big deal.”

Dying from the procedure was a risk that was always
mentioned by the surgeon, however, participants did not initiate
further discussion about this possibility. In contrast, fear of dying
was expressed during the interviews, with many participants
foreseeing deep family grief should death occur. Although viewed
as improbable, the possibility of dying was seen as part of the
reality of surgery. Some participants spoke about the potential
for dying from seizures, but most also thought this was unlikely
to happen to them. Participants rationalized that living with
post-operative motor or language impairments, might be worse
than dying from the procedure. The possibility of weakness or
paralysis due to stroke meant “having useless body parts” and
being functionally worse off.

Understanding Percentages
Taking into account individual elements of the clinical
presentation, two percentages are typically presented during
the consent process: the risk of procedural complications and
side-effects, and an estimate of seizure-free outcome. The
possibility of serious procedural complications for temporal
lobe surgery were usually quoted as less than one percent with
participants in the present sample given a likely probability of
seizure freedom ranging between 60–80%. While participants
were generally concerned about surgery on the brain, hesitancy
appeared greatest when they, or the family, focused specifically
on the possibility of procedural complications rather than the
benefits of seizure freedom. In contrast, when the benefits of
seizure freedom were uppermost in people’s minds, the surgical
decision appeared to be made with less hesitation. Anticipating
80% seizure freedom was associated with “cure”, by several
participants. One person was disappointed in an estimated
70% seizure-free rate and felt the number was purposefully
“low-balled”.
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TABLE 3 | Illustrative quotes supporting the four themes and dimensions.

Theme Dimensions Examples

Theme 1: Understanding

the language of risk

Recalling the

brain procedure

Explaining a visual

field deficit

Remove the bad piece of whatever it is that’s starting to get crushed. [P11]

They’re going to be operating on the right front side of my brain. And its corrective surgery. [P19]

They would be opening my skull, taking out, if you will, a portion of my brain, putting my skull

back together again, and there you are. [P02]

I don’t think it is a bacteria, but there is a bad spot in my brain…He (neurosurgeon) said he would

cut a hole in my skull and go in and take some tissue out. I didn’t want to do that because I didn’t

want that kind of invasive surgery. He said it [the lesion] was close to the surface and it wouldn’t

be harmful. It wasn’t in the hippocampus or the cortex or any of that. [P05]

I understand that they are going to be going in and removing a portion of my right temporal lobe

as well as half of my hippocampus as well as half my amygdala. They are doing that because

they do not know the absolute specific spot, but they have a really good general idea of the

location…I understand that they’re going to do a question mark-shaped incision on my head

and that it will flap open and that they will do the surgery that way and that they will have to

shave a portion. And then that’s how they’ll do the, uh, sewing back up. [P18]

It’s interesting that this condition is in the left temporal lobe, because apparently left temporal

lobe is communication. However, I was able to pass the test for a radio license for emergency

services. I’m 100% bilingual. So, it’s pretty interesting how, because one side is jammed, the

right side completely took over. That’s a pretty interesting concept. [P06]

He did tell me that there is a possibility of not being able to see from my left side but only on the

top. And he said, “Well, we can turn our heads to be able to see. One way or another, you have

to turn your head.” But that was the only risk. It does kind of scare me because I don’t want to

go blind, because right now I can see perfectly. [P12]

There may be something small that might happen and create - like he told me about my eyes,

my peripheral vision. I said, “Will that stop me from driving?” No, because you can just turn your

head and see what you need to see. But I never thought that the brain surgery would even affect

that. [P07]

They said I could lose sight of the corner of my right eye. But that’s not a big concern because I

mean everything else is going to be fine. [P03]

Procedural risks vs. benefits [There is a] ten percent chance that something might go wrong, I think he says. But I’ve gotten

that number out of my head already…I’m a very optimistic person. Ten percent is very low. [P08]

Essentially, when I was given the percentages, it was the risks vs. the benefit. So, they told me

- what did they say? It’s like 70 or 80% chance that it would cure my seizures. Yeah. So, the

benefits of it were really good, and there’s a strong percentage of it…And then some of the risks,

I was given really low percentages. I don’t remember what they were exactly. [P09]

Surgery could impart an increase in speech impediment, a decrease in mobility, a decrease in

eye movement or being able to see lateral imaging. [P02]

Contemplating percentages

and

I am concerned about that 2% risk of complications. Any time you open a brain, you open a

skull, and you start playing with the brain, there are certain unknown factors. [P02]

A one-in-five chance doesn’t seem as bad as 20% because you just hear the larger number

[P01]

The way I understood that was how like, she was saying, “It’s not a 100% chance that they’re

going to stop when you have the surgery, but probably a 70%,” that it’s usually a 70 or 80. And

70’s pretty high, to me. And then like, it was an 80% that he was a good surgeon, like he does

things very well. And that’s pretty high as well. [P14]

I’m like 99% sure that everything will be fine. The doctor did tell me it is like only 1% that

anything [bad] will ever happen. That’s with any surgery. [P15]

The meaning of numeric

probability

We have a 70% confidence that this is going to be successful. And that seems terrible. But I

guess…with this kind of surgery 70% is decent. I’m sure it’s being low-balled because they don’t

want to say, “We’re 97% positive that this is going to be fine”, and then it’s not. [P17]

He had told me it was 60% that it could be seizure-free. I’m like, “Wow. That’s pretty high.” And

my husband liked that number. But when I called my mom and told her, she’s like, “Oh. That’s

only 60% chance? I thought it was going to be higher.” And I’m like, “Okay. You just made me

feel really good. [laughs] Why did I call you?” I think that 60% is a pretty good number, and I think

surgery is worth a try. [P15]

I was told - an 80% success rate with the surgery - I might be able to function as an average

person later on down the line. Therefore, I might be able to drive. I might be able to be

independent as a young adult and be able to be a winged pilot later down the road as a career.

[P06]

I was hoping that he [surgeon] would say, “Hey. Let’s get it done.” And, at the same time, I don’t

expect like a miracle right away after the surgery. Like I said, I’m quite aware that it’s not over

yet. But when someone tells me 75%, then, to me, it’s, of course, the other 25% - anything can

happen. So, it’s like, why not if it has been such a painful journey for ten years. [P16]

(Continued)
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TABLE 3 | Continued

Theme Dimensions Examples

I know for a fact that there’s an 80% chance of being seizure-free with the chance of

medication on the side, …which is excellent. And 80% is a high chance. Most that I have read

on Facebook, were given 60% chances. So, with an 80% chance, that’s an even higher

chance that what I’ve read on most of those people that have had the surgery done. So, that’s

a high chance for me. And, umm, I like that. [chuckles] And then um - [pause] I got lost. [P04]

Theme 2: Overcoming risk What it was like to sign I had a lot more feelings of being alone within it [the decision itself]… I’ve never been unsure of

the decision I was making… but I’ve been surprised at how emotional I have been. [P07]

When I got home, [after signing the consent], it really sank in. My wife and I were pretty freaked

out. We were both just really overwhelmed. [P09]

I went through a period of mourning, shock and denial. I was just sobbing. It was such a difficult

decision to make…[After signing] I don’t feel like I can talk about much else but the surgery. [P18]

I think nothing much [about signing]. I’ve signed so many consent forms, it’s like, just another

waiver. [P04]

Theme 3: Family centered

decision

Taking ownership Signing was a big weight off my mind…I’m doing this for myself, but I have my family who don’t

like to see me have seizures [P01]

My concern is putting her [wife] at ease getting her past this anxiousness, getting her past the

period of doubt, worrying about, are we doing the right thing. [P02]

It was more his [husband] decision than mine, and I was ok with that. He said he wanted it to be

completely my decision…I knew that if something went wrong, he’d be okay with that because

it wasn’t my decision completely. [P18]

I’m done with this epilepsy. And [my mom’s] like “Okay. Let’s do it”. I don’t think my family is

doubtful about surgery. I think they’re quite hopeful. [P19]

Theme 4: Building

decisional confidence

Satisfaction with information

Trusting the

professional opinion Gaps

I’m very satisfied. I know that my satisfaction simply comes from being able to call (name of CNS)

and (Assistant to neurosurgeon). That’s where my satisfaction comes from. Because, if there’s

any question, I know at the drop of a hat I can make a phone call and talk to them. And I know

they will answer their phones. And if they don’t, I will get a call back. [P01]

I did a lot of studying. I got online, and I went to a lot of different things on Facebook, looked up

a lot of people that have had the surgery, read a bunch of things that people have - you know,

their outlooks on it. I didn’t so much put my own opinions in as much as I read what they had

to say. [P04]

The staff here explains it enough to where I’ll understand. And I don’t need to know everything

about it because I probably won’t retain all of it. [laughs] But they explain it enough so that I get

a mental picture of it. [P19]

With all the studies that I’ve done and everything - and, you know, I have a lot of faith in those

studies just from being here - I think a ten. [P03]

The confidence in the people I have spoken with, their body language, the way they come across,

their knowledge of certain aspects of what’s taking place, their history involved in this field, their

academic achievements, their raising of pros and cons. And that’s something I look toward in a

person. If I’m going to put my hat in their corner, I want to know as much about them and their

knowledge about what’s going to happen and what could happen or what should happen as

possible. And so far, I’ve had nothing but good things come my way with regard to this group of

people. [P02]

[Meeting a person who had undergone surgery] would help me kind of understand and expect,

not just going in there like I’m blindfolded…And how was it for them too? And was it scary for

them, or should I be not scared? I would’ve liked to have known that. But, unfortunately, I was

never able to meet anybody with brain surgery. [P03]

I’m a very visual person. If he had showed me [on the MRI] that one little dot that he was going

to be removing, that would’ve helped me understand what he was going to be doing. [P05]

I can see all this list of bad things that have happened or bad things that are possibilities. Have

these actually happened? How many have this happened to? What are the percentages? I

never got the sense that I even was given a percentage of how many people actually have

dealt with side effects from this. So, I would like to have known more about that. So, yes, I felt

like that’s still being held back from me and that nobody really wants to tell you what the bad

things are. [P18 ]

P, Participant number.

The two percentages (procedural risks and estimated
seizure-free outcome) were frequently mis-remembered. Some
participants spontaneously explained that risks were quickly
forgotten, as they preferred to focus on the belief that everything
would go well. Despite incorrectly remembering the risks

to be 10–15%, the over-riding take-home message was that
surgical risks are “low” or “very, very rare.” Regarding the
second percentage routinely discussed during consenting, there
was unanimous acceptance that surgery would not offer 100%
guarantee of seizure freedom, yet participants were cautiously
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optimistic. One participant said she was quoted a 25% possibility
of seizure freedom which she determined was acceptable to her
and represented a “big chance” of control. Regardless of the
percentage quoted, participants, in their own minds, anticipated
better outcomes. Although most participants were happy to hear
percentages, one person preferred to hear a 1-in-5 chance vs.
20% (ie. a percentage), because “the numbers are smaller.”

Overall, hearing the numbers was helpful in decision-making
even when the percentages were recalled incorrectly. Clearly,
the number itself held meaning beyond the numeric value. As
such, the percentage was not a defining entity, but represented
a fluid and hopeful measure, especially when compared to past
experiences with ineffective anti-seizure drugs.

Theme 2: Overcoming Risk
Participants who expressed little hesitation to undergo surgery
tended to minimize procedural risks and focused on the benefits
of a positive outcome, that included coming off anti-seizure
drugs, driving and “fixing an epileptic self.” A young woman
who weighed the benefits of surgery as 99.9% greater than the
risks said, “I’m not worried about the risks. Thinking about the
pros and cons, will get me nowhere.” Others also admitted to
quickly dismissing the surgical risks, preferring to focus on an
overall positive outcome as exemplified by the participants who
rationalized that a 1–2% risk meant there was a 98% chance of a
good outcome leaving “the 2% to be ignored.”

Across the sample, individuals reasoned that their quality of
life needed to improve and that, without surgery, seizures and
memory were likely to worsen. Perceptions of an optimistic
future were guided by faith, including beliefs that surgery was
in God’s greater plan. When reflecting on their drug-resistant
disease, many reasoned they had little choice, and nothing to lose
but to go ahead with surgery.

Trust in the surgeon’s skill was necessary to overcome a
natural fear of brain surgery. When weighed against hard-
won personal accomplishments such as academic or work
achievements despite epilepsy, participants feared a changed
or diminshed self after surgery. While some did not consider
themselves to be limited by the seizures, a negative surgical
outcome would be life-limiting. Participants in the current
sample deliberately identified non-verbal cues that projected the
surgeon’s considerable experience and his confidence regarding
a positive outcome. In addition, participants looked to family
members who were present during the clinic visit to affirm trust.
Faith in the institution and the team, especially the neurologist
were spontaneously and frequently expressed as playing key roles
in accepting the surgical option.

What it Was Like to Sign
High risks were naturally associated with brain surgery, making
signing the consent an overwhelming experience for some. These
emotional responses to knowledge about the surgical risks came
as a surprise to the individuals and differed widely across the
sample ranging from deep relief and excitement, to feeling
overwhelmed and anxious. Excitement centered around seeing
surgery as a proactive step after many years of disappointment
with medicines. Visceral responses such as losing appetite and

crying were reported to last for many days after signing. For
some, the act of signing triggered self-reflective thoughts around
what was important in life. For younger participants, the act
of signing symbolized the assuming of an adult responsibility.
While some participants expressed resignation about signing
the consent, others viewed the IC as routine, non-binding, and
simply a legal formality. A participant with a superior verbal
comprehension score was critical that the focus of the clinical
encounter was on surgical risks, and expressed her preference
for more information on the benefits of surgery for daily
living and life-style adjustment. Overall, surgical therapy was
viewed with optimism especially when weighed against recurring
disappointments of drug failure.

Theme 3: Family-Centered, Shared
Decision-Making
All participants ultimately took ownership of the final decision
to undergo surgery, but family opinions were both powerful
motivators and barriers. Until this point, family members had
initiated and supported specialized epilepsy care, but embracing
the decision to undergo brain surgery was far more complex.
It was apparent that patients and families were observed to
process fear of brain surgery in different ways, and to view
the need for epilepsy surgery and the inherent risks differently.
There were many advantages for family caregivers to be present
for the surgical explanation as discussions with the surgeon
could be heard first-hand by all concerned. Three participants
did not have family members present. For the majority of
participants, questions raised by family members contributed
positively to the decisional process, to increase confidence in
proceeding with surgery. Neverthess, the inherent ambiguities of
surgical decision-making were exemplified when a middle-aged,
professional man with right TLE reflected upon his family’s views
of surgery:

“My wife is supportive of the surgery. She feels that there may be

benefits. She’s also as realistic, as I am, about not seeing it as a

panacea or a cure-all but that there are, hopefully, some benefits

to doing so. So, she’s supportive of it. I don’t think my sons have a

clear understanding of the course of recovery.”

Owning the decision to have surgery meant taking personal
responsibility for the decision and the outcome and appeared to
be a way to protect the family should complications occur. The
focus for a mother whose seizures began at age 29 years, “was
just to survive the surgery” and later to “deal with whether the
epilepsy was cured.”

The words of one teenager echoed those of other young people
who said, “It’s my brain, it’s my body?. I’m no longer underage. I
feel it’s my decision to have surgery because I’ve gone through
the seizures.” However, for one person a shared decision, implied
sharing the responsibility for the decision should something
go wrong. For most participants, decision-making included the
family, and sometimes friends, but the decision took time and
was clearly not straightforward. Ultimately, individuals declared
that the time was right. There was little to lose by moving forward
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with a procedure, and participants were motivated by the need to
reverse disability.

Theme 4: Building Decisional Confidence
Consenting for epilepsy surgery was the last formal step in
a complex treatment process. The consent was viewed as a
“formality” by some, and by others as a “symbol of reality.”
Agreeing to surgery was based upon an active process of
gathering information and building confidence in the decision.
Participants spontaneously mentioned their observations of non-
verbal cues. Sitting and talking, and making good eye contact
were valued and identified as central to communicating the
surgeon’s confidence in the treatment approach.

The opinions of caregivers mattered. The positive affirmation
of caregivers supported the surgical decision. Even when the
clinics were perceived to be busy or visits felt rushed, participants
rationalized that they were getting the best possible care. It
was also apparent that participants and caregivers needed time
after signing the consent to review their understanding and
expectations, and in some cases to talk to other patients.

“It’s calming for me to see that other people have gone through

what I’m getting ready to go through and that they come out of it

okay, and that they’re not having seizures or they’re having a lot

fewer seizures. And they’re on a lot less medication; and they’re

only having problems with wordplay; and they’re still able to walk,

talk, function, and, you know, some of the things that I’m curious

and afraid of.”

Confidence was drawn from a comprehensive work-up that
had been completed at a specialized epilepsy center, where the
treatment plan was based on an interdisciplinary consensus.
As one young man said, “a group of specialists makes the
experience better. Having a team that is rooting for your
wellbeing gives hope.”

Satisfaction With Information
When participants were asked to rate their confidence about
how well-informed they felt to make the surgical decision, the
median score on a scale of 1–10 was eight. One person said
she was unable to provide a rating and was not included in
the calculation. Although five (30%) participants were perfectly
confident that they had all the information they needed, common
reasons for less than 100% certainty included poor memory,
and not knowing what questions to ask due to unfamiliarity
with brain surgery. Lacking expertise in epilepsy surgery, in
addition to uncertain expectations reinforced the need for
implicit trust in the medical team. One participant (who came
from a medical background) felt that risks were “downplayed”;
that numbers who had died or suffered complications may have
been purposefully withheld. Another felt that 100% certainty
was not possible secondary to poor memory. Many people
embraced self-education, but some did not know where to look
for reliable information. Participants sought out and valued
clarification of the surgical explanation from an experienced
epilepsy nurse specialist.

DISCUSSION

The aim of this descriptive, qualitative study was to explain
what it was like for a sample of patients with drug-resistant
epilepsy to experience the informed consent process for anterior
temporal lobectomy. Drug-resistant epilepsy constitutes an
inherently unclear illness course but agreeing to an elective brain
procedure introduces new levels of uncertainty. Despite intrinsic
uncertainties, the act of signing a surgical consent was often
experienced as empowering in the context of a disempowering
condition. Consenting symbolized a personal turning point that
represented hope for an independent future. While opinions
of family members played a role in treatment decisions, the
participants unanimously assumed ownership of the surgical
decision. Although detailed recall of the procedure and the risks
were often incomplete or inaccurate, participants accepted that
surgery was the best therapeutic option, and that risks while
small, were not zero.

Distinct challenges confront both the treatment team and the
patients when considering epilepsy surgery. While the surgical
procedure is guided by underlying pathology it is tailored to
the individual talents and lifegoals of the patient. The informed
consent represents a collaborative, two-way process between
patient and surgeon (12). However, informing patients with
temporal lobe epilepsy and baseline memory deficits is uniquely
challenging. Variations in levels of health and statistical literacy,
and the amount of detail people wish to hear also need
to be considered. Data from the semi-structured interviews
highlighted what was recalled from the meeting with the surgeon
and what was identified as important to the individuals in the
current sample.

Prompted by confidence in the consensus decision of a

specialized epilepsy team, decisions to proceed with surgery were
often made in advance of meeting the neurosurgeon. Signing

the consent itself was viewed mostly as a necessary formality

but, meeting the surgeon and associated perceptions that they
were in the hands of an experienced epilepsy surgeon were
vital, and confirmed a sense of caring. Detailed recall of the
procedure appeared less important to our study participants
than the effective communication of trust. With respect to
procedural recall, these findings echoed those of a literature
review of 13 internationally conducted studies that addressed
the consent process across a range of surgical procedures.
The review found that recall and understanding of procedural
risks and complications was often low, and especially when
information was communicated in traditional verbal ways (21).
Making accomodations in the consent process for poor baseline
recall is especially relevant in TLE since hippocampal pathology
implicates the cognitive and emotional networks of memory
and decision-making. One individual suggested that receiving
a handout of frequently-asked-questions at the end of the visit,
would compensate for a compromised memory. Participants
actively listened for confirmation from the surgeon that surgery
was a correct and safe treatment approach. They also looked
for non-verbal signs that the neurosurgeon was confident about
the outcome. Active affirmation from family members present
during the clinical visit was simultaneously sought.
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Overall, two findings stood out in the current study. Firstly,
what was remembered with respect to procedural risks and
seizure freedom, was often not accurate, yet participants felt
satisfactorily informed. Although participants valued hearing
percentages, numerical presentations of risks and benefits were
not accurately recalled, and the implications of risks, for example,
to memory or visual fields were difficult to imagine. Doubt was
reserved due to lack of personal experience with brain surgery
and the unknown implications of procedural side-effects or
complications. These findings were not unusual, and served to
emphasize that anticipating how patients may interpret language
and understand the implications is integral to the consent process
(11). Recall is only one component of comprehension and
treatment decisions made by patients are not necessarily logical
or rational (9).

Secondly, personal beliefs, subjective perceptions and
expectations weighed strongly in how the consent process was
experienced and understood. Once participants agreed that
seizure control was unlikely to improve with medicines alone, it
was easier for them to accept the surgical option as the definitive
treatment. Neurologists who were optimistic about surgical
outcomes played a crucial role in encouraging participants to
move care forward with their care. Even so, time was required to
ponder personal and family implications of surgery, especially
the risk of dying from the procedure. Rationalizing fear, and
ultimately signing the consent was an emotional event that
took courage and faith (9). It was also apparent that the clinical
team were not privy to the many intimate reflections that occur
in people’s minds once the formal step of signing has been
taken. Contemplating a changed self after surgery was reflected
in our data and has been explored as a common concern of
neurosurgical patients (29).

Following data collection for the current study, two (11%)
participants declined to proceed with surgery. We suggest
a future study to explore perceptions among patients who
opted not to proceed with surgery despite having signed a
consent. Unfortunately, and to underscore the seriousness of
epileptogenic mechanisms, there were two incidents of sudden
unexpected death from epilepsy (SUDEP) several months after
surgery in just this small sample.

Regarding implications for clinical practice, an enlightening
comment was made by one participant drawing attention to her
perception of a gap in our approach when she said.

All you hear are the risks and, “This is what we’re going to do to

you. This is your possibility of cure.” It would have been nice if

they said, “And this is what life is going to look like afterwards?”

The answer I kept getting was, “It’ll be individual. We can’t tell

you what’s going to happen after the surgery.” So, it gave me a

sense of even they are wondering how I will react. It’s going to be

an individual thing.

Thus, anticipating how life might look after surgery is crucial
to subjective experience and is especially relevant in situations
where the goals of surgery are prophylactic vs. curative. A detailed
discussion about life post-resection is generally not part of
disclosure. Unfortunately discordant expectations are associated

with adjustment difficulties that undermine smooth transistions
to wellness (30), highlighting the ethical obligations of the
interdisciplinary team in the pre- and post-operative periods. The
self-image narrative including personal social worlds is integral
to decision-making especially after temporal lobe surgery where
the post-surgical results may present unpredictable adjustment
difficulties (16). Relevant to the study population, we submit that
there is a fine line between subjective perceptions that cannot be
controlled by the clinical team, and the ability of individuals to
process information. Lack of experience with a given treatment
circumstance may lead to risks being over- or-understated
(9). One way to overcome misperceptions and information
gaps is to conceptualize the practice of informed consent
as systematic, structured and progressive with three stages,
namely, preparation, signing and follow-up after signing. Such an
approach allows time for content to be emotionally processed and
clarified. Multiple check-points also enable clinicians to closely
evaluate expectations especially in the face of underlyingmemory
and cognitive disability.

STRENGTHS AND LIMITATIONS

This qualitative study fills an important knowledge gap with
respect to what the process of informed consent for surgery
was like for a sample of patients with drug-resistant TLE.
The availability of verbal comprehension scores represents
an important strength for a qualitative study that addresses
treatment decision-making. However, a study limitation is that
the sample was drawn from a single, specialized epilepsy center
located in a large US city. Sampling bias may also be reflected
as the study participants all had sufficient medical insurance
to access specialized care. Although the study illicited in-depth,
personal insights for a sample of people with drug-reistant TLE, it
may not be possible to generalize the findings to those with extra-
temporal epilepsies given potentially different surgical risks.

CONCLUSIONS AND FUTURE RESEARCH

The nuances of the surgical consent serve to calibrate a balanced
picture that comprises an exquisitely complex decisional process.
While uncontrolled seizures constitute a serious threat to life,
and present greater risks than the surgery itself, the method
of information delivery should never be coercive. Obtaining an
informed consent does not occur at a single point in time, but
takes lengthy preparation and counseling, and is a significant
human experience in-and-of itself.

Future research that informs consent decisions may help
identify better ways to prepare patients for surgery. Additionally,
futher study of how best to train the clinical team is warranted
and may serve to mitigate the natural hesitation toward elective
brain surgery. Such teaching should include how to present
inherent trade-offs, and identify what is important to individual
patients and families. Establishing a structured, interdisciplinary
approach to surgical preparation may address key reasons
surgery is underutilized and also support a rehabilitative
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approach to epilepsy surgery that is accepted as the standard of
best practice.
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Objective: To evaluate declarative memory outcomes in medically refractory

epilepsy patients who underwent either a highly selective laser ablation of the

amygdalohippocampal complex or a conventional open temporal lobe resection.

Methods: Post-operative change scores were examined for verbal memory outcome in

epilepsy patients who underwent stereotactic laser amygdalohippocampotomy (SLAH:

n = 40) or open resection procedures (n = 40) using both reliable change index (RCI)

scores and a 1-SD change metric.

Results: Using RCI scores, patients undergoing open resection (12/40, 30.0%) were

more likely to decline on verbal memory than those undergoing SLAH (2/40 [5.0%],

p= 0.0064, Fisher’s exact test). Patients with language dominant procedures were much

more likely to experience a significant verbal memory decline following open resection

(9/19 [47.4%]) compared to laser ablation (2/19 [10.5%], p = 0.0293, Fisher’s exact

test). 1 SD verbal memory decline frequently occurred in the open resection sample of

language dominant temporal lobe patients with mesial temporal sclerosis (8/10 [80.0%]),

although it rarely occurred in such patients after SLAH (2/14, 14.3%) (p= 0.0027, Fisher’s

exact test). Memory improvement occurred significantly more frequently following SLAH

than after open resection.

Interpretation: These findings suggest that while verbal memory function can decline

after laser ablation of the amygdalohippocampal complex, it is better preserved when

compared to open temporal lobe resection. Our findings also highlight that the dominant
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hippocampus is not uniquely responsible for verbal memory. While this is at odds with our

simple and common heuristic of the hippocampus in memory, it supports the findings

of non-human primate studies showing that memory depends on broader medial and

lateral TL regions.

Keywords: laser interstitial thermal therapy (LITT), verbal memory outcome, open resection epilepsy surgery,

hippocampal function, neural substrates of memory

INTRODUCTION

We have demonstrated that minimally invasive surgery for
temporal lobe epilepsy (TLE), selective MRI thermography-
guided interstitial thermal ablation of the amygdala and
hippocampus (stereotactic laser amygdalohippocampotomy,
SLAH), results in better naming and object recognition outcomes
compared to open temporal lobe (TL) resection (1). This better
outcome likely results from reducing “collateral damage,” sparing
lateral and anterior TL structures and white matter pathways
presumed to support these cognitive functions when accessing
the medial TL (2, 3). Initial publications examining declarative
verbal memory outcomes, a function long associated with medial
TL regions, particularly the hippocampus, have suggested that
this function can decline after laser ablation of the hippocampus
(4–6). However, these studies lacked a comparison open resection
group, and when aggregating the number of subjects showing
decline across these papers, the percentage of patients declining
with SLAH is much less than historically reported outcomes with
open resection (7). Moreover, these earlier memory publications
on SLAH differ on several key factors, including the metric
of change used in the studies (reliable change index scores
vs. 1 SD change). The original work involving patient H.M.
has long suggested that structures beyond the hippocampus
contribute uniquely to memory (8, 9), and this view is strongly
supported by findings from animal and experimental research
(10–12). Non-human primates typically require damage to extra-
amygdalohippocampal structures to suffer significant memory
dysfunction. Therefore, this paper will examine effects of surgery
on declarative verbal memory by directly comparing our initial
SLAH subjects to a near-consecutive cohort of open resection
patients on a standard verbal memory measure.

METHODS AND MATERIALS

Subjects
We present pre- and postsurgical data for the first 40 patients
undergoing SLAH at Emory University, and 40 patients
undergoing traditional open TL resections at either Emory
University or the University of Washington. Patients were at
least 16 years of age and native English speakers. MRI analysis
was performed by three subspecialty-certified neuroradiologists
experienced in epilepsy imaging. On baseline MRI exams, high-
resolution coronal oblique T2-weighted and T2-FLAIR images
were used to evaluate signal intensity, volume, and architecture
of mesial TL structures. MTS was defined by the presence of
hippocampal atrophy plus either abnormal high signal intensity
on T2 and/or T2-FLAIR imaging, or blurring of internal

architecture (13). Language dominance was determined using
fMRI of language and the intracarotid amobarbital (Wada)
procedure in cases of elevated memory risk (14, 15). All but
eight SLAH patients and three open resection patients were
left hemisphere dominant for language. These atypical language
patients were grouped by side of language dominance for
assessment of change following surgery, and these analyses were
completed without their inclusion to ensure that their presence
was not unduly affecting outcome. Additionally, side of surgery
and language laterality were also explored using multivariable
statistical analysis at the group level. Seven additional patients
undergoing SLAH at Emory University were excluded from this
study based on having undergone a prior open resection surgery
(n = 3), an unwillingness to participate in our study (n = 2),
invalid post-surgical neuropsychological testing (n=1), or an
inability to complete cognitive assessment before undergoing a
subsequent open resection (n= 1). Details of the SLAH approach
are presented in a published technical report (16) and 1-year
seizure outcome data are provided in a publication specifically
examining this topic in a cohort of SLAH patients that included
those in this manuscript (17).

All patients completed pre-surgical neuropsychological
evaluation and a 3 Tesla brain MRI. Seizure onset was
determined using long-term video-EEG monitoring, and
additional invasive electrode monitoring in 9 of 40 patients
undergoing open resection and 12 of 40 undergoing SLAH. The
latter patients underwent bilateral placement of strip and depth
electrode arrays (n = 7) or foramen ovale electrodes (n = 5) that
implicated the medial TL as the only seizure onset zone. The nine
open resection patients who underwent invasive monitoring
had placement of subdural grid electrode arrays with additional
strip electrodes. All Emory University patients underwent
positron emission tomography (PET) and many University of
Washington patients underwent ictal single-photon emission
computed tomography (SPECT). All patients were assessed ∼1
year following surgery.

For both the Emory and UW sites, inclusion criteria for
this study included unilateral seizure onset as determined by
the aforementioned EEG studies, surgical treatment with either
SLAH or open resection, and available pre- and post-surgical
data. As noted, surgical decisions were made on the basis of a
review of EEG data (at times including intracranial monitoring),
neuroimaging data (structural and functional techniques), and
neuropsychological testing results.

Once the SLAH procedure became available at Emory
University, patients with focal unilateral medial TL seizure onset
were offered a choice of open resection or SLAH, without
exception. Therefore, while this was not a randomized trial,
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TABLE 1 | Demographic, disease-related variables, surgical characteristics, and test performances by surgical group.

Standard open resections Stereotactic laser amygdalohippocampotomy Significance

Side of surgery 19 Dominant/21 Non-dominant 19 Dominant/21 Non-dominant n.s.

Dominant Non-dominant Dominant Non-dominant

X SD (Range) X SD (Range) X SD (Range) X SD (Range)

Age (years) 36.9 12.4 (21–59) 39.2 10.8 (22–58) 39.3 17.0 (16–67) 40.7 14.3 (21–64) n.s.

Education (years) 12.4i 2.2 (9–18) 15.1i 2.4 (9–19) 13.4 3.2 (8–20 years) 13.9 2.3 (10–18) F (3, 76) = 3.9, p < 0.02

Age of onset 21.2 14.2 18.8 12.3 14.6 10.1 18.7 14.9 n.s.

MTS 10/19 10/21 14/19 10/21 n.s.

RAVLT−5-trial total (Pre) 39.1 11.8 43.8 7.8 38.0 10.6 43.9 9.8 n.s.

RAVLT−5 trial total (Post) 30.1ακδ 7.1 45.9αβ 9.2 36.7κβγ 10.4 46.5δγ 8.1 F (3, 76) = 15.1, p < 0.001

RAVLT–delay (Pre) 6.2 4.2 7.2 4.0 4.8 3.7 6.3 4.0 n.s.

RAVLT–Delay (Post) 2.6Σν 2.3 7.3Σκ 4.9 4.4κo 3.3 8.4νo 3.7 F (3, 76) = 10.1, p < 0.001

Standard resections included both standard and tailored anterior temporal lobe resections and selective amygdalohippocampectomies. Statistical analysis included Fisher exact test

comparisons for categorical variables and analysis of variance for continuous data. Matching superscripts indicate that differences between subgroups are significant. Test performance

is listed in z scores. MTS, mesial temporal sclerosis; RAVLT, Rey Auditory Verbal Learning Test; Pre, presurgical testing; Post, post-surgical testing.

TABLE 2 | Change in verbal memory by surgery type, laterality of procedure, and

seizure outcome using reliable change and standard deviation methodologies.

Dominant TL

procedures

Verbal memory

outcome–same or

improved

Verbal memory

outcome–declined

RCI vs. (1 SD) RCI vs. (1 SD)

Engel I SLAH=9 (9); Open=3 (1) SLAH=1 (1); Open=6 (8)

Engel II SLAH=3 (2); Open=2 (1) SLAH=0 (1); Open=1 (2)

Engel III SLAH=4 (3); Open=3 (0) SLAH=1 (2); Open=1 (4)

Engel IV SLAH=1 (1); Open=2 (2) SLAH=0 (0); Open=1 (1)

Summative

data—without

regard to seizures

status

SLAH=17/19 Open=10/19

(15/19) (4/19)

SLAH=2/19 Open=9/19

(15/19) (4/19)

Non-dominant

TL procedures

Verbal memory

outcome—same or

improved

Verbal memory

outcome—declined

RCI vs. (1 SD) RCI vs. (1 SD)

Engel I SLAH=8 (8); Open=11(8) SLAH=0 (0); Open=1 (4)

Engel II SLAH=5 (5); Open=2 (2) SLAH=0 (0); Open=1 (1)

Engel III SLAH=4 (3); Open=0 (0) SLAH=0 (1); Open=1 (1)

Engel IV SLAH=4 (3); Open=5 (4) SLAH=0 (1); Open=0 (1)

Summative

data—without

regard to seizures

status

SLAH=21/21 Open=18/21

(19/21) (14/21)

SLAH=0/21 Open=3/21

(2/21) (7/21)

TL, temporal lobe; SLAH, selective laser amygdalohippocampotomy. Significant change

was based on both reliable change scores (RCIs) and standard deviation methodology (1

SD), with the latter presented in parenthesis. Verbal memory outcome was significantly

better for dominant SLAH patients as compared to dominant open resection patients

using either method (p < 0.05, Fisher’s exact test). See Methods for a description of the

Engel’s seizure classification system (Class I outcome is best, representing a seizure free

status after surgery).

patients were able to choose one procedure vs. the other.
However, most patients chose SLAH after being presented with
both options due to the less invasive nature of the procedure.

Patients were classified by surgery type (open resection vs.
SLAH) and laterality of the procedure (dominant vs. non-
dominant). Groups did not differ significantly in age of seizure
onset, age at surgery, MTS status, or number of prescribed anti-
seizure medications (ASMs) (Table 1). Educational attainment
was higher for the non-dominant open resection group
compared to the dominant open resection group, but this would
not affect the planned analyses. ASM regimens did not differ
significantly across assessments, as most patients are maintained
on their pre-surgical regimen for 1–2 years post-surgically at our
epilepsy centers. Seizure free rates also did not differ between
surgical cohorts, as can be seen from Table 2.

This research project was reviewed and approved by the
institutional review boards of Emory University School of
Medicine and the University of Washington School of Medicine.
All patients provided their written informed consent to
participate in this study.

Surgical Parameters
All MRI-guided SLAH procedures were performed at Emory
University. This consists of stereotactic trans-occipital to
mesial temporal insertion of a saline-cooled cannula with
fiber optic under general anesthesia, targeting the inferior
amygdala, the hippocampus from the head to posterior body
(mean hippocampal ablation length was 2.5 cm), and the
associated uncus (16). Laser-induced interstitial thermal energy
was delivered during continuous MRI-based thermography
(Visualase, Medtronic, Inc., Louisville, CO). Ablation extent was
determined in real-time from thermal imaging and confirmed
post procedure with contrasted anatomic imaging.

Open resections consisted of an anterior temporal
lobectomy including medial temporal resection that was
classified as either standard (3.5 cm lateral temporal resection,
n = 1) or “tailored” (typically less extensive and guided by
intraoperative interictal epileptiform activity, with limited
superior temporal gyrus resection, n = 26), or transcortical
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FIGURE 1 | Comparison of selective laser ablation of amygdalohippocampal complex and open resections of the anterior temporal lobe. The first MRI image in each

row represents an anterior temporal lobectomy (ATL). The second MRI image is a transcortical selective amygdalohippocampectomy and parahippocampectomy

(SAH). The third images on the far right depict a stereotactic laser amygdalohippocampotomy (SLAH), which completely spares the lateral and anterior temporal

structures. The MRI images in the top row are from a coronal viewpoint and those in the bottom review are an axial representation. All images are presented using

standard neuroradiological convention. (left side of image represents right hemisphere of brain and vice versa). All represent left TL procedures.

“selective” amygdalohippocampectomy (via inferior temporal
sulcus) and parahippocampectomy (n = 13). Patients at the
University of Washington usually underwent a tailored temporal
lobectomy (n = 26: 13 dominant/13 non-dominant), with
electrocorticography and speechmapping for language dominant
patients (18, 19) to determine extent of lateral (superior, middle,
inferior), basal temporal cortex, and hippocampal resection.
Superior temporal gyrus resection was avoided except for the
anterior 1 cm included in the temporal pole. When minimal
lateral cortex was involved in the pathology, or in cases done
without electrocorticography, only the anterior 3–4 cm of middle
and inferior temporal cortex was resected to allow entry into
the temporal horn of the lateral ventricle. The inferior lateral
amygdala was resected to the roof of the ventricle and the
uncinate gyrus was resected in a subpial fashion. On average,
the extent of lateral resection in the tailored procedures, was
4.09 cm (SD = 1.08; range = 2.4–6.5 cm), with the larger
resections tending to occur in the non-dominant hemisphere.
Basal TL was resected including parahippocampus and the
hippocampal/parahippocampal resection was taken posteriorly
to the level of the tectal plate, or less aggressively if indicated due
to focal pathology or electrocorticography.

Thirteen patients (6 dominant/7 non-dominant)
underwent open “selective” amygdalohippocampectomy

and parahippocampectomy at Emory University. This procedure
involved exposure to the temporal horn of the lateral ventricle
through the inferior temporal sulcus to avoid resecting lateral
TL structures. The medial resection was essentially the same as
described above, except it always extended to the level of the
tectal plate. Parahippocampal gyrus was also resected, but usually
not as far posteriorly as was the hippocampus, and the fusiform
gyrus was variably included.

Thus, the alternative open temporal resections variously
affected several TL regions, but all had in common
resection of the amygdalohippocampal complex with
uncinate/entorhinal/parahippocampal cortices removed to
a point posteriorly between the landmarks of the lateral
mesencephalic sulcus and tectal plate, and transection
of the temporal stem at some level (Figure 1). More
extensive resections also included outright resection of the
anterior temporal stem variably affecting white matter paths
(e.g., uncinate fasciculus, inferior longitudinal fasciculus,
inferior fronto-occipital fasciculus). Tailored and standard
lobectomies also variably resected or transected temporal
pole, fusiform gyrus and lateral temporal gyri. By comparison,
SLAH directly damaged only the amygdalohippocampal
complex (amygdala, hippocampus, uncinate gyrus,
and subiculum).
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Memory Measures
The Rey Auditory Verbal Learning Test (RAVLT) (20) was
administered to all patients. It requires free recall of words from a
list of 15 unrelated words, repeated over five separate trials. Recall
is tested after each of 5 trial presentations. An alternative word
list is then presented and tested, followed by an immediate recall
of the words from the original list. This is followed by another
free recall at the end of a 30-min delay period filled with other
unrelated tasks.

Statistical Analysis
We began by comparing open resection and SLAH at the level of
the individual, as these results would be valuable to predict risk
of decline for the potential surgical patient. Baseline and 1-year
post-operative performances were compared for learning and
delayed recall subscores from the RAVLT. Reliable change index
(RCI) scores were used to determine significant change, given
their common use in epilepsy research (21, 22). However, RCI
scores can obscure meaningful change due to a variety of issues
(23, 24). For example, baseline scores are often too high or too
low to achieve these RCI score thresholds, making “significant”
change impossible in some patients. Moreover, as evidence
emerges that interictal epileptiform discharges (IEDs) can affect
cognitive performance in a transient yet substantial manner, test-
retest indices in epilepsy patients without consideration of IEDs
during testing are potentially confounded (25–28). Therefore,
we conducted a secondary analysis of outcome using a 1 SD
threshold of change based on clinical normative data. This latter
approach has been used in several of the existing SLAH studies
(5, 6, 29), as well as many epilepsy outcome studies with open
resection and other therapeutic devices (30–32).

Fisher’s exact test was used to compare cognitive change on
the RAVLT subscores in the surgical groups. These analyses were
completed without regard to side of surgery, to examine the
rate of significant decline on one or both measures in the entire
sample. These analyses were repeated with grouping by each of
the four different combinations of surgery type (SLAH and open
resection) and laterality (dominant and non-dominant). Baseline
and post-surgical memory measures were also compared after
separating patients by side and type of surgery, using an analysis
of variance (ANOVA) test. There were significant pre-operative
group differences on verbal learning and memory measures
(Table 1), favoring the non-dominant over the dominant surgery
patients. There were no significant pre-surgical differences on
memorymeasures between groups based upon surgical technique
(i.e., ablation vs. open resection).

At the group level, we used paired-sample t-tests to determine
if significant change occurred from pre- to post-surgical
evaluation on any measure for each subgroup. Additionally, as
a secondary analysis to potentially inform future research, we
explored possible predictors of group level change using multiple
regression analysis, as we suspected that different combinations
of factors would contribute to whether a patient improved
or declined on these memory measures following surgery.
Predictors of interest included age of seizure onset, age at the time
of testing, presence or absence of MTS on MRI, side of surgery,
type of surgery (SLAH vs. open resection), language laterality,

and seizure freedom status. Several studies have suggested that
one needs at least 10 subjects per variable to avoid model over-
fitting, and thus our sample size appears adequately powered for
this analysis (33, 34).

RESULTS

Individual Level
Using RCI scores, open temporal resection in either cerebral
hemisphere was more likely to cause a significant decline on a
measure of verbal memory (RAVLT) than SLAH (12/40 [30.0%]
vs. 2/40 [5.0%], p = 0.0064, Fisher’s exact test). This distinction
was driven by open resections in the language dominant
(typically left) temporal lobe (dominant open resections: 9/19
[47.4%] vs. dominant SLAH: 2/19 [10.5%], p = 0.0293, Fisher’s
exact test) (Table 2 and Figure 2).

When using the 1 SD method of determining significant
change, the same pattern of greater verbal memory decline
following open TL resection vs. SLAH was observed. However,
as this metric of change is less stringent, more patients exhibited
decline in both groups. Once again, using the 1 SD metric,
open resection involving either cerebral hemisphere was more
likely to cause a significant verbal memory decline than SLAH
(22/40 [55.0%] vs. 6/40 [15.0%], p = 0.0003, Fisher’s exact
test). This distinction between procedures was again greater for
open resection in the language dominant TL (dominant open
resections: 15/19 [78.9%] vs. dominant SLAH: 4/19 [21.1%],
p= 0.0009, Fisher’s exact test) (Figure 2 and Table 2). Strikingly,
1 SD verbal memory decline frequently occurred in the open
resection sample of dominant TL patients with MTS (8/10
[80.0%]), although it rarely occurred in such patients after SLAH
(2/14, 14.3%) (p= 0.0027, Fisher’s exact test; Figure 2).

Post-surgical improvement in verbal memory with RCI
methodology was rarely observed in either group. This included
4/40 patients following SLAH (1 dominant/3 non-dominant)
and 3/40 patients following open resection (2 dominant/1
non-dominant). In contrast, several SLAH patients showed at
least a 1 SD gain in verbal memory (15/40: 3/19 dominant
and 12/21 non-dominant), with this improvement observed
significantly more often in this patient group as compared
to the open resection sample (6/40: 2/19 dominant and 4/21
non-dominant; p = 0.0406, Fisher’s exact test). Overall, verbal
memory functioning of non-dominant TL patients was more
likely to improve following SLAH than open resection.

Of the two SLAH patients who declined on RCI analysis, one
patient exhibited no evidence of MTS or any other pathology
(“normal” MRI), and one had preoperative imaging evidence
of MTS plus additional pathology in the lateral TL region
(e.g., temporal pole dysplasia and loss of gray-white matter
differentiation). Both patients were in the language dominant
group. The 1 SD analysis identified these same two patients as
declining, as well as two additional language dominant patients
and two non-dominant patients. The two additional language
dominant cases that declined included one patient with left
MTS only and one with bilateral hippocampal abnormalities (i.e.,
small left hippocampus and signal change involving the right
hippocampus) and broader pathology, including right frontal
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FIGURE 2 | Comparison of post-surgical change in verbal memory by surgery type and language dominance for all patients (A,B) and only those with MTS (C,D).

Change is presented in raw scores as scatter plots grouped by type of surgery and laterality of seizures. Verbal Learning, RAVLT 5-Trial Total Score; Verbal Delay,

(Continued)
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FIGURE 2 | RAVLT Delayed Recall Score; RAVLT, Rey Auditory Verbal Learning Test; SLAH, stereotactic laser amygdalohippocampotomy; MTS, mesial temporal

sclerosis. Open temporal lobe resections involve the open anterior temporal lobectomy and selective amygdalohippocampectomy procedures described in methods.

Scores above the solid line represent improvement on the measure and scores below represent decline. (A) Change in verbal learning score by type and side

(laterality) of surgery for all patients; (B) Change in delayed verbal recall by type and side (laterality) of surgery for all patients; (C) Change in verbal learning score by

type and side (laterality) of surgery for MTS patients only; (D) Change in delayed verbal recall by type and side (laterality) of surgery for MTS patients only. We have

used alternative symbols for those SLAH patients showing significant decline on memory measures in order to highlight that each had either wider-spread structural

brain abnormalities (i.e., yellow triangle represents a patient with dual pathology involving the left lateral TL and the purple pentagram represents a patient with bilateral

structural abnormalities) or normal neuroimaging (red diamond) in a single case.

TABLE 3 | Patterns of verbal memory decline observed in open resection and SLAH based on both reliable change scores and single standard deviation methodologies.

Type of surgery Left TL open resection Left SLAH Right TL open resection Right SLAH

(n = 19) (n = 19) (n = 21) (n = 21)

Decline on 5-trial learning only 1 (0) 1 (1) 0 (0) 0 (0)

Decline on delayed recall only 3 (1) 0 (1) 1 (4) 0 (2)

Decline on both verbal memory measures 5 (13) 1 (2) 1 (2) 0 (0)

No decline on either verbal memory measure 10 (5) 17 (14) 19 (14) 21 (19)

Improvement on 5-trial learning and decline on delayed recall 0 (1) 0 (1) 0 (0) 0 (0)

Decline on 5-trial learning and improvement on delayed recall 0 (0) 0 (0) 0 (1) 0 (0)

Improvement on 5-trial learning only 2 (2) 1 (2) 0 (1) 0 (2)

Improvement on delayed recall only 0 (0) 0 (0) 1 (1) 2 (6)

Improvement on both verbal memory measures 0 (0) 0 (1) 0 (2) 1 (4)

No improvement on either verbal memory measure 17 (17) 18 (16) 20 (17) 18 (9)

SLAH, selective laser amygdalohippocampotomy; TL, temporal lobe. Significant decline was based on both reliable change index scores (RCIs) and standard deviation methodology (1

SD), with the latter presented in parenthesis.

periventricular encephalomalacia thought to reflect a remote
ischemic event, and a right parietal arachnoid cyst. The two
non-dominant SLAH cases declining more than 1 SD included
one patient with normal neuroimaging and one with bilateral
inflammatory changes involving the temporo-parietal regions
and a normal hippocampus. Although the latter patient no longer
exhibited seizures arising from his non-dominant hemisphere
following right SLAH, he began experiencing seizures from his
dominant hemisphere. Therefore, it is possible that post-ablation
decline was related to a new seizure focus in the unoperated
cerebral hemisphere.

Table 3 provides a breakdown of whether individual patients
exhibited significant improvement or decline on any subsection
of the RAVLT examined in this study. Outcome was presented
with both RCI and the 1 SDmetric of change. The open resection
patients were more likely to decline on both immediate and
delayed recall measures regardless of metric of change. When
decline occurred in SLAH patients, it tended to be on delayed
recall only.

Group Level
At the group level, based on the results of paired sample t tests,
dominant open TL resection patients declined significantly on
both immediate [t(18) = 3.69, p = 0.002] and delayed verbal
list learning scores [t(18) = 4.56, p < 0.001] following surgery,
while the dominant SLAH patients did not (Table 1). Non-
dominant SLAH patients exhibited a significant improvement
at the group level on the delayed verbal recall measure

[t(20) = −2.82, p = 0.011]. No other groups exhibited
significant improvement on either verbal memory measure at the
group level.

Multiple regression analyses were completed to determine
which factors contributed to significant change in performance
on the 5-trial learning and delayed recall measures of the RAVLT.
For both of these measures, performance change was predicted
by baseline performance on the task (p < 0.001), side of surgery
(p < 0.001), and type of surgery (p = 0.001). In contrast,
age of seizure onset, age at time of surgery, Engel’s outcome,
and cerebral language dominance did not predict change in
performance for either 5-trial learning or recall. The overall
models were significant for both 5-trial learning, [F(7, 72) = 7.56,
p < 0.001, R2 = 0.424], and for delayed recall, [F(7, 72) = 8.43,
p < 0.001, R2 = 0.450], of the RAVLT.

All proportional change by surgical procedure analyses were
repeated with the 11 patients with atypical language lateralization
removed to ensure that outcome was not affected by these
individuals. There were no changes in the pattern of findings,
with all results unchanged when considering the left language
dominant patients only (n = 69). In fact, one of the six SLAH
patients to decline at the 1 SD level had atypical language, so
the results were actually strengthened (see Table 4). Similarly,
as another check on the potential influence of seizure outcome,
we examined rates of decline for patients with only Engel’s 1a
outcome. For these patients, 7 of 8 OR patients experienced
significant decline on one or both RAVLT outcome measures
while only 1 of 7 SLAH patients exhibited decline.
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TABLE 4 | Change in verbal memory by surgery type, laterality of procedure, and

seizure outcome excluding atypical language cases.

Dominant TL

procedures

Verbal memory

outcome—same or

improved

Verbal memory

outcome—declined

RCI vs. (1 SD) RCI vs. (1 SD)

Engel I SLAH=7 (7); Open=2 (1) SLAH=1 (1); Open=6 (7)

Engel II SLAH=2 (1); Open=2 (0) SLAH=0 (1); Open=1 (2)

Engel III SLAH=2 (1); Open=1 (0) SLAH=1 (2); Open=1 (1)

Engel IV SLAH=0 (0); Open=1 (2) SLAH=0 (0); Open=0 (1)

Summative

data—without

regard to seizures

status

SLAH=11/13; Open=6/14

(9/13) (3/14)

SLAH=2/13; Open=8/14

(4/13) (11/14)

Non-dominant

TL procedures

Verbal memory

outcome—same or

improved

Verbal memory

outcome—declined

RCI vs. (1 SD) RCI vs. (1 SD)

Engel I SLAH=5 (5); Open=9 (5) SLAH=0 (0); Open=1 (0)

Engel II SLAH=2 (2); Open=1 (1) SLAH=1 (1); Open=0 (1)

Engel III SLAH=2 (2); Open=0 (0) SLAH=0 (0); Open=0 (1)

Engel IV SLAH=1 (1); Open=2 (4) SLAH=0 (0); Open=0 (1)

Summative

Data—without

regard to seizures

status

SLAH=10/11; Open=10/13

(10/11) (12/13)

SLAH=1/11; Open=1/13

(1/11) (3/13)

TL, temporal lobe; SLAH, selective laser amygdalohippocampotomy. Significant change

was based on both reliable change index scores (RCIs) and standard deviation

methodology (1 SD), with the latter presented in parenthesis for the cumulative totals

only. While the magnitude of change is smaller with the standard deviation methodology.

Verbal memory outcomewas significantly better for dominant SLAH patients as compared

to dominant open resection patients using either method even after atypical language

patients were removed from consideration (p < 0.05, Fisher’s exact test). See Methods

for a description of the Engel’s seizure classification system (Class I outcome is best,

representing a seizure free status after surgery).

DISCUSSION

Epilepsy surgery patients undergoing highly selective stereotactic
laser amygdalohippocampotomy experience a better outcome
on a standard verbal list learning task as compared to a
comparable cohort of open resection patients. SLAH patients
are less likely to decline on this verbal memory measure, and
non-dominant SLAH patients are more likely to improve on
this task following surgery than are open resection counterparts.
Language dominant TL open resection patients exhibited a
significant decline at the group level for both learning and recall
measures of this standard verbal list learning task, with their
final group mean falling significantly below the SLAH cohort.
While decline in verbal memory can occur following SLAH, it
is less severe in magnitude and occurs less frequently than in
open resection patients. These findings were observed in the
entire sample, and also remained strong when considering only
patients who experienced the most optimal seizure outcome
(i.e., Engel 1a).

Some prior studies of SLAH outcome have reported verbal
memory decline (6, 29, 35), but they have typically lacked a
control group or a review of the historical literature on open

resections. We have demonstrated in a review of the literature
that aggregating the frequency of decline across the initial SLAH
outcome reports showed that verbal memory was declining in
∼15% of patients (7), clearly below historical estimates of 30-60%
rates of decline for open resection (36, 37). Additionally, several
of these reports of memory outcome following SLAH used a 1
SD metric of change, which is more likely to find change than
outcome studies using RCI or other statistical methodologies for
determining significance. Our current data support this same
pattern of outcome, and highlights how the use of differing
statistical methods of describing change can produce highly
variable range of decline. The use of RCI metrics resulted in a
more conservative estimate of verbal memory decline for both
procedures (i.e., 30% of open resection patients and 5% of SLAH
patients) than did the 1 SD method (i.e., 55% of open resection
patients and 15% of SLAH patients). While many have argued
for use of RCI measures, we believe that even smaller metrics
of change can be relevant and have a meaningful effect on the
lives of patients. Additionally, as we have argued elsewhere, RCI
metrics are potentially confounded by the likely presence of
interictal epileptiform activity during their development, as there
was no simultaneous EEG obtained during their creation (25,
28). Additionally, making a comparison to other patients with
intractable epilepsy may underestimate the recovery capacity of
patients who become seizure free (23, 24). Many of our SLAH
patients show improvements on some tasks more in line with
healthy controls rather that of epilepsy patients who remain
intractable (7).

Since SLAH and open resection groups did not significantly
differ on clinical factors (age, ASMs, type, severity and duration
of seizures), the observed between-group difference appears to
result from the sparing by SLAH of extrahippocampal structures
and pathways disrupted during open resection. These include the
temporal pole, lateral temporal gyri, perirhinal and entorhinal
cortices, parahippocampal gyrus, fusiform gyrus, and temporal
white matter tracts. Even selective amygdalohippocampectomy
still entails retraction or partial transection of lateral temporal
gyri, transection of white matter pathways in the temporal stem,
and resection of the parahippocampal region (38), structures
spared with the laser approach. Overall, it is likely that achieving
seizure control with less collateral injury better preserves
cognitive function and aids functional recovery.

Our findings confirm numerous animal studies and
human experimental paradigms, which suggest the
amygdalohippocampal complex is only a part of a broader
medial TL network involved in memory formation (12, 39–42),
extending this concept to a clinical sample of epilepsy surgery
patients. More specifically, the cognitive impact of injury to the
structures connected to and surrounding the hippocampus, such
as the parahippocampal gyrus and perirhinal area, better model
human amnesia, than injury to the hippocampus and amygdala
alone (10, 12). The structures typically deemed important for
the support of declarative memory have been the hippocampus
and the entorhinal, perirhinal, and parahippocampal cortices.
Based on non-human primate neuroanatomical tracing, the
hippocampal formation has mostly direct reciprocal connections
with these areas, and Squire and others have suggested that the
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hippocampus may integrate these inputs (e.g., binding stimulus
properties to objects or objects to context) (41).

In addition to non-human primate and clinical findings
with medial temporal injury, lateral temporal lesions can
also impair memory. For example, Ojemann et al. used a
stimulation mapping procedure to demonstrate that verbal
memory could by impaired by stimulating aspects of the fusiform
gyrus (43). Additionally, the extent of resection of lateral,
not medial, temporal lobe structures correlates with degree of
verbal memory decline (44). Our SLAH results represent an
extreme variant of this observation, with no lateral, fusiform or
parahippocampal structures ablated, supporting the argument
that post-surgical verbal memory decline is in large part due to
additional involvement of extrahippocampal structures that can
include subjacent cortex, lateral temporal cortex and temporal
white matter.

This argument is also supported by our finding that open TL
resection surgery carried a greater risk of postoperative verbal
memory decline than SLAH in patients with or without MTS.
Since both groups of MTS patients have baseline hippocampal
dysfunction, greater declines from open surgery implicate extra-
hippocampal structures in verbal memory function. This is
consistent with observations that patients undergoing limited
resection of focal lesions in the fusiform gyrus (e.g., cavernous
malformations, focal cortical dysplasias) (40, 45), rather than
the hippocampus or other medial temporal structures, often
experience significant memory declines, which we have observed
with selective stereotactic laser ablation of this region as well
(7, 46). In such cases, it is implausible that verbal memory
would reorganize from a normal appearing medial temporal
region to the fusiform gyrus harboring pathology. The use of
minimally invasive ablative procedures in humans coupled with
neuroimaging connectivity studies and work in non-human
primate or rodent models on memory circuits holds great
promise for dissecting the functional anatomy of memory and
other cognitive functions.

An exception to the more favorable verbal memory outcomes
after SLAH compared to open resection was our finding that
a few SLAH patients (i.e., 6 of 40 using the 1 SD metric)
with verbal memory decline typically had additional pathology
(n= 3) in other ipsilateral or contralateral temporal regions (e.g.,
dysplasias involving the left temporal pole or fusiform gyrus in
dominant SLAH cases, bilateral hippocampal abnormalities) or
otherwise had normal neuroimaging (n = 2). In the first case,
it is possible that ablation of medial structures, combined with
preexisting dysfunction of broader networks, including lateral
temporal cortex, caused the decline in the patients with broader
pathology because it resulted in network deficits comparable to
the territories affected by traditional open surgeries. However,
as for the two SLAH patients with a normal preoperative
MRI without MTS who experienced verbal memory decline,
the results may implicate the hippocampus in verbal memory,
although we believe this role is best seen as part of a much
broader neural substrate supporting this function. We also had
a third normal neuroimaging patient who declined significantly
at 6-month follow-up, but recovered to baseline by 1-year
examination. Exploring memory patterns and underlying neural

circuitry in these patients over time with functional MRI and
various measures of connectivity (e.g., resting state fMRI, DTI),
will likely be helpful in determining to what extent postoperative
reorganization of function occurs.

Similar to our findings of limited verbal memory decline
in cases with normal imaging, there is a single case study
of two PET positive, MRI-negative patients that also reported
possible declines in memory (5). These patients were assessed
during acute stage recovery without subsequent psychometric
follow-up, although the researchers report what sounds like
a good functional recovery over time. It is possible that
further improvement may have occurred in these patients, as
we observed in one of our normal imaging SLAH patients.
Although our findings indicate that verbal memory is sustained
by broad dominant temporal neural networks, and that the
hippocampus is more dispensable to verbal memory function
than generally accepted in clinical practice, we advise caution
when considering any surgical procedure involving the language
dominant, amygdalohippocampal complex in an MRI normal
individual with normal baseline memory. As we learn more
about the specific neural circuits of memory and their capacity
for reorganization following minimal surgical perturbations, it
should be possible to more knowledgeably counsel patients to
the potential risks in such cases. It may eventually be possible
to consider minimally invasive interventions in more than
one location or even both cerebral hemispheres once neural
circuitry supporting major cognitive and behavioral functions is
better understood.

It will also be important to study variability in the use of
the SLAH procedure (extent and location of ablations), as some
neurosurgery groups may choose to ablate more broadly (i.e.,
include other medial TL structures) and variability in these
parameters occur even across the cases of a single neurosurgeon.
It may be possible to determine optimal placement of the optic
fiber to optimize seizure control while avoiding cognitive side
effects or other adverse sequelae (e.g., visual field cuts, cranial
nerve injury)(47, 48). The use of structural volumetry, DTI
tractography, and resting state fMRI coupled should be explored
in relation to outcome metrics in future studies.

The emerging view that episodic memory is more
heterogeneous than previously understood also deserves
discussion (40). Although we were less likely to detect
significant verbal memory declines from selective
amygdalohippocampotomy alone, this may reflect a limitation of
currently available verbal memory tasks, highlighting a potential
need for improved tasks better optimized to discriminate
potential hippocampal and non-hippocampal functions. Such
tasks might include multimodal binding of linguistic, semantic,
and sensory information or perhaps relating temporal and
contextual features of verbal information in a learning paradigm.
Likewise, tasks that create more demand for spatial recall may be
more affected by isolated hippocampal damage given historical
research in the setting of non-human primates and rodents
demonstrating a significant role for this structure in spatial
processing and route learning (49, 50).

Although the open resection and SLAH cohorts did not
significantly differ on the basis of age at time of surgery, the SLAH
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group contained two patients in their mid- to upper 60s, while
there were no patients in this age range in the open resection
group. Both patients indicated that they had been offered open
resections previously, but had declined. This was reported by
several SLAH patients, and reflects that more patients may be
willing to consider this procedure for treatment of their epilepsy.

Limitations of the current study include a non-randomized
trial, a relatively small sample size, and only two epilepsy centers
where the distribution of SLAH is uneven. In contrast, this does
represent the first direct comparison of SLAH and open resection
procedures for memory. Moreover, we employed a commonly
used, well-standardized verbal memory measure known to be
sensitive to TL damage with a well-defined epilepsy surgical
cohort from two level 4 epilepsy centers with assessment of
several potential contributing or confounding variables.

We previously reported that the highly selective SLAH
procedure results in less dysfunction in confrontation naming
and object and face recognition (1). The current study
extends this work by demonstrating that removal of the
amygdalohippocampal complex alone, compared to broader
open TL resections, also yields superior outcomes on standard
measures of verbal episodic memory, challenging a long-held
clinical belief that this function critically depends upon the
hippocampus. SLAH resulted in fewer patients with post-surgical
declines, and more patients undergoing SLAH (particularly non-
dominant) exhibited improvements in verbal memory.

These findings provide further evidence for the importance of
extra-hippocampal temporal cortex and white matter in verbal
memory. Additional studies with larger sample sizes are needed
to confirm these findings on cognitive outcomes and to define
the relative efficacy for seizure freedom between SLAH and open
resections. This is needed to define the relative risk/benefit ratio
of the two procedures for patient subgroups.

DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available
because there are some restrictions imposed by our Institutional
Review Board on sharing data in an online repository, but in
general we will make every effort to provide a de-identified
dataset to interested investigators upon request. Requests to
access the datasets should be directed to Daniel Drane,
ddrane@emory.edu.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Emory University IRB. We obtained
written informed consent from each participant or their
legal representative.

AUTHOR CONTRIBUTIONS

DD, JW, NV, JO, DL, KM, and RG contributed to conception
and design of the study. DD, JW, NP, MK, KH, JO, and RG
contributed to data collection on the project. DQ, NV, AS,
and TG contributed to planning of MRI sequences. DD, MK,
and KH organized the database. BS, AS, and RH analyzed
all neuroimaging data. RH selected all representative MRI
images used in Figure 1 and prepared this figure. JW, JO, and
RG performed all neurosurgical procedures reflected in this
manuscript. DD and SM performed the statistical analysis. DD
wrote the first draft of the manuscript, organized, and oversaw
the overall project. All authors contributed to manuscript
revision, read, and approved the submitted version.

FUNDING

This project was supported by grants received by DD from
the National Institute of Neurological Disorders and Stroke
(NINDS) of the National Institutes of Health (NIH) [K23
NSO49100, K02NS070960, L30 NS080215, R01NS088748] and
Medtronic, Inc. [A1225797BFN:1056035], as well as a Shared
Instrumentation grant (S10: Grant 1@110ODO16143) to the
Emory University CSI Core. NP was supported by a CURE
Epilepsy Award, NIH NINDS K08NS105929 and R21NS122011.

ACKNOWLEDGMENTS

Wewould like to thank our colleagues from the EmoryUniversity
Centers for Systems Imaging (CSI) for their support of our
research, including John N. Oshinski (Interim Director), Michael
Larche, Samira Yeboah, and Robert Smith, III. Likewise, this
research is indebted to DD lab coordinator, Gloria Novak, and
research assistants, Ana-Maria Eisner, Michele Price, Natasha
Ramsey, and Amanda Eakin.

REFERENCES

1. Drane DL, Loring DW, Voets NL, Price M, Ojemann JG, Willie JT, et al.

Better object recognition and naming outcome with MRI-guided stereotactic

laser amygdalohippocampotomy for temporal lobe epilepsy. Epilepsia. (2015)

56:101–13. doi: 10.1111/epi.12860

2. Drane DL, Ojemann JG, Phatak V, Loring DW, Gross RE, Hebb AO,

et al. Famous face identification in temporal lobe epilepsy: support for a

multimodal integration model of semantic memory. Cortex. (2013) 49:1648–

67. doi: 10.1016/j.cortex.2012.08.009

3. Gross RE, Willie JT, Drane DL. The role of stereotactic laser

amygdalohippocampotomy in mesial temporal lobe epilepsy. Neurosurgery

Clinics North Am. (2016) 27:37–50. doi: 10.1016/j.nec.2015.08.004

4. Donos C, Breier J, Friedman E, Rollo P, Johnson J, Moss L, et al. Laser

ablation for mesial temporal lobe epilepsy: surgical and cognitive outcomes

with and without mesial temporal sclerosis. Epilepsia. (2018) 59:1421–32.

doi: 10.1111/epi.14443

5. Dredla BK, Lucas JA, Wharen RE, Tatum WO. Neurocognitive outcome

following stereotactic laser ablation in two patients with MR-/PET+ mTL

epilepsy. Behavior. (2016) 56:44–7. doi: 10.1016/j.yebeh.2015.12.047

6. Jermakowicz WJ, Kanner AM, Sur S, Bermudez C, D’Haese PF, Kolcun JPG,

et al. Laser thermal ablation for mesiotemporal epilepsy: analysis of ablation

volumes and trajectories. Epilepsia. (2017) 58:801–10. doi: 10.1111/epi.13715

7. Drane DL. MRI-guided stereotactic laser ablation for epilepsy surgery:

promising preliminary results for cognitive outcome. Epilepsy Res. (2018)

142:170–5. doi: 10.1016/j.eplepsyres.2017.09.016

Frontiers in Neurology | www.frontiersin.org 10 December 2021 | Volume 12 | Article 77949568

mailto:ddrane@emory.edu
https://doi.org/10.1111/epi.12860
https://doi.org/10.1016/j.cortex.2012.08.009
https://doi.org/10.1016/j.nec.2015.08.004
https://doi.org/10.1111/epi.14443
https://doi.org/10.1016/j.yebeh.2015.12.047
https://doi.org/10.1111/epi.13715
https://doi.org/10.1016/j.eplepsyres.2017.09.016
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Drane et al. Memory After Laser Ablation for Epilepsy

8. Milner B. Psychological defects produced by temporal lobe excision. Research

publications-Association for Research in Nervous and Mental Disease. (1958)

36:244–57.

9. Squire LR. The legacy of patient H.M for neuroscience.Neuron. (2009) 61:6–9.

doi: 10.1016/j.neuron.2008.12.023

10. Meunier M, Bachevalier J, Mishkin M, Murray EA. Effects on visual

recognition of combined and separate ablations of the entorhinal and

perirhinal cortex in rhesus monkeys. J Neurosci. (1993) 13:5418–32.

doi: 10.1523/JNEUROSCI.13-12-05418.1993

11. Murray EA, Mishkin M. Visual recognition in monkeys following rhinal

cortical ablations combinedwith either amygdalectomy or hippocampectomy.

J Neurosci. (1986) 6:1991–2003. doi: 10.1523/JNEUROSCI.06-07-01991.1986

12. Zola-Morgan S, Squire LR, Amaral DG, Suzuki WA. Lesions of perirhinal

and parahippocampal cortex that spare the amygdala and hippocampal

formation produce severe memory impairment. J Neurosci. (1989) 9:4355–70.

doi: 10.1523/JNEUROSCI.09-12-04355.1989

13. Blumcke I, Pauli E, Clusmann H, Schramm J, Becker A, Elger C, et al. A new

clinico-pathological classification system for mesial temporal sclerosis. Acta

Neuropathol. (2007) 113:235–44. doi: 10.1007/s00401-006-0187-0

14. Wada J, Rasmussen T. Intracarotid injection of sodium amytal for the

lateralization of cerebral speech dominance: experimental and clinical

observations. J Neurosurg. (1960) 17:266–82. doi: 10.3171/jns.1960.17.2.0266

15. Gaillard WD, Balsamo L, Xu B, McKinney C, Papero PH, Weinstein S, et al.

fMRI language task panel improves determination of language dominance.

Neurology. (2004) 63:1403–8. doi: 10.1212/01.WNL.0000141852.65175.A7

16. Willie JT, Laxpati NG, Drane DL, Gowda A, Appin C, Hao C, et al. Real-time

magnetic resonance-guided stereotactic laser amygdalophippocampotomy

(SLAH) for mesial temporal lobe epilepsy. Neurosurgery. (2014) 74:569–85.

doi: 10.1227/NEU.0000000000000343

17. Gross RE, SternMA,Willie JT, Fasano RE, Saindane AM, Soares BP, et al. One-

year outcomes following stereotactic lase amygdalohippocampotomy for the

treatmnt of mesial temporal lobe epilepsy: 5-year experience in 58 patients.

Annals Neurol. (2018) 83:575–87. doi: 10.1002/ana.25180

18. McKhann GM II, Schoenfeld-McNeill J, Born DE, Haglund MM, Ojemann

GA. Intraoperative hippocampal electrocorticography to predict the extent of

hippocampal resection in temporal lobe epilepsy surgery. J Neurosurg. (2000)

93:44–52. doi: 10.3171/jns.2000.93.1.0044

19. Silbergeld DL, Ojemann JG. The tailored temporal lobectomy. Neurosurg

Clinics North Am. (1993) 4:273–81. doi: 10.1016/S1042-3680(18)30593-X

20. Rey A. L’examen psychologique dans les cas d’encephalopathie traumatique.

Arch Psychol. (1941) 28:21.

21. Schoenberg MR, Werz MA, Drane DL. Epilepsy and seizures. In: Scott

MRSJ, editor. Black Book of Neuropsychology. Springer (2011). p. 423–519.

doi: 10.1007/978-0-387-76978-3_16

22. Sawrie SM, Chelune GJ, Naugles RI, Luders HO. Empirical methods for

assessing meaningful neuropsychological change following epilepsy surgery.

J Int Neuropsychol Soc. (1996) 2:556–64. doi: 10.1017/S1355617700001739

23. Drane DL. Neuropsychological evaluation of the epilepsy surgical

candidate. In: Barr WB, Morrison C, editors. Handbook of the

Neuropsychology of Epilepsy. New York: Springer (2015). p. 87–121.

doi: 10.1007/978-0-387-92826-5_4

24. Drane DL, Gross RE. Hippocampal depth electrodes in epilepsy

surgery: Diagnostic or damaging? Epilepsy Currents. (2018) 18:104–6.

doi: 10.5698/1535-7597.18.2.104

25. Drane DL, Ojemann JG, Kim M, Gross RE, Miller JW, Faught RE,

et al. Interictal epileptiform discharge effects on neuropsychological

assessment and epilepsy surgical planning. Epilepsy Behavior. (2016) 56:131–8.

doi: 10.1016/j.yebeh.2016.01.001

26. Holmes GL. What is more harmful, seizures or epileptic EEG

abnormalities? Is there any clinical data? Epileptic Disord. (2014) 16:12–22.

doi: 10.1684/epd.2014.0686

27. Horak PC, Meisenhelter S, Song Y, Testorf ME, Kahana MJ, Viles WD, et al.

Interictal epileptiform discharges impair word recall in multiple brain areas.

Epilepsia. (2017) 58:373–80. doi: 10.1111/epi.13633

28. Karakis I, Lynam C, Taraschenko O, Staikova E, Drane DL. Concurrent

EEG monitoring helps interpret neuropsychological testing results in patients

with epilepsy. Epilepsy Behav. (2020) 111:207275. doi: 10.1016/j.yebeh.2020.

107275

29. Waseem H, Osborn KE, Schoenberg MR, Kelley V, Bozong AM, Cabello D,

et al. Laser ablation therapy: an alternative treatment for medically resistant

mesial temporal lobe epilepsy after age 50. Epilepsy Behavior. (2015) 51:152–7.

doi: 10.1016/j.yebeh.2015.07.022

30. Hermann BP, Wyler AR. Effects of anterior temporal lobectomy on

language function: a controlled study. Annals Neurol. (1988) 23:585–8.

doi: 10.1002/ana.410230610

31. Ljung H, Nordlund A, Strandberg M, Bengzon J, Kallen K. Verbal memory

decline from hippocampal depth electrodes in temporal lobe surgery for

epilepsy Epilepsia. (2017) 58:2143–52. doi: 10.1111/epi.13931

32. Phillips NA, McGlone J. Grouped data do not tell the whole story:

individual analysis of cognitive change after temporal lobectomy. J Clin Exp

Neuropsychol. (1995) 17:713–24. doi: 10.1080/01688639508405161

33. Harrell FE. Regression Modeling Strategies: With Applications to Linear

Models, Logistic Regression, Survival Analysis. New York: Springer (2001).

doi: 10.1007/978-1-4757-3462-1

34. Harrell FE, Lee KL, Mark DB. Multivariable prognostic models: issues in

developingmodels, evaluating assumptions and adequacy, andmeasuring and

reducing errors. Statisfcal Med. (1996) 15:361–87.

35. Kang JY, Wu C, Tracy J, Lorenzo M, Evans J, Nei M, et al. Laser interstitial

thermal therapy for medically intractable mesial temporal lobe epilepsy.

Epilepsia. (2016) 57:325–34. doi: 10.1111/epi.13284

36. Baxendale S, Thompson PJ, Sander JW. Neuropsychological outcomes

in epilepsy surgery patients with unilateral hippocampal sclerosis

and good preoperative memory function. Epilepsia. (2013) 54:131–4.

doi: 10.1111/epi.12319

37. LoGalbo A, Sawrie S, Roth DL, Kuzniecky R, Knowlton R, Faught E,

et al. Verbal memory outcome in patients with normal preoperative verbal

memory and left mesial temporal sclerosis. Epilepsy Behavior. (2005) 6:337–41.

doi: 10.1016/j.yebeh.2004.12.010

38. Ojemann GA, Valiante T. Resective surgery for temporal lobe epilepsy. In:

Miller JW. Silbergeld LD, editors. Epilepsy Surgery: Principles and Controversy.

New York: Taylor and Francis (2006). p. 403–13. doi: 10.1201/b14113-32

39. MishkinM, Appenzeller T. The anatomy ofmemory. Sci Am. (1987) 256:80–9.

doi: 10.1038/scientificamerican0687-80

40. SalingMM. Verbal memory inmesial temporal lobe epilepsy: beyondmaterial

specificity. Brain. (2009) 132:570–82. doi: 10.1093/brain/awp012

41. Squire LR, Wixted JT. The cognitive neuroscience of human

memory since H.M. Annual Rev Neurosci. (2011) 34:259–88.

doi: 10.1146/annurev-neuro-061010-113720

42. Zola-Morgan S, Squire LR, Ramus SJ. Severity of memory impairment

in monkeys as a function of locus and extent of damage within the

medial temporal lobe memory system. Hippoocampus. (2004) 4:483–95.

doi: 10.1002/hipo.450040410

43. Ojemann GA, Creutzfeldt O, Lettich E, Haglund MM. Neuronal

activity in human lateral temporal cortex related to short-term verbal

memory, naming and reading. Brain. (1988) 111 (Pt. 6):1383–403.

doi: 10.1093/brain/111.6.1383

44. Ojemann GA, Dodrill CB. Verbal memory deficits after left temporal

lobectomy for epilepsy: mechanism and intraoperative prediction J Neurosurg.

(1985) 62:101–7. doi: 10.3171/jns.1985.62.1.0101

45. Wagner K, Uherek M, Horstmann S, Kadish NE,Wisniewski I, Mayer H, et al.

Memory outcome after hippocampus sparing resections in the temporal lobe.

Neurol Neurosurg Psychiatr. (2013) 84:630–6. doi: 10.1136/jnnp-2012-304052

46. Drane DL, Willie JT, Loring DW, Voets NL, Saindane AM, Ivanisevic M,

et al. Cognitive Outcome of Patients Undergoing Sterotactic Laser Ablation

of Cavernous Malformations to Control Chronic Seizures. American Epilepsy

Society, Seattle, WA (2014).

47. Donos C, Rollo P, Tombridge K, Johnson JA, Tandon N. Visual field deficits

following laser ablation of the hippocampus. Neurology. (2020) 94:e1303–13.

doi: 10.1212/WNL.0000000000008940

48. Voets NL, Alvarez I, Qiu D, Leatherday C, Willie JT, Sotiropoulos S, et al.

Mechanisms and risk factors contributing to visual field deficits following

stereotactic laser amygdalohippocampotomy. Stereotactic Funct Neurosurg.

(2019) 97:255–65. doi: 10.1159/000502701

49. Foster DJ, Knierim JJ. Sequence learning and the role of the hippocampus

in rodent navigation. Curr Opin Neurobiol. (2012) 22:294–300.

doi: 10.1016/j.conb.2011.12.005

Frontiers in Neurology | www.frontiersin.org 11 December 2021 | Volume 12 | Article 77949569

https://doi.org/10.1016/j.neuron.2008.12.023
https://doi.org/10.1523/JNEUROSCI.13-12-05418.1993
https://doi.org/10.1523/JNEUROSCI.06-07-01991.1986
https://doi.org/10.1523/JNEUROSCI.09-12-04355.1989
https://doi.org/10.1007/s00401-006-0187-0
https://doi.org/10.3171/jns.1960.17.2.0266
https://doi.org/10.1212/01.WNL.0000141852.65175.A7
https://doi.org/10.1227/NEU.0000000000000343
https://doi.org/10.1002/ana.25180
https://doi.org/10.3171/jns.2000.93.1.0044
https://doi.org/10.1016/S1042-3680(18)30593-X
https://doi.org/10.1007/978-0-387-76978-3_16
https://doi.org/10.1017/S1355617700001739
https://doi.org/10.1007/978-0-387-92826-5_4
https://doi.org/10.5698/1535-7597.18.2.104
https://doi.org/10.1016/j.yebeh.2016.01.001
https://doi.org/10.1684/epd.2014.0686
https://doi.org/10.1111/epi.13633
https://doi.org/10.1016/j.yebeh.2020.107275
https://doi.org/10.1016/j.yebeh.2015.07.022
https://doi.org/10.1002/ana.410230610
https://doi.org/10.1111/epi.13931
https://doi.org/10.1080/01688639508405161
https://doi.org/10.1007/978-1-4757-3462-1
https://doi.org/10.1111/epi.13284
https://doi.org/10.1111/epi.12319
https://doi.org/10.1016/j.yebeh.2004.12.010
https://doi.org/10.1201/b14113-32
https://doi.org/10.1038/scientificamerican0687-80
https://doi.org/10.1093/brain/awp012
https://doi.org/10.1146/annurev-neuro-061010-113720
https://doi.org/10.1002/hipo.450040410
https://doi.org/10.1093/brain/111.6.1383
https://doi.org/10.3171/jns.1985.62.1.0101
https://doi.org/10.1136/jnnp-2012-304052
https://doi.org/10.1212/WNL.0000000000008940
https://doi.org/10.1159/000502701
https://doi.org/10.1016/j.conb.2011.12.005
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Drane et al. Memory After Laser Ablation for Epilepsy

50. Schoenenberger P, O’Neill J, Csicsvari J. Activity-dependent

plasticity of hippocampal place maps. Nat Commun. (2016) 7:11824.

doi: 10.1038/ncomms11824

Conflict of Interest: Medtronic, Inc., contributed research funding to Emory

University, and develops products related to the research described in the paper.

However, Medtronic, Inc., was not involved in the study design, data collection,

analysis, interpretation of data, the writing of this article or the decision to

submit it for publication. RG and JW serve as consultants to Medtronic, Inc., and

receive compensation for these services. The terms of this arrangement have been

reviewed and approved by Emory University and Washington University in Saint

Louis in accordance with their respective conflict of interest policies.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Drane, Willie, Pedersen, Qiu, Voets, Millis, Soares, Saindane,

Hu, Kim, Hewitt, Hakimian, Grabowski, Ojemann, Loring, Meador, Faught,

Miller and Gross. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s)

and the copyright owner(s) are credited and that the original publication in

this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Neurology | www.frontiersin.org 12 December 2021 | Volume 12 | Article 77949570

https://doi.org/10.1038/ncomms11824
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


SYSTEMATIC REVIEW
published: 09 December 2021

doi: 10.3389/fneur.2021.777845

Frontiers in Neurology | www.frontiersin.org 1 December 2021 | Volume 12 | Article 777845

Edited by:

Samuel Wiebe,

University of Calgary, Canada

Reviewed by:

Masaki Iwasaki,

National Center of Neurology and

Psychiatry, Japan

Bertil Rydenhag,

University of Gothenburg, Sweden

Taylor J. Abel,

University of Pittsburgh, United States

*Correspondence:

Vejay N. Vakharia

v.vakharia@ucl.ac.uk

†Present address:

Aidan G. O’Keeffe,

School of Mathematical Sciences,

University of Nottingham, Nottingham,

United Kingdom

Specialty section:

This article was submitted to

Epilepsy,

a section of the journal

Frontiers in Neurology

Received: 15 September 2021

Accepted: 01 November 2021

Published: 09 December 2021

Citation:

Marathe K, Alim-Marvasti A, Dahele K,

Xiao F, Buck S, O’Keeffe AG,

Duncan JS and Vakharia VN (2021)

Resective, Ablative and Radiosurgical

Interventions for Drug Resistant Mesial

Temporal Lobe Epilepsy: A Systematic

Review and Meta-Analysis of

Outcomes. Front. Neurol. 12:777845.

doi: 10.3389/fneur.2021.777845

Resective, Ablative and
Radiosurgical Interventions for Drug
Resistant Mesial Temporal Lobe
Epilepsy: A Systematic Review and
Meta-Analysis of Outcomes
Kajol Marathe 1, Ali Alim-Marvasti 1,2,3, Karan Dahele 1, Fenglai Xiao 1, Sarah Buck 1,

Aidan G. O’Keeffe 4†, John S. Duncan 1,2 and Vejay N. Vakharia 1,2*

1Department of Clinical and Experimental Epilepsy, University College London, London, United Kingdom, 2National Hospital

for Neurology and Neurosurgery, London, United Kingdom, 3Wellcome/EPSRC Centre for Interventional and Surgical

Sciences, University College London, London, United Kingdom, 4Department of Statistical Science, University College

London, London, United Kingdom

Objectives: One-third of individuals with focal epilepsy do not achieve seizure freedom

despite best medical therapy. Mesial temporal lobe epilepsy (MTLE) is the most common

form of drug resistant focal epilepsy. Surgery may lead to long-term seizure remission

if the epileptogenic zone can be defined and safely removed or disconnected. We

compare published outcomes following open surgical techniques, radiosurgery (SRS),

laser interstitial thermal therapy (LITT) and radiofrequency ablation (RF-TC).

Methods: PRISMA systematic review was performed through structured searches of

PubMed, Embase and Cochrane databases. Inclusion criteria encompassed studies

of MTLE reporting seizure-free outcomes in ≥10 patients with ≥12 months follow-

up. Due to variability in open surgical approaches, only comparative studies were

included to minimize the risk of bias. Random effects meta-analysis was performed to

calculate effects sizes and a pooled estimate of the probability of seizure freedom per

person-year. A mixed effects linear regression model was performed to compare effect

sizes between interventions.

Results: From 1,801 screened articles, 41 articles were included in the quantitative

analysis. Open surgery included anterior temporal lobe resection as well as

transcortical and trans-sylvian selective amygdalohippocampectomy. The pooled

seizure-free rate per person-year was 0.72 (95% CI 0.66–0.79) with trans-sylvian

selective amygdalohippocampectomy, 0.59 (95% CI 0.53–0.65) with LITT, 0.70

(95% CI 0.64–0.77) with anterior temporal lobe resection, 0.60 (95% CI 0.49–

0.73) with transcortical selective amygdalohippocampectomy, 0.38 (95% CI 0.14–

1.00) with RF-TC and 0.50 (95% CI 0.34–0.73) with SRS. Follow up duration and

study sizes were limited with LITT and RF-TC. A mixed-effects linear regression

model suggests significant differences between interventions, with LITT, ATLR

and SAH demonstrating the largest effects estimates and RF-TC the lowest.
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Conclusions: Overall, novel “minimally invasive” approaches are still comparatively

less efficacious than open surgery. LITT shows promising seizure effectiveness, however

follow-up durations are shorter for minimally invasive approaches so the durability of the

outcomes cannot yet be assessed. Secondary outcome measures such as Neurological

complications, neuropsychological outcome and interventional morbidity are poorly

reported but are important considerations when deciding on first-line treatments.

Keywords: surgery, epilepsy, MTLE = mesial temporal lobe epilepsy, LITT = laser interstitial thermal therapy,

radiosurgery, radiofrequency ablation (RFA)

INTRODUCTION

Despite optimal anti-seizure medication treatment, about one-
third of individuals with epilepsy still suffer from seizures. If
the seizure onset zone is accurately delineated during presurgical
evaluation, surgery can result in sustained seizure freedom
in patients with drug resistant focal epilepsy (1). The first
randomized control trial of surgery for temporal lobe epilepsy
showed seizure freedom rates of 58% in patients randomized to
surgery compared to 8% randomized to best medical therapy
at 12 months (2). Additional benefits of surgery include
improved quality of life, cognitive performance, and minimizing
risk of sudden unexpected death in epilepsy (SUDEP) (3).
In this study, anteromesial temporal lobe resections (ATLR)
were performed through a lateral neocortical resection of 4–
4.5 cm in the dominant hemisphere and 6–6.5 cm in the non-
dominant hemisphere as measured from the temporal pole
followed by amygdala and 1–3 cm hippocampal resection (2).
Since then a number of different surgical approaches and
modifications have been implemented including minimizing
the lateral neocortical resection to 3 cm, sparing of the
superior temporal gyrus (4) and various selective approaches
including transcortical (5), trans-sylvian (6) and subtemporal
(7) amygdalohippocampectomy.

Each of these surgical modifications were undertaken
with the aim of minimizing the neurological morbidity and
neuropsychological sequelae secondary to collateral damage
of nearby structures (8). Results of selective approaches
have been variable with some studies showing improved
neuropsychological outcomes and others showing worse seizure
freedom rates than ATLR (9). Open surgical procedures all have
inherent risks including visual field deficit, memory decline,
stroke, hemorrhage and infection (10). More recently, novel
“minimally invasive” techniques have been introduced with the
aim of further reducing collateral injury and averting the need for
craniotomy, including radiosurgery (SRS) (11), radiofrequency
ablation (RF-TC) (12) and laser interstitial thermal therapy
(LITT) (13). As with other novel procedures, early results have
been mixed, principally due to small study sizes, short follow-
up durations and as the technology matured. The lack of high-
quality comparative studies has made interpretation difficult
(14). Coupled with this is the effect of the learning curve,
whereby outcomes continue to improve as health-care systems
gain experience in selecting patients for and performing these
novel procedures. The introduction of novel technologies also

has the potential to expose patients to additional harm until
comparative long-term outcomes are known.

The objective of this study was to undertake a “Preferred
Reporting Items for Systematic Reviews and Meta-Analysis”
(PRISMA) systematic review and meta-analysis (15) of all
ablative methods for the treatment of drug resistant mesial
temporal lobe epilepsy.

METHODS

Eligibility Criteria
Eligibility for inclusion in the meta-analysis include peer-
reviewed publications in which full length English language
manuscripts were available through electronic indexing
comprising: a) clinical studies of patients with temporal lobe
epilepsy, b) undergoing open epilepsy surgery as a treatment,
or c) undergoing RF-TC, SRS or LITT as a treatment, d) with
greater than 10 patients in the intervention arm and e) follow-up
duration of ≥12 months. Due to previous meta-analyses of
open surgery outcomes (16, 17) only comparative open surgical
studies were included to provide the highest levels of evidence.
Studies that did not report Engel or ILAE outcomes or similar
were also excluded.

Information Sources
Using the PRISMA guidelines (15) a structured search of the
PubMed, Embase and Cochrane databases were undertaken. The
last date of the search was September 9th 2020.

Search Strategy
Two independent researchers (VNV and FX) applied the search
criteria defined following a PICOS (participants, interventions,
comparators, outcomes and study design) approach to identify
search terms. Participants included human studies reporting
surgical treatments for drug resistant focal epilepsy. Surgical
interventions included in the search terms were open surgical
techniques including selective approaches and the numerous
variations, as well as minimally invasive alternatives such
as LITT, RF-TC, SRS and high frequency ultrasound. The
main comparator for the quantitative analysis was seizure-
free outcome.

The search terms can be found in the
Supplementary Information.

The reference lists of all studies were searched and cross-
references for additional eligible studies considered. Previous
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systematic reviews and meta-analyses were also screened to
capture additional studies (9, 16–18) not identified by the
search terms.

Outcomes
During full text review data extraction was performed using
a table with a predefined set of criteria including level of
evidence, study design, comparison/control group and sample
size. At a participant level data relating to side of surgery,
patient age, duration of epilepsy, pre-operative MRI findings,
post-operative histological findings, follow up duration,
seizure outcome grading scale, post-operative seizure outcome,
independent predictors of surgical outcome, neuropsychological
tests performed, neuropsychological outcome, psychiatric
outcome, operative morbidity and operative mortality was

recorded. The main outcome for meta-analytic comparison was
seizure-free outcome.

Risk of Bias
Anticipated sources of bias affecting seizure freedom included
the seizure outcome grading scale and the duration of follow-up.
To mitigate outcome reporting for different grading scales only
comparable seizure outcomes were included in the quantitative
analysis and where sufficient information was provided outcomes
were converted from one grading scale to another; e.g., Engel
class 1(A-D) = ILAE class 1, 1a and 2. The issue of overlapping
patient cohorts in different papers also required careful analysis
of the subjects so that duplicate cohorts were not included in
the quantitative analysis. Where duplicate cohorts were unclear,
authors were contacted for clarification.

FIGURE 1 | PRISMA flowchart.
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Appraisal of Evidence
Methodological Index for Non-Randomized Studies (MINORS)
(19) and Jadad (20) scores for randomized control trials,
respectively, were calculated independently by KM and KD. Low
scores suggest less methodologically sound studies.

Synthesis of Results
For each surgery type, pooled estimates of the seizure-free rate
per person-year were calculated, together with 95% confidence
intervals, using a meta-analysis with inverse variance weighting.

The seizure-free rate per person-year estimates were
calculated using the following equation to allow for the varying
follow up durations between studies. As all patients are seizure-
free immediately following intervention the time at risk of
seizure-relapse can be taken as the total follow-up duration of the
study with Person-years representing the sum of the total time
at risk (total number of patients x follow up duration of study).
This approach allows studies with differing follow-up times to be
included in the meta-analysis and yields an informative method
to compare studies having accounted for follow-up duration. In
contrast, restricting the analysis to include only studies where
follow-up is of the same length may result in selection bias and
loss of information.

Seizure free rate per person year

=
Number of patient years seizure free

Total number of patient years at risk

Amixed-effects linear regressionmodel was then performed with
rate of seizure freedom per person-year and surgery method as
a covariate to compare seizure-free rates between surgery types.
A random effect for study was included in this model. Statistical
analyses were performed using R (version 4.10).

RESULTS

In total, 2,171 studies were initially identified across three
different databases. Following removal of duplicate and non–
English-language studies 1,801 manuscript titles and abstracts
were screened. After applying the eligibility criteria, 85
underwent full text review. Any discrepancies between eligible
publications were resolved by the senior author. From the full
text review, 41 studies (19 on open surgery, 11 on LITT, four
on radiofrequency and seven on radiosurgery) were included in
the quantitative synthesis (Figure 1). No eligible studies were
found on ultrasound. It was not possible to conduct a meta-
analysis for neuropsychological outcomes or complications as no
standardized tests or reporting criteria were adhered to.

Open Surgery
Where provided, patient demographics regarding side of
resection, age at operation, and duration of epilepsy were
comparable between open surgical interventions (Table 1).
Overall, 86.5% of patients had MTS on pre-op MRIs and 79.5%
had histologically proven MTS from 14 studies.

Nineteen studies comparing open surgical outcomes were
included in the meta-analysis (Table 2). ATLR was compared
to transcortical SAH in 63% (12/19), to trans-sylvian SAH in

TABLE 1 | Open surgery patient characteristics.

Type of

intervention

Side of

resection

Age in years

(mean)

Duration of

epilepsy in

years (mean)

ATLR 206 R

225 L

33 (from nine

studies)

25.5 (from 10

studies)

SAH

(transcortical)

170 R

188 L

35.1 (from 9

studies)

24.6 (from nine

studies)

SAH

(transsylvian)

39 R (from two

studies)

39 L (from

two studies)

34.1 (from

three studies)

25.4*

* [only stated in Wendling et al. (21)].

26% (5/19) and to an unspecified SAH technique in 11% (2/19).
Of the studies comparing ATLR with transcortical SAH, 25%
(3/12) were prospective whilst the remaining 75% (9/12) were
retrospective. One pilot RCT compared ATLR with transcortical
SAH and transcortical parahippocampal gyrus resection (22).
The study sample size was small and being a pilot study
was underpowered to detect differences in Engel 1a outcome
between any of the three techniques at one- and five-year
follow-up. Despite this, visual field defects were noted to be
significantly worse in the ATLR and SAH groups compared to
the parahippocampectomy group.

One study, an RCT, reported the SAH group having a
significantly lower seizure free outcome (p= 0.013) at 12 months
(23). The remaining four studies did not report any significant
differences between the two techniques including one paper (24)
which was a subset of patients from Mackenzie et al. (25). Two
studies did not specify the type of SAH performed so were
excluded from the quantitative analysis for SAH (25, 26). One
study evaluated a pediatric cohort (mean age 10.6 years) and
found that ATL had a significantly better seizure outcome (p =

0.017) after a mean of 5.3 years (27). Studies comparing ATLR
with radiosurgery (11) and with radiofrequency (28) were also
included in themeta-analysis. In summary, of all the comparative
open surgical techniques, two studies provided class one evidence
(22, 23), one class two (29) and the remainder class three. A total
of 2,183 patients were included in the quantitative synthesis with
1,248 undergoing ATLR and 935 undergoing SAH (transcortical
516, trans-sylvian 354 and unspecified 65).

Meta-analysis revealed a pooled effect size for overall
seizure free rate per-person year of 0.70 (95% CI 0.64–
0.77) for ATLR (Figure 2A), 0.60 (95% CI 0.49–0.73) for
transcortical selective amygdalohippocampectomy (Figure 2B)
and 0.72 (95% CI 0.66–0.79) for trans-sylvian selective
amygdalohippocampectomy (Figure 2C).

Neuropsychological outcome was reported in 16 studies.
Five comparative open surgery studies investigated changes in
intellectual status after surgery. Across these studies, intelligence
either remained stable (27, 30, 31) or improved in both the
visuospatial and verbal domain (32, 33). The improvement
occurred as a combined effect of side and type of intervention,
with mixed findings across studies. No post-surgical decline in
intelligence was found.
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TABLE 2 | Open surgery.

Authors Publication

Year

Type of study Method Comparator Number of

patients

followed up

Duration of

follow up

Seizure free

rate

MINORS/

JADAD score

Bate et al. 2007 Retrospective ATLR Transcortical SAH ATLR: 82 12 months ATLR: 62%

(51/82)

16/24

SAH: 32 SAH: 34%

(11/32)

Bujarski et al. 2013 Retrospective ATLR Transcortical SAH ATLR: 30 60 months ATLR: 77%

(23/30)

15/24

SAH: 39 SAH: 69%

(27/39)

Mansouri et al. 2014 Retrospective ATLR Transcortical SAH ATLR: 75 24 months ATLR: 51%

(38/75)

15/24

SAH: 21 SAH: 43%

(9/21)

Nascimento

et al.

2016 Retrospective ATLR Transcortical SAH ATLR: 22 60 months ATLR: 63.6%

(14/22)

18/24

SAH: 23 SAH: 73.9%

(17/23)

Paglioli et al. 2006 Prospective ATLR Transcortical SAH ATLR: 80 ATLR: 80.4

months

ATLR: 91.3%

(73/80)

14/24

SAH: 81 SAH: 54

months

SAH: 86.4%

(70/81)

Sagher et al. 2012 Retrospective ATLR Transcortical SAH ATLR: 51 ATLR: 43.2

months

ATLR: 92.2%

(47/51)

15/24

SAH: 45 SAH: 44.7

months

SAH: 95.6%

(43/45)

Tanriverdi et al. 2008 Retrospective ATLR Transcortical SAH ATLR: 50 60 months ATLR: 64%

(32/50)

17/24

SAH: 50 SAH: 64%

(32/50)

Tanriverdi et al. 2010 Retrospective ATLR Transcortical SAH ATLR: 123 12 months ATLR: 65.9%

(81/123)

16/24

SAH: 133 SAH: 58.6%

(78/133)

Elliott et al. 2018 Retrospective ATLR Transcortical SAH ATLR: 61 63.6 months ATLR: 77%

(47/61)

17/24

SAH: 18 SAH: 44%

(8/18)

Mohan et al. 2018 Retrospective ATLR Transcortical SAH ATLR: 178 60 months ATLR: 49%

(87/178)

16/24

SAH: 37 SAH: 31%

(11/37)

Foged et al. 2018 Prospective ATLR Transcortical SAH ATLR: 34 12 months ATLR: 73.5%

(25/34)

18/24

SAH: 22 SAH: 72.7%

(16/22)

Arturo Alonso-

Vanegas

et al.

2018 Prospective

RCT

ATLR Transcortical SAH ATLR: 14 60 months ATLR: 64.3%

(9/14)

3/5

SAH: 15 SAH: 66.7%

(10/15)

Clusmann et al. 2002 Retrospective ATLR Transsylvian SAH ATLR: 98 38 months ATLR: 69%

(68/98)

16/24

SAH: 138 SAH: 70%

(96/138)

Lee et al. 1997 Retrospective ATLR Transsylvian SAH ATLR: 25 12 months ATLR: 60%

(15/25)

17/24

SAH: 13 SAH: 38.5%

(5/13)

(Continued)
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TABLE 2 | Continued

Authors Publication

Year

Type of study Method Comparator Number of

patients

followed up

Duration of

follow up

Seizure free

rate

MINORS/

JADAD score

Morino et al. 2006 Retrospective ATLR Transsylvian SAH ATLR: 17 12 months ATLR: 71%

(12/17)

16/24

SAH: 32 SAH: 78%

(25/32)

Schramm et al. 2011 Prospective ATLR Transsylvian SAH ATLR: 74 12 months ATLR: 83.8%

(62/74)

5/5

SAH: 125 SAH: 67.2%

(84/125)

Wendling et al. 2013 Retrospective ATLR Transsylvian SAH ATLR: 49 84 months ATLR: 85.7%

(42/49)

18/24

SAH: 46 SAH: 78.3%

(36/46)

Arruda et al. 1996 Retrospective ATLR Unspecified SAH ATLR: 37 12 months ATLR: 68%

(25/37)

17/24

SAH: 37 SAH: 76%

(28/37)

Mackenzie et al. 1997 Retrospective ATLR Unspecified SAH ATLR: 72 12 months ATLR: 60%

(43/72)

15/24

SAH: 28 SAH: 21%

(6/28)

Four studies investigated language functions. Language was
reported to either remain stable (30, 31) or decline (34, 35)
after surgery, but no study reported post-surgical improvement.
Decline in language abilities were observed irrespective of side
or procedure (35) with greatest declines reported following left-
sided resections and ATLR (34).

Nine studies which looked at open surgery only investigated
visuospatial memory and 13 investigated verbal memory. Four
studies reported no post-operative changes in visuospatial
memory whereas for verbal memory, just over half of studies
suggested a decline (21, 24, 29, 30, 33, 35, 36). Post-operative
improvements in memory are reported for functions subserved
by the non-operated side, with improvements in visuospatial
memory occurring after left-sided resections (33, 34) and verbal
memory gains after right-sided resections (32). Intervention-
specific improvement of memory is also observed, with
greater improvement after SAH than after ATLR, particularly
for visuospatial memory (21, 33, 34). Visuospatial memory
also declined after right-sided resection, irrespective of the
intervention type (34) or with greater decline after ATLR
compared to SAH (33). The factors influencing verbal memory
decline varied across studies, with either a decline irrespective
of side or type of resection (35), after left-sided resection
irrespective of the intervention type (21, 29), or conflicting
findings regarding the effect of intervention [i.e. with more
decline after SAH (30, 33) or ATLR (24, 29, 36)].

Complications
Data regarding post-operative complications were missing in
8/19 of the comparative open surgical studies, with one study
only reporting cognitive and psychiatric complications (31). Even

in those that did report complications, reporting was often
not comprehensive. Complications reported here are described
for the open surgical techniques as reliable differentiation
between SAH and ATLR was not possible. The two studies
that compared ATLR with radiofrequency and radiosurgery are
also included here for the ATLR arm only. Of the studies that
reported complications, the most common complication was
visual field defects, occurring in 4% (63/1,548) of patients. This
is much lower than complications reported for open surgery
where formal perimetry was utilized (37) and because of non-
recognition of such defects in many studies. Most studies did
not use perimetry and only reported clinically significant visual
defects. Cranial nerve palsy rate was 0.78% (12/1548) and
1.29% (20/1548) suffered from infection-related complications
including meningitis, mastoiditis and one case of osteomyelitis.
From all identified studies mortality was 0.82% (18/2,183) over a
period of 5 (38) to 7 (29) years post-surgery.

Psychiatric complications such as anxiety, depression and
psychosis were reported in 1.1% (17/1,548) patients, however this
was only across the four studies that reported such outcomes.
Therefore, this will be a gross underestimate as many studies
did not report psychiatric outcomes. Neurological complications
were reported in 1.87% (29/1,548) patients and included
dysphasia, dysnomia, hemiparesis, hemiplegia, hypoacusis and
cerebritis. Other complications included CSF leaks or collections
(10/1,548), pseudomeningoceles (4/1,548), haematoma (9/1,548),
jaw pain (4/1,548), pulmonary embolism (2/1,548), venous
thrombosis (5/1,548) and ventilator associated pneumonia
(1/1,548). Two papers did not provide a full breakdown (23,
34), but reported neurological complications in 3–5.2%, overall
surgical complication rate as 8.5% (34) and permanent morbidity
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FIGURE 2 | Continued
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FIGURE 2 | Continued
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The table below shows the fitted estimates from a mixed effects linear regression model with rate of seizure freedom per person-year and

surgery method as a covariate with a fixed effect. A random effect for study was included in this model.

Surgery Method Seizure-free rate per person

year estimate

95% Confidence Interval

ATL 0.72 (0.65, 0.80)

GammaKnife 0.53 (0.40, 0.65)

LiTT 0.57 (0.46, 0.67)

Radiofrequency 0.36 (0.17, 0.53)

SAH-Transcortical 0.64 (0.55, 0.73)

SAH-Transsylvian 0.65 (0.53, 0.78)

Random Effect Variance estimate = 0.02

We performed an analysis of deviance to compare the above model to a model that does not contain surgery method as a covariate.

This yielded a test statistic of 18.38 which, when compared to the quantiles of a Chi-squared distribution with five degrees of freedom,

produced a P-value of 0.003. This implies that there is strong evidence to suggest a difference in the seizure-free rate when comparing

different surgery methods. RF-TC returned the lowest treatment effect estimate whilst ATL returned the greatest.

FIGURE 2 | Forest plots of effect sizes and 95% confidence intervals. (A) ATLR. (B) SAH trans-cortical. (C) SAH trans-sylvian. (D) Radiofrequency thermocoagulation.

(E) Stereotactic radiosurgery. (F) LITT. (G) Comparison of treatment effect estimates.

as 1.67%. Overall, the heterogeneity in reported complications
was difficult to synthesize, but overall mortality and morbidity
was relatively low.

Risk of Bias
The median MINORS score for comparative studies was 16/24,
indicating that most studies contained methodological flaws
and may therefore contribute a moderate degree of bias.
One RCT returned a JADAD score of 3/5 (22), indicating
a moderate degree of bias, whilst another RCT scored
5/5 (23).

Radiofrequency Thermocoagulation
Four studies were included in the quantitative analysis (12, 28, 39,
40). Where reported, the mean age was 33.6 years and the mean
duration of epilepsy was 20.3 years, with some studies reporting
median ages only. 64 patients underwent left-sided procedures,
and 37 patients underwent right-sided procedures. Laterality was
not reported in one study (28). There was unclear reporting of
the exact number of patients with MTS on MRI, however it was
present in the majority. Histopathological confirmation of MTS
was not available as this is a lesioning technique.

One study (39) was prospective, one study did not specify
(12), and the remainder were retrospective. The range of reported
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TABLE 3 | Radiofrequency.

Authors Publication

Year

Type of study Method Comparator Number of

patients

followed up

Duration of

follow up

Seizure free rate MINORS/JADAD score

Parrent et al. 1999 Unclear Radiofrequency N/A 19 25.8 months 22% (4/19) 9/16

Vojtech et al. 2014 Retrospective Radiofrequency N/A 61 63.6 months 70.5% (43/61) 10/16

Fan et al. 2019 Prospective Radiofrequency N/A 21 12 months 76.2% (16/21) 11/16

Moles et al. 2018 Retrospective Radiofrequency ATLR Radiofrequency:

21

12 months Radiofrequency: 0% (0/21) 16/24

ATLR:49 ATLR: 75.5% (37/49)

seizure freedom was between 0 and 76.2% seizure free at 12
months (Table 3). An single study which followed an overlapping
patient cohort with Vojtech et al. (40), compared RF-TC to ATLR
and reported no difference in Engel 1 outcomes of 79.3% (23/29)
and 76.5% (13/17) at 5 year follow up, respectively (41). In
contrast, a later study comparing RF-TC to ATLR (28), reported
none (0/21) of the patients in the RF-TC group were seizure free
whereas 75.5% (37/49) of the patients in the ATLR group had an
Engel 1a outcome at 12-month follow up (p < 0.0001). Overall,
122 patients from studies equating to level two, three and four
evidence were included in the quantitative synthesis. A random-
effects meta-analysis yielded a pooled seizure free rate estimate
per person-year of 0.38 (95% CI 0.14–1.00) (Figure 2D).

Neuropsychological outcome was reported in one of four
studies. This single study suggested better post-operative
neuropsychological outcome in the RF-TC group (41) compared
with the ATLR group.

Complications were heterogenous across the studies.
4.1% (5/122) patients had haematomas, which were mostly
asymptomatic (12, 40). Other complications included transitory
anosmia (1/122), upper quadrantanopia (1/122), meningitis
(2/122), pulmonary embolism in a patient with hereditary
coagulopathy (1/122), and an asymptomatic retention of an
electrode fragment (2/122). No complications or mild headache
were reported in 36.1% (44/122) patients (40). The most serious
early complications were a small intracerebral haematoma and
hydrocephalus which resolved with ventricular drainage (40).
Reported mortality was 5% (3/61) in the report by Vojtech et al.
(40), due to one suicide, an unrelated accident and extracranial
malignancy. Mortality was 0% in all other studies. No mortality
was directly related to the operative procedure. Psychiatric
complications were reported in 6/61 patients (40).

Risk of Bias
The median MINORS score for radiofrequency was
10/16 for non-comparative studies and 16/24 for a single
comparative study indicating a moderate risk of bias due to
methodological flaws.

Stereotactic Radiosurgery
Seven studies (three prospective) comprising 133 patients were
included in themeta-analysis (Table 4). Two patients in the paper
by Rheims et al. (42) and six patients in the paper by Vojtech
et al. (43) overlapped with those of the Marseilles cohort (44) and

were excluded from the analysis. The mean duration of epilepsy
was similar between studies, with an overall mean of 24.1 years.
Between 93 and 100% had MTS on MRI scan. Where laterality
was reported, 48 procedures were left-sided and 40 were on
the right.

Due to the delay in treatment benefit following SRS, seizure
free outcomes were reported from 24 months. All studies
reported on the use of the gamma knife (Elekta AB, Sweden). One
study compared high (24Gy) and low (20Gy) dose SRS, reporting
improved seizure free outcomes but alongside increased minor
complications associated with use of the higher dose (45). The
highest level of evidence was from the ROSE randomized control
trial comparing SRS to ATLR (11). The trial was terminated
early due to poor recruitment, but even at this stage revealed
that seizure free outcome rates following ATLR were superior
to SRS (p = 0.82 at 15% non-inferiority margin). Most studies
provided level three and four evidence with two papers providing
level two evidence (44, 45) and a single RCT providing level
one evidence (11). The pooled seizure-free rate per person-
year was 0.50 (95% CI 0.34–0.73) after a treatment delay
of 24 months (Figure 2E). Neuropsychological outcome was
reported in 5/7 studies. One study directly compared outcome
between SRS and open surgery (ATLR) and showed less risk
of verbal memory deterioration after SRS, and less risk of
visuospatial memory deterioration after ATLR (11). Another
neuropsychological study reported decline in verbal memory
with high dose (24Gy) but not low dose (20Gy) Gamma Knife
to the dominant amygdalohippocampal complex (46). Other
studies either reported some improvement in a subset of the
patients or little post-operative cognitive change.

Complications
Mortality was 1.5% (2/133) owing to one case of SUDEP (47)
and one case of right cerebellar hemorrhage unrelated to the
surgery (42). The classification of what defined “serious” adverse
effects were not standardized throughout studies. Additionally,
definitions of “early” and “late” complications were not specified.
Cerebral oedema was reported in 7.5% (10/133) of patients
undergoing SRS. One case of serious cerebral oedema not
responding to dexamethasone required temporal lobectomy (45).
Interestingly, Bartolomei (47) did not report cerebral oedema
in any of their patients. Corticosteroid treatment was needed in
47.4% (63/133) when excluding overlapping patients. Other side
effects included headaches (24/133), pin-site infection (1/133),
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TABLE 4 | Stereotactic radiosurgery.

Authors Publication

Year

Type of study Method Comparator Number of

patients

followed up

Duration of

follow up

Seizure free

rate

MINORS/

JADAD score

Barbaro et al. 2009 Prospective

RCT (low dose

vs high dose)

Gamma

Knife

Low dose vs high

dose

30 36 months 67% (20/30) 3/5

Barbaro et al. 2018 Prospective

RCT (ROSE

trial)

Gamma

Knife

ATLR Gamma

Knife: 31

36 months Gamma

Knife: 52%

(16/31)

3/5

ATLR: 27 ATLR: 78%

(21/27)

Bartolomei

et al.

2008 Retrospective Gamma

Knife

N/A 15 96 months 60% (9/15) 9/16

Regis et al. 2000 Retrospective Gamma

Knife

N/A 16 24 months 81% (13/16) 8/16

Regis et al. 2004 Prospective Gamma

Knife

N/A 20 24 months 65% (13/20) 11/16

Rheims et al. 2008 Retrospective Gamma

Knife

N/A 13 60 months 38.5% (5/13) 10/16

Vojtech et al. 2009 Retrospective Gamma

Knife

N/A 8 91.5 months 12.5% (1/8) 9/16

dizziness (2/133), nausea (2/133), vomiting (2/133), serious
seizure exacerbation (2/133), status epilepticus (2/133) and visual
field defects in the realm of 35.3% (47/133) when excluding
overlapping patients’ results. In one study, 93% of those formally
tested had some form of visual field defect (37), even though
only 10 were reported to have a superior quadrantanopia. Vojtech
et al. (48) reports an even-longer term mean follow up time of
16 years of the complications from Vojtech et al., stressing the
need for life-long MRI follow up in patients undergoing gamma
knife radiosurgery, as delayed radio-necrosis and cyst formation
were reported. Two patients developed psychosis (43) and one
reported developing depression post-surgery (44).

Risk of Bias
For the two RCTs, JADAD scores were 3/5. A median MINORS
score of 9/16 was scored for the remaining studies, all of which
were non-comparative, indicating a moderate degree of bias
within these studies.

Laser Interstitial Thermal Therapy
Two studies (49, 50) reported duplicate patient cohorts and
were excluded from the analysis. From the 11 studies reporting
LITT outcomes, two were prospective (51, 52) and nine were
retrospective (see Table 5). Overall, 520 patients were followed
up, ranging between a mean of 12 months (13, 53–56) and 43
months (57). Engel 1 outcomes for the studies ranged between
44% (14) and 67.4% (58). Themean age of patients was 41.9 years,
mean duration of epilepsy was reported in nine studies as 23.8
years, an average of 74.2% patients undergoing LITT had MTS

on MRI, and the side of resection was reported by nine studies as
263 (left) and 201 (right).

A retrospective case series revealed that trajectories with
a medial course through the hippocampal head resulted in
less mesial hippocampal head remnant and was associated
with improved seizure free outcome (53). Seizure freedom
rates were found to be twice as high in patients with MTS
compared to non-MTS (13), although a separate study reported
similar seizure freedom rates between MTS and non-MTS
when stereoelectroencephalography (SEEG) was utilized to prove
mesial temporal lobe onset (55). Overall, using data from the
11 LITT studies included in the quantitative analysis a pooled
estimate of the seizure-free rate per person-year was 0.59 (95%
CI 0.53–0.65) (Figure 2F).

Neuropsychological Outcome
Neuropsychological outcomes were reported in six of the eleven
studies. Amongst these, three investigated visuospatial memory
and six investigated verbal memory. Only one directly compared
post-operative neuropsychological outcomes between LITT and
ATLR (50). This demonstrated that the ATLR group showed
post-surgery decline in visuospatial memory, whereas those
who underwent LITT remained stable. Other studies report a
significant decline in verbal memory after LITT in the dominant
hemisphere (53, 58) whilst others report significant decreases
in verbal intelligence but an improvement in visuospatial
intelligence in the dominant hemisphere (58). In contrast, Gross
et al. (13) reported an improvement in delayed verbal recall for
non-dominant procedures. With regards to language function, it
remained overall stable, with a smaller decline inmemory in non-
dominant procedures (59) or improved, for both dominant and
non-dominant procedures (50).
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TABLE 5 | Laser interstitial thermal therapy.

Authors Publication

Year

Type of

study

Method Number of

patients

followed up

Duration of

follow up

Seizure free

rate

MINORS/JADAD

score

Gross et al. 2018 Retrospective LITT 58 12 months 53.4%

(31/58)

10/16

Jermakowicz

et al.

2017 Retrospective LITT 23 12 months 65% (15/23) 10/16

Kang et al. 2015 Retrospective LITT 11 12 months 36.4% (4/11) 10/16

Vakharia et al. 2018 Retrospective LITT 25 24.4 months 44% (11/25) 11/16

Youngerman

et al.

2018 Retrospective LITT 30 12 months 57% (17/30) 12/16

Donos et al. 2018 Retrospective LITT 43 20.3 months 67.4%

(29/43)

9/16

Wu et al. 2019 Retrospective LITT 231 12 months 58.0%

(134/231)

10/16

Le et al. 2018 Prospective LITT 29 18 months 62% (18/29) 11/16

Cajigas et al. 2019 Retrospective LITT 26 42.9 months 61.5%

(16/26)

11/16

Tao et al. 2018 Prospective LITT 21 24 months 52% (11/21) 13/16

Grewal et al. 2018 Retrospective LITT 23 34 months 65.2%

(15/23)

10/16

Complications
The reporting of complications varied across studies, with
some distinguishing between asymptomatic and symptomatic
visual field defects. Visual field dysfunction, including those
that were transient and asymptomatic were reported in 7.5%
(39/520) of patients; however, only a subset of patients
had formal visual field testing. Cranial nerve palsies of
the third and fourth cranial nerves were reported in 1.5%
(8/520) patients, the majority of which were transient.
Post-operative hemorrhage occurred in 0.96% (5/520)
patients and aseptic meningitis occurred in 1/520. Other
complications occurred in 7.31% (38/520). Mortality following
LITT was 0.57% (three patients died: two from suicide, one
from SUDEP).

Psychiatric Outcome
The psychiatric complication rate was 4.4% (23/520), but
this was only reported across five studies. Worsening of
existing mood disorders was reported in 10 patients, worsening
of mood in general was reported in two individuals and
transient anxiety was reported in three. Two others needed
hospitalization due to psychosis (14) or acute postoperative
psychiatric complications (51), and five were diagnosed with a
new onset affective disorder.

Risk of Bias
The median MINORs score for LITT studies was 10/16,
indicating a moderate degree of bias in the studies.

DISCUSSION

Primary Outcome
The primary aim of this meta-analysis was to review the
effectiveness of different interventional techniques for
MTLE, by comparing seizure freedom rates for resective,
ablative and SRS treatments. We were also interested in
stereotactic radiosurgery as no meta-analysis to date has
attempted to compare this to LITT, radiofrequency and open
surgical methods. We also compared seizure free outcomes
between ATLR, trans-sylvian and transcortical SAH. Due
to heterogeneity within interventions, comparison within
the random-effects model was not possible. However, a
mixed-effects linear regression model suggested significant
differences between interventions, with LITT, ATLR and SAH
demonstrating the largest effects estimate and RF-TC the lowest
(Figure 2G).

Open Surgery
Between the open surgical methods, our mixed effects model
for seizure-free rate per person year estimates were greatest
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for ATLR, followed by transsylvian SAH and then trans-
cortical SAH, but overlap of the 95% confidence intervals
prevents determination of comparative superiority. With
regard to neuropsychological outcomes, open surgery does
not impede on intellectual status and often even leads to
post-operative improvement. Language ability, however, is
prone to post-surgical decline, but the factors influencing such
decline (such as the side and type of surgical intervention)
are unclear. Whereas visuospatial memory is likely to either
remain stable or improve after surgery, verbal memory is
prone to post-surgical decline. In terms of the intervention
type, SAH seems more beneficial than ATLR for visuospatial
memory. On the other hand, mixed findings are reported
regarding the effects of the type of surgical intervention
on verbal memory. A meta-analysis of complications
following ATLR reported psychiatric complications, visual
field defects and cognitive disorders as most common
(60). The fact that the efficacy and complications of open
surgical techniques are so well-researched mean that it will
require clear outcomes from minimally invasive techniques
to replace surgical methods such as ATLR that have an
established evidence base, including the results from this meta-
analysis which provides further evidence for their efficacy in
seizure control.

Stereotactic Radiosurgery
The estimate of the seizure-free rate per person-year for those
undergoing radiosurgery was lower than that for open surgical
methods such as ATLR and transcortical SAH. Additionally,
there were only seven papers (three prospective) included in the
meta-analysis for radiosurgery as compared with the 21 papers
that looked at ATLR. The highest level of evidence arises from
the ROSE randomized control trial which revealed inferiority of
SRS compared to ATLR, despite this trial terminating early (11).
The benefits of SRS include that it is an outpatient procedure
and may be suitable for those patients unable or unwilling
to undergo open surgery. Notable drawbacks are a delay in
seizure cessation, post-treatment oedema with subsequent need
for steroids, and the unexpected late effects of radiation must
be considered.

No papers reported significant declines in verbal or
visuospatial memory, intelligence or language. Notably, a
published meta-analysis of neuropsychological outcomes
criticized the methodological quality of SRS studies, calling
for better prospective designed trials (61). A meta-analysis
considering SRS published in 2016 reported an average of 14
months to seizure cessation. However, this analysis included
studies with small sample sizes (<10 patients) as well as other
etiologies, including cavernous malformations (62).

Radiofrequency
This technique had the lowest seizure-free rate in our mixed
effects linear regression model. The quality of evidence for this
technique was low, with only one prospective study included
in our analysis. Nevertheless, advantages associated with this
technique are that it can be performed immediately following
SEEG, it has a low risk safety profile and unlike gamma knife

there is no latency of effect onset (63). Additionally, according to
the same study, there was no need for corticosteroid use following
RF-TC compared to SRS. RF-TC is unlikely to be successful as
a stand-alone treatment for mesial temporal lobe epilepsy but
transient reductions in seizure frequency may predict seizure
free outcomes following subsequent open surgery. Such studies
were not included in the quantitative analysis within the RF-
TC arm as the definitive intervention in these studies was
open surgery.

Laser Interstitial Thermal Therapy
The first reported case of LITT was in 2010. In subsequent years,
this technique has shown promising seizure effectiveness. Our
mixed-effects model demonstrated overlapping 95% confidence
intervals with open surgical models. Visual field defects were the
most reported complication in line with previous reports (64).
Some of these included visual defects that were asymptomatic
to the patient, some of which are not identified until formal
visual field testing is done. Such asymptomatic patients might
fail UK driving criteria once formal perimetry is conducted.
The type of perimetry performed can also skew results, with
Esterman perimetry (the current DVLA gold standard) being
more lenient. We emphasize that it is crucial to conduct formal
visual testing after epilepsy surgery, so that visual complications
are not underestimated, and patients can be warned about
the potential restrictions on driving. Laser ablation did not
show a delayed treatment effect like radiosurgery and its
evidence base was more reliable than that of radiofrequency,
featuring several more studies. This presents this technique
as a strong contender to open surgical methods. Dominant-
sided verbal memory decline seemed to be the most common
neuropsychological complication but not all studies reported
a decline, with an improvement in naming function reported.
The much shorter hospital stay associated with LITT compared
with ATLR also makes it an attractive first line alternative to
open surgery (54). LITT may appear beneficial for post-operative
neuropsychological outcome when directly compared with open
surgery, perhaps due to relative sparing of the parahippocampal
gyrus (50). Our comparative analysis suggested ATLR had
the largest effect size estimate of all surgical techniques but
overlap of the 95% confidence intervals with SAH and LITT
prevents firm conclusions regarding superiority. It is possible,
however, that LITT effectiveness is overestimated due to a
positive reporting bias associated with novel technologies (halo
effect), a reluctance to publish poor outcomes, shorter follow
up durations and overcoming of learning curves. A systematic
review comparing only the minimally invasive techniques
LITT, RF-TC and SRS concluded that LITT shows promising
seizure efficacy in the short-term (65). Our linear-regression
model results provide a much-needed statistical analysis of
the data in comparison to open surgical methods to further
support LITT as an emerging technique, but long-term follow
ups and direct comparisons are needed to form a firm
conclusion. Additionally, we excluded overlapping data from
our meta-analysis in order to avoid duplicate cohorts in our
statistical analysis.
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LIMITATIONS

A notable limitation to the analysis is the varying duration
of follow-ups and the significant heterogeneity between studies
precluding accurate comparisons. Seizure remissions are known
to fall with time and at long term follow-up only around 50%
of patients remain free of seizures following open surgery (66).
With minimally invasive techniques, comparative follow up rates
are shorter, and the durability of such techniques are less well
characterized, particularly with SRS where the onset of effect
is delayed. Most studies either reported seizure outcome at last
follow-up or at pre-determined time intervals. This inconsistency
in reporting follow-up times may mask those individuals that are
seizure free at their last visit but go on to then subsequently have
a seizure.

To mitigate this, we calculated the seizure free rate per-
person year. As we do not know the time at which a patient
relapses the entire follow up duration is taken as the time
at risk. A limitation of this approach is that studies with
longer follow up durations have a large number of patient
years at risk, which may inflate effect size estimates for novel
minimally invasive approaches. Similarly, techniques that result
in late seizure recurrences provide the same results as early
recurrences, which does not accurately reflect the real-world
reduction in seizure burden. Future studies should, therefore,
aim to provide more precise data regarding timing of seizure
recurrence following surgery.

Another limitation to our analysis is that very few papers
were RCTs. Few comparative studies reported whether they were
sufficiently powered to detect differences between interventions.
Very few studies conducted a prospective calculation of
the study size or used blinding to carry out an unbiased
assessment of the endpoint. This means that with the small
sample sizes present in most publications, studies may have
been underpowered to detect statistically significant differences
in seizure freedom between interventions. A meta-analysis
comparing seizure free outcomes between ATLR, SAH, RF-
TC and LITT was recently published which concluded that
LITT was significantly less effective than open surgery (67).
There are, however, significant methodological differences
between our study. The main distinction is that they included
studies with 6 months or greater follow up duration. It is
widely accepted that open surgical techniques have greatest
frequency of seizure recurrence within the first year of
surgery (10), incorporating studies with 6 month follow
up durations fail to capture this and favor short-term
seizure free outcomes. Additionally, the Forest plots and
heterogeneity statistics derived from the random effects model
between anterior temporal lobectomy and LITT as well as
selective amygdalohippocampectomy and LITT were statistically
significant (p< 0.001). This level of heterogeneitymaymake such
comparisons unreliable.

Only a quarter of the RF-TC papers had neuropsychological
outcomes available, limiting our knowledge to one cohort.
Additionally, the heterogeneity of neuropsychological tests
amongst studies makes it more difficult to draw conclusions.
The application of standardized neuropsychological tests

administered to those undergoing resective, ablative, and
radiosurgical techniques in the future would be of great benefit
as it has also been suggested that studies are not using the most
appropriate neuropsychological test for the cognitive domain
they are testing (68).

Synthesizing complications following open surgery was
difficult because of the heterogeneity of complications, no
standardized scale for reporting and inconsistency in studies
differentiating open surgical techniques (ATLR from SAH).
Overall, we found a lower rate of VFDs for open surgery
than in the contemporary literature highlighting the lack of
formal perimetry testing and a lack of consistency in defining a
“clinically significant defect.” Within one review, only one study
reported a visual field defect rate of 15%, whilst the rates in the
contemporary literature are significantly in excess of this (69).

CONCLUSION

Based on effect size estimations of seizure-free rates per person
year, there is no evidence to suggest LITT is less effective
than open surgical techniques in the short term but long-term
outcome data is still lacking. Nevertheless, LITT is becoming
a first-line treatment alternative in certain countries as it is
more acceptable to patients and if unsuccessful, does not
preclude subsequent ablations or open surgery. As with all new
technologies, cost and learning curves remain a barrier. Open
surgical techniques conveyed similar seizure-free outcomes but
may be associated with varying neuropsychological and visual
field deficit rates. A randomized control trial is now needed to
compare LITT to open surgical methods.

Both SRS and RF-TC were the least effective methods at
inducing seizure remission in our synthesis. SRS remains an
option for patients that are unfit or do not wish to undergo
open surgery. The evidence base for this technique is still
limited, the onset of treatment effect is significantly delayed, and
adverse effects, notably cerebral oedema, can be associated with
severe morbidity.

Secondary outcome measures, such as neuropsychological
outcome and intervention-related morbidity, are poorly reported
but are important considerations when deciding on first-
line intervention. Future studies should also evaluate benefits
in secondary outcomes and would undoubtedly benefit from
standardization of neuropsychological testing.
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Background: Clinical and pre-clinical studies indicate a reduction in seizure frequency

as well as a decrease in susceptibility to subsequently evoked seizures after physical

exercise programs. In contrast to the influence of exercise after epilepsy previously

established, various studies have been conducted attempting to investigate whether

physical activity reduces brain susceptibility to seizures or prevents epilepsy. We report

a systematic review and meta-analysis of different animal models that addressed the

impact of previous physical exercise programs to reduce seizure susceptibility.

Methods: We included animal model (rats and mice) studies before brain insult

that reported physical exercise programs compared with other interventions (sham,

control, or naïve). We excluded studies that investigated animal models after brain

insult, associated with supplement nutrition or drugs, that did not address epilepsy or

seizure susceptibility, ex vivo studies, in vitro studies, studies in humans, or in silico

studies. Electronic searches were performed in the MEDLINE (PubMed), Web of Science

(WOS), Scopus, PsycINFO, Scientific Electronic Library Online (SciELO) databases, and

gray literature, without restrictions to the year or language of publication. We used

SYRCLE’s risk of bias tool and CAMARADES checklist for study quality. We performed

a synthesis of results for different types of exercise and susceptibility to seizures by

random-effects meta-analysis.

Results: Fifteen studies were included in the final analysis (543 animals), 13 of them

used male animals, and Wistar rats were the most commonly studied species used

in the studies (355 animals). The chemoconvulsants used in the selected studies were

pentylenetetrazol, penicillin, kainic acid, pilocarpine, and homocysteine. We assessed the

impact of study design characteristics and the reporting of mitigations to reduce the risk

of bias. We calculated a standardized mean difference effect size for each comparison

and performed a random-effects meta-analysis. The meta-analysis included behavioral

analysis (latency to seizure onset, n = 6 and intensity of motor signals, n = 3) and

88
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electrophysiological analysis (spikes/min, n = 4, and amplitude, n = 6). The overall effect

size observed in physical exercise compared to controls for latency to seizure onset was

−130.98 [95% CI: −203.47, −58.49] (seconds) and the intensity of motor signals was

−0.40 [95% CI: −1.19, 0.40] (on a scale from 0 to 5). The largest effects were observed

in electrophysiological analysis for spikes/min with −26.96 [95% CI: −39.56, −14.36],

and for spike amplitude (µV) with −282.64 [95% CI: −466.81, −98.47].

Discussion: Limitations of evidence. A higher number of animal models should be

employed for analyzing the influence of exerciseon seizure susceptibility. The high

heterogeneity in our meta-analysis is attributable to various factors, including the number

of animals used in each study and the limited number of similar studies. Interpretation.

Studies selected in this systematic review and meta-analysis suggest that previous

physical exercise programs can reduce some of the main features related to seizure

susceptibility [latency seizure onset, spikes/min, and spike amplitude (µV)] induced by

the administration of different chemoconvulsants.

Systematic Review Registration: PROSPERO, identifier CRD42021251949; https://

www.crd.york.ac.uk/prospero/display_record.php?RecordID=251949.

Keywords: seizure susceptibility, physical exercise, epilepsy, animal model, brain resilience

INTRODUCTION

Epilepsy is a common neurological disorder that affects over
70 million people worldwide and it is characterized by an
enduring predisposition to generate spontaneous epileptic
seizures, resulting in neurobiological, cognitive, psychological,
and social consequences (1). The neurophysiological basis of
epileptic seizures has been associated with an imbalance between
neuronal excitatory and inhibitory activity in the brain (2, 3).
The most common treatments for epilepsy include anti-epileptic
drugs (AEDs), epilepsy surgery, and device therapies such as
vagus nerve stimulation, deep brain stimulation, and a ketogenic
diet. Apart from the conventional treatments for epilepsy,
alternative neuroprotective and antiepileptogenic approaches
have been used for the prevention and treatment of epilepsy.
Among them, physical exercise has been successfully cited as an
adjunctive form of treatment for epilepsy (4).

Clinical studies have consistently demonstrated that regular
exercise positively impacts epilepsy (5–8). Investigations
primarily focusing on exercise-induced effects on seizure
frequency have shown improvement in seizure control (5, 8)
or no increase in seizure frequency after physical exercise
programs (9, 10). In addition, studies that analyzed whether
intensive exercise could interfere in seizure susceptibility have
not reported seizures during the incremental effort to exhaustion
in an ergometric test or after physical exertion (11–13). In
addition to the positive findings reported in epilepsy conditions,
regular exercise over the course of life has been associated with
resilience to developing epilepsy. The few human studies that
have explored this issue have shown that regular physical exercise
was associated with a low incidence of epilepsy. For instance,
low cardiovascular fitness at the age of 18 years was associated
with an increased risk of epilepsy later in life (14). Moreover,

the incidence of epilepsy analyzed over a period of 20 years
was lower in high-fit subjects (cross-country ski racers) before
retirement compared with the incidence of their non-active
controls (15).

Although the beneficial influence of exercise in humans
has been reported in literature, the mechanisms by which
exercise positively impacts on epilepsy are yet to be elucidated.
Animal models of seizures and epilepsy are valuable tools
for understanding the pathophysiology of the disease and
in developing new treatments (16). They have contributed
significantly to identifying the mechanisms of cellular
hyperexcitability, alterations triggering the transition from an
interictal to an ictal state, seizure propagation and termination,
mechanisms and side effects of antiepileptic drugs, as well as
behavioral manifestations caused by seizures (16). In this regard,
an increasing number of animal studies have demonstrated
the impact of exercise in epilepsy and the neurobiological
mechanisms of these beneficial effects (4, 17). Two systematic
reviews and meta-analyses addressed the efficacy of exercise
before and after the induction of epilepsy, using the pilocarpine
and kainate models of epilepsy (18, 19). In their review, the
physical exercise program significantly reduced the number
of spontaneous recurrent seizures in the pilocarpine and
kainate models (18, 19). Physical exercise also exerted a positive
influence before pilocarpine and kainate induction by increasing
the latency to develop status epilepticus (SE), although not
statistically significant in the pilocarpine model. Indeed, some
discrepancies still exist in the results of studies evaluating
the potential effect of exercise to prevent the development
of epilepsy.

Under this context, to better establish whether regular physical
exercise is effective in reducing seizure susceptibility and epilepsy
development, extensive analysis with the inclusion of different
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models of seizures and epilepsy is needed to draw better
conclusions. Therefore, we conducted a systematic review and
meta-analysis of studies in animal models of seizure/epilepsy to
determine the extent to which different types of physical exercise
influences seizure susceptibility and epilepsy development.

METHODS

Review Protocol
This systematic review and meta-analysis were compliant with
the Preferred Reporting Items for Systematic Reviews and Meta-
analysis (PRISMA) statement (20, 21). The PRISMA guideline
is commonly used for clinical trials, but we adapted it for this
systematic review (22). The protocol was based on SYRCLE’s
systematic review protocol format for animal intervention
studies (23).

Eligibility Criteria
We considered behavioral and electrophysiological analysis
induced by exercise before brain insult outcomes measures for
synthesis analysis, according to the following inclusion and
exclusion criteria:

Inclusion Criteria: studies that addressed physical exercise
programs before brain insult in animal models (rats and mice)
using treadmills, voluntary wheel running, swimming, inclined
vertical ladder apparatus, progressive resistance wheel exercise,
and compared with other interventions (sham, control, or naïve).
Exclusion criteria: studies that investigated animal models after
brain insult, associated with supplement nutrition or drugs,
or that did not address epilepsy or seizure susceptibility. We
excluded ex vivo studies, in vitro studies, studies in humans, or
in silico studies.

Information Sources
The electronic search strategy of this review was performed
to identify studies about physical exercise programs to identify
seizure susceptibility on animal models until June 2021. Specific
strategy in databases [MEDLINE (PubMed, we included Syrcle
animal filter), Web of Science (WOS), Scopus, PsycINFO,
and Scientific Electronic Library Online (SciELO)] were: topic:
(“exercise”[MeSH Terms] OR “physical exercise”[All Fields]
OR “exercise program”[All Fields] OR “physical program”[All
Fields]) AND (“epilepsy”[MeSH Terms] OR “seizure”[MeSH
Terms]); ALL (“exercise”) AND TITLE-ABS-KEY (“Physical
program” OR “Physical exercise”) AND TITLE-ABS-KEY
(“epilepsy”) OR (“seizure”) AND TITLE-ABS-KEY (animal OR
animals OR rat OR rats OR rodents OR mice OR mouse OR
murine). Freehand searching, gray literature, reference lists,
the world wide web, and personal collections of articles were
utilized by the authors using search terms and boolean operators
[(exercise program) AND (epilepsy)] were included.

Search Strategy
A systematic literature search was conducted to identify studies
on physical exercise programs before brain insult that addressed
seizure susceptibility in animal models. This systematic review
composed the question research based on PICOS: P—population,

I—intervention, C—comparative interventions, O–outcomes, S–
type of study. For the question “What is the influence of physical
exercise programs on seizure susceptibility in all experimental
animal models?,” the PICOS was: P—animal models (rats, mice,
gerbils); I–physical exercise; C—controls, naïve, or sham; O—
seizure susceptibility; and S—experimental studies. We included
studies investigating the relationship between physical exercise
programs and susceptibility to seizures in animal models
until June 2021 (21). The complete search strategy can be
accessed in supplementary content. The search strategy included
epilepsy, seizure susceptibility, physical exercise, and animal
model. The electronic search was performed in the MEDLINE
(PubMed), Web of Science (WOS), Scopus, PsycINFO, and
Scientific Electronic Library Online (SciELO) databases, without
restrictions in the year or language of publication.

Selection Process
Two reviewers (AAP and MALR) on the stages of the review
protocol independently selected the titles and abstracts to ensure
that the studies met the predefined eligibility criteria. To avoid
discrepancy between reviewers, the following exclusion criteria
were (1) non-animal model; (2) studies that investigated animal
models after brain insults; (3) acute exercise protocol; (4) exercise
associated with nutritional supplements or medications; (5)
measures that did not address the susceptibility to seizures.
Studies considered unrelated to the research issue and study
reviews were excluded at this stage. The two reviewers accessed
and selected the other full articles and considered the eligibility
criteria. Disagreements and discrepancies were resolved by
consensus after discussion with two other reviewers (LTM &
RMA). The inter-rater reliability was evaluated by the Kappa test
where values ≤0 as indicating no agreement and 0.01–0.20 as
none to slight, 0.21–0.40 as fair, 0.41–0.60 as moderate, 0.61–0.80
as substantial, and 0.81–1.00 as almost perfect (24).

Data Collection Process
We used Review Manager (RevMan, version 5.4) for data
extraction. The data were extracted from text, tables, and
graphs. The main outcome is the influence of physical exercise
programs on seizure susceptibility. According to study design,
we created a form to extract data related to study design
(exercise vs. control, sham, or naive), number of experimental
groups, number of animals per group, comparison conditions,
duration, frequency, time points measured, outcome measures,
and primary and secondary outcomes. According to the animal
models, information about sample descriptions (animal, sex,
age, weight, etc), behavior (seizures susceptibility measures),
morphological, electrophysiological, and molecular analysis
induced by exercise before brain insult in rats and/or mice, both
male and female. For the intervention of interest, we extracted
studies that addressed the effects of physical exercise programs on
seizure susceptibility of rodents, with two or more experimental
groups, and that present comparison conditions (control and/or
sham). We extracted duration, frequency, time points measured
data, outcome measures, primary and secondary outcomes.
The primary outcome was the influence of exercise on seizure
susceptibility by dichotomous data. This variable was extracted
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by the following measures: behavioral manifestations of (a)
latency of the first motor signs (seconds), (b) latency for reaching
a seizure or status epilepticus (seconds), (c) number of animals
that developed seizures or status epilepticus, (d) intensity of
motor symptoms, (e) mortality and electrophysiological analysis
[spike frequency (spike/min) and amplitude (µV)] (median 25–
75% or mean ± SD). These continuous data were extracted
according to the information presented in selected studies.

Study Risk of Bias and Quality of the
Selected Studies Assessments
We used the SYRCLE risk of bias (RoB) tool and the
CAMARADES checklist for the quality of the studies (23).
Two reviewers (AAP and ALG) analyzed the risk of bias and
evaluated the quality of the studies, minimizing variance. The
discrepancies were resolved by consensus with the third reviewer
(RMA). Two reviewers (AAP and ALG) determined the quality
of evidence for each result and how it can be applied in specific
interventions and populations. The color “green” was used to
indicate that the criterion was declared, and implied a low risk
of bias, “yellow” was used to indicate that the criterion was not
declared and implied a high risk of bias, and “red” was used to
indicate an unclear statement and implied a high risk of bias.
For the purpose of this review, we considered studies of superior
quality if they reported a low risk of bias in at least half of the
classification criteria.

Meta-Analysis
Meta-analyses were performed for the different types of
exercise, considering four main features associated with seizure
susceptibility: latency to seizure onset, the intensity of motor
signals, spike rate, and spike amplitude.

As discussed in Tufanaru et al. (25), under the random-effects
model the combined estimation is not an estimate of one fixed
value, but rather the average of a distribution of values. It is
mainly adopted when it is not possible to assume there is only
one true effect size which is shared by all the included studies and,
hence, the true effect varies from study to study. In this work,
since it is of great interest to generalize the possible benefit of
exercises in mitigating the effects of epileptic seizures, but the
animal models in the studies selected are different (and thus it
cannot be assumed that they come from the same distribution),
a random-effects model is applied. Although the number of
studies selected is not high, the use of the random-effects model
distributes the weights of each study according to the between-
studies variance, preserving the statistical information from
studies with a low number of samples.

Essentially, if one seeks to assess the overall effect of n studies
using intervention (1) and control (2) groups, this corresponds
to calculating MDn mean differences and weighted standard
deviations sn to generate n confidence intervals, respectively,
given by Borenstein et al. (26):

MDn = xn,1 − xn,2 (1)

sn =

√

sn,1

Nn,1
+

sn,2

Nn,2
(2)

IC (α) = [MDn − zαsn,MDn + zαsn] (3)

where xn,1 and xn,2 are the individual sample means of
intervention and control groups for the study, respectively; Nn,1

and Nn,2 are their respective sample sizes, and zα is usually 1.96
for α = 0.05. At last, the result is summarized on a single sample,
which is pooled according to a pre-defined criterion. In this work,
such a criterion is the inverse variance (26):

wn =
1

s2n + T2
(4)

where wn is the weight associated with each study. In this way,
the studies are weighed according to the within-study variance
s2n and the estimate of the between-studies variance T2, which,
in turn, is calculated by the DerSimonian-Laird method (26).

Another important aspect to be considered is the type of
statistical test—left-oriented and right-oriented. If the hypothesis
tested implies that the intervention intends to decrease the
magnitude of the effect under analysis, MDn = xn,2 −

xn,1 can be adopted, whose expected results are negative, for
example. This issue is addressed and commented on in detail in
coming subsections.

We considered controlled experimental studies with different
treatment groups that investigated the influence of the exercise
program on susceptibility to seizures in animal models. These
studies observed behavior (measures of susceptibility to seizures)
and electrophysiological analysis before brain insult. The values
of the group were adjusted for the standard mean difference
according to the outcome quantifications presented in the
original articles. For all the results concerning the meta-analysis
presented herein, a computational package called PyMeta was
used (27), implemented in Python 3.7, on the Spyder platform,
which is free and open-source.

Subgroup Analysis and Investigation of Heterogeneity
We found an link between exercise and non-intervention seizure
susceptibility. We stratified and showed separate groups to show
effect size differences. The differences between the different types
of experiments in the results of the included studies were reduced
by the focus of the inclusion and exclusion criteria on the general
effect of exercise on seizure susceptibility and variation in the size
of the effect in the animal model. Heterogeneity was evaluated
by χ

2-statistics followed by I² and its confidence interval CI
(95%) described according to Borenstein et al. (26). The overall
effect was evaluated by the Z-value where significant effects were
considered when p < 0.05.

Sensitivity Analysis
A sensitivity analysis was performed to substitute alternative
decisions or ranges of values for arbitrary decisions or
unclear, as time-to-event data, continuous data, ordinal scales,
dichotomous, or continuous outcomes, as well as following the
random-effects method.

Synthesis Methods
We reported important findings concerning the influence of
physical exercise on seizure susceptibility. In this meta-analysis,
we included the primary outcome measure of interest for each
comparison, calculation of effect sizes and summary effect sizes,
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FIGURE 1 | Funnel plots related to each evaluated epileptogenic feature in animal models. The first plot shows the dispersion of the mean effects found in each study

related to the latency to seizure onset feature. It is observed that there is an asymmetry among the samples with a leftward trend and high dispersion of the values

relative to the limits of the funnel. However, all the effects are located at the top of the funnel showing a low standard error among studies. The second plot shows the

dispersion of the effects found in each study related to the intensity of motor signal features. In this plot, it is observed the high heterogeneity among studies and high

standard error. Furthermore, since there are only three studies, this plot shows the difficulty in quantitative analysis. The third plot shows the dispersion of the effects

found in each study regarding the spikes/min feature. In this plot, it is possible to observe a considerable dispersion among the samples, mainly due to one study

showing a high standard error. Although there is a significant overall effect favorable to physical exercise, corroborated by the asymmetry in the funnel plot, this

dispersion pattern also demands an increase in the number of studies to improve the stability of the meta-analysis inference. The fourth figure shows the dispersion of

the effects found in each study regarding the amplitude of spikes feature. It is possible to observe an effect of dispersion symmetry with a good homogeneity in the

standard error among most studies. There is only one sample with a high standard error, but the lateralization of the overall effect in favor of exercise in the mitigation

of epileptogenic effects corroborates the meta-analysis.

potential sources of heterogeneity, and internal validity. We
detected the size of the effect of the selected studies, and whether
or not between two effects exercise reduces seizure susceptibility
in the animal model, giving a specific factor: latency to seizure
onset, the intensity of motor signals, spikes/min, and spike
amplitude. The mean difference was used to summarize the
same result on the difference in the means of the selected

studies. According to the result, the random-effects model was
determined as the best average classification effect. Correlated
error estimates and/or multiple comparisons may have occurred
due to the heterogeneity of the studies. We included funnel plot
analysis to display the effects of studies that may be due to reasons
other than publication bias, such as poor methodological quality,
inadequate analysis, heterogeneity, artifacts (Figure 1).
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RESULTS

Study Selection
The flow of studies is shown in Figure 2. A total of 412 reports
were identified in the database search. After screening the titles
and abstracts, 25 studies were assessed for eligibility, and 10
were excluded because they did not meet our eligibility criteria,
resulting in 15 full-text articles in this systematic review. The
inter-rater reliability was evaluated by the Kappa test (0.98 in the
first stage and 0.88 in the second stage), indicating agreement
between reviewers.

Included Studies
The 15 studies that met the eligibility criteria included 543
animals, weighing 34–350 g, age 35–150 days, and 13 of them
used male animals (see Table 1). Wistar rats were the most
common species used in the studies (355), followed by Sprague-
Dawley rats (150), ICR mice (40), and Mongolian gerbils (14).
Only studies that used exercise intervention before SE induction
were included. Six studies used a treadmill (28–33), five studies
used swimming (34–38), two studies used a running wheel
(39, 40), and two studies used combined exercise: one applied
treadmill and swimming (41), and the other used running wheel
and treadmill (42). The total duration of exercise ranged between
21 and 90 days. Session duration ranged from 15 to 60min.
The frequency ranged from five to seven times a week, and two
studies did not report session frequency and duration (39, 40).
Among the chemoconvulsants used in the selected studies, two
used pentylenetetrazol (34, 35), five used penicillin (30–33, 36),
four used kainic acid (37–40), three pilocarpine (28, 41, 42), and
one homocysteine (29). See details in Table 1.

Excluded Studies
After reading in full, a total of 10 studies were excluded for
the following reasons: (1) exercise program after brain insults
or the animals had already had seizures before the physical
exercise program (43–46); (2) ascorbic acid in addition to exercise
(47); (3) did not evaluate behavioral or electrophysiological
manifestations (48); (4) the therapeutic efficacy of regular
physical exercise in an animal model with epilepsy and
hypertension, since the objective of our to analysis was not
to study the exercise in the presence of other comorbidities
(49); (5) a book chapter was excluded because it did not report
a study model or how it was developed; it described several
studies corroborating the exercise benefit (50); (6) no data with
specific information were available (51) and (7) acute exercise
protocol (52).

Methodological Quality Assessment
We assessed the quality of each individual study using the 10-
item checklist of CAMARADES (Collaborative Approach to
Meta-Analysis and Review of Animal Data in Experimental
Stroke) (53, 54). The criteria comprise (1) publication in a peer-
reviewed journal, (2) statement of control of temperature, (3)
randomization to treatment or control, (4) blinded induction
of SE (i.e., concealment of treatment group allocation at the
time of induction of SE), (5) blinded assessment of outcome,
(6) a measure of trainability and inclusion of scale 3 or above

animals, (7) adaptation/familiarization to exercise apparatus,
(8) sample size calculation, (9) statement of compliance with
regulatory requirements, and (10) statement regarding possible
conflicts of interest. The median range quality score for the 15
included studies was 5.4 ± 1.14 (range 4–9). All articles were
published in peer-reviewed journals. Control of temperature
during surgery was documented in 11 of the 15 studies (73.3%),
and random allocation to groups was described in 12 of the 15
studies (80%). Allocation concealment was reported in 1 of 15
studies (6.6%), whereas blinded assessment was documented in
4 of 15 studies (26.6%). A measure of trainability and inclusion
of scale 3 or above animals was reported in 3 of 15 studies
(20%), whereas the use of adaptation and familiarization to
exercise apparatus was described in 13 of 15 studies (86.6%).
Performing a sample size calculation was not documented in
all included studies, a statement of compliance with regulatory
requirements was reported in all included studies, and a
statement of conflicts of interest was reported in 7 of 15 studies
(46.6%) (Table 2).

Risk of Bias in Included Studies
The assessment of the risks of bias for all included studies
can be seen in Figure 3. All studies had a low risk of selection
bias considering baseline characteristics and selective outcome
reporting. However, regarding selection and performance bias,
studies presented a high and unclear risk of bias to sequence
generation, allocation concealment, blinding performance,
random housing, and blinding. Blinding detection and allocation
concealment bias were the criteria of highest declared risk in
the studies (100%), followed by the random outcome assessment
(93.34%). The data from incomplete results regarding the
trend of random attrition, the reports of selective results, the
concealment of selection, or any other prejudice presented a
high risk of bias in most studies. Selection bias was determined
by evaluating how the groups were selected for the study. For
this reason, we analyzed if their baseline characteristics were
specified and uniform across all subjects, if their selection
was determined at random, and if their housing conditions
were different. The study by Setkowicz et al. (41) presented
a high risk of bias and the other studies were unclear. We
determined blinding bias by evaluating if the studies reported
randomness in their selection and assessment process, as well
as an unbiased appraisal of the results. To be considered to
have a low risk of bias, the study must give information as to
whether those processes were randomized. We determined the
attrition bias by evaluating if the studies reported causes of
exclusions when comparing their initial and final n. If there are
exclusions, the study must report the causes of exclusion to be
considered low risk of bias. We evaluated selective reporting
by verifying if the studies fully disclosed their pertinent results,
both as graphics and in the text. For a study to be considered
of low risk of bias, it must inform their precise data in all
forms. Other possible bias sources, such as contamination,
design-specific risks, and analysis errors, were evaluated in this
category. The lack of them characterizes a low bias risk study
(Figure 3).
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FIGURE 2 | A flow diagram of the systematic review literature search.
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TABLE 1 | Summary of included study design, procedures and outcomes.

Summary of study design, procedures and outcomes

1st Author

(year)

Country Animal Exercise

regime

Total

duration

Frequency-

day/week

Duration/

session (min)

Drug

administration

Assessment Outcomes

N total N by group Model Gender Age/weight

Setkowicz (41) Poland 33 Exp=15 / Ct=18 Winstar rats both-preference

for males

35 days old/not

informed

treadmill

and

swimming

45 days 2 out of 3 days 20min pilocarpine Convulsive

behavior

and EEG

Exercise reduced

seizures

susceptibility

Rambo (34) Brazil 48 Be: Exp=8 / Ct=8

EEG: Exp=8 / Ct=8

BA: Exp=8 / Ct=8

Winstar rats male Adult/250-300g swimming 5 weeks 5 days/week 60min pentilenetetrazol Convulsive

behavior, EEG,

and BA

Exercise

attenuated

seizures

susceptibility and

oxidative damage

Reiss (39) USA 122 Be: Exp=61 /

Ct=61 several

doses BA: Exp=61

/ Ct=61 several

doses

Sprague-

Dawley

rats

male Adult/150-200g voluntary

wheel

running

3 weeks 7days/week kainic acid Convulsive

behavior and BA

Exercise reduced

seizure

susceptibility

Souza (35) Brazil 48 Be: Exp=8 / Ct=8

EEG: Exp=8 / Ct=8

BA: Exp=8 / Ct=8

Winstar rats male 90 days

old/250-300g

swimming 6 weeks 5 days/week 60min pentilenetetrazol Convulsive

behavior, EEG,

and BA

Exercise reduced

seizure

susceptibility and

EEG spike

amplitude

Tutkun (36) Turkey 14 Exp=7 / Ct=7 Winstar rats male Adult/180-200g swimming 90 days 7 days/week 15-30-60min penicillin EEG Short-duration

exercise

decreased the

mean frequency

and amplitude of

epileptiform

activity

Gomes da

Silva (28)

Brazil 28 Exp=14 / Ct=14 Winstar rats male 21 days old/

45-50g

treadmill 39 days 7 days/week 60min pilocarpine Convulsive

behavior

Early life exercise

may result in the

development of

more complex

neural circuitry

capable of

tolerating greater

brain damage in

later life

Kim (37) Korea 22 Exp=11 / Ct=11 ICR mice male Adult/35g swimming 6 weeks 5 days/week 60min kainic acid Convulsive

behavior and BA

Exercise

decreased seizure

activity and

mortality

(Continued)
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TABLE 1 | Continued

Summary of study design, procedures and outcomes

1st Author

(year)

Country Animal Exercise

regime

Total

duration

Frequency-

day/week

Duration/

session (min)

Drug

administration

Assessment Outcomes

N total N by group Model Gender Age/weight

Kim (38) Korea 18 Exp=9 / Ct=9 ICR mice male Adult/35g swimming 7 weeks 3 days/week 60min kainic acid Convulsive

behavior and BA

Exercise

decreased seizure

activity and

mortality

Hrnčić (52) Serbia 54 Be: Exp=8/ Ct=8

EEG: Exp=8/ Ct=8

BA: Exp=6/ Ct=6

Winstar rats male Adult/180-220g treadmill 30 days 7 days/week 30min homocysteine

thiolactone

Convulsive

behavior, EEG

and BA

Exercise

decreased HCT-

induced seizure

susceptibility

Holmes (40) USA 36 Be: Exp=11

/ Ct=11 EEG:

Exp=7 / Ct=7

Sprague-

Dawley

rats

male Adult/150-200g voluntary

wheel

running

3 weeks 7 days/week kainic acid Convulsive

behavior and EEG

Exercise reduced

seizure severity

and hippocampal

glutamate release

Kayacan (30) Turkey 32 Exp=16 / Ct=16 Winstar rats male 20-24 weeks

old/280-350g

treadmill 13 weeks 5 days/week 15-30-60min penicillin EEG Exercise

decreased the

frequency of

induced

epileptiform

activity

Kayacan (31) Turkey 14 Exp=7 / Ct=7 Mongolian

gerbils

male 10 weeks

old/34-48g

treadmill 8 weeks 7 days/week 30min penicillin EEG Exercise

decreased the

spike/wave

frequency

Vannucci

Campos (42)

Brazil 44 Exp=28 / Ct=16 Winstar rats female Adult/220-250 treadmill

and

voluntary

wheel

running

6 weeks 5 days/week 30min

(treadmill)

pilocarpine Convulsive

behavior

Voluntary exercise

reduced seizure

susceptibility

Kayacan (32) Turkey 16 Exp=8 / Ct=8 Winstar rats male 20-24 weeks

old/280-350g

treadmill 10 weeks 5 days/week 30min penicillin EEG Exercise

decreased spike

frequency

Kayacan (32) Turkey 14 Exp=7 / Ct=7 Winstar rats male 19-23 weeks

old/275-340g

treadmill 10 weeks 5 days/week 30min penicillin EEG Exercise did not

reduce the spike

frequency and

amplitude

Ct, control; Exp, experimental; Be, behavior analysis; BA, biochemical analysis; EEG, electrophysiological analysis.

F
ro
n
tie
rs

in
N
e
u
ro
lo
g
y
|
w
w
w
.fro

n
tie
rsin

.o
rg

D
e
c
e
m
b
e
r
2
0
2
1
|
V
o
lu
m
e
1
2
|A

rtic
le
7
7
1
1
2
3

96

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Arida et al. Previous Exercise and Seizure Susceptibility

TABLE 2 | The quality of included studies based on the CAMARADES checklist.

Author Year 1 2 3 4 5 6 7 8 9 10 Quality score

Setkowicz 2006 Y Y N N Y Y N N Y N 5

Rambo 2009 Y Y Y N N N Y N Y Y 6

Reiss 2009 Y Y Y N Y N Y N Y N 6

Souza 2009 Y Y Y N N N Y N Y Y 6

Tutkun 2010 Y Y N N N N Y N Y N 4

Gomes da Silva 2011 Y Y N N N Y Y N Y N 5

Hrnčić 2014 Y Y Y N N N Y N Y N 5

Kim 2013 Y Y Y N N N Y N Y N 5

Kim 2014 Y Y Y N N N Y N Y N 5

Holmes 2015 Y Y Y N Y N N N Y Y 6

Kayacan(a) 2016 Y N Y N N N Y N Y Y 5

Kayacan(b) 2016 Y N Y N N N Y N Y Y 5

Vannucci Campos 2016 Y Y Y Y Y Y Y N Y Y 9

Kayacan 2019 Y N Y N N N Y N Y N 4

Kayacan 2020 Y N Y N N N Y N Y Y 5

Effects of Interventions
From 15 included studies, 13 demonstrated that physical
exercise reduced seizure susceptibility induced by different
chemoconvulsants such as homocysteine thiolactone (HCT),
pentylenetetrazole (PTZ), penicillin, kainite, or pilocarpine (28–
32, 34–41) and two studies revealed no significant difference in
seizure susceptibility between the exercise and control groups
(33, 42), which suggests a potential protective effect of exercise
against seizure susceptibility.

Behavioral Analysis
Behavioral analysis from the above studies included the
latency for the first motor signs, the intensity of motor
signs, seizure incidence, latency for reaching SE, number of
animals that developed SE, and mortality induced by different
chemoconvulsants. Of the studies, 10 (337 animals) analyzed the
behavior manifestation following chemoconvulsants.

Of 7 studies reporting latency for the first motors signs or first
seizure, four studies showed increased latency (28, 29, 35, 41) and
three studies did not find significant alterations following exercise
(34, 40, 42).

In relation to the intensity of motor signs, six of ten
investigations reported lower intensity following physical
exercise (28, 37–41), one registered higher intensity in voluntary
but not in forced exercise (42), one reported no significant
difference (29), and two did not analyze this parameter (34, 35).

Concerning the number of seizures occurring from
chemoconvulsants, one study showed a reduction (29) and
eight studies did not analyze the incidence of seizure following
exercise (28, 34, 35, 37–39, 41, 42).

Pertaining to SE, the latency for reaching SE was increased in
two studies following exercise (41, 42), no significant alterations
were observed in one study (28), and in six investigations this
parameter was not analyzed (29, 34, 35, 37–39).

In addition, the number of animals that developed SE was
analyzed. Six studies showed a reduction of SE development

FIGURE 3 | Risk of bias assessment of selected studies.

following exercise. Two studies did not find a significant
difference between control and exercise groups (28, 42); however,
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the number of animals that reached SE was not reported in
the other studies (29, 37, 38, 41). In four of these studies,
SE was described as the severity of seizures, i.e., “5 rating
scale for continuous generalized seizures and death within 2
h” (37, 38), rating scale “4 for prolonged severe tonic-clonic
convulsions lasting over 20 s—SE frequent repeated episodes of
clonic convulsions for an extended period of time—over 5 min”
(29) or rating scale 3 for loss of postural tone with general body
rigidity (41). Gomes da silva et al. (28) and Vannuci Campos
et al. (42) clearly describe “animals that developed SE.” The other
three studies that verified the behavior manifestations following
chemoconvulsants did not analyze the SE (34, 35, 39).

The mortality rate was investigated in two of the ten
studies that explored behavior manifestations following
chemoconvulsants (37, 38). In both studies, low mortality was
observed following regular physical exercise.

Electrophysiological Analysis
Nine studies investigated electrophysiological analysis following
chemoconvulsants. A reduction of electrographic seizure activity
in exercised animals was found in eight studies (29–32,
34–36, 40) and one did not find significant alterations
following exercise (33). Specifically, physical exercise reduced the
spike/wave frequency in five studies (29–32, 36) and did not
induce a significant alteration spike/wave frequency in another
investigation (33). Concerning the spike/wave amplitude, four
investigations reported a reduction (31, 34, 35, 40), and six did
not find significant alterations (32–36, 40) following exercise.

Biochemical Analysis
From the selected studies in this review, 7 evaluated biochemical
changes induced by chemoconvulsants following physical
exercise (29, 34, 35, 37–40). Among the biochemical variables
assessed, five mentioned that exercise prevented oxidative stress
(29, 34, 35, 37, 38). One study (39) showed decreased c-
fos mRNA autoradiographic density in the hippocampus and
increased galanin mRNA optical density in this region and
another reported that increased hippocampal glutamate induced
by chemoconvulsant was attenuated in exercised rats.

Meta-Analysis
This section comprises a brief explanation about the meta-
analysis carried out in this work and how it was applied to
the available dataset, including the criteria used to consider
or not a sample (which, in this case, is a specific study from
the literature) and appropriate types of statistical tests. For the
present work, the hypothesis of physical exercise (intervention)
being able to reduce or mitigate factors related to the occurrence
of epileptic seizures was tested. In total, such factors are four
behavioral/electrophysiological variables measured from both
experimental (1) and control (2) groups: latency to seizure
onset (seconds), the severity of motor signals (measured on a
scale from 0 to 5), number of spikes/minute, and amplitude
of electrophysiological recordings (µV). Three to six studies
were associated with each of these variables, depending on the
availability of data and type of experiment conducted. The results

were calculated and organized as shown in Figure 4. A more
comprehensive discussion about its findings is presented below.

Latency to Seizure Onset
For this variable, six studies were included (28, 29, 32, 35, 41, 42).
A left-oriented test was adopted but inverting the order of the
meansMDn = xn,2 − xn,1. As discussed in Borenstein et al. (26),
the direction of the effect is arbitrary but can be conveniently
defined according to its application. Since a longer latency, in
terms of epileptiform activity is desired in clinical trials, this
notation was adapted to visually match the other ones, which
point to the negative direction for a successful intervention. In
this case, a global favorable effect linked to the experimental
group was statistically significant with z = 3.54, p < 0.001, where
despite the extreme heterogeneity observed between the studies
T2 = 5371.15 [3490.32, 8228.95], the global effect was evidenced
by the chi-squared test χ2 = 210.67, p< 0.0001, and I2 = 97.63%
[96.39, 98.44]%. Considering this extreme heterogeneity between
the studies, it indicates the need for further investigation into
this variable so that higher stability in the meta-analysis can be
attained, and better conclusions can be made.

Intensity of Motor Signals
For this variable, three studies were considered. A left-oriented
test was adopted, which implies thatMDn = xn,1 − xn,2 since the
expected outcome is negative, that is, lower intensity represents
a successful intervention. The main limitation imposed by
this variable is due to the lack of a consensual metric scale.
Consequently, for comparative analysis to be performed on the
same scale, we chose to include only three studies. Besides,
all of them contain data represented in terms of median
and interquartile ranges. To address this issue, the following
approximations were used to convert medians into means and
interquartile ranges into standard deviations (55, 56):

xn,i ≈
qn,i,1 +mn,i + qn,i,3

3
(5)

sn,j ≈
qn,j,3 − qn,j,1

1.35
(6)

where q1 and q3 are the first and third quartiles, respectively, is
the median value, and, for the intervention and control groups of
the study, respectively.

Although the heterogeneity between the studies is not
substantial,T2 = 0.27 [−0.08, 1.48], and I2 = 54,42% [0, 86.97]%,
the global effect was not favorable, with z = 0.98, p = 0.329.
Additionally, all confidence intervals cross the decision threshold
on the Forest plot, implying that none of them presented a
favorable result toward exercise. The one with the highest weight
presented a mean effect located exactly on the threshold (29).
This is a situation of difficult quantitative evaluation since the
large heterogeneity among studies can hardly be explained due
to the low number of studies analyzed. Therefore, we can only
evaluate the results descriptively. Therefore, due to a global
unfavorable result, and the lack of samples, further investigation
into this variable is necessary so that a higher stability in the
meta-analysis can be attained, and better conclusions can be
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FIGURE 4 | Summary of the meta-analysis on the effect of exercise on seizure susceptibility in animal models. The first column shows the studies included in this

analysis, while the subsequent columns display the statistical features, mean and standard deviation (STD), related to experimental and control groups, respectively.

The seventh column shows the weights associated with each study, calculated from the variance and number of animals. The eighth column shows the mean effect

differences and their respective confidence intervals (CI 95%), assuming a random-effects approach, with between- and within-study heterogeneity given by T2 and I2.

The last column displays the Forest plots associated with each analysis of each epileptogenic characteristic. We evaluated four features associated with the

epileptogenic condition; two behavioral features: latency to seizure onset (6 studies) and intensity of motor signals (3 studies); and two electrophysiological features:

spike/min (4 studies) and amplitude of spikes (6 studies). Of the behavioral characteristics, only latency to seizure onset showed an overall significant effect (z = 3.54,

p < 0.001) while the two electrophysiological characteristics showed overall statistical significance in favor of exercise to mitigate seizure susceptibility, (spike/min: z =

4.19, p < 0.001, and amplitude of spikes: z = 3.01, p = 0.003).

made concerning the intensity of motor signals in animal models
of epilepsy.

Number of Spikes/Minute
We included four studies for this variable, all of which were
based on aerobic exercise and convulsant action of penicillin.
A left-oriented test was adopted, which implies that MDn =

xn,1 − xn,2 since the expected outcome is negative (that is, fewer
spikes represent a successful intervention). Note that a global
significant effect favors the experimental group (animals that
were submitted to the exercise program), with z= 4.19, p< 0.001,
and evidenced by the chi-squared test χ

2 = 10.24, p = 0.017.
Although one study (33) presented an unfavorable standard
deviation in relation to the decision threshold on the Forest plot,
there is a predominant tendency in favor of the experimental
group (exercise) in all works. However, since the heterogeneity
obtained was considerable high between studies, T2 = 105.31
[8.43, 382.43] and I2 = 70.71% [16.19, 89.76]%, it becomes hard
to infer a final conclusion on this effect.

Most of this high heterogeneity occurs because of the sampling
made in the study by Kayacan et al. (33). The high confidence
interval presented inthis study (33) is likely due to a lack of

significant difference between groups. The weight of the Tutkun
et al. study (36) is comparatively higher since the estimations of
its mean and confidence intervals are more stable.

Therefore, although this result indicates that exercise
programs can significantly decrease the number of spikes/min in
animal models of epilepsy, due to the high heterogeneity further
investigations are still necessary.

Amplitude (µV)
For this variable, we included six studies, three of which
presented a significant effect in favor of the experimental group
(exercise). A left-oriented test was adopted, which implies that
MDn = xn,1 − xn,2 since the expected outcome is negative,
that is, lower amplitudes represent a successful intervention.
However, from the remaining three studies whose confidence
interval crossed the decision threshold, two had a favorable
mean toward the experimental group. This effect, associated with
the work of Souza et al. (35)—which presents good stability
in terms of the estimations of mean, confidence intervals,
besides a higher sampling –, leads to greater reliability in the
analysis, thus assuring a global favorable result toward the
experimental group.
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Although we observed considerable heterogeneity for this
feature between-studies, T2 = 33856.59 [12297.41, 79380.33] and
I2 = 82.67% [63.40, 91.79] %, the global effect was favorable to
the experimental group, with z = 3.01, p < 0.001, and from the
chi-squared test χ

2 = 28.85, p < 0.001. The high heterogeneity
might be associated with the high variance of the three studies
that did not present a significant effect in relation to the decision
threshold on the Forest plot, mainly. And the higher deviation
effect found in the Kayacan et al. study (33) is likely due to the
lack of statistically significant difference between its groups.

Nevertheless, in summary, this result suggests that exercise
can decrease the amplitude of the epileptiform spikes measured
from the electrophysiological recordings in animal models
of epilepsy.

DISCUSSION

Summary of Main Results
The present systematic review and meta-analysis of 15 studies
assessed existing evidence of the effects of regular exercise before
a precipitating brain insult induced by different animal models of
seizures and epilepsy. The included studies indicate that previous
exercise training can reduce seizure susceptibility and can
protect against the development of epilepsy in animal models,
specifically positive changes in behavioral, electrophysiological,
and/or biochemical aspects.

Effect of Physical Exercise on Behavioral

Manifestations of Seizures
Of the 10 studies that evaluated the behavior manifestation,
all demonstrated a beneficial effect of exercise in one or
more behavioral variables analyzed. Four from eight studies
demonstrated that physical exercise delayed the onset of the first
seizure induced by chemoconvulsants (28, 29, 35, 41). These
findings are in accordance with the first animal study in the
literature that evaluated brain susceptibility to seizures using
the kindling model of epilepsy (57). In Arida and collaborators’
study (57), both acute and chronic exercise retarded the amygdala
kindling development. It is important to mention that in general,
the rate of kindling has been related to the length of the initial
after-discharge, that is, the longer the initial after-discharge, the
more rapidly animals develop to stage five of the Racine scale—
generalized convulsive seizures (58, 59). Interestingly, the time
spent in stage 1 was longer and the after-discharge duration
during this stage was shorter in exercise groups compared to the
control group. Similar results are observed in other models of
seizures or epilepsy. In the pilocarpine (28, 41) or homocysteine
model (29), the latency of convulsant-induced symptoms was
much longer in trained animals. Of note, although this evidence
has not been demonstrated in all studies, most have reported
lower intensity of motor signs (28, 37–41). However, our meta-
analysis showed an inaccurate effect.

Other important behavioral findings that suggest the
beneficial effect of exercise to prevent epilepsy are the latency
and the number of animals that developed SE. All studies that
analyzed the development of SE (n = 105 animals), reported
a reduction of SE following exercise. From three studies

that analyzed the latency to reach SE, two presented positive
outcomes, i.e., the time to SE development was increased in
exercised animals (41, 42). This is an important finding because
SE has been associated with high mortality and/or brain damage.
In addition, high mortality in animal models of epilepsy seems
to be in part related to the duration of SE (60). In two selected
studies in this review that verified the mortality rate following
chemoconvulsants, low mortality was observed following regular
physical exercise (37, 38). SE-induced epileptogenesis has been
clearly observed in adult animals, and there is substantial
experimental evidence for its occurrence in the immature brain
(61, 62). In this respect, Novaes Gomes et al. (63) demonstrated
that animals subjected to pilocarpine-induced SE in the postnatal
period (at P28) and then submitted to a physical exercise
program during their adolescent period (between P31 and P90)
presented a reduced seizure frequency and beneficial effects
on hippocampal plasticity in later stages of life. In line with
Gomes da Silva et al. study (28), four weeks of aerobic exercise in
hypertensive rats attenuated the development of KA-induced-SE
(49). As highlighted by Arida and collaborators (64), suggesting
the contribution of physical activity as a potential candidate
for stress reduction in epilepsy, one possible mechanism for
this effect is that physical stress generated before brain insult
induced by SE “can prepare the stress system for new challenges.”
However, our meta-analysis showed an inaccurate effect.

Effect of Physical Exercise on Electrophysiological

Manifestations of Seizures
Several human and animal studies have demonstrated reduced
epileptiform discharges on electroencephalography (EEG)
induced by exercise. A classic study by Gotze and collaborators
in the 1960s reported a reduction in the epileptiform discharge
of 30 people with epilepsy submitted to physical effort and
hyperventilation (65). Similar findings were observed in
subsequent clinical investigations (66–68).

The results of our review are in agreement with the
above-mentioned human studies. Eight of nine studies that
analyzed electrophysiological parameters showed a reduction
of electrographic seizure activity in exercised animals (29–32,
34, 35, 40). From the positive findings, reduced spike/wave
frequency and spike/wave amplitude were demonstrated after
exercise intervention. Of note, a study reported a reduction
of spike/wave frequency in different exercise durations (short,
moderate, and long duration) after penicillin injection (30).
Positive outcomes were observed in subsequent studies from
the same group (31, 32). To reinforce the findings on
electrophysiological changes of seizures from this review,
an in vitro hippocampal electrophysiological investigation
demonstrated that trained animals with epilepsy reduced the
number of population spikes to potassium and bicuculline
extracellular concentrations and partially restored LTP (long
term potentiation) impairment observed in animals with epilepsy
(69). As mentioned above, these beneficial effects of exercise on
electrophysiological manifestation can be particularly prominent
for children and adults with epilepsy. Nakken et al. (68)
showed that 10min of exercise until exhaustion diminished
the occurrence of EEG alterations in children with epilepsy.
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Indeed, protocols of intensive exercise until exhaustion have
demonstrated benefits in reducing the number of epileptiform
discharges on EEG in subjects with temporal lobe epilepsy
(12) and juvenile myoclonic epilepsy (13), suggesting that the
exhaustive exercise may not be a seizure-inducing factor. The
meta-analysis for electrophysiological manifestations showed
that previous exercise intervention reduced spike/wave frequency
and amplitude, providing a favorable effect of exercise to reduce
seizure susceptibility.

Effect of Physical Exercise on Biochemical Variables
Seven studies in our review tested the effect of exercise
interventions on biochemical changes induced by
chemoconvulsant (29, 34, 35, 37–40). Seizures induced by
different experimental seizures or epilepsy models increase
extracellular glutamate, which consequently contributes to
excitotoxic damage. The combination of many changes, such as
excitotoxicity induced by glutamate, neuroinflammation, and
oxidative stress are neurobiological characteristics of different
brain disorders, such as epilepsy (70). To explore underlying
mechanisms induced by exercise, the selected studies on this
issue revealed some potential pathways of regulation of neural
excitability that exercise provides against seizure manifestations.
The beneficial effect of exercise to prevent oxidative stress was
reported in five of seven studies (29, 34, 35, 37, 38). Oxidative
stress plays a critical role in cellular damage and death induced
by seizures and the free radicals produced during oxidative stress
have been partly recognized to contribute to excitotoxicity (71).
Studies in this review clearly demonstrated that physical exercise
beneficially altered the anti-oxidative markers after different
chemoconvulsants administration such as pentylenetetrazol,
kainic acid, and homocysteine.

The role of glutamate to increase seizure excitability has
been clearly established (70). One of our selected studies, which
measured hippocampal glutamate in real-time using a telemetric,
reported that its elevation induced by kainic acid was diminished
in exercised animals, indicating a potential protective mechanism
that implies a decrease of glutamate release in the hippocampal
formation (40). In a posterior study from the same group, Reiss
and collaborators (39), tested the role of galanin in regulating
neuronal excitability following exercise. Galanin is primarily an
inhibitory neurotransmitter, which coexists with norepinephrine
in the locus coeruleus neurons, and exercise increases galanin
gene expression in this region. In their investigation, a previous
exercise program decreased seizure-induced c-fos expression in
the hippocampus and increased galanin mRNA in locus coerulrus
(39), suggesting that its protective effect against seizure may
be mediated by galanin. Although the selected studies revealed
positive effects of exercise interventions on biochemical changes,
the present meta-analysis failed to provide any conclusive
recommendation considering the limited number of studies on
this outcome.

Impact of Different Types of Exercise Intervention

Before SE Induction
Another important issue to be addressed is which exercise
is more adequate to reduce seizure susceptibility induced

by chemoconvulsants. Several protocols of physical exercise
have been employed to investigate their effects on brain
function. The three types of exercise utilized in selected
studies, such as voluntary (wheel running), forced (treadmill
running), and swimming provided positive results on behavior,
electrophysiologic, and biochemical variables. Although in
Vannucci Campos and collaborators study (42), no significant
behavior alteration from treadmill running was observed, time to
SE development was increased in animals submitted to voluntary
wheel running. This is the only study that used female animals
for this purpose. More exercise investigations in different levels of
intensity and duration should be performed to better understand
how exercise can impact sex-specific differences in this condition,
as clinical studies have already been conducted which show
benefits to women with epilepsy (8).

Stress is among the most frequent precipitants of seizures in
people with epilepsy, especially emotional stress (72). Exercise
can be characterized as physical stress and the scientific literature
has reported that physical stress, that is, physical exercise, can
induce beneficial effects in both animal models of chronic
epilepsy and people with epilepsy (4, 73)We have to bear in mind
that activation of this positive stress response may not occur as a
consequence of the type of exercise protocol used but also depend
on exercise intensities, time of training, rat strains, and sex (74).
All exercise interventions analyzed in the selected studies applied
exercise of moderate intensity, although duration and session
duration varied among studies.

In sum, the efficacy of physical exercise programs for reducing
seizure susceptibility in this review was demonstrated in the
three exercise models. Of note, there are no animal data in the
literature showing the influence of strength-based exercise in this
condition. To our knowledge, only two studies using a strength-
based exercise program have analyzed its impact on chronic
epilepsy induced by pilocarpine. Positively, the strength-based
exercise protocol resulted in reducing the seizure frequency in
animals with epilepsy (75, 76).

Study Limitations
The results of the present systematic review and meta-analysis
of data from animal studies should be considered within
the context of its limitations. As already mentioned, sex-
specific differences cannot be entirely ruled out; almost all
of the included works have used adult male rats, whereas
just one study used females. Although positive findings were
observed in studies using exercise interventions before seizure
induction on some biochemical profiles, more studies are
required to explore the influence of exercise on the brain
morphological and neuroinflammatory changes. Although the
selected studies have demonstrated the positive impact of exercise
on seizure susceptibility in five models of chemoconvulsant
rodent models (pilocarpine, kainic acid, pentylenetetrazol,
penicillin, and homocysteine), other animal models such as
absence seizure models and electroshock-induced seizures might
also be investigated for more effective conclusions. As no single
model has been validated to study drug-resistant seizures, but
rather a number of such models, the same should be employed
for analyzing the exercise influence in seizure susceptibility.
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Thus, from all variables studied, we included only four
behavioral/electrophysiological variables in our meta-analysis
and three to six studies selected for this purpose. It is important to
point out that most of the included studies presented a high risk
of bias and poor methodological quality (see Table 2, Figure 3).
The high heterogeneity in our meta-analysis is attributable to
some factors, including the number of animals considered in each
study, different animal models of seizure or epilepsy, different
doses of convulsants, and the limited number of studies. The high
heterogeneity found in some of our analyses, mainly related to
latency to seizure onset and spike/min features, prevented a robust
quantitative evaluation and precise interpretations. We decided
to maintain the quantifications, but we stress the importance of
further analyses with more similar studies (77).

CONCLUSION AND FUTURE DIRECTIONS

It is worth mentioning that, although investigations in humans
have been performed to assess the positive effect of exercise on
epilepsy, much of the understanding of how previous physical
exercise can reduce seizure susceptibility or prevent epilepsy,
derives from animal studies. It should keep in mind whether
these findings in animal models can be translated to the clinical
condition. Indeed, the possible preventive influence of regular
exercise to reduce epilepsy incidence in humans is still unclear.
To our knowledge, only two studies have investigated this issue.
In the first study, a large and population-based cohort, consisting
of about 1.2millionmen, over a long observation period (up to 40
years) by a Swedish group demonstrated that low cardiovascular
fitness assessed at age 18 was associated with an increased risk
of presenting epilepsy in later life (14). More recently, another
Swedish research group (15) observed that the incidence of
epilepsy over 20 years in 197.685 participants of a long-distance
Swedish cross-country ski race was up to 40–50% lower before
retirement than their match controls. Also, strength or resistance
exercise programs have not been explored to identify their
impact on seizure susceptibility. It is worth mentioning that
people usually include both aerobic and strength training in their
physical training routine. In the epileptic condition, the side-
effects of some antiseizure medicines can reduce bone density
(78), and regular strength-training exercise can revert or reduce
these harmful effects. Of note, a recent study with people with

epilepsy has demonstrated that a combined aerobic and strength
exercise program promoted beneficial effects on cognition (7).
Although information concerning these beneficial effects has
been observed after epilepsy has been established and considering
the positive neuroplastic changes of exercise in animal (63, 79)
and human studies (80, 81), previous strength exercise might also
exert positive effects before brain insult.

In conclusion, studies selected in this systematic review and
meta-analysis indicate that previous physical exercise program
reduces seizure susceptibility induced by the administration of
different chemoconvulsants. These experimental data suggest an
association between previous regular exercise and resilience to
developing epilepsy.
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Background: Less than one-third of people with epilepsy will develop drug-resistant

epilepsy (DRE). Establishing the prognosis of each unique epilepsy case is an important

part of evaluation and treatment.Most studies on DRE prognosis have been based

on a pooled, heterogeneous group, including children, adults, and older adults, in the

absence of clear recognition and control of important confounders, such as age group.

Furthermore, previous studies were done before the 2010 definition of DRE by the

International League Against Epilepsy (ILAE), so data based on the current definitions

have not been entirely elucidated. This study aimed to explore the difference between 3

definitions of DRE and clinical predictors of DRE in adults and older adults.

Methods: Patients with a new diagnosis of epilepsy ascertained at a Single Seizure Clinic

(SSC) in Saskatchewan, Canadawere included if they had at least 1 year of follow-up. The

first study outcome was the diagnosis of DRE epilepsy at follow-up using the 2010 ILAE

definition. This was compared with 2 alternative definitions of DRE by Kwan and Brodie

and Camfield and Camfield. Finally, risk factors were analyzed using the ILAE definition.

Results: In total, 95 patients with a new diagnosis of epilepsy and a median follow-up

of 24 months were included. The median age of patients at the diagnosis of epilepsy was

33 years, and 51% were men. In the cohort, 32% of patients were diagnosed with DRE

by the Kwan and Brodie definition, 10% by Camfield and Camfield definition, and 15% by

the ILAE definition by the end of follow-up. The only statistically significant risk factor for

DRE development was the failure to respond to the first anti-seizure medication (ASM).

Conclusion: There were important differences in the percentage of patients diagnosed

with DRE when using 3 concurrent definitions. However, the use of the ILAE definition

appeared to be the most consistent through an extended follow-up. Finally, failure to

respond to the first ASM was the sole significant risk factor for DRE in the cohort after

considering the age group.

Keywords: epilepsy, drug-resistant, new-onset, risk factors, uncontrolled seizures, adults, anti-seizuremedication
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INTRODUCTION

Epilepsy is a devastating neurological disease associated with
varying degrees of physical, mental, and social suffering. The
seizure disorder can develop for a wide variety of reasons at
any age, with 8% of the population experiencing a single seizure
in their lifetime and 2% of those going on to develop epilepsy
(1). Risk factors for developing epilepsy vary with age and
specific etiologies. Such characteristics affect the course of the
disease and are therefore crucial to the treatment and prognosis.
However, with epilepsy research historically focusing on pediatric
populations, new-onset epilepsy (NOE) in the adult population,
namely, prognosis, has been incompletely examined.

The incidence of epilepsy in developed nations is 44/100,000
person-years (2–5), with the incidence of NOE being slightly
higher inmen (2, 3, 6, 7). The rate of epilepsy is highest in the first
year of life; although, the percentage of childhood-onset epilepsy
is decreasing with the aging population (8). As people live longer,
the age-related incidence rates and associated etiologies have also
shifted accordingly, resulting in a greater interest in this segment
of the population.

Studies that spanned all age groups have concluded that
focal epilepsy and focal onset seizures are more common,
with the majority having an unknown etiology (2, 3, 6). The
number of unknown etiologies found is likely due to both
the analytic criteria used and the available technology during
this time. Studies have shown that children with a known
etiology had predominantly congenital abnormalities related to
epilepsy; whereas in adults the more common etiologies included
cerebrovascular disease, central nervous system (CNS) infection,
CNS tumor, head trauma, and the congenital abnormalities seen
in the pediatric population (2, 3, 6).

Unfortunately, drug-resistant epilepsy (DRE) can present at
any age across the spectrum of patients with newly diagnosed
epilepsy. Patients with DRE experience decreased quality of life
(QOL) (9), significant medical, social, and financial burden,
and increased mortality (10). Thus, the early identification of
risk factors in adult patients who develop DRE will allow
physicians a timelier identification for planned management and
treatment, and for instance, allow for earlier referral for pre-
surgical evaluation.

Recent studies have concluded that between 23 and 31%
of epilepsy cases do not respond adequately to anti-seizure
medication (ASM) (7, 11–13). However, DRE has been found
to range from 15 to 60% depending on the definition criteria,

cohort selection, and sample size. Also, most studies on DRE

prognosis have been based on a pooled, heterogeneous group,
including children, adults, and older adults, in the absence of
clear recognition and control of important confounders, such

as age group. In addition, it must also be remembered that
these studies were conducted prior to the publication of the
2010 accepted definition of DRE by the International League
Against Epilepsy (ILAE) (14). Lastly, available studies do not
provide a comparison between different definitions of DRE in the
same population.

In this study, we present a prospective cohort study of adults
with NOE who were followed in our epilepsy clinic to accurately

and precisely identify differences between 3 definitions of DRE
and to identify risk factors associated with developing DRE, as
defined by the ILAE (14).

METHODS

Study Population
We identified retrospectively all adults who were referred to
the Single Seizure Clinic (SSC) at the Royal University Hospital
(RUH) in Saskatoon, Saskatchewan, between November 2011
and January 2018. Those included required a diagnosis of
epilepsy at or after their initial appointment. Participants had to
be 17 years or older at diagnosis of epilepsy. Included patients
could not have a previous history, diagnosis, or treatment of
seizures. All patients must have had at least 1 year of follow-up
with an epileptologist.

Diagnosis and Follow-Up
The SSC was opened in 2011 and is dedicated to the
assessment and management of patients >17 years old
referred from other medical professionals, primarily general
practitioners, and emergency room physicians, after a first
event suspicious for seizures. The clinic receives referrals from
across the province of Saskatchewan, which has a population
of approximately 1.1 million people. All patients assessed
in the clinic receive a standard electroencephalogram (EEG)
prior to the consultation in the SSC. Other assessments may
include dedicated neuroimaging, 24-ambulatory EEG, and sleep-
deprived EEG studies if clinically relevant.

The 2005 operational definition of epilepsy was used to
identify patients as follows: patients with 2 seizures (>24 h
apart), patients identified after 1 seizure with a risk of recurrence
similar to that of patients after their second seizure (≥60%),
or patients whose presentation is in keeping with an epilepsy
syndrome (15). After a diagnosis of epilepsy is made, patients
are prescribed a suitable ASM taking into consideration the
individual characteristics, such as seizure type, comorbidities,
side effects, and drug interactions.

After the initial epilepsy diagnosis, patients were followed
by 2 epileptologists every 2–6 months for the first year, and
thereafter, every 12–18 months. Patients could request earlier
follow-up if needed by corresponding with the administrative
staff of the clinic at the epilepsy clinic. At each visit, clinical
information, compliance, and response to ASM were recorded.
Doses of ASM were adjusted by clinical circumstances, efficacy,
and tolerability. An add-up approach of ASM was used for
patients whose epilepsy remained uncontrolled. Patients with
identified foci requiring possible resection (i.e., mesial temporal
sclerosis, tumor, arteriovenous malformation, etc.) were referred
for neuro-surgical consultation. Data were collected from pre-
existing patient files from the SSC, RUH health records, and
prospective follow-up by epileptologists with a customized data
abstraction tool. All procedures were aligned with the standards
for epidemiologic studies (16).
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TABLE 1 | Clinical characteristics of 95 patients with a new diagnosis of epilepsy according to DRE status based on the 2010 International League Against Epilepsy

definition.

Characteristic No DRE

n (%)

DRE

n (%)

p-value†

81 (80) 14 (20)

Age at onset-yr. [median (‡IQR 25–75)] 36.0 (23.0–53.0) 26.5 (20.0–37.0) 0.426*

Age group at onset-yr.

17–60 64 (79.0%) 2 (14.3%) 0.983

>61 (Ref) 17 (21.0%) 12 (85.7%)

Sex

Male 40 (49.4%) 9 (64.3%) 0.163

Female (Ref) 41 (50.6%) 5 (35.7%)

Developmental delay 6 (7.4%) 1 (7.1%) 0.418

History of:

Family with epilepsy

14 (17.3%) 3 (21.4%) 0.940

Febrile seizures 1 (1.2%) 0 <0.001

Epilepsy typea

Focal 44 (54.3%) 7 (50.0%) 0.311

Generalized 32 (39.5%) 5 (35.7%)

Unknown (Ref) 5 (6.2%) 2 (14.3%)

Seizure typeb

Focal onset 40 (49.4%) 6 (42.9%) 0.727

Generalized onset 39 (48.1%) 8 (57.1%)

Unknown onset 2 (2.5%) 0

No lesional (CT or MRI) 30 (57.7%) 5 (55.6%) 0.775

Psychiatric comorbidity 32 (41.6%) 4 (30.8%) 0.420

Two or more foci 4 (7.3%) 0 0.312

Failure to first ASM 28 (34.6%) 13 (92.9%) <0.001

Specific etiology:

Cortical dysplasia 2 (2.5%) 1 (7.1% ) 0.775

Cranial trauma 3 (3.7%) 1 (7.1% ) 0.995

Brian tumor 7 (8.6%) 0 0.991

Stroke 4 (4.9%) 1 (7.1%) 0.931

Mesial Temporal sclerosis 3 (3.7%) 2 (14.3%) 0.576

Arteriovenous malformation 2 (2.5% ) 0 0.996

Other 3 (3.7%) 0 0.994

Unknown (ref.) 57 (70.4%) 9 (64.3%)

†p-values for the comparison of risk factors for DRE are based on Kaplan-Meier and the log-rank methods. ‡ IQR, = inter-quartile range; DRE, drug-resistant epilepsy. *p-value was

obtained by univariate Cox regression. a: accordingly with ILAE 2017 Classification of Epilepsy type, and b: accordingly with ILAE 2017 classification of Seizure type.

Outcomes of Interest
There were 2 measured outcomes. The first outcome
was the diagnosis of DRE based on ILAE criteria by the
treating epileptologist and its comparison with 2 more DRE
definitions. The second outcome was the clinical predictors
of DRE.

The diagnosis of DRE by the epileptologist using the definition
of ILAE was as follow:

After 2 years of follow-up, patients who have failed to
sustain seizure freedom despite adequate trials of 2 tolerated
and appropriately chosen ASM regimens were considered to
be patients with DRE. Conversely, seizure freedom requires 12
months of seizure freedom or 2 times the prior seizure interval,
whichever is longer (14).

The ILAE definition of DRE was then compared to 2
alternative definitions as follows:

1. Kwan and Brodie (17): At 1-year post-diagnosis, patients who
had seizures were by definition considered to have refractory
epilepsy. Seizure-free status was defined as the lack of seizures
of any type for a minimum of 1 year while receiving the same
dose of ASM or after successful withdrawal of ASM.

2. Camfield and Camfield (18): At 1-year post-diagnosis,
patients with an average of 2 or more seizures in each 2-month
period during the last year of observation, despite treatment
with at least 3 ASMs as monotherapy or polytherapy.

The 2 alternative definitions were chosen based on their good
inter and intra-observer agreement (19).
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Clinical Predictor Factors for DRE
Independent variables were chosen based on their clinical
relevance in describing the cohort, their possible association with
the outcome variable as a risk factor, and on a prior review of the
literature and expert opinion. The updated ILAE classification
guidelines were used to define epilepsy characteristics, seizure
characteristics, and epilepsy syndromes (20). All etiologies were
confirmed with appropriate testing.

Statistical Analysis
Statistical analysis was completed with Statistical Package Social
Science (SPSS) Version 27 (SPSS Inc. IBM Corp., Armonk, NY,
USA) and Stata 16 (StataCorp. 2019. Stata Statistical Software:
Release 16. StataCorp. LLC; College Station, TX, USA). Statistical
significance was defined by an alpha level of 0.05 and 95%
CIs. Life tables were used to determine the cumulative risk of
DRE diagnosis. Univariate analyses on continuous prognostic
factors were performed using Cox regression, and categorical
prognostic factors were analyzed using the Kaplan–Meier and the
log-rankmethods. Themodels were formulated by systematically
removing predictors that were not significant (P > 0.05) starting
from a (full) model containing all the prognostic factors,
(including factors that were non-significant in the univariate
analysis, but which were nevertheless, clinically significant. The
proportional hazard assumption for each predictor was tested
using the tests of the non-zero slope developed by Therneau and
Grambsch (21) and Schoenfeld partial residuals. Finally, we used
a stratified Cox regression analysis.

Ethical Considerations
This study was approved by the Biomedical Research Ethics
Board at the University of Saskatchewan (Bio#12-039).

RESULTS

Between November 2011 and January 2018, there were 887
patients seen at the SSC. Of these, a total of 95 patients met
inclusion criteria for the study. Most of the patients were referred
by an emergency room (ER) physician (66.3%) or a family
physician (FP) (16.8%). In total, 51% of patients were male with
a median age at diagnosis of epilepsy of 33 years (interquartile
range [IQR]: 22, 52; maxi: 82 years).

The median duration of follow-up was 24 months (IQR 12.0,
36, max: 72 months). During this follow-up period, 3 patients
had epilepsy surgery and 2 patients were deceased. Baseline
characteristics are shown in Table 1.

Therapeutic Management at Epilepsy
Diagnosis
Thirty patients were started on ASM prior to attending the SSC.
Phenytoin was prescribed in 19 (63.3%) patients, levetiracetam
was prescribed in 6 (20%) patients, lamotrigine was prescribed
in 3 (10%) patients, while carbamazepine and clobazam were
chosen for 1 patient each. When medications were prescribed
by the attending neurologists at SSC, the most frequent ASM
prescribed was lamotrigine (63.2%) followed by phenytoin
(15.4%) and levetiracetam (10.8%). In the overall cohort, 50

TABLE 2 | Response to anti-seizure medication trials in the cohort n = 95.

Trial Response† No. (%)

Response

to first ASM

1A (Seizure free no adverse effects)

1B (Seizure free with adverse effects)

IIA (Treatment failure without adverse effects)

IIB (Treatment failure with adverse effects)

50 (52.6%)

1 (1.1%)

39 (41.1%)

5 (5.3%)

Response

to second

ASM

1A (Seizure free no adverse effects)

1B (Seizure free with adverse effects)

IIA (Treatment failure without adverse effects)

IIB (Treatment failure with adverse effects)

23 (24.2%)

0

19 (20.0%)

1 (1.1%))

Response to

3 or more

ASM

1A (Seizure free no adverse effects)

1B (Seizure free with adverse effects)

IIA (Treatment failure without adverse effects)

IIB (Treatment failure with adverse effects)

10 (10.5%)

0

11 (11.6%)

0

†Based on the ILAE definition for DRE. ASM, anti-seizure medication; ILAE, the

International League Against Epilepsy; DRE, drug-resistant epilepsy.

patients were found to be well controlled on the first ASM with
no adverse effects, and 1 patient was well controlled albeit with
side effects. In total, 39 patients were considered to have failed
the first ASM with no adverse effects. In total, five patients failed
trials of first ASM with adverse effects (Table 2).

Percentage Diagnosed With DRE by
Diagnostic Criteria Used
A total of 30 (31.6%) of patients were diagnosed with DRE by
using the Kwan and Brodie definition. In total, 22 patients at 12
months met these criteria. Of those 22 patients, 6 were censored
after the first year and 7 no longer met the criteria at later follow-
up appointments. In total, 4 new patients met the criteria for
DRE at 24 months, 3 patients at 36 months, and 1 patient at
48 months. At 60 months and 72 months, no further diagnosis
of DRE was made by this definition. In total, 5 patients had
inconsistent follow-ups; in that, they were lost to follow-up for
1–2 consecutive years within the 72 months of the study.

When applying the Camfield and Camfield definition of DRE,
a total of 10 patients (10.5%)met the criteria at some point within
the 72 months of follow-up, however, only 7 remained drug-
resistant by this definition in the last year of follow-up. In total,
5 patients were diagnosed at the first 12 months, 4 patients at the
48 months, and 1 patient at 36 months of follow-up. Of the 5
patients who met the criteria for drug resistance in the first year,
3 were censored after the 12 months, while 2 patients no longer
met the criteria at 48 months and 60 months, respectively. Of the
4 patients diagnosed at the 48-month mark, 2 were censored after
48 months, 1 remained drug-resistant through follow-up, and
1 was not considered drug-resistant at the final follow-up. The
patient diagnosed at 48 months, in the context of being lost to
follow-up for the first 36 months, remained drug-resistant for the
following 36months of follow-up. Interestingly, at the last follow-
up, 3 patients who were not considered drug-resistant by this
definition, in fact, met the criteria for drug resistance by the Kwan
and Brodie Definition. This indicates that they were still having
seizures, but that these seizures fell outside the more specific time
frame put forth by the Camfield and Camfield definition.
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Implementing the ILAE definition of DRE, 14 patients (14.7%)
fulfilled the criteria. Of the 14 patients, 10 were diagnosed at 48
months, which is the first available point of assessment according
to this definition. Of those 10, only 1 was not considered to
have DRE by the end of follow-up, which corresponded to their
60 months of follow-up. In total, 1 patient was diagnosed at
36 months and remained DRE for the remainder of the follow-
up. In total, 3 patients did not fulfill the ILAE criteria until 60
months; despite meeting criteria for DRE based upon the Kwan
and Brodie definition as early as 12 months (Table 2).

Follow-Up Based on ILAE Definition of DRE
Of the 14 patients who met the criteria for the ILAE definition of
DRE at the end of follow-up, 10 were identified at the 24 months
of follow-up, 1 at the 36 months, 0 at 48 months, and 3 at 60
months. Thus, in the cohort, the cumulative incidence estimated
by a life table, which considers the losses during the follow-up, at
24, 36, and 60 months was 19, 22, and 61% of new cases of DRE,
respectively, following the new diagnosis of epilepsy.

Three patients in the cohort of 95 patients were not evaluated
for follow-up at 12 months but were later followed up at 24
months; these cases were not found to be drug-resistant in
the follow-up time of this study. Therefore, we can reasonably
assume they did not significantly alter the validity of the
percentage of DRE diagnosed early and throughout the follow-
up period.

Impact of Baseline Risk Factors (Univariate
Analysis)
Based on the ILAE definition, descriptive data for risk factors
associated with DRE are shown inTable 1. Among the 95 patients
in the cohort, patients with a diagnosis of DREwere younger than
the no-DRE group with a median and IQR of 26.50 years (19.75,
40) vs. 36 years (22.5, 54) (p-value = 0.98). There were more
males and more patients with developmental delay in the DRE
group than in the non-DRE groups, although this did not meet
statistical significance. There were no differences between the 2
groups regarding positive family history of epilepsy or a history
of febrile seizures. Patients found to have psychiatric comorbidity
were more frequent in the non-DRE group than the DRE group
(p = 0.42). There were no statistical differences between the
median number of seizures occurring at the onset of epilepsy
between the 2 groups (p = 0.70). Failure of the first ASM was
found to be statistically significant as a risk factor for developing
DRE (Figure 1).

Epilepsy Classification
Within the study cohort, focal epilepsy was identified in
51 patients (53.7%), 37 (38.9%) had generalized epilepsy
and 7 had unknown epilepsy (7.4%). Seizure classification is
shown in Table 1. A greater percentage of patients with an
unknown epilepsy type was found in the DRE group; however,
no significant differences were found between the 2 groups
when considering seizure type, non-lesional epilepsy, multifocal
epilepsy, or etiologies, such as cortical dysplasia, tumor, stroke,
mesial temporal sclerosis, or arteriovenous malformation.

Multivariate Analysis
The results of the stratified Cox regression analysis show that
DRE, defined by the ILAE, occurred 13.5 times (95% CI:
1.71,105.56) more in patients who failed to respond to the first
ASM, compared to those with a good response to the first ASM.

DISCUSSION

Cohort studies looking at epilepsy progression or NOE in adult
populations are limited. The present study followed a cohort
of patients, exclusively young and older adults, from the first
diagnosis through several years of longitudinal follow-up to
better characterize the evolution of the condition. Furthermore,
this study followed an adult cohort with NOE looking specifically
for the percent of epilepsy patients developing drug resistance.
The rigorous inclusion/exclusion criteria for inclusion in the
study allowed for a unique and well-defined exploration of the
course of epilepsy and the various factors which play a role in
the development of DRE. A significant strength of this study lies
in our population-based referral and clinic model: all patients
who have had a suspected first seizure in life are assessed within
3 months by a neurologist. Thus, the SSC model decreased
the potential of referral bias for severe cases of epilepsy as
cases assessed in the clinic have a broad spectrum of diagnoses,
including syncope to psychogenic non-epileptic seizures, which
are differential diagnoses of epilepsy. Nevertheless, increasing the
SSC capacity.

Therapeutic Management
Our findings show that there are differences in first prescribed
ASM by ER/family physicians and neurologists at SSC. The
preferred use of phenytoin among ER physicians and family
physicians is in agreement with previous research in prescription
trends among neurologists and non-neurologists (22). Also,
non-neurologists incorporate the use of intravenous phenytoin
as a first-line in the ER. Later, the neurologist assessed the
appropriateness of any ASM prescribed prior to the SSC in
agreement with the type of seizure/epilepsy presented. Moreover,
the advantages and disadvantages of any medication were
discussed with the patient, and the decision to carry on with a
prescribed ASM before SSC was unanimously resolved. Despite
that phenytoin is not the first line of treatment, most of the
patients decided to continue using this medication out of concern
for prolonged driving restrictions.

Failure to ASM
In our study, the sole risk factor found for DRE development as
defined by ILAE was the failure of the first ASM. This specific
risk factor has been found in several previous studies in pediatric
and adult populations (18, 23–29) and moreover, it has been
specifically examined as a risk factor for DRE in pediatric epilepsy
(17, 18, 29). The amount of evidence indicates that we should pay
attention to the individual response to the first ASM and make
timely referrals to epilepsy centers.
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FIGURE 1 | Cumulative incidence for DRE in the cohort based on ILAE definition. ILAE, the International League Against Epilepsy; ASM, anti-seizure medication; DRE,

drug-resistant epilepsy. The cumulative risk for development of DRE in the cohort. The blue solid line shows the cumulative incidence of DRE among patients with

failure to respond to the first ASM and the red solid line shows the cumulative incidence of DRE among patients without failure to respond to the first ASM. Colored

areas show 95% CIs of the cumulative incidence.

TABLE 3 | Number of patients with DRE in each month of follow-up by definition.

Follow-up in months

Definition 12

(n = 92)

24

(n = 64)

36

(n = 40)

48

(n = 17)

60

(n = 12)

72

(n = 2)

ILAE (%) 10 (15.6) 1 (15.0) 0 3 (25.0) 0

Kwan &

Brodie (%)

22 (23.9) 15 (23.8) 10 (25.0) 4 (23.5) 4 (33.3) 0

Camfield &

Camfield

(%)

5 (5.4) 5 (7.9) 3 (7.5) 1 (5.9) 1 (8.3) 0

ILAE, International League Against Epilepsy; DRE, drug-resistant epilepsy.

Percent of DRE by Definition
Three validated definitions (19) were used to evaluate DRE across
the 6 years of follow-up. Applying the ILAE definition of DRE,
which is the most widely accepted definition, resulted in 14.7% of
the cohort meeting criteria for DRE. The use of the Kwan and
Brodie definition, which simply defines DRE as the continued

occurrence of seizures, resulted in findings consistent with other
studies, with a total of 31.6% DRE in the cohort (17, 30). The

Camfield and Camfield definition, which uses more rigorous

criteria for a DRE diagnosis, resulted in a much lower percentage

of DRE [10.5% (Table 3)].
In another cohort of hospital-based epilepsy patients, DRE

rates were found to be 34% using Kwan and Brodie criteria,
37% using Camfield and Camfield criteria, and 33% using the

ILAE definition (19). We found no other studies evaluating the
distribution of DRE by definitions among a cohort of adult

patients with NOE from sub-specialty referral clinics, such as

the SSC.
Both the Kwan and Brodie and the Camfield and Camfield

definitions allowed for the evaluation of DRE after the first year of

follow-up, which enabled us to then evaluate those patients by the

ILAE definition of drug resistance in the later years to ensure they
met the internationally accepted criteria. Those patients who met

the diagnosis of Kwan and Brodie DRE in the first year but did
not meet the ILAE definition in the following years of follow-up
were not considered DRE for our analyses, which aimed to focus
on the ILAE definition. Of the 22 patients diagnosed with DRE in
the first year by either the Kwan and Brodie or the Camfield and
Camfield definitions, 8 patients (36.4%) met the ILAE standards
for DRE in the following year of follow-up, 1 patient (4.5%) met
the ILAE in the fifth year of follow-up, 6 patients (27.3%) were
censored after year 1, and 7 patients (31.8%) never meet the ILAE
criteria for DRE. There were 6 patients (6.3%) in the entire cohort
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who met all 3 definition criteria at the same time at some point in
their follow-up.

The first year after diagnosis presents an important
opportunity to evaluate the progression and prognosis of NOE,
which is reflected by the high percentage of DRE diagnosed at
the 12-month follow-up point in our study. Those patients who
had only 1 year of follow-up and met both the Kwan and Brodie
and Camfield and Camfield DRE diagnoses can be considered as
resistant to ASMs, due to the broad encompassing nature of the
2 definitions together. These highlight potential limitations in
the ILAE definition which identifies patients later in the course
of their illness, which may delay more intensive management
plans. However, those patients identified as DRE by employing
the ILAE definition continued to meet criteria for drug resistance
throughout the course of the study, which may indicate that this
is identifying a more truly “drug-resistant” population, rather
than a population with more transient periods of drug resistance.
Those identified by the Camfield and Camfield or the Kwan and
Brodie definitions were more likely to go in and out of drug
resistance, a pattern which is important to identify given that
many treatments rely completely on a definitive definition of
drug resistance. As time goes on, the treatments for DRE become
more irreversible with each failed treatment, so having a reliable
definition that considers possible variations in time is imperative
to manage and ultimately outcomes of patients.

Worsening patient morale, depression, and QOL may be
a potential pitfall in labeling a patient drug-resistant early in
the course of their illness and may, as well, lead physicians to
abandon further trials of ASM. This is another potential area of
re-evaluation for the definition in future studies.

The Overall Percent of DRE
The total percentage of DRE found in this adult cohort using
the definition of the ILAE was approximately 15%. This is
lower than other cohort studies, which were mainly done in
epilepsy clinics. The majority of studies show rates higher
than 30% of epilepsy cases who do not obtain remission via
ASM regimens (5, 14, 19). It is important to note that most
of these studies have been done in dedicated epilepsy clinics,
which are naturally more referral biased toward complex and
hard to treat cases of epilepsy, as opposed to a community-
based population recruited from SSCs like ours. This means
that 15% DRE may reflect a true population incidence of
DRE, rather than the classically taught 30% incidence of DRE
(19). This is in keeping with the recently published study by
Sultana et al. They studied the incidence and prevalence of DRE
by meta-analysis, examining the difference between studies of
DRE performed in community-based populations vs. epilepsy
clinic populations and found similar numbers of approximately
14% in community populations vs. 36% in clinic-based cohorts
(31). Other community-based populations have reflected similar
incidences of 15% (7). Studies, such as both older children and
adults (9–93 years), indicate that 25–37% do not reach seizure
freedom (17, 30). Our study utilized the internationally accepted
ILAE definition for DRE, whereas the abovementioned studies
had varying criteria for defining DRE, which were not necessarily
validated or internationally accepted. Using the ILAE definition

and the strict inclusion criteria increased the reliability and
validity of our study.

Percentage of DRE by Year of Follow-Up
The majority of patients who developed DRE according to the
ILAE definition were diagnosed in the second year of follow-up
(12/95). This Definition of DRE requires a certain set of criteria
to be met at a given point in time. We studied patients through
active follow-up processes which illustrated the dynamic nature
of not only each individual’s epilepsy but also the patterns of DRE
presentation.When assessed year-to-year in follow-up for seizure
frequency, medication adherence, and other comorbidities, we
were able to track the progression of their condition over time.
Many patients moved within categories from year-to-year. For
example, 1 patient had a full 6 years of follow-up, during which
they met the ILAE definition for the first time in year 5, but not
in year 6. Potential areas of future research should include further
exploration of patient predictors associated with such fluctuation
in the recurrence of seizures. Other possible explanations of
apparent intractability include ASM adherence and the presence
of comorbid or un-identified non-epileptic seizures, which was
not the case for this patient.

The ILAE definition utilizes 12months as a timeline vs. 3 times
the longest previous seizure-free interval, for seizure freedom
and 2 years to diagnose DRE. These early periods post-epilepsy
diagnoses are significant to patients in terms of overall QOL
(32). Longer periods of intractability are a negative predictor for
regaining seizure remission and are associated with worsening
QOL (32, 33). By evaluating this time factor and DRE of a patient
year-to-year, clinicians can better prognosticate their condition
and QOL. Even 1 seizure in the previous 12 or 24 months has
psychosocial consequences for a patient. In our cohort, 2 patients
met the criteria for ILAE DRE but did not meet the same criteria
at the last follow-up. Whether or not their QOLs in those years
differed from their criteria-meeting counterparts could be a focus
of future research in a year-to-year follow-up study. A future
study could assess if and how QOL changes with the fluctuating
states of DRE.

The focus of this analysis was the time elapsed between the
onset of seizures and the development or diagnosis of DRE. The
treatment history and duration of epilepsy are established risk
factors for relapse over time and therefore are necessary points
of observation in a follow-up study of this nature (34). In total, 2
prior studies, a pediatric and an all-ages prospective cohort study,
indicated the latency period between onset of seizures and failure
of the second ASM was 9.1 and 9.7 years, respectively (29, 35).
Most patients in all ages study were <18 years of age, which is
an important point to consider when applying such timelines to
an adult cohort. The treatment process and timeline for adults
with NOE are clinically different. As it is, the lapsed time for
epilepsy surgery for adults in Saskatchewan is almost 20 years,
similar to other centers which were 22.1 years (29, 35). Given that
the definition of DRE utilizes a timeline of 2 years, there should
be a much more rapid referral to tertiary epilepsy surgical centers
in both our province and globally. Using the failure to first ASM
as a point of referral to an Epilepsy Clinic for evaluation will
expedite this and has been demonstrated by our study as being
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an important risk factor in the development of DRE. Having a
better clinical understanding and prognosis of NOE at the onset
of the condition of an individual, specifically those that are focal
epilepsies, could ideally speed up the course of management and
time waiting for life-altering, potentially curative surgery or other
managements, such as vagal nerve stimulation.

Strengths and Limitations of the Study
This is an important effort in terms ofmapping the progression of
NOE in an adult-specific cohort. Typically, epilepsy is recognized
and diagnosed in children primarily and the research historically
has focused on children. By identifying and following adults from
the first seizure through the referral program set up at the SSC
in Saskatchewan, we have the unique opportunity to diagnose,
treat, and follow-up individual patients over their lifetime, but
also have the ability to gain a greater understanding of the overall
progression of epilepsy within this cohort.

The main strength of this study is the assessment of DRE
through the use of different definitions and annual assessments.
This has contributed to more accurate estimates of DRE in
patients with NOE. Currently, there are mainly pediatric studies
in epilepsy, so the information provided in this study will be
useful for clinicians and researchers who mainly target adult
patients with epilepsy. Also, the shorter follow-up time reduced
the likelihood that changes in the efficacy of the available ASMs
affected the changes seen over the years.

The cohort involves all adult patients referred and seen at
the SSC who met NOE criteria. This has limitations because of
reduced patient inclusion from the far northern and southern
parts of the province where accessibility is a significant barrier.
The SSC also would not have seen adults with NOE who were
followed by a family physician or neurologist without referral
to the SSC. This is less common though as our clinic is well
established and more physicians and health providers know the
procedures for a referral to the SSC in the province (referral of
all suspected first seizures in adults to the SSC). However, we
cannot reliably calculate what percentage of the Saskatchewan
population we have captured with existing resources.

In terms of the patient cohort, the SSC patient screening
tools at present do not ask for ethnicity, therefore, it is generally
not included in patient charts. For this reason, we chose not to
include ethnicity, or indigenous ancestry, as a risk factor in this
study. This is a significant limitation given recent publications
in Canada showing that indigenous persons are at 2 times the
risk for developing epilepsy (36). It would then be reasonable
to assume that it should be included as a risk factor for the
progression of the condition as well, along with other ethnicities.

CONCLUSION

The purpose of this study was to characterize the development
of drug resistance in a purely adult cohort with NOE diagnosis
from the SSC in Saskatchewan, Canada. The prospective study

looked at 95 patients from approximately 6 years of possible
follow-up between November 2011 and January 2018. The data
collected allowed the analysis of risk factors and the possible
relationships to the development of DRE over time through a Cox
regression analysis.

Overall, the rate of DRE defined by the ILAE is lower than
the rates seen in studies done in hospitals or epilepsy programs,
primarily due to the clinic-based cohorts used in those studies.
Our results of 15% drug resistance in adults reflect the true
incidence of DRE in community-based populations.

The results of this study only identified the failure to respond
to first ASM as a specific risk factor for the development of DRE.
This is likely due to the specific inclusion criteria leading to small
sample size. Failing the first ASM has important implications for
the initial counseling and management of adult patients with
NOE. In particular, primary physicians will have an evidence-
based argument to encourage timely referral to a sub-specialty
Epilepsy clinic.
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Objective: To evaluate local and distant blood oxygen level dependent (BOLD) signal

changes related to interictal epileptiform discharges (IED) in drug-resistant temporal lobe

epilepsy (TLE).

Methods: Thirty-three TLE patients undergoing EEG–functional Magnetic Resonance

Imaging (fMRI) as part of the presurgical workup were consecutively enrolled. First, a

single-subject spike-related analysis was performed: (a) to verify the BOLD concordance

with the presumed Epileptogenic Zone (EZ); and (b) to investigate the Intrinsic

Connectivity Networks (ICN) involvement. Then, a group analysis was performed to

search for common BOLD changes in TLE.

Results: Interictal epileptiform discharges were recorded in 25 patients and in 19

(58%), a BOLD response was obtained at the single-subject level. In 42% of the cases,

BOLD changes were observed in the temporal lobe, although only one patient had a

pure concordant finding, with a single fMRI cluster overlapping (and limited to) the EZ

identified by anatomo-electro-clinical correlations. In the remaining 58% of the cases,

BOLD responses were localized outside the temporal lobe and the presumed EZ. In every

patient, with a spike-related fMRI map, at least one ICN appeared to be involved. Four

main ICNs were preferentially involved, namely, motor, visual, auditory/motor speech,

and the default mode network. At the single-subject level, EEG–fMRI proved to have

high specificity (above 65%) in detecting engagement of an ICN and the corresponding

ictal/postictal symptom, and good positive predictive value (above 67%) in all networks

except the visual one. Finally, in the group analysis of BOLD changes related to IED

revealed common activations at the right precentral gyrus, supplementary motor area,

and middle cingulate gyrus.

Significance: Interictal temporal spikes affect several distant extra-temporal areas, and

specifically the motor/premotor cortex. EEG–fMRI in patients with TLE eligible for surgery

is recommended not for strictly localizing purposes rather it might be useful to investigate

ICNs alterations at the single-subject level.
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INTRODUCTION

Simultaneous EEG and fMRI (EEG–fMRI) recording is a
functional neuroimaging technique that reveals cerebral
hemodynamic changes related to interictal epileptiform
discharges (IED) visualized on scalp EEG. It combines the

temporal resolution of the EEG with the spatial resolution of
MRI, offering the opportunity to define epileptogenic foci or
complex epileptic networks (1, 2). In the last 20 years, several

EEG–fMRI studies have been performed in patients with epilepsy
to better understand specific epileptic networks in focal and
generalized epilepsies. The hemodynamic response to IED could
result in BOLD increments (or fMRI activations), reflecting

spike-generating fields or decrements (deactivations), which can
be interpreted as areas of reduced neuronal activity, although
the meaning of deactivation is still debated (3, 4). In focal
epilepsies, studies have detected BOLD-signal changes that
are tightly coupled with the regions generating focal IED and
are concordant with intracranial EEG findings (5). Compared
to intracerebral recordings that are targeted to few cerebral
structures based on a priori hypothesis, the spatial resolution of
EEG–fMRI allows covering the whole brain and can highlight
the involvement of deep brain structures in seizure generation
or propagation, and their relationships with the cortex (3).
Patients with temporal lobe epilepsy (TLE) have previously
been studied with EEG–fMRI (3, 6–11). Modifications of BOLD
signal related to temporal IED were observed in 50–83% of the
patients in the different studies, and often, but notably not only
in all cases, the fMRI response was localized in the temporal
lobe, ipsilateral, or/and contralateral to the IED but also in
extra-temporal or subcortical structures. These findings are
in line with the recent concept of “network epilepsy” applied
to TLE, which has overcome the traditional hypothesis that
in focal epilepsy seizure activity originates from a specific and
anatomically isolated focus (12, 13). Ideally, EEG–fMRI could
represent a non-invasive way to identify the seizure onset zone
as part of the presurgical evaluation, but its clinical use is still
limited. Modifications of the BOLD signal in relation to IED
do not distinguish between irritative zone, seizure onset zone,
or propagation effect (14). The main limitations of studies that
focused on its clinical role in the presurgical evaluation were
the small number of patients enrolled and the number and
features of IED recorded during the scan. Efforts have been
made to overcome the issue, and methods have been applied
in patients without visually detectable IED on scalp EEG (15).
A few retrospective EEG–fMRI studies on patients with TLE
undergoing epilepsy surgery found that if the BOLD response
was located in the area that was surgically removed (concordant
fMRI response), the postsurgical outcome was better than if
the BOLD response also involved regions outside the surgical
resection (discordant fMRI response) (10, 16). Studies on group
analysis of EEG–fMRI data aimed to reveal common network
alterations in patients with TLE. BOLD activations related to
IED were found not only in the ipsilateral mesial and neocortical
temporal cortex, but also in the insula and the cerebellum,
while deactivations were observed in structures belonging to the
default mode network (DMN) (8, 14), a physiological cerebral

network encompassing brain areas preferentially active during
conscious rest, including the precuneus and posterior cingulate,
bilateral temporo-parietal, and medial prefrontal cortices (17).
Previous resting-state fMRI (rs-fMRI) studies in TLE patients
showed alterations of the major intrinsic connectivity networks
(ICN) (18). Mainly, the activity of the DMN, of attention, and of
the executive control networks showed significant differences in
patients with TLE when compared to healthy subjects.

In the present prospective study, 33 patients with TLE
undergoing EEG–fMRI as part of their presurgical workup
were consecutively enrolled at the University of Modena and
Reggio Emilia—Epilepsy Center. We not only aimed to verify
the epileptogenic zone (EZ) through this technique but also
to evaluate the patient’s specific epileptic network. Specifically,
we evaluated if the changes related to BOLD are triggered by
interictal spikes in cortical structures that belong to physiological
networks using a quantitative method. Finally, a group analysis
of BOLD signal changes related to IED was conducted to search
for a common network functionally altered TLE.

METHODS

Participants
Patients affected by TLE were prospectively included in the study:
33 concluded the EEG–fMRI co-registration protocol (14 men;
mean age 36 years, range 15–56 years).

The inclusion criteria were (a) patients ≥14 years old with
an electro-clinical diagnosis of TLE; (b) patients entering a
presurgical evaluation program; and (c) no contraindication to
3T MRI scanning.

This study was approved by the local Ethical Committee
(N. 322/15) and written informed consent was obtained from
all participants.

Table 1 summarizes the main electroclinical findings of the
cohort of TLE patients. In 6 patients MRI was negative for
epileptogenic lesions, whereas in the remaining 27 patients
an epileptogenic lesion was observed. The most frequent
radiological diagnosis was hippocampal sclerosis (n = 13),
followed by low-grade tumors (n= 5) and focal cortical dysplasia
(n= 4).

Video-EEG–fMRI Protocol
Scalp EEG was recorded by means of a 32-channel MRI-
compatible EEG recording system (Micromed,Mogliano Veneto,
Italy). Electrodes were placed according to conventional 10–20
locations and the reference was FCz. ECG was recorded from
two chest electrodes. Before scanning, 10min of out-of-scanner
EEG data were collected. Foam pads were used to help secure
the EEG leads, minimize motion, and improve the comfort of
the patient. Data were transmitted via an optic fiber cable from
the high-input impedance amplifier (1,024/2,048 kHz sampling
rate) to a computer located outside the scanner room. Patients
were also constantly observed and recorded by a small camcorder
positioned on the head coil inside the scanner pointing at the
patient’s face to obtain a split-screen video-EEG documentation
during the fMRI recording (19, 20). Video data were used to
monitor behavioral signs of sleep and movements.
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TABLE 1 | Electro-clinical data of the patients with temporal lobe epilepsy

included in the study.

TLE

n = 33

Gender, n

Female 19

Male 14

Etiology, n

Hippocampal sclerosis 13

Focal cortical dysplasia 4

Scar 1

Cavernoma/vascular 4

Low-grade tumors 5

MRI negative 6

Lesion Side*, n

Right 12

Left 14

Bilateral 1

MRI negative 6

Type of TLE**

Mesial 26

Lateral 1

Age at study enrollment, years (range) 36 (15–56)

Age at epilepsy onset,

years (range)

23.5 (4–49)

Duration of epilepsy,

years (range)

12.6 (1–35)

Seizure frequency,

n/month (range)

2.7 (0–20)

Seizures during wakefulness,

n (%)

27 (82)

Seizure-Free periods***

n (%)

14 (42%)

Cluster seizures,

n (%)

16 (48)

Focal aware seizures,

n (%)

19 (58)

Focal impaired awareness seizures,

n (%)

25 (76)

Focal to generalized seizures, n (%) 25 (76)

Status Epilepticus, n (%) 1 (3)

Falls during seizures, n (%) 11 (33)

*Based on MRI findings. N.a., not applicable.

**Based on clinical and radiological findings. Sz/m, number of seizures per month. N pt,

number of patients.

***Period longer than 1 year without seizure recurrence.

Functional data were acquired using a Philips Achieva system
at 3T and a gradient-echo echo-planar sequence from 30 axial
contiguous slices (TR = 2,000ms; in-plane matrix = 80 × 80;
voxel size: 3 × 3 × 4) over one to three 8min sessions per
participant (240 volumes) with continuous video-EEG recording.
The mean duration of the recording was 24min (range 8–
32min), depending on the number of acquired sessions. In
particular, one patient had four sessions recorded, 12 patients

had three sessions, 18 patients had two sessions, and 2 patients
had only one session. A high-resolution T1-weighted anatomical
image was acquired for each participant to allow anatomical
localization. The volume consisted of 170 sagittal slices (TR =

9.9ms; TE= 4.6ms; in-plane matrix= 256× 256; voxel size= 1
× 1× 1 mm).

EEG Analysis
EEG acquisition was used to identify interictal (or ictal)
epileptiform activity during the fMRI session. BrainQuick System
Plus software (Micromed) was used for offline correction of
the gradient artifacts and filtering of the EEG signal (21).
In addition, the EEG data were exported in the .edf format
and reviewed and analyzed by means of the BrainVision
Analyzer 2.0 software (Brain Products, Munich, Germany).
After removing the gradient and mean ballistocardiographic
artifacts, according to the previously publishedmethods (22), two
experienced electroencephalographer reviewed the preprocessed
EEG recordings (LM, AEV) to identify interictal epileptiform
abnormalities based on both spatial distribution and topography.
When recognized, IED were marked as intervals. We classified
patients as unilateral (right or left) in case of only one spike focus
without contralateral spreading; bilateral, in case both temporal
lobes were active simultaneously (same timing of the left and
right spikes). In the latter condition, left and right IED were
considered together as a single event in the GLM analysis. In
patients with independent bilateral temporal IED, both right and
left IED were included in the design matrix, separately.

Single-Subject Analysis
fMRI Analysis
The fMRI data analyses were performed using MATLAB
version R2013a (The MathWorks Inc., Natick, MA, USA)
and SPM12 (Wellcome Department of Imaging Neuroscience,
London, UK). Preprocessing of functional volumes included slice
timing correction, realignment to the first volume acquired,
normalization to the MNI (Montreal Neurologic Institute)
template implemented in SPM12 and smoothing with an 8 ×

8 × 8mm FWHM Gaussian kernel. The interictal (or ictal)
epileptiform activity was implemented as a regressor of interest
in the single patient-first level analysis. To do so, patients’ IED
were treated as a single event regardless of their topography or
location. Their onset was exported in .mat file that describes the
exact timing and duration (in seconds) of IED. The resulting
timing files served as an onset for GLM, convolved with
the standard hemodynamic response function (HRF) and its
time and dispersion derivatives (TD, DD). Twenty-four motion
parameters estimated during the realignment were included
as nuisance regressors. The resulting fMRI maps (F-contrast)
were estimated at the conventional statistical threshold of p
< 0.05 at the voxel level (family-wise error (FWE)-corrected).
In addition, in cases where the conventional FWE corrected
statistical threshold did not show any results, the data were
further explored with a less stringent statistical threshold of p
< 0.001 (uncorrected for multiple comparisons). In the latter
case, we applied a small volume correction (5mm sphere) and we
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considered any BOLD activation/deactivation with a threshold of
p < 0.05, FWE corrected.

This procedure reflects the standard procedure generally
adopted in the previously published criteria (23–25). For each
patient, specific contrasts were settled up to test the BOLD effect
of IED with respect to the resting EEG background.

Identification of the Presumed EZ
The presumed EZ (pEZ) was defined based on the results of
the presurgical work-up, which included video-EEG findings
(interictal and ictal EEG activity and clinical ictal semiology),
structural MRI scan, and interictal F-18 fluorodeoxyglucose
FDG-PET when available. For each patient, this information was
presented for discussion at a multidisciplinary team meeting,
resulting in a consensus EZ localization. The EZ delineation
and surgical decisions were blind with respect to the EEG–fMRI
results. For all patients, the presumed EZ was localized in the
temporal lobe.

Evaluation of Concordance
To evaluate the concordance between the map of BOLD
changes related to IED and the presumed EZ, we applied
previously published criteria (16, 26). Specifically, “Concordant”
(C) refers to maps in which all the clusters (either activation
or deactivation) are colocalized with the presumed EZ: within
2 cm of and in the same lobe as EZ; “Concordant Plus” (C+)
is applied to fMRI maps with some clusters of significant IED-
related BOLD changes colocalized with the pEZ and other
significant BOLD clusters were located outside the pEZ (within
or outside the temporal lobe). EEG–fMRI findings were defined
“Discordant” (D) when all clusters of BOLD changes related to
IED were remote from the pEZ and Null (N) where there was no
cluster of significant BOLD change related to IED.

For patients with mesial TLE, the presumed EZ consisted
of the cerebral structures classically removed by the standard
anterior temporal lobectomy (27), that is, 6.0–6.5 cm of the
anterior lateral non-dominant temporal lobe or 4.0–4.5 cm of
the dominant temporal lobe. In these cases, medially, it included
the amygdala and, at a minimum, the anterior 1.0–3.0 cm of the
hippocampus (most commonly, 4.0 cm).

Note that the concordance between the map of BOLD changes
related to IED and the presumed EZ was evaluated using non-
normalized fMRI data.

Identification of ICN
To investigate if the cortical structures involved by the fMRI
maps belonged to physiological networks (ICN), the ICN_Atlas
toolbox was used to perform a quantitative analysis (28). This
new methodology was designed to describe fMRI maps in a
function-oriented way using a set of 15 metrics conceived to
quantify the degree of “engagement” of ICNs for any given
fMRI-derived statistical map of interest.

We used the BRAINMAP20, implemented in the ICN_Atlas
toolbox, as an atlas base map. It includes 18 co-activation
networks and 2 artifact components, and it is based on ICA
decomposition (d = 20) of the BrainMap Project large-scale
neuroimaging experiment meta-analysis data (29, 30).

For each subject, the ICN_Atlas output can reveal the
involvement of one or more than one ICN with a different degree
of “engagement.” The latter is reflected by a spatial involvement
metric, the Ij, which expresses the ratio between the number
of activated voxels in the ith thresholded prototyped ICN map
(ICNi) and the volume of ICNi (29, 30).

For each patient, the spatial involvement results
were visualized using rose plots (see Figure 2 and
Supplementary Figure 1). The axis limit is at the maximum of
the subject-specific spatial involvement metric. There are tick
marks at 25, 50, and 75% of the maximum.

We have calculated how many times each ICN was engaged
in the group of patients with positive fMRI findings (total
number = 19 patients). For each patient, the ICNs with a spatial
involvement metric lower than the patient-specific 25% were
not considered. The four most frequent ICNs were the motor
(6/19), the visual (7/19), the auditory/motor speech (9/19), and
the default mode networks (4/19).

To investigate the concordance between the most engaged
ICNs (>patient-specific 25%) and ictal/postictal symptoms
at the single-subject level, the corresponding ictal semiology
(i.e., motor symptoms, such as tonic-clonic movements, visual
auras, ictal, or postictal aphasia, impaired awareness) was
examined. Ictal/postictal symptoms/signs refer both to clinical
signs witnessed during video-EEG recording and to symptoms
referred to by the patient in his/her recent clinical history (latest
3 months before the EEG–fMRI study).

Sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV) of EEG–fMRI in detecting
specific network alterations related to a corresponding symptom
were evaluated.

Cases with an ICN involvement (i.e., motor network) and the
presence of corresponding ictal/postictal semeiology (i.e., tonic-
clonic seizures) were defined as true positive (TP), whereas true
negative (TN) were the cases without ICNs engagement and
absence of corresponding ictal/postictal semeiology (i.e., neither
motor network nor motor symptoms); false positive (FP) were
defined by the cases in which a specific ICN was involved but
the patient did not present the corresponding clinical features
(i.e., motor network involved, but absence of motor signs or
symptoms), whereas false negative (FN) were defined by the
cases without ICN involvement but with the presence of the
corresponding symptoms (i.e., motor network not involved but
patient referring recent tonico-clonic seizures).

The mathematical definition of sensitivity is given by the ratio
between TP and the sum of TP and FN cases (= TP/TP + FN).
Specificity corresponds to the ratio of TN and the sum of TN
and FP (= TN/TN + FP). PPV represents the proportion of
truly positive cases among the positive cases detected by the test
(= TP/TP + FP), and NPV represents the proportion of truly
negative cases among the negative cases detected by the test (=
TN/TN+ FN).

Group Analysis
To ensure a homogeneous group with all patients having the
seizure focus on the same side, functional volumes of right TLE
patients were right–left flipped, so the ipsilateral hemisphere was
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on the left in all cases. This step was done using FSL (fslswapdim
tool) before the preprocessing. Using the parameter estimates
obtained by single-subject analyses, we performed a second-
level (group) random-effect analyses on all patients with IEDs
recorded during EEG–fMRI (n = 25). A full factorial design was
used, with hemodynamic shapes (HRF, TD, and DD) as levels.
Patients’ age and gender were included in themodel as covariates.

A double-statistical threshold (voxel-wise p < 0.001 and
spatial extent of 15 voxels) was adopted to achieve a combined
significance, corrected for multiple comparisons, of α < 0.05,
as computed by 3dClustSim AFNI routine, using the “-acf”
option (https://afni.nimh.nih.gov/pub/dist/doc/program_help
/3dClustSim.html).

RESULTS

In 25 patients out of 33 (75%), epileptiform activity with
morphology and scalp topography typical of patients’ out-of-scan
IEDs was identified. A mean of 16 IEDs/run per patient was
recorded (range: 2–70). The number of sessions recorded did
not influence the average number of IEDs/run: patients with 1
session had a mean of 15 IEDs/run, patients with 2 sessions had
a mean of 20.6 IEDs/run, patients with 3 sessions had a mean of
9.7 IEDs/run and the patient with 4 sessions recorded had amean
of 13.2 IEDs/run (p= 0.1073, two-tailed T-test between session 2
and session 3). No seizures were recorded. In the remaining eight
patients, no clear epileptiform discharges were found; therefore,
the fMRI analysis could not be performed. In 19 patients
spike-triggered BOLD signal changes were obtained, whereas six
patients had a “Null” result (Supplementary Table 1).

Presumed EZ and BOLD Concordance
One patient, the only one with neo-cortical TLE, had a
“Concordant” finding, 7 patients showed a “Concordant Plus”
result and in the remaining 11 patients, fMRI maps were
“Discordant” (58%). We considered patients with C and C+
results (n = 8, 42%) as a single group. Figure 1 shows
three exemplificative cases. Differences in clinical, radiological,
etiological, and surgery outcome data were evaluated between
Concordant and Discordant patients. The only statistically
significant difference (p = 0.02) regarded the antiepileptic
treatment at the time of the neuroimaging study: a higher
percentage of patients (75%, n = 6 out of 8 patients) with
Concordant results were taking carbamazepine as an anti-
seizure drug, compared to 18% of patients (n = 2 out of 11
patients) with Discordant results. At present, eight patients
underwent surgery and all resulted in a good outcome (Engel
class I): one had concordant and seven had discordant results
(Supplementary Table 1).

ICN Alterations Related to Spike
In every patient with an fMRI map related to spike (n = 19),
at least one ICN appeared involved (Table 2 and Figure 2).
Supplementary Figure 1 reports the ICN involvement according
to the ICN_Atlas for every other patient.

The most frequent ICNs identified were, namely, motor,
visual, auditory/motor speech, and DMN.

The specificity of EEG–fMRI analysis in detecting alteration of
an ICN in patients with corresponding ictal/postictal symptoms
was high for all four ICNs investigated (all above 65%), while the
sensitivity of the test was high for the motor and the language
networks, and lower for the other two networks (Table 3). In
particular, for the motor network, sensitivity of 57% (n◦ of TP:4)
was obtained, and specificity of 83% (n◦ of TN:10) was obtained;
for the language network, sensitivity of 75% (n◦ of TP:6) and
specificity of 73% (n◦ of TN:8) were obtained; for the visual
network, sensitivity was of 50% (n◦ of TP:1) and specificity of
65% (n◦ of TN:11), respectively, and for the DMN, the sensitivity
was of 25% (n◦ of TP:3), whereas the specificity resulted in 86%
(n◦ of TN:6). The positive predictive value of the test was above
67% for all networks but the visual one. Negative predictive value
was above 80% in all networks, with the exception of the DMN
(Table 3).

Moreover, we explored the existence of a correlation between
the language network involvement and the side of TLE: the 88.9%
(n = 8/9) of patients with language network involvement had
TLE lateralized to the left.

Group Results
The group analysis including all patients (n = 25) revealed
common BOLD changes related to IED at the right precentral
gyrus, supplementary motor area (SMA), and middle cingulate
gyrus. Regions showing BOLD signal changes time-locked to
IEDs are summarized in Table 4 and Figure 3.

DISCUSSION

In this study, IED were recorded in 75% of the patients and in
58% a BOLD signal change was observed. These results are in line
with the previous EEG–fMRI studies, confirming that a major
limitation for the use of the technique in the presurgical setting
in TLE patients is the low numbers of IEDs recording during
EEG–fMRI (10), and in particular, for mesial TLE, which often
generates infrequent scalp-detectable IEDs (31).

We have observed BOLD maps related to IED are concordant
with the EZ only in one patient, affected by neocortical
temporal lobe epilepsy (Concordant case, Figure 1), whereas in
the remaining patients, we detected temporal lobe activations
plus extratemporal areas in 7 patients, and only extratemporal
activation in 11 patients. This finding questions the clinical utility
of the presurgical interictal EEG–fMRI to localize the EZ in TLE
patients. Compared to other studies, we observed less concordant
results (3, 5, 7, 9). This might be related to the shorter duration
(20–40min) of our recordings compared to previous works
performed by other groups [recordings lasting up to 84min (7)],
thus reducing the chance of detecting interictal abnormalities.
These data suggest that in order to better evaluate patients with
TLE, a longer EEG–fMRI session is required.

In agreement with a recent retrospective review investigating
the clinical impact of EEG–fMRI in the presurgical setting (31),
our results suggest that in patients with TLE short EEG–fMRI
recordings are not useful for the surgical decision. When a
clear epileptogenic lesion is detected on structural MRI, which
matches the epileptogenic focus defined by the video-EEG data,
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FIGURE 1 | Examples of concordant, concordant plus and discordant EEG–fMRI findings. Concordant: A 15-year-old boy with a history of febrile seizures in early

childhood presented with a focal to generalized seizure occurring during sleep. Brain MRI showed a lesion localized at the border of the temporal and occipital cortex

on the right side (arrow). Low-amplitude spike and waves were observed in the right posterior temporal and occipital electrodes (T6, O2) on scalp EEG. He received

surgery (lesionectomy) with a good outcome (Engel Class Ib at 24 months of follow up). Histological analysis documented a polymorphous low-grade neuroepithelieal

tumor of the young (PLNTY). EEG–fMRI analysis guided by interictal T6 spike-and-waves showed a cluster of BOLD signal increment localized inside the tumor.

Coronal, sagittal, and axial slices of the patient’s structural MRI are displayed (p < 0.05), FWE corrected. Concordant plus: A 37-year-old woman presented with a

6-year history of focal seizures occurring on a weekly base. She referred to two types of seizures: one with an epigastric aura ascending from the lower abdomen to

the neck, nausea, and brief impairment of awareness; second seizure type was a focal aware seizure with a visual aura (visual shrinking and oscillation) with dizziness

sensation. Structural MRI showed two lesions suggestive for focal cortical dysplasia localized in the right anterior mesial temporal lobe, and in the posterior part of the

middle temporal cortex. EEG confirmed two epileptic foci in the right temporal lobe, one anterior temporal (F8) and the other localized in the middle posterior temporal

derivations (T4, T6). The patient refused surgery after seizures improvement with pharmacological treatment. EEG–fMRI showed BOLD changes in the right temporal

lobe with a cluster in the vicinity of the posterior middle-temporal lesion, plus other clusters of increased BOLD changes localized at distant cerebral structures

(ipsilateral and contralateral parietal, precentral, and occipital gyrus; p < 0.001, uncorrected for multiple comparisons). Discordant: A 40-year-old man with left

hippocampal sclerosis presented frequent focal seizures characterized by epigastric aura, aphasia, and oral automatisms. Scalp EEG abnormalities were represented

by infrequent spikes and waves visible in the anterior temporal derivations (F7, T3). Excellent seizure outcome (Engel Class Ia) was obtained after standard left anterior

temporal lobectomy. EEG–fMRI showed widespread fMRI changes localized outside the left temporal lobe and involving cerebral structures belonging to the motor,

visual, and DMNs (p < 0.001, uncorrected for multiple comparisons).

EEG–fMRI might not add information for the surgical planning.
This was the case for the 82% (n = 27) of the patients in our
cohort, who had a positive MRI congruent with the electro-
clinical data. In the remaining six patients with a negative MRI,
in three patients no IED were recorded during EEG–fMRI, and
in the other three cases, the fMRI response was represented by
widespread changes of the BOLD signal.

In our cohort, BOLD signal changes occurred in the temporal
lobe plus in extratemporal areas in 42% of cases, whereas

only extra-temporal BOLD activations or deactivations were
observed in the remaining 58% of patients. When comparing
the two groups (concordant or concordant plus vs. discordant),
no significant differences were found, and, in particular, no
differences in seizure outcome were observed in patients who
underwent surgery. This finding suggests that, at least in
our series, multiple BOLD clusters related to IED involving
regions outside the presumed EZ were not related to a worse
surgery outcome.
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TABLE 2 | Electro-clinical and radiological features of 19 patients with positive fMRI results.

Patient Age

(years),

sex

MRI findings 18-FDG PET

hypo-

metabolism

IEDs

field

N◦IEDs/run

recorded

Surgery, outcome

Engel class

(follow up)

Resting state

networks

(ICN_atlas)

1 37, F R Focal cortical dysplasia – F8/T4 7 – Visual

2 40, M L Hippocampal sclerosis – F7/T3 23 ATL,

Ia (24 months)

Visual; Motor; DMN

3 38, F L Low grade tumor – F7/T3 7 Lesionectomy, Ib (12

months)

Visuospatial/motor; DMN;

interoceptive

4 36, M L Focal cortical dysplasia – F7/T3 7 – Auditory/motor speech;

visual

5 29, M R Hippocampal sclerosis – F8/T4 22 ATL,

Ia (15 months)

Visual; motor

6 22, F L Hippocampal sclerosis – F7/T3/T5 8 – Auditory/motor speech;

motor

7 37, F MRI negative L temporo-

parietal

T3/T5 9.5 – DMN; auditory/motor

speech

8 53, F L Hippocampal sclerosis – F3/T3 33.5 – L fronto-parietal; R

fronto-parietal; cerebellum

9 36, M L Low grade tumor – F7/T3/C3 27.5 ATL, Ia (20 months) Visuospatial

10 56, M MRI negative – F7/T3 10.3 – Auditory/motor speech

11 29, F R Hippocampal sclerosis R temporal F8/T4 1.7 ATL,

Ia (26 months)

Auditory/motor speech;

motor/ visuospatial

12 40, F L Scar – F7/T3 5.5 – DMN; emotion

13 43, F R Low grade tumor – T4/T6 9 Lesionectomy, Ia (27

months)

Visual

14 42, M MRI negative – F7/T3 13.3 – Visual; motor;

auditory/motor speech

15 46, M R Hippocampal sclerosis – F8/T4 10 ATL,

Ia (15 months)

L fronto-parietal

16 51, M R Hippocampal sclerosis R temporo-

parietal

F8/T4/T6 10 – Visuospatial

17 43, F L Focal cortical dysplasia – F7/T3/T5 5 – Auditory/motor speech

18 15, M R Low grade tumor – T4/T6 70 Lesionectomy, Ib (23

months)

Visual

19 43, F L Cavernoma – F7/T3 23 Lesionectomy, Ia (19

months)

Auditory/motor speech

F, female; M, male; R, right; L, left; ATL, Anterior Temporal Lobectomy; FWE, Family-wise Error Corrected; unc, Uncorrected for Multiple Comparisons; DMN, Default Mode Network.

To better understand the meaning of the BOLD response
involving extratemporal cortical areas, we moved from a focus
view to a network view, which is what a functional technique,
such as EEG–fMRI, allows us to do, highlighting a patient’s
specific epileptic network. Indeed, advancement in functional
neuroimaging leads to the observation that TLE is not only a
disease of certain brain structures involved in seizures onset
(“the focus”) but it also affects chronically the activity of
brain networks that control basic functions, such as attention,
emotion, and cognition (18, 32–34). Moreover, recent studies on
patients with drug-resistant TLE enhanced functional differences
in sub-group of patients through the use of diffusion tensor
imaging or rs-fMRI, i.e., with or without focal to bilateral
tonic-clonic seizures (FBTCS), especially in thalamo-cortical
networks (35, 36).

Intrinsic connectivity networks can be altered in patients with
TLE, as previously observed at group level (8, 18, 37–40). In

this study, we were able to define IED-related ICNs alterations
at a single-subject level, and to delineate and quantify the ICNs
involvement. All patients had at least one ICN involved, and often
more than one. According to the network classification of the
BrainMap20 (28, 29), the most frequent BOLD changes involved
the motor network, the visual network, the auditory/speech
network, and the DMN.We looked for correlations between ICN
alterations and clinical data, such as ictal or postictal semiological
signs, and we found that in many patients with IED-related
involvement of a distant ICN, ictal/postictal semiology was
concordant with the function supported by that ICN. EEG–fMRI
appeared to have high specificity (above 65%) for all 4 networks,
while sensitivity was high for the language network (75%) and
themotor network (57%) and lower for the visual network (50%),
and the DMN (25%). Positive and negative predictive values were
overall high, with the exception of the PPV low for the visual
network, and NPV low for the DMN.
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FIGURE 2 | Examples of ICN alterations. Examples of single-subject results showing spike-triggered BOLD signal changes within the motor (MO_04), auditory/motor

speech (MO_11), visual (MO_25), and DMN (MO_26). Clusters are shown in sagittal, coronal, and axial slices of an anatomical template as implemented in spm12.

The rose plots represent the ICN_Atlas output: the spatial involvement metric expressing the ratio between the number of activated voxels and the volume of the

ICNsi. BM refers to the co-activation networks of the BRAINMAP20 atlas base map.

These findings confirm the role of EEG–fMRI in highlighting
physiological networks alterations in patients with TLE, which
might be possibly related to the clinical semeiology of the
seizures. In other words, recurrent seizures with a specific ictal
semeiology (i.e., aphasia) might interfere with the corresponding
network (i.e., the language network) at the individual level, as
revealed by spike-triggered EEG–fMRI.

A correct clinical testing of the seizure semeiology during
video-EEG monitoring might play an important role: in fact,
while motor and language deficits are easily recognized, the
evaluation of consciousness is more complex. This might explain
a reduction in sensitivity and NPV for the DMN.

Despite the relatively small number of patients enrolled, these
observations represent a link between functional imaging data
and the clinical seizures’ phenotype. If confirmed in a larger
group of patients, the research of ICN alterations through EEG–
fMRI could represent complementary information to understand
the fMRI maps, especially in complex cases. In particular, the
finding of distant network involvement driven by interictal
epileptic activity in patients with TLE, is of particular interest,
underscoring the long-distance effects of interictal temporal
lobe spikes.

Moreover, the correlation between the auditory/motor speech
network involvement and side of TLE revealed that the great

majority (n:8/9, 88.9%) had left-side TLE. This finding suggests
that patients with the epileptogenic network localized in the
left temporal lobe are more prone to have an effect on the
language network, confirming data from previous studies of
altered functional connectivity in the language network in left
TLE patients (41).

With a second-level group analysis, we aimed to look
for common spike-triggered functional alterations in patients
with TLE. No BOLD changes were observed in the temporal
structures, differently from the previous works (7, 8, 14). This
finding is in line with the low frequency of temporal lobe
fMRI changes observed at the single-subject level. Nevertheless,
an involvement of extra-temporal structures belonging to
the motor network (precentral gyrus and SMA) corroborates
the alterations observed at the single-subject level in a
significant proportion of cases. Since the motor network
involvement is hemodynamically linked to the appearance of
interictal temporal epileptic discharges on the scalp EEG, our
findings suggest that IED might affect the neuronal activity of
distant cerebral areas/networks subserving the sensory-motor
functions. Interestingly, previous MRI morphometric studies
have repeatedly reported a reduction of cortical thickness in the
motor/premotor cortex in patients with TLE (42, 43). Thus, the
present findings might represent the functional counterpart of
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TABLE 3 | Concordance between Intrinsic Connectivity Networks (ICN) related to spike and seizure semeiology.

Pt Intrinsic connectivity networks (ICN_atlas) Seizure semeiology TLE side

Visual Motor Auditory

motor

speech

Default

mode network

Visual

aura

Focal to

general. sz

Aphasia Impaired

consciousness

1 R

2 L

3 L

4 L

5 R

6 L

7 L

8 L

9 L

10 L

11 R

12 L

13 R

14 L

15 R

16 R

17 L

18 R

19 L

Visual Motor Auditory

motor

speech

Default mode

network

SENS 50% 57% 75% 25%

SPEC 65% 83% 73% 86%

PPV 14% 67% 67% 75%

NPV 92% 77% 80% 40%

Pt, Number of Patient; TLE, temporal lobe epilepsy; meaning of colored cells: presence of ICN involvement or presence of clinical symptom in the patient; meaning of empty cells:

absence of ICN or clinical symptom. SENS, Sensitivity; SPEC, Specificity; PPV, Positive Predictive Value; NPV, Negative Predictive Value.

TABLE 4 | Peak coordinates of group analysis.

Cluster Brain areas BA Voxel level MNI coordinates

K Z x y z

15 Precentral gyrus 4 4.64 21 −25 62

23 Middle cingulate gyrus 24 4.24 9 −4 42

Supplementary motor area 6 4.16 0 −1 50

Cluster size threshold K > 15, corrected at α < 0.05. BA, Brodmann Area.

these structural data although further data are needed to confirm
this suggestion.

Finally, we observed an alteration of the BOLD signal in
the middle cingulate gyrus, as previously described (8). In this
work, the authors observed activation of mid-cingulate gyrus
bilaterally in the group analysis of patients with TLE and
also frontal lobe epilepsy (FLE), suggesting that the common
involvement of the mid-cingulate gyrus in both groups might

result from the rapid spread of epileptic activity from temporal
and frontal areas. Moreover, the reduction in gray matter
volume bilaterally in the cingulate gyri was observed in patients
with TLE.

In conclusion, we suggest the use of EEG–fMRI co-
registration for TLE patients, not only for localizing purposes but
also to investigate ICN alterations. A larger number of patients
are desirable to confirm our findings.
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FIGURE 3 | EEG–fMRI group analysis in 25 patients with temporal lobe epilepsy. Results of the group analysis (cluster size threshold K > 15, corrected at α < 0.05).

Clusters are shown in sagittal, coronal, and axial slices of an anatomical template found in the xjview toolbox (https://www.alivelearn.net/xjview). Color bar represents t

values.

Limitations of the Study
The present study presents methodological limitations that need
to be underlined. First, fMRI data are driven by IED recorded
from scalp EEG, not comprising the eventual intracranial
epileptic activity that does not reach the cortical surface.
This element might be considered a possible bias in the
data interpretation.

As previously stated, TLE patients have infrequent IED which
might be a limitation in the statistical power of the fMRI analysis:
in fact, only a minority of patients presented BOLD cluster
activations after FWE correction, whereas in the other patients
the fMRI clusters were obtained only with p< 0.001 uncorrected.
In the present study, the duration of EEG–fMRI registration
was also shorter compared to other studies: this represents an
important limitation, and also leads to the conclusion that in
this group of patients longer EEG–fMRI registrations are needed
especially for localizing purposes.

Moreover, the analysis performed at the group level included
patients with heterogeneous features (i.e., different epilepsy
etiologies, different disease durations, and different clinical
semiologies) that might interfere with the final findings.
Nevertheless, the results obtained in this group might represent
the common epileptic network altered in TLE patients despite
the heterogeneity.

Future studies including a larger number of patients might
overcome these methodological limitations.
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Hippocampal sclerosis (HS) is a common cause of pharmacoresistant focal epilepsy.

Here, we (1) performed a histological approach to the anterior temporal pole of

patients with HS to evaluate cortical and white matter (WM) cell populations, alteration

of myelin integrity and markers of neuronal activity, and (2) correlated microscopic

data with magnetic resonance imaging (MRI) findings. Our aim was to contribute

with the understanding of neuroimaging and pathophysiological mechanisms of

temporal lobe epilepsy (TLE) associated with HS. We examined MRIs and surgical

specimens from the anterior temporal pole from TLE-HS patients (n = 9) and

compared them with 10 autopsy controls. MRIs from healthy volunteers (n =

13) were used as neuroimaging controls. Histological techniques were performed

to assess oligodendrocytes, heterotopic neurons, cellular proliferative index, and

myeloarchitecture integrity of the WM, as well as markers of acute (c-fos) and

chronic (1FosB) activities of neocortical neurons. Microscopic data were compared

with neuroimaging findings, including T2-weighted/FLAIR MRI temporopolar blurring

and values of fractional anisotropy (FA) from diffusion-weighed imaging (DWI). We

found a significant increase in WM oligodendrocyte number, both in hematoxylin

and eosin, and in Olig2-stained sections. The frequencies of oligodendrocytes in

perivascular spaces and around heterotopic neurons were significantly higher in

patients with TLE–HS compared with controls. The percentage of 2’,3’-cyclic-nucleotide

3’-phosphodiesterase (CNPase; a marker of myeloarchitecture integrity) immunopositive

area in the WM was significantly higher in TLE-HS, as well as the numbers of

c-fos- and 1FosB-immunostained neocortical neurons. Additionally, we demonstrated

a decrease in axonal bundle integrity on neuroimaging, with a significant reduction

in the FA in the anterior temporal pole. No differences were detected between

individuals with and without temporopolar blurring on visual MRI analysis, considering

the number of oligodendroglial cells and percentage of WM CNPase-positive areas.

Also, there was no relationship between T2 relaxometry and oligodendrocyte count.
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In conclusion, our histopathological data support the following: (1) the hypothesis

that repetitive neocortical neuronal activity could induce changes in the WM cellular

constitution and myelin remodeling in the anterior temporal pole from patients with TLE-

HS, (2) that oligodendroglial hyperplasia is not related to temporal blurring or T2 signal

intensity on MRI, and (3) that reduced FA is a marker of increase in Olig2-immunopositive

cells in superficial temporopolar WM from patients with TLE-HS.

Keywords: epilepsy, hippocampal sclerosis, whitematter, immunohistochemistry, MRI, diffusionweighted imaging

INTRODUCTION

Epilepsy is one of the most common neurological diseases
and may be associated with several conditions leading to
recurrent epileptic seizures with different presentation patterns
(1). In most patients, pharmacological treatment is effective
for controlling seizures. However, 20–30% of individuals do
not respond well to antiseizure medications and, therefore, are
potential candidates for surgical procedures (2, 3). According
to the consensus by the International League Against Epilepsy
(ILAE), pharmacoresistant epilepsy can be defined as the failure
to remit seizures with two adequate regimens of antiseizure
medication in either combination or monotherapy (4).

Among the different pathological conditions that cause

focal epilepsy, hippocampal sclerosis (HS) is the most
frequent histopathological diagnosis in surgical specimens

of pharmacoresistant temporal lobe epilepsy (TLE) in adults (5).
The pharmacoresistance rate in epilepsy varies depending on the

etiology. Specifically, in patients with HS such rate ranges from

75.3 to 90% (6, 7). Morphological changes in the white matter
(WM), including oligodendroglial hyperplasia and increased
numbers of heterotopic neurons, have been described for
decades in TLE surgical specimens (8–10). Additionally, recent
experimental studies support the idea that repetitive neuronal
activity may induce changes in cell constitution and myelin
remodeling in the WM (11), suggesting a maladaptive response.

There are few studies on the correlation of neuroimaging
findings with WM microscopic abnormalities in patients with
epilepsy. Garbelli et al. (12) performed T2-weighted 7T magnetic
resonance imaging (MRI), histological and ultrastructural
protocols to investigate surgical samples from individuals with
TLE associated with HS and loss of the delimitation between the
gray and white matter of the temporal pole on MRI. The authors
concluded that suchMRI temporopolar blurring on T2-weighted
and fluid attenuated inversion recovery (FLAIR) images would be
a macroscopic presentation of a long-lasting axonal degeneration
and redistribution of the remaining fibers.

In this work, we performed a histopathological,
immunohistochemical and neuroimaging approach to the
anterior pole of the temporal lobe of patients with HS, with
and without MRI T2-weighted/FLAIR temporopolar blurring.
These individuals were chosen because HS is a frequent
cause of pharmacoresistant focal epilepsy, and no structural
change was detected in the neocortical region adjacent to
the WM under investigation. Our aim was to study WM
changes and associate them with expression of markers

of acute and chronic activity in neocortical neurons, thus
contributing with the understanding of neuroimaging data
(including MRI T2-weighted/FLAIR temporopolar blurring)
and with findings supporting pathophysiological mechanisms
associated with neuronal activation and WM changes in human
TLE-HS specimens.

MATERIALS AND METHODS

This study was approved by the Research Ethics Committee
of our Institution (#3.087.964) and consisted of retrospective
analyses of tissue samples and neuroimaging data from
individuals with HS and controls.

Specifically, the cohort of patients with HS (n = 9) was
the same for both histopathological and MRI evaluations. As
an inclusion criteria, we enrolled patients (i) from 2013 to
2018 with clinical diagnosis of pharmacoresistant TLE, MRI
signs of HS with and without T2-weighted/FLAIR temporopolar
blurring, and a comprehensive preoperative investigation in
our tertiary epilepsy center, including EEG, neuroimaging
(3 T MRI acquisition, using an 8-channel standard head
coil) and neuropsychological examination; (ii) submitted to a
temporopolar amygdalohippocampectomy, which led to an en
bloc resection of the hippocampus and removal of the anterior
temporal pole [according to the formerly published techniques
(13)]; (iii) whose surgical histopathological report confirmed
the diagnosis of HS [all of them were classified as type I
according to the 2013 ILAE proposal (14)] and, (iv) whose
paraffin blocks containing the anterior temporal pole specimen
were adequately preserved and with tissue amount sufficient to
allow for immunohistochemical reactions. Patients who did not
fulfill one of the above-mentioned criteria were excluded from
the study.

For histopathological evaluation, the control group consisted
of adults submitted to autopsy (n= 10) with neither neurological
disease nor history of seizures. Their anterior temporal pole
was sampled as part of a local protocol for central nervous
system postmortem evaluation. All autopsy tissues were collected
between 6 and 12 h after death. To avoid interference with the
microscopic assessment, only samples in adequately preserved
paraffin blocks and that did not show signs of autolysis
(eosinophilic cytoplasm and/or pyknotic nuclei) were selected.

For MRI acquisition, the control group consisted of healthy
controls (n = 13) matched for age and sex, without personal or
family history of epilepsy (up to second degree relatives) or other
neurologic/psychiatric disorder(s).
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Histological Processing and
Immunohistochemical Reactions
Histological sections (4µm thick) were submitted to routine
staining (hematoxylin and eosin) or immunohistochemical
reactions. For immunostaining, the sections were incubated
with primary antibodies for 18 h at 4◦C and, then, the
detection system containing secondary antibody and peroxidase
(AdvanceTMHRP R©, Dako, cat # K4068, Glostrup, Denmark)
was added for 30min at 37◦C. 3,3

′
-Diaminobenzidine (DAB)

was used as chromogenic substrate. Specifically, NeuN antibody
(1:1000, Merck Millipore R©, cat # MAB377, A60, Billerica, MA,
USA) was employed to evaluate heterotopic neurons. Ki67
marker (1:500, Dako/Agilent R©, cat # M7240, MIB-1, Santa
Clara, CA, USA) was used to assess cellular proliferative activity.
CD34 antibody (1:100, Dako/Agilent R©, cat # GA632, QBEnd
10, Santa Clara, CA, USA) was used to detect immature cells.
Olig2 staining (1:500, Merck Millipore R©, cat # MABN50,
211F1.1, Billerica, MA, USA) was performed to identify
oligodendroglial cells. CD45 antibody (1:100, Dako R©, cat #
GA751, 2B11+PD7/26, Glostrup, Denmark) was used to identify
lymphoid cells. Myeloarchitecture integrity was accessed by
means of 2′, 3′-cyclic-nucleotide 3’-phosphodiesterase (CNPase)
immunostaining (1:500, cat # MAB326, 11-5 B, Millipore R©,
Darmstadt, Germany) (15). C-fos (1:100, Abcam R© cat#
ab208942, 2H2, Cambridge-MA, USA) and 1FosB (1:100,
Abcam R©, cat # EPR15905, ab184938, Cambridge-MA, USA)
antibodies were used as markers of acute and chronic neuronal
activity, respectively (16–19).

For each marker, immunohistochemical reactions
were concomitantly performed in all samples to ensure
similar technical conditions. External control sections
were simultaneously run to confirm the success of
the immunostaining.

Histopathological Analysis
All cell counts in either hematoxylin and eosin-stained or
immunostained sections were performed at two levels of the
WM, as previously defined (15). Particularly, the superficial
white matter (SWM) was defined as <500µm from the
cortical junction, and the deep white matter (DWM) as
more than 500µm distant from the cortical junction. For
each level (SWM and DWM), 5 randomly chosen high-
power fields (HPF; 400x; objective field area equivalent to
0.092 mm2) were photographed (Capture system: HD Lite
Tucson 1080p; Microscope Novel BM2100). Subsequently, the
number of cell types (or immunopositive) was obtained in each
photodocumented field using the “cell counter” function of the
ImageJ R© software (version 1.50i, National Institutes of Health-
US, https://www.nih.gov). The random choice of the histological
fields and the cell counts were performed in agreement by two
neuropathologists (BCZ and FR).

Analysis of CNPase Immunostaining
CNPase immunostaining was assessed in slides without
counterstaining and employing the ImageJ R© software to
increase binary contrast (thresholding tool). HPFs of both SWM
and DWM levels were randomly selected as described above

(item Histopathological Analysis). Briefly, photomicrographs of
each HPF were initially transformed into gray scale and then
converted into binary information. For such conversion, the
software operator visually defined a cutoff point in the gray scale
that maintained, as reliably as possible, the immunostaining
features observed in the color images (intensity and contrast
with the background). Particularly, this gray scale corresponds
to numerical values ranging from 0 (black) to 255 (white).
Moreover, grayscale values below and above the cut-off point
become black and white, respectively. Finally, the software sums
the gray values of all pixels in each field and divides by the
total number of pixels in the same field, thus, providing a value
corresponding to the percentage of immunostained area (%
area) (20).

MRI Acquisition and Processing
We performed a routine MRI protocol for epilepsy cases in a
3T Philips Achieva scanner, as previously described (21, 22).
Such protocol included T1-weighted 3D images, T1 and T2-
weighted images in the axial and coronal planes, fluid-attenuated
inversion recovery (FLAIR) images, susceptibility weighted
imaging (SWI), inversion recovery (IR) coronal imaging, and
diffusion-weighted imaging (DWI). We also performed T2-
weighted coronal multiecho images for T2 relaxometry analysis
(five echo times: 30/60/90/120/150ms; 3mm thick, repetition
time = 3300ms; matrix 200 × 176; FOV 1802 × 180 mm2). For
diffusion parameter analysis, we acquired a spin-echo single-shot
echo planar imaging (EPI) (2 x 2 x 2mm voxel size, interpolated
to 1 x 1 x 2mm; reconstructed matrix 256 x 256; 70 slices; TE/TR
61/8,500 msec; flip angle 90◦; 32 gradient directions; no averages;
max b-factor = 1,000 s/mm2; 6-min scan) and 3D T1-weighted
images (1 × 1 × 1mm, no gap, flip angle = 8◦, repetition time
[TR] = 7.0ms, echo time [TE] = 3.2ms, matrix 240 × 240, field
of view (FOV)= 240mm× 240 mm).

Relaxometry
We processed the T2-weighted multiecho coronal images of
all individuals with the Aftervoxel software (http://http://www.
liv.ic.unicamp.br/~bergo/aftervoxel) as previously documented
(21). The region of interest (ROI) was defined using the
postoperative T1-weighted image as a visual control to localize
the surgical resected area. Then, we manually drew the ROIs in
the corresponding topography on the preoperative T2-weighted
multiecho, always in the same echo, selecting three portions of
the WM in three consecutive slices from approximately the same
area of the temporal pole. To define the ROIs in control subjects,
we chose an analogous topography to that of the matched patient
(anterior temporal pole, ipsilateral to the postoperative area). The
ROIs were drawn avoiding areas of artifactual T2 hyperintensity
and interference in signal values caused by incorrect demarcation
of cerebrospinal fluid in the structures. We carefully drew WM
areas of equivalent size across all individuals (Figure 1).

Diffusion Parameters Analysis
We used DWI and T1-weighted imaging to examine differences
in macro and microstructural integrity of the WM. The
diffusion maps in the ROIs were obtained using the ExploreDTI
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FIGURE 1 | T2-weighted coronal multiecho images showing the localization of

the region of interest (ROI) in the white matter of the temporal pole (Left:

complete scan, Right: detail of the scan shown on the left). Areas of artifactual

increase in T2-weighted hyperintense signal were carefully avoided. Images

are in radiological convention.

FIGURE 2 | DWI coregistered to the volumetric T1-weighted images showing

the localization of the region of interest (ROI) in the white matter of the

temporal pole. (Right) HS group; (Left) control group. Images are in

neurological convention.

software (A. Leemans, University Medical Center, Utrecht, The
Netherlands) (23). First, we registered the preoperative 3D
T1-weighted with the postoperative 3D T1-weighted images,
using the anterior commissure as an anatomical landmark,
as described elsewhere (22). The preoperative DWI was then
registered with the resulting coregistered T1-weighted 3D images
to ensure the best overlap and define the WM area surgically
resected. Then, the axial section where the surgical site presenting
the largest dimensions was identified, and the WM ROI was
manually drawn. The DWIs were corrected for eddy currents and
Gibbs ringing. The susceptibility artifacts were attenuated during
non-linear registration using volunteers T1 WI, according to
ExploreDTI recommended procedures. We performed the same
protocol for controls, defining the ROI in a similar topography,
ipsilateral to the surgery of the matched patients. From each
ROI, we obtained the mean values of the parameters fractional
anisotropy (FA), mean diffusion (MD), axial diffusion (AD), and
radial diffusion (RD) (24) (Figure 2).

MRI Analysis
Magnetic resonance imaging were retrospectively reanalyzed by
two experienced neuroimagers (VCMC and FC) considering

both clinical and EEG findings. Nonvolumetric sequences were
analyzed first with T1 inversion recovery, followed by T1, T2,
FLAIR, and SWI sequences. The evaluation corresponded to
visual analysis of 12 parameters based on previously described
criteria (25, 26). We paid particular attention to the presence of
blurring and atrophy of the ipsilateral temporal pole, which are
reported to occur in 28–66% of patients with TLE-HS (12, 27,
28).

Statistical Analysis
Statistical analyses were performed using SAS 9.2 Software
for Windows (SAS Institute Inc, 2002–2008, Cary, NC, USA).
The data were analyzed using Fisher exact test for categorical
variables and Mann–Whitney test to evaluate differences in MRI
variables between groups. Then, we applied receiver operating
characteristic (ROC) curves to test whether significant MRI
and histopathological metrics were sensitive and specific to
alterations in the WM of individuals with TLE-HS. Also,
we obtained the best cut-off values optimizing sensitivity
and specificity, therefore, indicative of pathological changes.
To study the relationship between histopathological and MRI
data in the TLE-HS group, Spearman’s correlation coefficients
were calculated. Finally, we plotted ROC curves to assess
whether cell count, immunostaining, and neuroimaging data
discriminate TLE–HS group from controls, obtaining a cut-off
value associated with a higher probability of changes observed in
HS patients. To minimize multiple comparisons, we included in
the correlation and ROC analyses the histopathological findings
and MRI features considered to be relevant to the group analysis
(please refer to the Results section). Data were reported as mean
± standard deviation (SD), median and interquartile interval,
and percentages, as appropriate. The significance level adopted
for the statistical tests was 5%.

RESULTS

Clinical Data
Nine individuals with ILAE type 1 HS were studied, their
ages at surgery ranging from 39 to 56 years old (mean age
± standard deviation: 47.00 ± 6.67 years). Six patients were
women (66.66%) and three were men (33.33%). The average
preoperative interval during which seizures occurred was 36.64
years (±11.02), with a minimum of 21 years and a maximum of
50 years. The mean age at seizure onset was 10.4 years (±11.05),
ranging from 2 months to 35 years. Seven patients showed
fluorodeoxyglucose positron emission tomography (FDG-PET)
hypometabolism in the temporal pole (data not available for
two patients). Regarding postoperative seizure control [Engel’s
class (29)], 5 patients (55.55%) were classified as IA (completely
seizure-free since surgery), 1 (11.11%) was classified as IIA
(initially free of disabling seizures but has currently rare seizures),
and 3 (33.33%) were grouped as IIIA (worthwhile seizure
reduction). The average postoperative follow-up was 2.17 years.
Further details on clinical and EEG findings are presented in
Table 1.

As regards the control group for histopathological analyses
(n = 10; five women and five men), the mean age at autopsy
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TABLE 1 | Summary of clinical data and descriptive MRI parameters in patients with HS.

Patient # Gender Side of

resection

Age at

onset

(years)

Age at

surgery

(years)

Epilepsy

duration

Engel’s

class

Interictal

EEG

Ictal EEG Temporal lobe

asymmetry

T2/FLAIR

Temporopolar

blurring

1 F Left 13 51 38 Ia Left temporal Left temporal Present Absent

2 F Right 0.17 38 37.89 IIIa Bilateral

temporal (R >

L)

Bilateral

fronto-temporal (R

> L)

Present Present

3 M Left 2 51 49 IIa Left temporal Bilateral temporal

(L > R)

Absent Absent

4 F Left 5 44 39 Ia Left temporal Left temporal Present Present

5 M Left 3 49 46 IIIa Bilateral

temporal (L >

R)

Bilateral temporal

(L > R)

Present Present

6 F Right 18 41 23 Ia Right

temporal

Right temporal Absent Absent

7 F Right 35 56 21 IIIa Bilateral

temporal (R >

L)

Right temporal Absent Absent

8 F Left 4 54 50 Ia Bilateral

temporal (L >

R)

Left temporal Absent Present

9 M Left 13 39 26 Ia Left temporal Left temporal Absent Present

was 43.00 ± 12.38 years (ranging from 23 to 67 years). For MRI
control group (n = 13; eight women and five men), the mean
age at acquisition was 52.54 ± 8.96 years (ranging from 36 to 65
years). There was no statistical difference regarding age when the
HS group was compared to autopsy and MRI controls (p= 0.326
and p= 0.101, respectively).

Quantitative Analysis of Cell Population in
the White Matter
Hematoxylin and eosin-stained slides from the anterior pole of
the temporal lobe from individuals with HS showed a significant
increase in the number of oligodendroglial cells per HPF, both
in the SWM and DWM, in comparison with controls (HS –
SWM: 173.53 (mean) ± 27.87 (standard deviation) and DWM:
159.20 ± 21.56; Control (C) – SWM: 97.88 ± 14.01 and DWM:
95.56 ± 16.06; p < 0.001) (Figure 3). Such increase was also
detected using the Olig2 antibody (HS – SWM: 135.02 ± 19.97,
DWM: 105.31 ± 16.52; C – SWM: 46.82 ± 15.78, DWM: 36.80
± 10.42; p < 0.001) (Figure 4). In addition, the HS group
presented a significant increase in the number of perivascular
oligodendroglial cells per vessel (HS – 28.09 ± 17.14; C – 0.16 ±
0.39; p< 0.001) or adjacent to heterotopic neurons (perineuronal
satellitosis; HS – SWM: 1.96 ± 2.75, DWM: 0.64 ± 0.55; C –
SWM: 0.08 ± 0.19; p = 0.008, DWM: 0.04 ± 0.13; p = 0.001)
(Figure 5).

As regards heterotopic neurons, we observed an increase
in their frequency in the SWM of HS samples only after
labeling with NeuN in comparison with controls (HS – SWM:
1.47 ± 0.46; C – SWM: 0.70 ± 0.29; p = 0.002) (Figure 6).
Particularly, no significant difference was noted in such cell count
on hematoxylin and eosin-stained sections both in SWM (HS
– 0.71 ± 0.66; C – 0.28 ± 0.21; p = 0.171) and DWM (HS –

0.33 ± 0.36; C – 0.10 ± 0.22; p = 0.051). Likewise, there was no
difference between the groups regarding the number of NeuN-
positive neurons in the DWM (HS – 0.47± 0.22; C – 0.32± 0.30;
p= 0.151).

Neither chronic inflammation nor CD45-positive cells were
identified in the groups. Immunostaining for CD34 was verified
only in the vascular endothelium (no immature CD34-positive
cells were observed), irrespective of epilepsy history.

Tissue Expression of CNPase and Ki67
Labeling
The percentage of CNPase-immunopositive area was
significantly higher both in the SWM and DWM in patients with
HS compared with controls (HS – SWM: 28.51 ± 9.58%, DWM:
25.80 ± 10.06%; C – SWM: 7.66 ± 4.35%, DWM: 7.02 ± 3.09%;
p < 0.001) (Figure 7).

Proliferative activity, as shown by nuclear staining for Ki67,
was significantly higher in the DWM of the HS group (HS – 0.44
± 0.42, C – 0.04 ± 0.13; p = 0.005), but not in SWM (HS – 0.18
± 0.27, C – 0.02± 0.06; p= 0.091).

Tissue Expression Analysis of Acute and
Chronic Neuronal Markers
We also studied markers of acute (c-fos) and chronic (1FosB)
neuronal activity in both the groups. Specifically, there was a
significant increase in neocortical immunolabeling for c-fos (HS
– 0.57± 0.77; C – 0.12± 0.18; p= 0.004) and1FosB (HS – 13.86
± 7.54; C – 0.07± 0.13; p< 0.001) in patients with HS (Figure 8).

MRI Findings
The parameters assessed in MRI scans and their corresponding
frequencies in the HS group are depicted in Table 2. Specifically,
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FIGURE 3 | Quantitative analysis of the number of oligodendrocytes in the superficial white matter (SWM) (A) control and (B) HS group; and in the deep white matter

(DWM) (C) control and (D) epilepsy group. Graphical representation of the mean number of oligodendroglial cells in SWM (E) and DWM (F). Note the identification of

cells counted in each field by means of blue dots corresponding to the “cell counter” counting tool of the ImageJ® software. Hematoxylin and eosin (A–D). Scale bar:

39µm (A–D).

there was a significant increase in T2 signal values (relaxometry)
in patients with epilepsy when compared with controls (p =

0.002). Regarding DWI, we found significantly reduced FA values
in the HS group (p= 0.034), but no significant differences for AD
(p= 0.185), RD (p= 0.064), or MD (p= 0.093).

All patients had classical MRI signs of unilateral HS in
the visual analysis (Figure 9). Temporopolar blurring in T2-
weighted/FLAIR images was present in five out of nine patients.
Temporal lobe asymmetry was observed in four out of nine
patients. One patient also had a small encephalocele.

Analyses of Association Between Clinical
Data, Cell Count, MRI Findings, and
Immunohistochemical Expression
A positive correlation was found between the number of cells
expressing the chronic neuronal activity marker (1FosB) in the

cortex and the number of Olig2-positive cells in the DWM (r =
0.700; p= 0.036) (Figure 10).

Moreover, there was a negative correlation between the
number of Olig2-positive cells and the FA in the SWM (r =

−0.666; p = 0.049) and a non-significant correlation in DWM
(r = −0.250, p = 0.51) (Figure 10). We also found a negative
correlation between the number of cells expressing 1FosB in
the SWM and the FA mean in patients with HS (r = −0.788; p
= 0.012).

There were no significant correlations between
oligodendrocyte count (hematoxylin and eosin-stained sections)
and T2-weighted signal measured by relaxometry in both the
SWM (−0.083, p = 0.83) and DWM (r = −0.500, p = 0.17);
oligodendrocyte count and FA in the SWM (r = −0.0833, p
= 0.83) and DWM (r = −0.183, p = 0.63); CNPase-positive
area (%) and T2 signal in the SWM (r = 0.017, p = 0.96) and
DWM (r = −0.283, p = 0.46); and CNPase-positive area and
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FIGURE 4 | Quantitative analysis of the immunohistochemical expression of Olig2. Olig2 expression in control (A) and HS (B) individuals. Graphic representation of

the average number of cells with Olig2 expression in SWM (C) and DWM (D). Note the identification of cells counted in each field by means of pink dots

corresponding to the “cell counter” counting tool of the ImageJ® software. Peroxidase (A, B). Scale bar: 39µm (A, B).

FA in the SWM (r = 0.317, p = 0.41) and DWM (r = 0.001,
p= 1.00).

When comparing patients with and without temporal polar
blurring in the visual analysis of T2-weigthed and FLAIR
images, we did not find significant differences (p > 0.1) in the
number of oligodendroglial cells (hematoxylin and eosin-stained
sections and Olig2-positive) and CNPase-immunopositive
areas. Moreover, there were no significant correlations (p
> 0.1) when considering the number of oligodendroglial
cells or CNPase-immunopositive areas and duration
of epilepsy.

Discrimination of Study Groups Using ROC
Curves
The ROC analyses showed that the number of oligodendroglial
cells (hematoxylin and eosin-stained sections) differentiated
patients with HS both in the SWM (AUC = 0.989, 95%CI
0.954–1.024; p < 0.001) and DWM (AUC = 1, 95%CI 1–
1; p < 0.001). Particularly, the cut-off point for cells in
the SWM was ≥113 cells/HPF with sensibility = 100.0%
(95%CI 62.88–100.0) and specificity = 90% (95%CI 54.11–
99.48). Regarding the DWM, the cut-off point was ≥126
cells/HPF with sensibility = 100.0% (95%CI 62.88–100.0) and
specificity = 100% (95%CI 62.55–100.0). Similarly, the number
of oligodendroglial cells in the perivascular space (AUC = 1,
95%CI 1–1; p < 0.001) differentiated the HS group. In this case,
the cut-off point was ≥6 cells/vessel with sensibility =100.0%

(95%CI 62.88–100.0) and specificity = 100.0% (95%CI 65.55–
100.0).

As regards immunostaining, we found that the number
of NeuN-positive heterotopic neurons in the SWM
differentiated the HS group (AUC = 0.917, 95%CI 0.783–
1.050; p < 0.002) with a cut-off point ≥1.3 NeuN-positive

cells/HPF with sensibility = 77.78% (95%CI 40.19–96.05)
and specificity = 100.0% (95%CI 65.55–100.0). Also, Olig2-
positive cells differentiated patients with HS both in the
SWM (AUC = 1, 95%CI 1–1; p < 0.001) and in the
DWM (AUC = 1, 95%CI 1–1; p < 0.001), cut-off points
being ≥91 cells/HPF with sensibility = 100.0% (95%CI

62.88–100.0) and specificity = 100.0% (95%CI 65.55–
100.0); and ≥65 cells/) and specificity = 100.0% (95%CI
79.95–100.0), respectively.

The percentage of area immunoreacted to CNPase also
differentiated the HS group, both in the SWM (AUC =

0.989, 95%CI 0.954–1.024; p < 0.001) and in the DWM

(AUC = 1, 95%CI 1–1; p < 0.001). The cut-off points were

≥13%/HPF in the SWM with sensibility = 100.0% (95%CI
62.88–100.0) and specificity = 90.0% (95%CI 54.11–99.48)
and ≥13.6%/HPF in the DWM with sensibility = 100.0%
(95%CI 62.88–100.0) and specificity = 100.0% (95%CI 65.55–
100.0), respectively.

The neocortical markers of acute and chronic neuronal
activity could also discriminate the patients with HS (c-fos–
AUC = 0.778, 95%CI 0.563–0.992, p = 0.041; 1FosB – AUC
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FIGURE 5 | Quantitative analysis of heterotopic neurons, satellitosis, and glial cells in perivascular space in WM. (A) and (B) represent fields photographed in the

SWM of a control subject and an HS patient, respectively. Heterotopic neurons are indicated with yellow arrows. (C) and (D) represent glial cells in the perivascular

space in a control group and an HS group, respectively. In (E), graphical representation of the mean number of oligodendroglial cells around heterotopic neurons by

HPF in SWM. In (F), mean number of glial cells in the perivascular space/vessel in each studied group. Hematoxylin and eosin (A–D). Scale bar: 39µm (A–D).

FIGURE 6 | Quantitative analysis of the immunohistochemical expression of NeuN antibody. NeuN expression in control (A) and HS (B) individuals. Peroxidase (A, B).

Scale bar: 39µm (A, B).
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FIGURE 7 | Quantitative analysis of myeloarchitecture through CNPase expression. CNPase expression without counterstaining in control (A) and epilepsy (C)

groups. In (B) and (D), transformation of images (A) and (C) are shown, respectively, in gray scale to increase binary contrast (thresholding) and analysis of the

percentage of immunomarked area using the ImageJ® program. Graphic representation of the mean percentage of CNPase expression per high power field (HPF) in

superficial white matter (E) and deep white matter (F). Peroxidase (A, C). Scale bar: 39µm (A–D).

= 1, 95%CI 1–1, p < 0.001). For c-fos, the cut-off point was
≥0.15 cells/HPF with sensibility = 66.67% (95%CI 30.92–90.96)
and specificity = 80.0% (95%CI 44.22–96.46). As for 1FosB,
the cut-off point was ≥3.0 cells/HPF with sensibility = 100.0%
(95%CI 62.88–100.0) and specificity = 100.0% (95%CI 65.55–
100.0).

The T2 signal by relaxometry significantly differentiated
individuals with HS from controls (AUC = 0.926, 95%CI 0.809–
1.043, p = 0.002), cut-off being ≥70.6 with sensibility = 88.89%
(95%CI 50.67–99.42) and specificity = 77.78% (95%CI 40.19–
96.05).

The FA could also significantly discriminate the HS and
control groups (AUC = 0.802, 95%CI 0.555–1.050; p =

0.031). The cut-off was ≤ 0.26 with sensibility =100% (95%

CI 62.88–100.0) and specificity = 77.78% (95%CI 40.19–
96.05).

DISCUSSION

This work aimed to investigate and correlate WM alterations
in cell populations and neuroimaging from individuals with a
common cause of pharmacoresistant epilepsy (HS), and whose
surgical treatment allowed the sampling of tissue from the
temporopolar region. Specifically, we demonstrated significant
changes in WM cellularity when analyzing the anterior temporal
pole of patients with HS. Additionally, histopathological
alterations of the anterior temporal pole, in particular related
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FIGURE 8 | Quantitative analysis of the immunohistochemical expression of 1FosB and c-fos. Expression of 1FosB in the cortical region of individuals in the control

(A) and HS (B) groups. C-fos expression in the cortical region of individuals in the control group (C) and in the HS group (D). Neurons with expression of 1FosB and

c-fos are indicated with red arrows. Graphic representation of the average number of 1FosB (E) and c-fos (F) positive cells/HPF in neocortex. Peroxidase with

hematoxylin counterstaining (A–D). Scale bar: 39µm (A–D).

to the oligodendrocyte population were correlated with MRI
findings, allowing to determine cut-off points that could predict
changes associated with HS and hypothesize pathophysiological
mechanisms for TLE–HS.

Oligodendroglial hypercellularity in the WM was an eye-
catching finding in the present investigation. Such a finding has
been observed in patients with long-term epilepsy and reported
under a wide range of descriptive terms, such as glioneuronal
hamartia (30), microdysgenesis (8, 9, 31), oligodendroglial
hyperplasia (10, 15), and oligodendrogliosis (32, 33). Recently,
an entity was proposed in patients with early-onset frontal
lobe epilepsy and designated as mild developmental cortical
malformation with oligodendroglial hyperplasia (34, 35). This
myriad of terms has been used for patients with temporal (8, 9,

30, 36, 37) or frontal lobe epilepsy (15, 34) and associated with
different pathological conditions (32).

Changes related to the number and distribution of
oligodendrocytes in the WM have been interpreted as a reactive
proliferation in the context of pharmacoresistant epilepsy
(32, 36). Experimental studies on optogenetic stimulation in
mice showed evidence supporting this interpretation. Indeed,
it was demonstrated that repetitive activation of neurons is
capable of stimulating the proliferation of both neuronal and
oligodendroglial progenitor cells, their differentiation, and
myelination process (11). We verified an increased expression
of acute and chronic markers of neuronal activity in the
temporal neocortex. This finding suggests that the adaptive
neuroplasticity described in experimental models of epilepsy
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TABLE 2 | Summary of the MRI measurements of the anterior temporal lobe in control group and HS group.

MRI measurements Control HS p-value

T2 relaxometry, median (interquartile range) 68.75 (68.71–70.57) 77.51 (75.53–86.31) 0.002

FA, median (interquartile range) 0.39 (0.27–0.4) 0.24 (0.22–0.243) 0.034

AD, median (interquartile range) 0.00095 (0.00091–0.00122) 0.00121 (0.00113–0.00123) 0.185

RD, median (interquartile range) 0.0007 (0.0005–0.0008) 0.00088 (0.00079–0.0009) 0.064

MD, median (interquartile range) 0.00078 (0.00066–0.00098) 0.00099 (0.0009–0.00102) 0.093

can also be observed in human samples from patients with
TLE-HS (11, 18, 19). Particularly, as observed in experimental
studies (19), the increased expression of 1FosB that we verified
in patients with TLE could be associated with higher expression
of specific subunits of glutamate receptors, thus contributing
to seizure generation and propensity to seizures. Moreover, we
also verified that increased neuronal activation was positively
correlated with oligodendroglial hypercellularity in the WM,
even though such increase in cell number was not correlated
with disease duration. However, since our patients had more
than 21 years of epilepsy duration (ranging from 21 to 50
years), a floor effect should be considered in this particular
lack of correlation. Therefore, considering the observations
from previous reports on surgical specimens and experimental
approaches and the current findings in the temporal pole, it
is possible that the alterations related to oligodendroglial cell
number and distribution in the WM may be a maladaptive
response of the nervous tissue submitted to pharmacoresistant
epilepsy, irrespective of etiology.

In this work, the HS group showed an increase in the
percentage of the area immunostained for CNPase. This marker
is a myelin membrane-associated protein expressed by both
oligodendroglial progenitor forms and mature oligodendrocytes,
its function being still debatable (38, 39). As CNPase is
considered to bind to microtubules and to be involved in axonal
maintenance, this protein would play a structural role in myelin
integrity (40). Therefore, we hypothesize that the increase in
the percentage of CNPase immunostained area could be due to
fragmentation or structural disorganization of WM fibers in the
context of chronic epilepsy (15, 41).

Additionally, we demonstrated a significant ipsilateral
reduction in FA in the anterior pole of the temporal lobe,
corresponding to a decrease in the integrity of the axonal
bundles, and increased T2-weighted signal. This result is in
line with previous DTI (42, 43) and T2-weighted reports
(21, 22) of widespread changes in TLE–HS affecting not
only the hippocampal formation but also other temporal
and extratemporal structures. However, fewer studies have
investigated the histopathological correlation of WM alterations
with imaging in patients with epilepsy.

Overall, FA changes has been more frequently associated
with histopathological changes in the SWM. Here, we found
that higher numbers of Olig2- and 1FosB-positive cells were
strongly associated with lower FA values, explaining over 44%
of the variation between these measures. Concha et al. (42)
showed lower FA associated with reduced cumulative axonal

circumference, axonal density, and myelin thickness and area
in the fimbria–fornix tract, thus evidencing the relationship
between diffusion microstructure abnormality and underlying
axonal pathology. Interestingly, a recent in vivo MRI study
(44) also demonstrated that reduced FA was associated with
reduced intracellular volume fraction (an MRI marker of
neurite density) and myelin water fraction (an MRI marker of
myelination). Taken together, it is possible that our findings
regarding oligodendrocyte hypercellularity, neocortical neuronal
activation, and increase in percentage of CNPase-positive area
would suggest that the axonal impairment measured by the FA
is part of a complex mechanism involving excessive neuronal
activity associated with changes in the myeloarchitecture
integrity in patients with TLE.

Moreover, we did not find a significant correlation
between T2-weighted signal (relaxometry) and the number
of oligodendrocytes in the DWM in hematoxylin and eosin-
stained sections. In TLE, a hyperintense signal in T2-weighted
images has been associated with astrocytic reaction (gliosis) in
the hippocampus (45). Therefore, our findings suggest that tissue
changes associated with the oligodendrocyte population in the
WM may not be the predominant pathophysiological events
contributing to changes in T2 hyperintense signal detected in
the temporal pole of some patients with TLE. However, these
findings need further confirmation.

Our results regarding visual MRI analysis revealed that five
out of nine patients presented with temporopolar blurring in T2-
weighted and FLAIR images. However, the increase in CNPase-
positive areas and in the number of oligodendroglial cells (both
in hematoxylin and eosin-stained and in Olig2-immunoreacted
sections) were similar in patients with and without temporopolar
blurring. These findings support that this MRI temporopolar
blurring in patients with TLE–HS is most likely related to delayed
myelination and arrest of white matter development (12, 46)
and not predominantly influenced by changes in the number
of oligodendrocytes.

The value of hippocampal T2 relaxometry TLE investigation
is well-documented using both manual and automatic methods
(47, 48). Here, we also showed that WM alterations translated
by histopathological, FA, and T2 signal changes in the
temporal pole allowed for differentiation of patients with HS
from controls, with high sensitivity and specificity, pointing
out reference cutoffs to indicate pathological changes. In
this sense, previous studies have yielded results that allow
imaging techniques to anticipate histopathological findings of
epileptogenic lesions (47, 49).
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FIGURE 9 | Preoperatory coronal T1-weighted inversion recovery and coronal and axial fluid-attenuated inversion recovery (FLAIR) images from patient 2 (top row)

with temporopolar blurring in FLAIR images (open arrows) and from patient 6 (bottom row) without temporopolar blurring. Both patients had MRI signs of right

hippocampal sclerosis (atrophy and hyperintense FLAIR signal; arrows).

FIGURE 10 | Graphic representations of the analysis of correlations between different numerical variables in the HS group. Scatterplots representing the correlations

between the number of 1FosB positive cells in the cortex and the number of Olig2 positive cells in the DWM (A) and between the number of Olig2 positive cells in the

SWM and the mean FA in individuals with HS (B).

Regarding the limitations of our study, it is important to
mention the small sample size of HS and control groups.
However, such sample size was homogeneous enough to
suggest associations between imaging (T2 and DWI) and
neuropathological WM changes. Moreover, further validation
of the present histological results could be performed in larger
series of surgical cases, including etiologies other than HS.
Finally, it could be considered that the influence of fixation
in the immunoreactivity of the different types of tissues
(surgical and autopsy specimens) in our investigation, an
intrinsic limitation of studies in which autopsy samples are used
as controls.

In conclusion, after performing histopathological and MRI
analyses in the WM of the anterior temporal pole from patients
with TLE-HS, we showed changes in cell constitution and

myelin remodeling. As we evaluated tissue from individuals
with chronic epilepsy, it is possible that the current set of
histopathological and quantitative MRI changes is associated
with plasticity of neuronal and glial cells of the TLE network.
Future studies based on the present pathology-imaging
approach may contribute with insights into tissue alterations
correlating with MRI signal changes and into pathophysiological
mechanisms of other structural lesions causing
focal epilepsy.
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Jorge Guillermo Reyes-Vaca and Ildefonso Rodríguez-Leyva*
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Potosí (UASLP), San Luis Potosí, Mexico

Objective: The objective of this study was to determine the relationship between atrophy

of the hippocampus and severity of epilepsy in patients with temporal lobe epilepsy (TLE)

as the first step to evaluate the possibility of surgery for epilepsy and analyze why patients

cannot undergo epilepsy surgery.

Methods: Volumetric MRI of the hippocampus was performed in 51 consecutive

patients (29 men; mean age 40) with TLE. TLE diagnosis, lateralization, and severity (mild,

moderate, severe) of seizures were based on a comprehensive evaluation that included

neurologic examination and EEG in all patients. Patients with evidence of a lesion other

than hippocampal sclerosis were not included in the study. We assessed the relationship

between hippocampal volumes and electrophysiological evidence of seizure severity.

Results: According to the affected side based on the EEG, a statistically significant

difference (p < 0.001) in volume and a positive correlation between epilepsy and

hippocampal atrophy were found.

Conclusion: Our results confirm that volume loss to the hippocampus in patients

with TLE correlates with the severity of epilepsy based on the EEG. Therefore, surgical

treatment is considered early when hippocampal atrophy is evident in patients with

refractory TLE. However, in Latin American countries, it is a challenge to get a patient to

undergo epilepsy surgery. Therefore, we try to analyze the sad situation in our hospital.

Keywords: TLE, MRI, EEG, hippocampal volume, epileptic seizure

INTRODUCTION

Epilepsy [according to the International League Against Epilepsy, ILAE, and the International
Bureau for Epilepsy, IBE, (2005)] is defined as a brain disorder characterized by predisposition to
generate recurrent epileptic seizures, which usually leaves neurobiological, cognitive, psychological,
and social consequences, in which the presence of at least one epileptic seizure is necessary (1).
A task force of the ILAE proposed that epilepsy is a brain disease defined by (1) at least two
unprovoked (or reflex) seizures within more than 1 day; (2) one unprovoked (or reflex) seizure
and probability of new seizures similar to the overall risk of recurrence (at least 60%) after two
unprovoked seizures, occurring within the next 10 years; (3) diagnosis of an epileptic syndrome (2).
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An epileptic seizure is a recurrent event characterized by
the transient presence of signs and symptoms due to abnormal
overactivity or synchronous neuronal activity in the brain (1).

Factors that influence the form of manifestation of an epileptic
seizure are: (a) the location of the abnormal neuronal overactivity
in the brain, (b) the mode of propagation, (c) brain maturity,
(d) the patient’s underlying disease, (e) the sleep-wake cycle, (f)
medications, and (g) the clinical semiology of seizures, among
others. Besides, the EEG and MRI (3) can help localize the
abnormality in function or structure of the brain, especially in
temporal lobe epilepsy (TLE).

In 1989, TLE was included in the ILAE classification under
the group of symptomatic localization-related epilepsies. The
definition offers a tentative description based on suggestive
clinical features plus ictal and interictal electroencephalogram
(EEG) findings. The ILAE also identifies seizures originating
from the amygdalohippocampal area (mesio-basal limbic or
rhinencephalic) and the lateral temporal area. The other form of
TLE is often referred to as neocortical TLE (nTLE) (4). In the
new classification of seizures, most TLE seizures are recognized
as focal, with impaired awareness, motor onset and automatism,
non-motor onset and behavioral arrest, or cognitive alteration
sometimes with bilateral tonic-clonic propagation (5).

Seizures can affect sensory, motor, and autonomic functions,
and consciousness, emotions, cognitive, memory, and
behavior. Not all seizures affect these sensory, motor, and
autonomic functions; however, at least one is involved.
Sensory manifestations include somatosensory, auditory, visual,
olfactory, gustatory alterations, and more complex presentations,
such as perceptual distortions (6).

Cognitive disturbances may appear as problems in perception,
attention, emotion, memory, performance, or language. The
emotional state is difficult to define in a similar way for patients.
Still, it must be considered, since some cases present with
manifestations of fear, anxiety, satisfaction, and joy. Hemispheric
lateralization of TLE is not often straightforward, and abnormal
activity may rapidly propagate to the contralateral hemisphere
to other cerebral presentations of clinical symptoms related to
secondary sites. Careful observation of ictal semiology, however,
can help identify the lateralization in TLE. To localize the seizure
onset zone in TLE, we can utilize:

1. unilateral clonic activity (with contralateral focus),
2. unilateral dystonic or tonic posturing (in 90 and

86%, respectively),
3. unilateral automatisms (with ipsilateral seizure focus in 80%),
4. ictal speech preservation (with seizure focus contralateral to

the dominant language hemisphere in 80%), the preservation
of language, is not localizing; it just informs whether the
seizure impacts or not the language areas, and

5. versive head rotation occurring ≤10 s before seizures
consistently generalized predicted a contralateral focus.

Less predictive manifestations of lateralization included ictal
speech arrest and postictal speech status, with predictive values
of 67%. Eye deviation, aura type, and versive head movements
occurring at times other than secondary seizure generalization

were less predictive of lateralization (7). Sometimes, it is possible
to recognize the lateralization but not the affected lobe; several
differences can be that frontal lobe seizures are preceded by
somatosensory auras localized to the chest or epigastrium
olfactory auras suggesting orbitofrontal lobe involvement.
Epigastric auras commonly precede TLE seizures. Parietal lobe
seizures present with somatosensory aura, numbness, pain, and
tingling sensations. Visual auras commonly precede occipital
lobe seizures (8).

Temporal lobe epilepsy usually presents with focal seizures.
However, the underlying pathology can be any of a wide range
of conditions, such as hippocampal sclerosis, low-grade glial
tumors (disembryoplastic neuroepithelial tumor, ganglioglioma,
and oligodendroglioma), migratory neuronal disorders (cortical
dysplasia), and vascular lesions (cavernous malformation and
arteriovenous malformation), although in a significant number
of cases no structural abnormalities are found (9). At least
one-third of patients with TLE develop medically intractable
epilepsy (IE), which is a common form of epilepsy; it is
necessary to identify pharmacological, genetic, neurobiological,
and immunological factors to improve the prognosis of those
suffering from this problem (10). Therefore, there has been
a growing interest in surgical therapy for medically IEs.
Cortical resection of the seizure onset zone is the most widely
accepted model of surgical management. Still, anatomically
standard resection of the temporal lobe or resection limited to
amygdalohippocampectomy can be a possible route to improve
the quality of life in subjects with IE of temporal lobe origin.
Especially, if the procedure is made early, the approach provides
optimumbalance of benefits to risks and costs for all patients with
TLE (11).

A study on patients with IE, searching for structural
changes and their localization in the brain, could be
relevant for understanding the expression of epileptic
seizures. Particularly, MRI-based volumetric measurements
of the amygdala and hippocampus have been proven
to be helpful in the diagnosis and treatment of patients
with TLE. This imaging modality correlates amygdala and
hippocampal volumes with semiological, neurophysiological,
and neuropathological findings, post-surgical outcome,
and clinical course. Technical and anatomical aspects
underlying the successful use of this modality that has
been reported in previous studies were evaluated. However,
the sensitivity of qualitative visual analysis vs. quantitative
volumetric MRI analysis is a matter of debate. When used
in conjunction with electroencephalographic monitoring,
volumetric MRI will allow us to treat patients with TLE
appropriately, efficiently, and cost-effectively, giving us
the ability to offer surgery earlier, especially in developing
countries (12).

MATERIALS AND METHODS

This study was performed at the Central Hospital “Dr.
Ignacio Morones Prieto” in San Luis Potosi, Mexico. Fifty-one
consecutive patients with idiopathic TLE (22 women and 29men,
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with an average age of 40 years)1 were recruited between 2010
and 2011.

The 51 patients selected met the following inclusion criteria:
both genders, >18 and <80 years, with an average age of 44
years old, diagnosis of idiopathic temporal lobe IE, EEG, and
MRI. Exclusion criteria were neuroimaging showing tumors,
infections, or infarcts.

A neurologist with electrophysiological training analyzed the
electroencephalographic studies to classify the right and left

FIGURE 1 | Tables show the correlation among volume, voxels, and

hippocampal atrophy, comparing the affected side against its control (itself).

Again, the results show a high sadistic significance.

temporal lobe epilepsy groups. In turn into three subgroups
with categories of mild, moderate, or severe, according to the
EEG characteristic’s findings (according to the frequency of the
presence of epileptic graphoelements in the EEG, obtained an
average per time; mild: more than 1 per h but less than 1 per
min; moderate: more than 1 per min but <1 in 10 s; severe:
more than 1 per s) by a neurophysiologist who was blind to
the semiology of the seizures For the imaging studies, the Signa
1.5 T GE superconductive high-fieldmagnetic resonance imaging
equipment was used, with an 8-channel neurovascular coil and
T1- and T2- weighted images.

Hippocampal volumes were derived using Analyze 10.0
(Mayo Clinic) by manually delineating the structure on the
T1-weighted images. We used as control the contralateral
hippocampus that was not damaged or was less affected in
each participant.

RESULTS

Measurements were made for each patient in both hippocampal
areas. Then, the results were compared, subtracting the left
hippocampal area from the right. Therefore, positive values
would indicate a larger size in the right hippocampal region,
and negative values would show a larger space in the left
hippocampal area.

FIGURE 2 | Correlation between voxel and volume with severity of the findings in the EEG. The results are presented for each IE group: mild, moderate, and severe,

and each affected side, left and right.
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Ten years after completing this research, we have not
implemented epilepsy surgery routinely at our institution.

These findings are exemplified in Figure 1.
Despite being blinded, the neurophysiologist achieved

an interpretation associated with the location and greater
involvement in the volumetric and voxel measurements of the
hippocampal area (Figure 2).

DISCUSSION

We used methods such as EEG and mathematical analysis of
MRI based on four variables (area, volume, voxels, and intensity)
correlated more strongly than the usual qualitative methods for
MRI assessment.

We found that the mathematical measures that correlated
most strongly with EEG were volume and voxels, showing
statistical significance in all six classified groups. Thus, we
can detect a very high correlation between EEG and MRI,
precisely the quantitative measures of volume and voxels based
on these two measures. We also found a correlation between the
severity of epilepsy and the more significant difference between
hippocampi concerning volume, area, and voxels. Unfortunately,
the next step is very challenging to establish. The reason is
that we are cautious in several essential points: (a) lack in the
number of specialists to perform this kind of surgery, (b) lack
of adequate equipment to make the location of the epileptic
focus more precise, even if we already know the side and
the size (e.g., applying recording racks, deep electrodes), (c)
belonging to public institutions where a patient who attends
does not have financial resources and the institution lacks the
means to support his preoperative study and performance of
the procedure.

CONCLUSIONS

Magnetic resonance imaging (MRI) has revolutionized the
detection of structural abnormalities in patients with epilepsy.
However, many focal abnormalities remain undetectable
to routine visual inspection by the observer. MRI analysis
using specialized software optimizes the parameters and
may provide a tool for further clinical evaluation. Improve
detection previously occult malformations; thus, improving
the identification of patients who may benefit from epilepsy
surgery by more accurately detecting the irritative focus.
Matching semiology of the seizures, EEG, and MRI image
localization provide us with a valuable armamentarium to
improve the prognosis of IE in patients with TLE (13–16).
The lack of human and economic resources to complete
the diagnostic approach and perform an early surgical
procedure favors that our patients continue suffering from
refractory epilepsy and have a higher risk of premature
death (SUDEP).
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Drug-resistant epilepsy remains a significant clinical and societal burden, with one third of

people with epilepsy continuing to experience seizures despite the availability of around

30 anti-seizure drugs (ASDs). Further, ASDs often have substantial adverse effects,

including impacts on learning and memory. Therefore, it is important to develop new

ASDs, which may be more potent or better tolerated. Here, we report the preliminary

preclinical evaluation of BICS01, a synthetic product based on a natural compound, as a

potential ASD. Tomodel seizure-like activity in vitro, we prepared hippocampal slices from

adult male Sprague Dawley rats, and elicited epileptiform bursting using high extracellular

potassium. BICS01 (200µM) rapidly and reversibly reduced the frequency of epileptiform

bursting but did not change broad measures of network excitability or affect short-term

synaptic facilitation. BICS01 was well tolerated following systemic injection at up to 1,000

mg/kg. However, we did not observe any protective effect of systemic BICS01 injection

against acute seizures evoked by pentylenetetrazol. These results indicate that BICS01 is

able to acutely reduce epileptiform activity in hippocampal networks. Further preclinical

development studies to enhance pharmacokinetics and accumulation in the brain, as

well as studies to understand the mechanism of action, are now required.

Keywords: drug therapy, epilepsy, anti-seizure drugs, epileptiform activity, seizure

INTRODUCTION

Epilepsy is one of the most common chronic neurological diseases, affecting up to 70 million
people worldwide (1). Epilepsy is caused by complex biophysical, molecular, structural and
functional changes to brain networks which lead to an imbalance between excitatory and inhibitory
neurotransmission. This manifests clinically as spontaneous recurrent seizures (SRS) as well as co-
morbidities which can include difficulties with learning, memory, sleep and mental health. Despite
the availability of around 30 anti-seizure drugs (ASDs) (2), approximately 30% of people with
epilepsy do not experience seizure freedom even with optimal treatment strategies (3). This figure
may be as high as 3 out of 4 in patients with temporal lobe epilepsy (TLE) (4). In addition, many
ASDs can have significant adverse effects which may severely impact a person’s quality of life (5).
These can include cognitive, sleep andmood impairments, which could also exacerbate the existing
co-morbidities of epilepsy. It is therefore critical to develop novel therapeutic compounds for
epilepsy which may be more effective in drug-resistant epilepsies and better tolerated by patients.
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Most ASDs are small molecules which typically act by interfering
with neuronal ion channels and neurotransmitter systems
to reduce excitability or boost inhibition in the brain (6).
For example, ASDs can reduce voltage-gated sodium channel
function (e.g., phenytoin, carbamazepine), increase voltage-gated
potassium channel function (retigabine) or enhance GABA-
mediated inhibition (e.g., benzodiazepines, tiagabine, vigabatrin).
Other ASDs including levetiracetam, gabapentin and pregabalin
act on pre-synaptic release machinery (6).

Here, we describe initial anti-seizure efficacy of BICS01.
BICS01 is a novel synthetic putative anti-seizure compound,
based on the structure of a natural product (7, 8). A therapeutic
screen of the compound using the high potassium model of
epileptiform activity in rat hippocampal slices (9, 10) showed
that BICS01 mediated a powerful and reversible suppression of
epileptiform activity. However, an initial in vivo test using the
acute pentylenetetrazol (PTZ) seizure model showed no effect of
BICS01 when administered systemically, 30min prior to seizure
induction. Taken together, BICS01 has promising anti-seizure
effects with seemingly limited impact on normal hippocampal
function, but further study is required to translate this finding to
achieve in vivo efficacy and to ultimately build up a full preclinical
profile for BICS01.

MATERIALS AND METHODS

BICS01 Synthesis and Preparation
BICS01 was designed based on the structure of a natural
product, and was purified by normal and reverse phase column
chromatography with variable packing materials. It has a
molecular weight of <250 DA. BICS01 was dissolved in 0.9%
NaCl vehicle for experimental work.

Ethics
Ex vivo experimental procedures in rats were carried out in
accordance with the UK Animals (Scientific Procedures) Act
1986 and following the principles outlined in the ARRIVE
(Animal Research Reporting In vivo Experiments) guidelines. In
vivo procedures in mice were approved by the Research Ethics
Committee of the Royal College of Surgeons in Ireland (REC-
842), under license from the Ireland Health Products Regulatory
Authority (AE19127/001).

Brain Slice Preparation
Adult male Sprague-Dawley rats were anesthetized briefly with
isoflurane and heavily with an overdose of sodium pentobarbital
(IP), prior to cardiac perfusion with ice-cold oxygenated sucrose
artificial cerebrospinal fluid (ACSF) slicing solution (in mmol/L:
205 sucrose, 10 glucose, 26 NaHCO3, 1.2 NaH2PO4.H2O, 2.5
KCl, 5 MgCl2, 0.1 CaCl2). 400µm thick brain slices were
prepared in the horizontal orientation with a Campden 7,000 smz
vibratome (Campden Instruments, Loughborough, UK). Slices
were submerged in recording ACSF (in mmol/L: 125 NaCl, 10
glucose, 26 NaHCO3, 1.25 NaH2PO4.H2O, 3 KCl, 2 CaCl2, 1
MgCl2) at room temperature and allowed to recover for at least 1
hour before recording.

High Potassium Model of Epileptiform
Activity
Slices were placed in a membrane chamber (10, 11) and
perfused with oxygenated recording ACSF at 16 mL/min
and ∼34◦C. Extracellular borosilicate glass micropipettes (∼3
MΩ resistance) were filled with recording ACSF and placed
into hippocampal CA1 and CA3 stratum pyramidale. Data
were acquired using a MultiClamp 700B amplifier (Molecular
Devices, CA, USA), National Instruments digitizer (BNC-2090A)
and WinEDR software (John Dempster, Uni Strathclyde, UK).
Baseline activity in ACSF + vehicle (0.9% NaCl) was recorded
for at least 5min, before epileptiform activity was induced
by raising extracellular K+ to 9mM (9). After the onset of
epileptiform busting, the activity was allowed to stabilize for
10min. The perfusate was then switched to normal ACSF with
9mM K+ and 200µM BICS01, and activity recorded for 10min.
The initial perfusate (ACSF with 9mM K+ and vehicle) was
used for washout. For identification of individual epileptiform
bursts, raw LFP traces were low-pass filtered at 50Hz to remove
HFO components. Burst amplitude and frequencymeasurements
were calculated from minute 9–10 in each condition (see also
Figure 1). Burst amplitude was measured as the maximum peak-
to-peak amplitude of an average waveform constructed from all
individual bursts detected within this time window.

Pentylenetetrazole (PTZ) Model of Acute
Seizures
Adult male C57BL/6 mice were bred in house at the Biomedical
Research Facility, RCSI, and originally sourced from Harlan, UK.
Mice were treated with different doses (100, 300 and 1,000mg/kg,
IP) of BICS01, or 0.9% NaCl vehicle control. Thirty minutes
after drug administration, mice received a convulsant dose of 80
mg/kg of PTZ (Sigma-Aldrich, Poole, UK) in 0.9% (w/v) NaCl
via an i.p. injection to induce generalized seizures. Animals were
placed individually in a clear chamber and video monitored for
30min to record their behavior. After the observation period,
animals were directly euthanized.

Videos of PTZ-induced seizures were analyzed offline using
a modified Racine scale: 0, no change in behavior; 1, isolated
myoclonic jerks; 2, atypical clonic seizure; 3, fully developed
bilateral forelimb clonus; 4, tonic-clonic seizures with suppressed
tonic phase with loss of righting reflex; 5, fully developed
tonic-clonic seizure with loss of righting reflex (13). For each
animal, the latency (in seconds) from the PTZ injection to the
development of a first sign of seizure, clonic seizure and tonic-
clonic seizure and the maximal seizure severity were recorded.

Statistics
Averages are expressed as mean ± SEM. Data were tested for
normality using Kolmogorov-Smirnov test. Data for Figure 1

were analyzed using repeated measures one-way ANOVA
with Dunnett’s multiple comparisons test. Statistical analysis
was performed using GraphPad Prism (version 9; GraphPad,
CA, USA).
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FIGURE 1 | BICS01 reduces epileptiform bursting in hippocampal slices treated with 9mM K+. (A) Representative trace showing epileptiform bursting in

hippocampal CA1 elicited by 9mM K+, before (i), during (ii) and after (iii) application of 200µM BICS01. Raster plot shows instantaneous burst frequency throughout

the experiment. (B) Summary data shows a significant decrease in burst frequency in the presence of 200µM BICS01, which is reversed upon washout (RM one-way

ANOVA with Dunnet’s post hoc tests; p values marked on graph). Changes in burst amplitude caused by 200µM BICS01 were not consistent between slices. (C)

Stimulus-response curves and (D) paired-pulse facilitation are not altered by BICS01 (*truncated stimulus artifact, and amplitude of traces in (D) normalized to

response to the first pulse). (E) 200µM BICS01 mediates a stronger reduction in epileptiform bursting then 30µM carbamazepine [CBZ data from (12)].
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RESULTS

Physical Properties
BICS01 was purified (via ion exchange resin) to 95% purity,
indicated by proton nuclear magnetic resonance (1H-NMR).
The compound was dissolved in 0.9% NaCl aqueous solution,
showing good thermodynamic stability (>5 mg/mL) and a
measured kinetic solubility of 0.9 mg/mL. 1H-NMR monitoring
studies indicated that BICS01 is highly stable at room
temperature for at least 22 days, with no degradation during
this time period. Physical properties of BICS01 are summarized
in Table 1.

Effects of BICS01 in Ex Vivo Brain Slice
Seizure Model
We first explored the effect of BICS01 in an acute brain slice
model of epileptiform activity. Seizure-like activity was induced
in hippocampal slices from rats by the application of 9mM
extracellular K+ (Figure 1A). This reliably induced epileptiform
bursting in the hippocampus (22.3 ± 2.7 bursts/min; total of 9
slices across 6 rats) in the presence of the 0.9% NaCl vehicle.

Addition of 200µM BICS01 for 10min reduced burst
frequency by ∼35% to 14.6 ± 3.4 bursts/min (Figures 1A,B;
repeated measures (RM) one-way ANOVA with Dunnet’s post
hoc test, P = 0.03). This effect was reversed after 10min of
washout, with burst frequency restored to a level comparable
to baseline (Dunnet’s post hoc test, P = 0.38). This suggests a
reversible suppression of epileptiform activity in the presence of
BICS01. Changes to burst amplitude in the presence of BICS01
were inconsistent between slices (Figure 1B).

To begin to probe the mechanism(s) underlying this anti-
seizure effect, we stimulated the Schaffer collateral pathway
of hippocampal slices and recorded population local field
potentials in CA1 stratum pyramidale and stratum radiatum.
We measured both stimulus-response curves and paired-pulse
facilitation in baseline conditions (3mM extracellular K+).
The addition of 200µM BICS01 had no effect on either
paradigm (Figures 1C,D), indicating that its mechanism of
action is unlikely due to a direct effect on hippocampal network
excitability or short-term plasticity.

Effect of BICS01 on PTZ-Induced Seizures
in Mice
Having demonstrated efficacy of BICS01 in ex vivo brain slices, we
then performed an initial dose-range finding study in vivo, using
the systemic pentylenetetrazol (PTZ) model of acute seizures
in mice. This is a standard test used as an initial screen for
anticonvulsant effects of putative ASDs (14) BICS01 was injected
systemically 30min prior to seizure induction with PTZ. Mice
were observed during this time and showed no signs of toxic or
adverse reaction. 80 mg/kg (IP) PTZ reliably induced seizures
in mice, but BICS01 did not alter the onset of myoclonic jerks,
atypical or tonic-clonic seizures relative to vehicle control, at all
doses tested (100, 300, 1,000 mg/kg; Figure 2). Maximal seizure
severity was also unaffected. This suggests that despite promising
anti-epileptiform activity effects in ex vivo brain slices, BICS01

might be not optimal to increase brain uptake and ultimately to
translate the compound for clinical use.

DISCUSSION

Drug-resistant epilepsy is a significant healthcare and
socioeconomic burden (4, 15), and there is an urgent need
to discover new compounds with anti-seizure properties.
BICS01 represents a novel synthetic compound, which mediated
powerful and reversible anti-seizure effects using an ex vivo
hippocampal slice seizure model. However, limited efficacy in
the PTZmodel suggests that further study is required to establish
or optimize the anti-seizure effects of BICS01 in vivo following
acute systemic application.

BICS01 is based upon a natural product and was synthesized
in gram scale. Purity and compound integrity were measured
with 1H NMR, 13C NMR and LC-MS. The most important
finding in the present study was that BICS01 displayed rapid
and reversible anti-seizure effects in an ex vivo slice model of
epilepsy. First, BICS01 significantly reduced both the frequency
and amplitude of epileptiform bursts in the model. Indeed,
bursts were almost completely absent within 100min of drug
application to the slice. This effect is predicted to be stronger
than that of carbamazepine (CBZ; Figure 1E) which we observed
previously in a similar model (12). Since CBZ remains a frontline
ASD in current clinical use, this raises the prospect that BICS01
might be able to perform as well as, or better than, current anti-
seizure drugs. It should however be noted that the concentration
of BICS01 used (200µM) is greater than that of CBZ (30µM).
Further dose-ranging studies will be required to ascertain the
minimal concentration of BICS01 to mediate anti-seizure effects
in our brain slice model.

The present study also began to explore the mechanism
underlying the observed anti-seizure effect. Using ex vivo brain
slices in normal (non-epileptiform) conditions, we observed no
effect of BICS01 on either baseline hippocampal excitability or
paired-pulse facilitation. These data suggest that physiological
brain circuit function may be spared by BICS01. Similarly,
preliminary patch clamp data showed no effect on pyramidal
neuron firing during the slice seizure models, suggesting that
BICS01 spares normal pyramidal neuron function (data not
shown). As adverse effects on learning and memory are amongst
the most common detrimental effects of current ASDs (5),
this preserved cellular and network hippocampal function may
represent a substantial advantage of BICS01. In vivo behavioral
testing to assess learning and memory will be a critical aspect of
the later pre-clinical safety testing.

We saw limited efficacy of BICS01 on seizures induced acutely
in vivo using PTZ. This most likely reflects it being a highly polar
molecule thatmay not readily cross the blood-brain barrier (BBB)
within the set time limit (30min before PTZ application), which
regulates the passage of systemically delivered macromolecules
into the brain (16). Optimal compounds will show improved
pharmacokinetics. Such bioavailability concerns may, however,
be less important in chronic epilepsy, where the BBB is more
permeable (17, 18). In this case, spontaneous recurrent seizures

Frontiers in Neurology | www.frontiersin.org 4 January 2022 | Volume 12 | Article 791608148

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Morris et al. Anti-seizure Effects of BICS01

TABLE 1 | Physical properties of BICS01.

Acronym Form Purity Solvent Kinetic solubility Thermodynamic solubility pH Stability after 22 d

BICS01 Free form 95% 0.9% NaCl 1 mg/mL >5 mg/mL 6.0 100%

FIGURE 2 | Acute systemic application of BICS01 has limited effects in an acute in vivo seizure model. (A) Experimental overview. BICS01 (100, 300, or 1,000 mg/kg)

or 0.9% NaCl vehicle were administered via IP injection 30min prior to acute seizure induction with pentylenetetrazol. Mice were video monitored for the following

30min to observe the behavioral manifestation of acute seizures. (B) Latencies to atypical seizure, myoclonic jerk and tonic-clonic seizure, as well as maximum

seizure severity reached, were all unchanged.

(SRS) can cause a temporary increase in BBB permeability,
allowing transient passage of certain molecules into the brain.
It may also be that BICS01 is only efficacious in particular
seizure models and highlights the value of different models
which capture diverse disease etiologies. The high potassium
slice model used here elicits seizure-like activity through a global
depolarisation of neurons (9), whereas our in vivo approach used
PTZ, a non-competitive antagonist of the GABA-A receptor (19).
Notably, rodent models do not always show strong predictive
validity (20, 21) (i.e., - ASDs in common clinical use are
ineffective in one or more in vivo seizure screen). Further,
it should be noted that seizures induced acutely with PTZ,
whilst advantageous in terms of throughput, do not model the

spontaneous recurrent seizures seen in drug-resistant epilepsy
(14). Further study will be required to determine whether BICS01
has model-specific actions, though it is likely that this would
be performed with optimal compounds which are designed to

better and more quickly cross the BBB. Finally, for our screen
BICS01 was only administered in one dose, 30min prior to

seizure induction with PTZ. It could be that longer-term dosing

is required to build up sufficient concentration of BICS01 in the
brain to mediate its anti-seizure effect in vivo.

Future Studies
Whilst our data provide compelling evidence to support the
preclinical development of BICS01, further study is required to
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interrogate its mechanism of action and efficacy in other models.
A key question is whether BICS01 can readily cross the BBB. Our
in vivo data, coupled with the ready solubility of the molecule
in saline, suggest that this may not be the case. Future inventions
will target these critical parameters in order to eventually seek full
regulatory approval as potential novel treatment options. During
the development of these compounds, it will be critical to test
these, and BICS01, in different models both in vitro and in vivo.
BICS01 is likely to have different efficacy in models with different
mechanisms and perhaps with milder seizure phenotypes. These
studies will allow us to better understand possible mechanisms
and clinical indications.

Summary
BICS01 is a highly promising novel anti-seizure
compound, with strong efficacy in a brain slice model
and no apparent impact on normal hippocampal
function. This provides a clear basis to progress
the development of optimal compounds for full
preclinical study and in vivo applications based on the
current disclosure.
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Temporal lobe epilepsy (TLE) is one of the most common and severe types of epilepsy,

characterized by intractable, recurrent, and pharmacoresistant seizures. Histopathology

of TLE is mostly investigated through observing hippocampal sclerosis (HS) in adults,

which provides a robust means to analyze the related histopathological lesions. However,

most pathological processes underlying the formation of these lesions remain elusive, as

they are difficult to detect and observe. In recent years, significant efforts have been put in

elucidating the pathophysiological pathways contributing to TLE epileptogenesis. In this

review, we aimed to address the new and unrecognized neuropathological discoveries

within the last 5 years, focusing on gene expression (miRNA and DNA methylation),

neuronal peptides (neuropeptide Y), cellular metabolism (mitochondria and ion transport),

cellular structure (microtubule and extracellular matrix), and tissue-level abnormalities

(enlarged amygdala). Herein, we describe a range of biochemical mechanisms and

their implication for epileptogenesis. Furthermore, we discuss their potential role as

a target for TLE prevention and treatment. This review article summarizes the latest

neuropathological discoveries at the molecular, cellular, and tissue levels involving both

animal and patient studies, aiming to explore epileptogenesis and highlight new potential

targets in the diagnosis and treatment of TLE.

Keywords: temporal lobe epilepsy, pathology, epileptogenesis, etiology, pathogenesis

INTRODUCTION

According to the updated version of the International League Against Epilepsy (ILAE)
Classification of the Epilepsies, epilepsy can be classified into focal, generalized, combined
generalized and focal, and unknown (1).

Temporal lobe epilepsy (TLE), the most common type of focal epilepsy, can be further classified
intomesial TLE, involving themedial or internal structure, and neocortical or lateral TLE, involving
the outer portion of the temporal lobe (neocortex) (2). Etiology of TLE varies between individuals.
Structural, genetic, infectious, metabolic, and immune factors, singly or in combination, can
contribute to the epileptogenesis in TLE. TLE includes the most medically intractable cases in
epilepsy and is most frequently modeled to explore the mechanism of epileptogenesis. Some
pathological features are evident in TLE, such as hippocampal sclerosis (HS) and cerebral lesions,
whereas others are cryptogenic but identifiable, which remain the most challenging to diagnose (3).
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In this review article, we discussed the classical pathological
features of TLE and summarized the newly promoted
pathophysiological features in TLE, both from clinical and
experimental research.

CLASSICAL PATHOLOGICAL FEATURES

Temporal lobe epilepsy (TLE) is clinically characterized by
the progressive development of spontaneous recurrent seizures
from the temporal lobe. Hippocampal sclerosis and focal
cortical dysplasia (FCD) are important structural etiologies of
TLE (4). Other brain lesions, including tumors and vascular
malformations will not be discussed here.

Hippocampal Sclerosis
Hippocampal sclerosis (HS) is the most common
histopathological finding in TLE, comprising approximately
56–70% of intractable TLE cases in adolescents and adults (5, 6).
Typical features of HS include neuronal loss and gliosis affecting
CA1 and CA4 (or hilus) (7). The insult causing HS is still unclear,
but it may be related to febrile seizures in early childhood (8).

The association between HS and chronic seizures is well-
established, but there is a longstanding debate as to whether HS
is a cause or consequence of chronic seizures (9).

Hippocampal sclerosis (HS) is classified according to the
degree of neuronal loss and gliosis. The International League
Against Epilepsy (ILAE) reached a consensus on its classification
system to implement a reproducible, semi-quantitative scale
of neuronal deficits in hippocampal subregions (10). This
classification depends on the patterns of neuronal loss and gliosis,
regardless of fiber sprouting and neuronal alterations. HS type
1 is the most common type, accounting for 60–80% of TLE-HS
cases. CA1 is the most severely affected area with cellular loss
of >80%, whereas other less affected areas include CA2 (30–
50% loss of pyramidal cells), CA3 (30–90% neuronal loss), and
CA4 (40–90% neuronal loss). Almost 50–60% of granule cells are
lost from the dentate gyrus (DG) in HS type 1 (Figure 1A). HS
type 2 involves predominantly CA1 neuronal cell loss and gliosis,
affecting almost 80% of pyramidal cells. In addition, there is a
mild cell loss in CA2 (<20%), CA3 (<20%), and CA4 (<25%).
No severe granule cell loss is observed in DG in type 2. HS type
3 involves predominant cell loss in CA4 (almost 50%) and DG
(35% cell loss), whereas CA3 (<30%), CA2 (<25%), and CA1
(<20%) are moderately affected. Type 3 is more likely to result
from dual pathology (10).

Besides prominent cell loss and gliosis, mossy fiber sprouting
is another pathological characteristic of HS, which involves
aberrant sprouting of granule cell axons (Figure 1B) (13). There
are two phases of mossy fiber sprouting formation: phase 1
involves injury-induced neuronal activity and growth factors
release (14–16); whereas Phase 2 involves the growth and
extension of the granule cell axon (17–19). DG ismorphologically
formed by three layers: molecular, granule cell, and polymorphic
layer (hilus). The molecular layer consists of apical dendrites of
granule cells and excitatory terminals that communicate between
the entorhinal cortex and the outer molecular layer or between
the commissural projections to the inner molecular layer. The

granule cell layer is formed by densely packed cell bodies with
axons (mossy fiber) that extend to the hilus and project to
excitatory interneurons (mossy cell). Under normal conditions,
mossy fibers are infrequently seen in the molecular layer of
hippocampal tissue, but the dense existence of zinc channels can
be visualized with neo-Timm staining in TLE specimens (13).

Time-related factors can affect the extent of HS, such as age,
seizure frequency, and seizure duration. Animal models have
been widely used to reproduce the pathological features of HS
observed in patients with TLE (20). In the intrahippocampal
kainic acid model of mesial temporal lobe epilepsy (mTLE) (21),
hippocampal neuronal loss and fiber sprouting play a critical
role in the temporal lobe epileptogenesis. Diagnosis of TLE-
HS in the early stage is of significance in seizure outcomes
and psychological performance after resective surgeries. Through
cross-validation in patient studies, the removal of neuronal
deficient area within the hippocampus resulted in seizure free or
reduced seizure frequency in many patients (22). During a mean
follow-up of 38 months, 48 of 56 (86%) patients with TLE-HS are
seizure-free after temporal lobectomy (23).

Focal Cortical Dysplasia
Focal cortical dysplasia, first described in 1971, arises in the early
stage of cortical development and is caused by abnormalities
during neuroglial proliferation and differentiation, neuronal
migration, and cortical reorganization (Figure 1C) (13, 24).
Architectural abnormalities mainly include cortical laminar
disorganization and columnar disorganization, which can be
identified through histological testing (24, 25).

More severe FCD is characterized by the presence of balloon
cells and abnormal neuronal elements, including immature
neurons, dysmorphic neurons, and giant cells (25). Distinctive
from FCD type I and type III, FCD type II is characterized by
the presence of dysmorphic neurons or balloon cells (25, 26).

The clinical finding of FCD in patients with epilepsy
implies a causal relationship of FCD to the development of
epilepsy (27). Both an increased excitatory and a decreased
inhibitory state are observed. Studies at the molecular level
have suggested several potential mechanisms for FCD-induced
hyperactivity. One mechanism involves altered expression of
NMDA receptors–the excitatory glutamate receptors involved
in calcium transportation (28). Numerous studies have revealed
that FCD lesions are accompanied by an up-regulated expression
of NR2A/B sub-unit proteins and their associated clustering
protein PSD95 in the dysplastic neurons, which remain in a
low expression level under normal conditions (29). Another
glutamate receptor AMPA family is also involved in the
pathogenesis of FCD. Elevated expression of AMPA subunits
has been found in FCD lesions (30). However, the underlying
mechanism leading to epileptogenesis remains unclear.

In addition to hyperexcitability, decreased inhibition is also
observed in the pathogenesis of FCD. The absence of inhibitory
GABAergic neurons in dysplastic lesions was further confirmed
by experimental FCD model and dissected tissues from patients
(31, 32).
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FIGURE 1 | Classical pathology of temporal lobe epilepsy. (A) Histology images of hippocampal sclerosis (HS) in patients with temporal lobe epilepsy (TLE), type 1

(left) and type 2 (right) (10). In type 1, cell loss in both CA4 and CA1 can be observed. Damage to CA3 and CA2 is also visible. Granule cell loss happens in the internal

limb of dentate gyrus (DGi) with cell preservation in the subiculum (SUB). In type 2, neuronal loss primarily involving CA1. (B) Mossy fiber sprouting under Timm’s stain

in KA-induced epileptic seizure rats (11), 40X (left) and 400X (right) with back arrow pointing to mossy fiber. (C) MRI imaging of focal cortical dysplasia (FCD) in two

patients with TLE (12). Coronal T2-weighted imaging (left), and coronal T2-fluid-attenuated inversion recovery (FLAIR) sequence (right) images through the temporal

lobes demonstrating asymmetric hyperintense temporal white matter signal and regional obscuration of corticomedullary interfaces in the temporal tip representing

cortical dysplasia (Arrow). Figures were modified with permission.

GENE-RELATED PATHOLOGY

The etiology of TLE can be genetic, acquired, or a combination

of both. Genes involved in TLE development are still unclear.

Herein, we suggest several possible candidates for reference.

Schizophrenia-Related Gene DTNBP1
The prevalence of epileptic seizures in psychosis has recently
attracted much attention. According to a retrospective cohort
study, patients diagnosed with schizophrenia have a higher risk
of epileptic seizures (33). Additionally, epileptic patients have an
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elevated risk of schizophrenia. This evidence suggests a shared
mechanism between schizophrenia and epilepsy.

Owing to exon sequencing, a shared genetic pathway
exists between the development of schizophrenia and epilepsy.
Therefore, genes that promote schizophrenia may also play
important roles in epilepsy. One such example is the DTNBP1
gene, which encodes the dystrobrevin-binding protein 1 that
is involved in organelle biogenesis and plays key roles in
brain development and neuronal excitability (34). Decreased
expression of DTNBP1 can lead to reduced exocytosis of brain-
derived neurotrophic factor from cortical excitatory neurons,
which further limit the number of inhibitory synapses around
excitatory neurons (35). Studies show that the hippocampus has
high expression of DTNBP1 under normal conditions, but the
levels of this protein in schizophrenia patients are significantly
reduced, as supported by postmortem analysis (36). As the
hippocampus is crucial in TLE pathology, experiments have been
conducted to explore the genetic effects of DTNBP1 in TLE. Six
candidate variations in DTNBP1 gene region were used, which
were separately involved in hippocampal gray matter volume
(rs2619522), gray matter and white matter volume (rs2619538),
hippocampal glutamate concentration (rs760665 and rs909706),
and volume reduction of multiple brain regions (rs1011313)
(33). The variations of gene expression have been explored in
TLE patients and pentetrazol (PTZ)-induced epileptic rat model.
Among these variations, rs2619538 is located in the promoter
region of DTNBP1 gene and its mutation is related to the up-
regulation of DTNBP1 transcription. As rs2619538 is associated
with reduced volume of gray matter and white matter in young
children, DTNBP1 may play a key role in brain development
and dysfunction; therefore, cortical dysplasia may cause early-
onset seizures. Other evidence indicates that the DTNBP1 gene
plays a role in the transportation of glutamate, which modulates
excitatory and inhibitory changes of neuronal activity. These
findings suggest that DTNBP1 is critical in the pathological
development of epilepsy.

MicroRNA Expression in Neocortex
MicroRNA (miRNA) is a single-strand endogenous non-coding
RNA that downregulates posttranscriptional gene expression

through binding to the 3
′
-UTR region of mRNA (37). These

miRNA species are involved in the regulation of several
physiological processes, such as proliferation, differentiation,
metabolism, and apoptosis; the regulatory effect of miRNA plays
an important role in nervous system disease development (38).
It is clear that some miRNAs are related to epilepsy in animal
models (Figure 2A). For example, miRNA-132 is the first of its
kind to be demonstrated to cause seizure activity, based on a
pilocarpine-induced mouse model (37). Additionally, miRNA-
34a was linked to the apoptosis of hippocampal neurons in a
rat TLE model, which may contribute to the development or
maintenance of epilepsy (43). In a recent human study, a series
of miRNA (miRNA-1260, 1275, 1298, and 451) were identified
in the hippocampus of intractable mTLE with HS (44) and
were linked to the neurotrophic signaling, axon development,
K+ channel, and GABA receptor regulation (45). Another TLE
patient study with ILAE HS type 1 reported seven dysregulated

miRNAs, which are related to the pathways of nucleic acid
binding, intracellular and cellular macromolecule metabolic
processes, and the PI3K-Akt signaling pathway (46). Further
research involving the analysis of miRNA levels in the neocortex
of TLE patients showed that the expression profile of miRNA
may vary depending on specific brain locations, some miRNAs
were positively correlated with seizure frequency, and some were
positively correlated to the use of antiepileptic drugs (37, 38, 47).

MOLECULAR-RELATED PATHOLOGY

In contrast to the gene-related pathology, which affects
epileptogenesis through direct effects on gene transcription
and expression, molecules cause epileptogenesis through
binding to receptors to modulate downstream or upstream
signaling pathways.

D-Serine
N-methyl-D-aspartate receptor (NMDAR) mediates neuronal
hyperexcitation, which represents a key step in epilepsy
development. Therefore, regulation of NMDAR is a potential
target for the treatment of epilepsy (48–50).

D-serine is a promising molecule for the regulation of
NMDAR activities (Figure 2B) (51). It is an endogenous amino
acid that is produced from L-serine by serine racemase (SR) (52).
Previous studies of SR knockout mice and pilocarpine-treated
rats confirmed its high abundance in neurons and astrocytes
(53, 54). However, the exact role of D-serine is controversial.
Some researchers proposed that D-serine prevents the loss of
neurons in the medial entorhinal area (MEA) through inhibition
of Ca2+-induced hyperexcitability by blocking highly calcium-
permeable receptors and depletion of D-serine, as observed in
MEA from epileptic animals (55). Other researchers argued that
the interaction between D-serine and NMDARs can enhance
the synaptic function and maintain long-term potentiation. This
co-agonist role of D-serine has been confirmed by injecting an
SR inhibitor to the lateral ventricles in a pilocarpine-induced
rat model (56). With reduced D-serine production, these rats
had alleviated seizure development with prolonged latencies and
shortened duration of seizures. Similar results were also observed
in SR knockoutmice (57). Further evidence supports the essential
role of D-Serine in the forebrain of epileptic animals. A reduced
level of D-serine is observed in the forebrain, which is linked to
cognitive dysfunction (58).

High Mobility Group Box 1 (HMGB1)
The initial insult in TLE usually occurs with a trauma or an
infection, which induces inflammation in the brain. A plethora
of findings have highlighted the crucial pathophysiological role
of brain inflammation in epileptogenesis (59–61). Emerging
research on animals suggest that high mobility group box protein
1 (HMGB1), an initiator and amplifier of neuroinflammation,
is a potential target for epilepsy treatment (62). HMGB1 is a
nuclear protein ubiquitously released by glia and neurons in
response to inflammation (63). It interacts with receptor for
advanced glycation end products (RAGE) and toll-like receptor
4 (TLR4) on targeted cells. HMGB1 plays an important role in
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FIGURE 2 | Signaling pathways more recently proposed to TLE epileptogenesis and associated conditions. (A) Role of miRNA in pharmacoresistant epilepsy (39).

Binding of miR-153 blocks the translation of hypoxia-inducible factor 1α (HIF-1α) mRNA. Without limitation of miR-153, HIF-1α mRNA is translated, and HIF-1α

protein transports to the nucleus, binding to the multidrug resistance gene 1 (MDR1) gene as a transcriptional regulator. When MDR1 mRNA enters cytoplasm, it

translates into P-glycoprotein, which combines to the cell membrane pumping antiseizure drugs (ASDs) out of the cell. Existence of miR-145 and miR-451 can inhibit

translation of MDR1 mRNA by binding to its 3’ untranslated region, thus decreasing expression of P-glycoprotein. (B) D-serine synthesis and release pathway (40).

Activation of presynaptic neurons induce the release of glutamate, which bind to AMPA receptors on neighboring astrocytes to release D-serine. D-serine is

transformed from L-serine by serine racemase (SR). N-methyl-D-aspartate receptor (NMDAR)-containing GluN2A subunits are major binding sites of D-serine. Glycine

competes with D-serine for the binding of GluN2B. (C) Reactive Oxygen Species (ROS) signaling in mitochondria (41). Respiratory chain exists on the inner membrane

of mitochondria and is composed of five subunits (I, II, III, IV, V). Unit IV of respiratory chain is also known as cytochrome c oxidase (CCO), it reduces oxygen into water

through electron transport. Electron transport further produces ATP and ROS. The oxidative stress associated with ROS will change the level of NF-kB, AP1, and

cAMP, and these factors are actively involved in gene translation and expression and may result in cell death. AP1, activator protein 1; ATP, adenosine triphosphate;

CCO, cytochrome c oxidase; CytC, cytochrome C; H+, hydrogen ions; cAMP, cyclic adenosine monophosphate; NF-kB, nuclear factor kappa B; NO, nitric oxide. (D)

Hypotheses for tau pathology on cognitive impairment and epileptogenesis in TLE (42). Seizures induce the activation of surface receptors, involving excitatory

neurotransmitter receptors, which further activates the mTOR pathway leading to an increase in endoplasmic reticulum (ER) stress and oxidative stress. These chronic

stresses will result in neuronal death and subsequent cognitive impairment. p70S6K, a ribosomal protein kinase downstream of activated mTOR, stimulates the

synthesis of tau and BACE1 proteins directly phosphorylates tau (circled P). Cellular stress also induce activation of pro-apoptotic JNK, and inhibiting PP2A activity.

PP2A is a major tau phosphatase and can decrease tau phosphorylation upon activation. Figures were modified with permission.

epileptogenesis through neuroinflammation and disruption of
the blood brain barrier (BBB) (64–66).

High mobility group box protein 1 (HMGB1) responds
to epileptogenic insults as an inflammatory cytokine.
Therefore, it is immediately released into the extracellular
space upon neuronal injury (67). Antagonists of HMGB1

and TLR4 inhibit seizure precipitation, reduce seizure
frequency and duration, and prevent acute and chronic
seizure recurrence both in mice and human epileptogenic
tissue (68). By regulating the HMGB1/RAGE/TLR4 axis,
the translocation of HMGB1 is inhibited, but the BBB
integrity is maintained, as supported by antibody studies
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on pilocarpine-induced TLE animal model and TLE patient
samples (69–71).

Innate Immune Receptor TLR4
There is increasing evidence to support the indispensable
role of neuroinflammation in epileptogenesis. Toll-like receptor
(TLR) signal transduction is highly involved in the convulsive
disorder, which serves as a good starting point for understanding
the interplay between neuroinflammation and development of
epilepsy. As a member of TLR family, TLR-4 has been reported
to be actively involved in epileptogenesis through modulating
neuronal excitability (72). TLR4 drives autoimmune response
and regulates cytokine secretion and microglial phagocytic
activity. Endogenous ligands of TLR4 include HMGB1 protein,
heat shock proteins, and the myeloid-related protein eight. In
some rodent studies, binding of TLR4 to the inflammatory
stimulus, such as LPS-enhanced, KA-induced (73), and PTZ-
induced seizure susceptibility (74), an increase in the levels of
TLR4 ligands activated TLR4 and increased seizure duration and
frequency (68, 75–81).

These studies imply that activation of the TLR4 signaling
pathway is related to the pathogenesis of epilepsy. Thus,
manipulating TLR4 and its endogenous ligands may suppress
seizures, which may be a potential therapeutic strategy for
epilepsy (68).

Neuropeptide Y
Neuropeptide Y (NPY) is widely distributed in the central
nervous system and is emerging as a new target for vector-
applied gene therapy (82). Local NPY-immunoreactive neurons,
fibers, and specific binding sites can be found in the DG
and subiculum. Increased hippocampal expression of NPY has
been reported in many models of induced seizures, such as
electrical kindling and kainic acid-induced models (83, 84).
Many studies have shown seizure-suppressing effects of NPY
in the hippocampus of both rodents (84–88) and hippocampal
slices from pharmacoresistant epilepsy patients (89–91). NPY
elicits its biological actions in the brain mainly by binding to
Y1, Y2, and Y5 receptors, members of a G-protein coupled
receptor superfamily (92). In the hippocampus, the seizure-
suppressing effects of NPY appear to be mediated primarily
via activation of Y2 receptors (93), while Y5 receptors may
also play a role particularly outside the hippocampus (86,
87, 94). In contrast, Y1 receptors appear to generate an
opposite response (95–97). This effect of NPY on seizures
is thought to occur through the activation of presynaptic
NPY Y2 receptors (93, 98) that inhibit voltage-gated calcium
channels (99), thereby reducing glutamate release probability in
excitatory synapses.

CELL-RELATED PATHOLOGY

Neurons are the minimum working units in the central
nervous system. They carry signals from upstream regions and
convey them downstream through the synapses. Structural
changes, such as those involving the cytoskeleton and
extracellular matrix, can affect synaptic stability and interfere

with transmission of information between cerebral areas.
Furthermore, synaptic transmission requires energy, which is
adenosine triphosphate (ATP) supplied by mitochondria. Thus,
mitochondria and related cell metabolism can be a potential
target for epilepsy. The related pathological discoveries are
discussed below.

Cellular Metabolism: Mitochondria and
Neuroprotection
A plethora of studies have suggested that mitochondrial
dysfunction forms an integral part of the development of
epilepsy (100–103). Mitochondria are the major generators of
reactive oxygen species (ROS) in cells (104). The release of ROS
damages elements in these organelles, such as mitochondrial
DNA (mtDNA), mitochondrial membranes, respiratory chain
proteins, and nuclear DNA, leading tomitochondrial dysfunction
(Figure 2C) (105, 106). ROS overproduction-induced oxidative
stress in mitochondria is a vital factor in epileptogenesis and
seizure generation (107).

Augmented activities of enzymes such as glutathione
peroxidase (GPx) and glutathione reductase (GR) in
mitochondria provide neuroprotective effects against ROS-
triggered oxidative damage in epileptic patients (108). Clinical
data indicate that oxidative mitochondrial damage can be
diminished by enhancing the activity of mitochondrial
antioxidant enzymes. Antioxidative agents can be used to
counteract mitochondrial oxidative stress. These agents
include, but are not limited to, endogenous antioxidants,
polyphenols, vitamins, thiols, and nuclear factor E2-related
factor 2 (Nrf2) activators (109–114). Supporting evidence
shows that antagonizing oxidative stress in mitochondria via
antioxidants can attenuate or slow disease progression in a
number of experimental epilepsy models (115, 116).

Furthermore, ROS can damage electron transport chain
through oxidizing mtDNA, which is proposed to affect disease
onset and the progression of mitochondrial disorders in
humans (117). Excessive ROS-triggered oxidative stress due
to mitochondrial dysfunction triggers altered mitophagy and
promotes the development of neurological diseases. The brain
is particularly susceptible to oxidative stress due to the high
level of oxygen consumption and lipid-rich content (118).
Thus, aberrant mitophagy (either uncontrollable or inadequate
mitophagy) due to mitochondrial defects has a strong potential
to initiate epilepsy.

Mitochondrial abnormalities have been observed in epileptic
foci and nearby areas, while no mitochondrial pathology
in the brain tissue has been investigated yet (e.g., in the
parahippocampal gyrus of patients with clearly pronounced
hippocampal pathology and a hippocampal seizure focus) (119).
Clinical evidence further supports this claim: mitochondrial
dysfunction in the hippocampal CA3 and pronounced drops
in NAD(P)H fluorescence transients were observed in TLE
patients (120). These findings were interpreted as supporting
the hypothesis that the hypometabolism in the epileptic focus is
more of a reflection of dysfunction in cellular energy metabolism
rather than of neuronal cell loss. Enhancing antioxidant capacity
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of the mitochondrial compartment may hold promise for disease
prevention and treatment (121).

Microtubules
Synaptic connections are critical for conveying information in
neural circuits and synaptic reorganization. The rearrangement
of excitatory and inhibitory circuits has been reported to be
associated with the occurrence of TLE. The postsynaptic density
(PSD) is a huge protein complex, including receptors, scaffold
proteins, signaling enzymes, and cytoskeletal proteins. PSD is
located on the postsynaptic membranes of excitatory synapses
and are crucial for synaptic transmission and plasticity (122).

As a major component in the cytoskeleton, microtubules
(MTBs) are implicated in the modification and maintenance of
cell morphology, along with the division and migration of cells,
by interacting with microtubule-associated proteins (MAPs)
(123). MTBs consist of α-tubulin and β-tubulin heterodimers
and are in a dynamic state of assembly and disassembly, which
is significant for its functions and implementation. Based on
the dynamic instability of the MTB system, depolymerization
and polymerization agents were used to explore the role of
MTB in epileptogenesis. Phosphorylation and oxidation of MTBs
were hypothesized to cause depolymerization, which further
disintegrate the neurons. This evidence supports the critical role
of MTBs in the synaptic function via change of cell morphology
and protein composition.

With the confirmation of its abundant expression in the
synaptic structure, MTBs are given extra attention for their
promising role in the development of epilepsy (124, 125). In
a pilocarpine-induced TLE rat model, colchicine was used as
depolymerizer and paclitaxel as a polymerizer to explore the
function of MTB (126). Both α-tubulin and β-tubulin were
observed to be downregulated compared to the control group
in the latent and chronic period (126). Together with the
downregulation of MTBs, increased hippocampal neuronal loss
was reported in epileptic rats. Additionally, paclitaxel reduced
the chronic seizure occurrence rate and increased β-tubulin
expression in the hippocampus. Furthermore, it has been
observed that the recovery of MTBs occurred simultaneously
with mossy fiber sprouting, indicating that these processes
may involve the synaptic remodeling in epileptogenesis. MTBs
may also contribute to the development of epilepsy through
interacting with NMDAR and affecting Ca2+ influx (127, 128).
MTBs may dysregulate the NMDAR expression and affect the
plasticity of epileptic synapses after status epilepticus. Excessive
Ca2+ concentration may accelerate the depolymerization of
MTBs, and depolymerized MTBs may facilitate Ca2+ influx. This
evidence suggests a promising role of MTBs in the prevention
and treatment of refractory seizures.

Extracellular Matrix
While cellular changes during the latent period have been widely
explored, limited attention has been given to the extracellular
space. Extracellular matrix (ECM) forms the extracellular
structural base, and the reorganization of ECM has been linked to
the development of epilepsy (129). The spatial revolution of ECM
guides neurogenesis, migration, and axon growth during brain

development. It also mediates synaptic plasticity and prevents
aberrant synaptic remodeling in mature brains (130).

The extracellular matrix (ECM) can be remodeled by neurons
using an array of gelatinases called matrix metalloproteinases
(MMPs). MMPs are involved in the regulation of glutamatergic
neurotransmission and hippocampal long-term potentiation
(131, 132).

Among the MMP family, MMP9 and MMP2 are abundantly
found in the brain and have been implicated in epileptogenesis
based on assays from human epileptic tissues and epileptic
animals (133). Thus, monitoring ECM remodeling can be
helpful in elucidating epilepsy development (134). Using a
gelatinase biosensor activatable cell-penetrating peptide (ACPP),
researchers observed that ECM remodeling first appeared on
pyramidal cells, suggesting that neurons are the primary source
of MMPs through epileptogenesis.

In addition, the inhibitor of MMPs has been reported to
have antiseizure and antiepileptogenic effects (135, 136). A
BBB-permeable MMP inhibitor IPR-179 was used on two TLE
rodent models: a rapid-kindling rat model and KA mouse
model (132, 137, 138). This inhibitor has a high affinity for
MMP9 and low affinity for MMP2 (139). In the rapid-kindling
rat model, IPR-179, had antiseizure effects, because IPR-179–
treated animals showed less severe behavioral seizures compared
to vehicle-treated animals. This effect was maintained after
inhibitor removal.

Astrocytes
K+ Signaling
Astrocytes are the most common cell type in the brain. They
not only provide energy to neurons but also participate in
maintaining the ionic homeostasis in cells. When the neurons
of the central nervous system are excited, the K+ level in the
periphery of the cell significantly increases (140). The role of
astrocytes is to reduce the K+ concentration, inhibit nerve
impulses, and restore cells to ensure that they can be immediately
excited again (141). Epilepsy is related to uncontrolled behavioral
changes caused by excessive excitability of neurons. The function
of astrocytes is to regulate the K+ concentration, which affects the
onset of epilepsy.

Normal neuronal activity requires a rapid balance of K+

concentration inside and outside the cell, which involves two
mechanisms: K+ uptake and spatial K+ buffering (142). The
Kir channel in astrocytes is believed to have the hypothetical
properties of K+ homeostasis and is used to study the connection
with epilepsy (141). Studies have shown that when Kir channel
expression is impaired, the K+ buffer in the hardened human
hippocampus is impaired. Patch clamp analysis confirmed
that decreased Kir channel expression can lead to K+ buffer
disturbance and increased susceptibility to epilepsy in patients
with mTLE-HS (143, 144). Kir4.1 is the subunit K+ channel
of the astrocytes and has been shown to have significant losses
in patients with mTLE-HS (145–147). Studies have reported
that traumatic brain injury impairs K+ homeostasis, and the
extracellular K+ concentration increases, leading to spontaneous
partial seizures (148). An increasing number of studies have
proved the importance of K+ homeostasis in the control of
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epilepsy in astrocytes, which will provide new insights for the
treatment of epilepsy in the future.

Astrogliosis
Being the most common cell type in the brain, astrocytes
are of great significance in energy metabolism, stabilization of
neurotransmitters, and network formation in the brain (149,
150). Astrogliosis refers to a pathological increase in the number
of astrocytes, producing behavioral and morphological changes.
Astrogliosis is considered to be a pathological feature of medial
brain TLE (151, 152). To further evaluate the pathogenesis
of TLE and astrocyte proliferation, Lu et al. examined the
changes in three proteins in astrocytes, including glial fibrillary
acidic protein (GFAP), metallothionein (MT), and aquaporin-4
(AQP4), in patients with mTLE.

Glial fibrillary acidic protein (GFAP) is a cell-specific marker
that can distinguish astrocytes from other cells. MTs are a family
of cysteine-enriched proteins with low molecular weight. They
can bind to zinc and cadmium in cells. MTs have four isoforms,
which are endogenous expressed in various tissues. Isoforms I,
II, and III are expressed in the mammalian brain, of which MT-
I/II are mainly expressed in astrocytes (153, 154). Aquaporin
is located on the cell membrane and can control the flow of
water in and out of the cell (155). AQP4 is an aquaporin that is
expressed in astrocytes (156). These three proteins are indicators
of astrocytosis, and Lu et al. hypothesized that the expression
levels of these proteins differ between mTLE patients and healthy
people (157).

They recruited three groups of 30 patients with mTLE in the
experimental group and five healthy people in the control group.
Hippocampal samples from patients were cut into 50µm sections
for analysis. The researchers first used reverse transcription-
polymerase chain reaction (RT-PCR), which showed that the
expression levels of GFAP, MT-I/II, and AQP4 in patients with
mTLE were significantly higher than those in the control group.
They also found through immunofluorescence detection that
the signals of these three proteins were higher in patients with
mTLE than in the control group. GFAP, MT-I/II, and AQP4 are
important indicators of astrogliosis. This study confirmed that
the levels of these three proteins in patients with mTLE are higher
than those in healthy people (157). These three protein indicators
of astrocytosis can be used as entry points in the treatment
of mTLE.

Glutamine
Glutamine synthetase (GS) is an enzyme that catalyzes glutamine
by combining ammonia and glutamate (158). The cytoplasm of
astrocytes contains a large quantity of GS, which participates in
the metabolism of amines (159). When astrocytes lack GS, the
metabolism of amines is reduced, which leads to an increase
in the concentration of brain amines and subsequently induces
seizures (160, 161).

Researchers have observed that patients with medically
refractory epilepsy lack GS in astrocytes, and the
immunoreactivity of GS is generally reduced (162). Haberle
et al. reported three deaths due to mutations in the glutamine
synthetase gene, two of which showed clinical signs of seizures

during their lifetime (163–166). He et al. performed an
experiment with GLUL knockout mice, which proved that a
lack of GS can lead to increased susceptibility to seizures (167).
The researchers injected methionine sulfoximine into the rat
brain to inhibit GS in the medial temporal lobe and prevent the
catalysis of glutamine (168). The experimental results confirmed
that the focal inhibition of GS can induce epilepsy. Although the
mechanism of epilepsy induced by GS is not clear, an increasing
number of studies have confirmed the connection between them.
Therefore, controlling the expression of GS is a new direction for
the treatment of epilepsy.

Purinergic Signaling
The function of astrocytes affects the occurrence of medial
TLE. Dysfunction of the astrocyte signaling pathway can cause
excessive excitement of the neuronal network, leading to seizures.
Purinergic signal, a key signal pathway, participates in the
regulation of physiological functions related to the neuron-glia
signal network (169).

Adenosine triphosphate (ATP) provides energy for cell
metabolism and helps to activate a variety of purinergic receptors
on the cell surface to produce signal transduction. At a certain
concentration, these purine receptors can affect epilepsy. Among
these receptors, the metabotropic P2Y1 receptor is mainly
expressed in astrocytes. A study of P2Y1 receptors showed that
these receptors promote convulsions during seizures and increase
the risk of spontaneous epilepsy. In addition to astrogliosis, the
reactivity of microglia is an entry point for observing epilepsy,
and the purine receptors of both affect the progression of
epilepsy. In the hippocampus of animals, the TLR4 receptor
of microglia activates the P2Y1 receptor of astrocytes, which
enhances the occurrence of epileptic activity (170).

Many studies have confirmed that high concentrations of pro-
inflammatory cytokines, such as tumor necrosis factor alpha
(TNFα), can cause neuronal degeneration and hyperexcitability
in epilepsy (171). Avignone et al. found that while the TNFα
signal increased in the hippocampus after status epilepticus (SE),
the P2Y1 signal was also increased (172). This indicates that the
TNFα signal can lead to an increase in the purinergic signal of
astrocytes, thereby inducing epilepsy. This coupling may be used
as a strategy to treat epilepsy by inhibiting TNFα signaling.

TISSUE PATHOLOGY

Tissue pathology such as amygdala enlargement, tau
phosphorylation, and neurocysticercosis (NCC) can be
identified with the help of medical imaging facilities and
histological staining.

Amygdala Enlargement
In patients with mTLE, the most commonly identified cause of
epilepsy is HS. However, the malformations of the cortex and
amygdala are also observed. Many studies have found that a large
proportion of mTLE patients have varying degrees of amygdala
enlargement (AE). It has been speculated that AE is one of
the lesions that cause mTLE, as evidenced by the diagnosis and
histopathology of mTLE patients (173, 174).
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Zhu et al. observed that patients with mTLE had varying
degrees of AE. They collected data from three patients
and found that all patients had AE of varying degrees.
However, interictal epileptic discharges were observed only
on the AE side (175). Pathological examination revealed
abnormal development of the amygdala and temporal cortex.
Six months after resection of the anterior temporal pole,
amygdala, and hippocampus, none of the three patients had
seizures. Researchers also found that anti-epileptic drugs have
a positive effect on patients with AE. Lv et al. reported that
33 patients with AE were treated with conventional AEDs.
In 67% of them, seizures did not occur and the size of the
amygdala decreased (176). An increasing number of studies
have confirmed that AE is one of the foci of TLE and studying
the mechanism underlying it may lead to the development of
TLE treatment.

Tau Phosphorylation
Patients with TLE exhibit different degrees of cognitive decline,
including the impairment of memory, language ability, executive
function, attention, and reaction. Cognitive disability is greater
in patients with refractory epilepsy. It is difficult to provide
treatment for cognitive decline in TLE because the mechanisms
underlying cognitive impairment in TLE are unknown. A link
has been established between the pathology of TLE and that in
Alzheimer’s disease (AD): brain aging. Neurodegeneration can
also contribute to cognitive dysfunction in TLE. Importantly,
patients with refractory epilepsy display imaging characteristics
of progressive brain aging (177), elevated amyloid-β42 burden
(178), and augmented ventricular expansion (179), akin to
characteristics seen in neurodegenerative cognitive disorders,
such as AD.

Progressive accumulation of hyperphosphorylated tau protein
in neurofibrillary tangles and amyloid-β deposition in the
extracellular space form the cellular and molecular basis of
cognitive decline in AD (180). These pathological changes have
been observed in brain specimens from drug-resistant epilepsy
cases, including patients with TLE (181) and dual-pathology
epilepsies [focal cortical dysplasia (182) and brain tumor (183)].
It was found that there was a significant increase in total tau
protein expression in drug-resistant epilepsy and an increase in
tau phosphorylation during seizures. Neprilysin, an amyloid-β42
degrading enzyme, is significantly increased in the hippocampus
(42). There is tau 5 hyperphosphorylation and overexpression at
the onset of epilepsy, and overexpression of tau 5 can lead to
memory decline.

Regulated by protein kinases and phosphatases, the
phosphorylation of tau is a precondition for the accumulation
and toxicity of tau (Figure 2D). Knocking out tau protein in
a mouse epilepsy model ameliorates epileptic seizures (184).
PP2A, a major tau phosphatase, can reduce the level of tau
phosphorylation (185). Total PP2A level was significantly
reduced in the temporal cortex of patients with drug resistant
TLE (42). These studies suggest a good research direction for
epilepsy caused by tau phosphorylation.

Neurocysticercosis
Infections of the central nervous system (CNS) are common risk
factors for acquired epilepsy, with viral meningitis and parasitic
infections being the key causes. NCC is a central nervous system
disease caused by parasites (mainly swine tapeworms) (186).
In parasite-endemic countries, approximately 30% of epilepsy
patients also have NCC (187). The CNS infection in NCC is
caused by accidental ingestion of the improperly cooked meat
containing Taenia solium eggs (188). This contamination caused
by the deficient disposal of human feces and pigs are the
intermediate hosts, while human are definitive hosts (189).When
a cysticercus enters CNS, it can be detected by the immune
system to induce an inflammatory response. However, in many
cases, the immune response does not happen, and the host
tolerates the existence of a cysticerci, leaving it undisturbed for
years. Cysticerci can exist in the brain parenchyma, subarachnoid
space, ventricular system, eyes, and spinal cord. Their evolution
involves three stages: colloidal, granular, and calcified (190).

Patients with cysticerci in the brain parenchyma are more
prone to epilepsy (191). All stages of evolution may cause
seizures, but the mechanisms of epileptogenesis are different.
In the colloidal stage, seizures may be due to the compression
of the parenchyma and inflammation. While astrocytic gliosis
surrounding the lesions is most likely the main contributor to
seizures in the granular and calcified stages (192).

Hippocampal sclerosis (HS) and NCC are independent
epileptic foci. Therefore, epilepsy caused by NCC and brain
tissue lesions is usually called dual pathology. To confirm
whether the dual pathological association between NCC and
HS is accidental or causal, Mhatre et al. reviewed the cases of
drug-resistant epilepsy (DRE) secondary to NCC that had been
surgically removed.

After reviewing NCC cases between 2005 and 2019,
researchers found that 12 patients underwent anterior
temporal lobectomy and amygdalohippocampectomy
(193). Neuropathological results showed that 11 of the
cases were HS type 1. They also reviewed the histology
of all cases and marked the tissue changes caused by
cysticercosis using special stains. In the case of multiple
NCC, there were traces of cysticercus in the bilateral
frontal lobes, parietal lobes, and ipsilateral hippocampus.
HS and NCC as independent epileptic lesions have a high
frequency of dual pathology, indicating that there is a causal
relationship between them. Combined resection of these
two lesions is the best surgical option for the treatment of
these patients.

CONCLUSION

In this review, we summarized the pathological discoveries
related to TLE from both animal models and human studies.
We also discussed traditional pathological features, such as HS,
its associated FCD, and mossy fiber sprouting. A summary
of the recent pathological findings is provided, which covers
gene-level, molecular level, cell-level, and tissue-level findings.
We attempted to summarize many aspects of the disease.
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However, the review does not provide an exhaustive summary
of all the findings. We hope that this review will provide
an overview of the promising pathogenesis targets for TLE,
which will highlight this disease to the public as well
as researchers.
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Background: Amygdalae play a central role in emotional processing by interconnecting

frontal cortex and other brain structures. Unilateral amygdala enlargement (AE) is

associated with mesial temporal lobe epilepsy (mTLE). In a relatively large sample of

patients with mTLE and AE, we aimed to evaluate functional integration of AE in emotion

processing and to determine possible associations between fMRI activation patterns in

amygdala and deficits in emotion recognition as assessed by neuropsychological testing.

Methods: Twenty-two patients with drug resistant unilateral mTLE due to ipsilateral

AE were prospectively recruited in a large epilepsy unit and compared with 17 healthy

control subjects in terms of amygdala volume, fMRI activation patterns and performance

in emotion recognition as assessed by comprehensive affect testing system (CATS)

and Ekman faces. All patients underwent structural and functional 1.5 Tesla MRI,

electro-clinical assessment and neuropsychological testing.

Results: We observed BOLD signal ipsilateral to AE (n = 7; group PAT1); contralateral

to AE (n = 6; group PAT2) and no activation (n = 9; group PAT3). In the region of interest

(ROI) analysis, beta estimates for fearful face > landscape contrast in the left amygdala

region did not differ significantly in patients with left TLE vs. patients with right TLE [T (16)

= −1.481; p = 0.158]. However, beta estimates for fearful face > landscape contrast in

the right amygdala region were significantly reduced in patients with right TLE vs. patients

with left TLE [T (16) =−2,922; p= 0.010]. Patients showed significantly lower total scores

in CATS and Ekman faces compared to healthy controls.

Conclusion: In our cohort, patients with unilateral mesial TLE and ipsilateral AE, an

amygdala could display either functional integration in emotion recognition or dysfunction

as demonstrated by fMRI. Perception and recognition of emotions were impaired more

in right-sided mTLE as compared to left-sided mTLE. Neuropsychological tests showed

deficits in emotion recognition in patients as compared to healthy controls.

Keywords: amygdala, temporal lobe epilepsy, epilepsy surgery, fMRI, emotion recognition
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INTRODUCTION

The amygdala, a temporal lobe structure is not only of central
importance for emotional behavior, but also plays a key role in
epileptogenesis and epilepsy (1).

Amygdala enlargement (AE) on MRI without hippocampal

structural abnormalities has been associated with a subtype of

mesial temporal lobe epilepsy (TLE) (2, 3). On MRI, unilateral

sustained AE is characterized by increased size and high signal
in T2-weighted images including fluid attenuated inversion-
recovery (FLAIR). In so-called non-lesional mesial TLE,
amygdala MRI-volumetry may reveal amygdala enlargement
ipsilateral to mesial TLE in 12–16% of patients (4, 5).
AE may be associated with seizure clusters or even status
epilepticus originating from mesial temporal structures. The
changes observed on MRI usually vanish in the course
of weeks or months correlating with the seizure frequency
reduction, returning to either “normal” size or resulting
in amygdala atrophy (along with other mesial temporal
structures). The sustained AE is usually associated with
either autoimmune inflammation, amygdala dysplasia or low-
grade tumors (6, 7). However, histopathologically, AE may
be associated with unspecific presentation of clustering of
hypertrophic neurons and vacuolation with slight gliosis or
without gliosis (2).

TLE with AE is a distinct electro-clinical syndrome beginning
in middle age adults (8). In patients with AE, electro-clinical
presentation of epilepsy may differ from that in patients with
pure hippocampal sclerosis (HS). They may have increased
tonic components during seizure and generalized ictal EEG
onset more frequently than patients with HS (9). Similar to
other patients with mesial TLE, patients with AE, particularly
those with autoimmune encephalitis, may present with psychosis
supposedly due to disrupted circuits in limbic system (10).
Increased volume of amygdala was observed in patients with TLE
and psychopathology (11). Alterations in Theory of Mind (ToM)
abilities in patients with mesial TLE due to HS was associated
with disrupted connectivity between amygdala and temporal and
frontal brain areas (12). Further, various studies showed impaired
emotion processing in patients with TLE due to amygdala lesions
(13–17). In a systematic review conducted by Monti and Meletti
(18) deficits in fear recognition were observed most often in
patients with amygdala lesions, followed by deficits in sadness
and disgust recognition. Impaired fear conditioning has also
been demonstrated in an animal model of epilepsy with electrical
stimulation of amygdala (19).

Similar to other patients withmesial TLE, the patients with AE
may develop drug resistant epilepsy requiring epilepsy surgery,
rendering ∼80% of patients seizure free (20). Anterior temporal
lobe resections in such patients usually spare the hippocampus
(20). fMRI studies have shown that this type of surgery may
be complicated by post-surgical emotional disturbances (21).
In general, up to 50% of patients with no psychiatric history
may develop symptoms of anxiety and depression shortly
after anterior temporal lobe resection (22, 23). Despite this
fact, postsurgical emotional disturbances received less attention
compared to cognitive changes and the studies were mainly

focused on patients with TLE due to hippocampal sclerosis
and TLE.

An fMRI paradigm of dynamic fearful faces, which activates
amygdala bilaterally in healthy individuals and well-lateralizes
mesial TLE, was developed at the Swiss Epilepsy Center (24).
In a previous study, we have demonstrated in a small group of
patients with possible amygdala dysplasia and mesial TLE that
the function might be retained by enlarged amygdala raising
concerns about post-surgical deficits (25). In this study, we
present a larger sample of patients with unilateral mesial TLE due
to ipsilateral amygdala lesion with functional imaging, behavioral
and electro-clinical data aiming to evaluate the functional
integration of enlarged amygdala in emotion processing and to
determine possible associations between fMRI activation patterns
in amygdala and deficits in emotion recognition as assessed by
neuropsychological testing.

METHODS

Participants
Twenty-two patients (10 women; mean age 35 years, range 20–
57 years) with unilateral AE and ipsilateral mesial TLE were
prospectively recruited either at the large out-patient epilepsy
unit or in the EEG-video monitoring unit of the Department
of Neurology, Medical University of Innsbruck. The inclusion
criteria were unilateral non-progressive enlargement of amygdala
with ipsilateral drug resistant mesial TLE, normal hippocampi
as assessed qualitatively by expert neuro-radiologists as well as
by voxel based morphometry. Absence of any other MRI lesions
was obligatory.

All patients had drug resistant mesial TLE as determined
by electro-clinical presentations. The mean age at seizure onset
was 24 years (range 6–50 years); the mean epilepsy duration
for the time of the study was 11.9 years (range 1–34 years). All
patients underwent video-EEG monitoring with scalp electrodes
confirming the origin of seizures from the mesial temporal lobe
ipsilateral to AE.

In addition, 17 healthy control subjects with no history of any
neurological or psychiatric illness with a mean age of 30 years
(range 21–52 years), were matched in age, sex and education to
the patient group. The native language of all study participants
was German.

fMRI Task Design
The fMRI paradigm was first developed, validated and applied
to healthy subjects and patients with TLE by Schacher et al.
(26). Further information related to the selection procedure
of the stimuli can be found in Schacher et al. (26). Stimuli
were presented in a block design. The paradigm consisted of
eight activation and eight baseline blocks each lasting 24 s.
The activation condition consisted of 75 brief episodes from
thriller and horror films. All episodes showed the faces of actors
expressing fear with high intensity. None of the episodes showed
violence or aggression. During baseline blocks, 72 short episodes
of similar length with landscape video recordings were presented.
Video clips of dull domestic landscapes were used owing to their
stable low emotional content while their general visual stimulus
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properties were comparable with the movie clips. Stimuli were
presented via a back-projection screen, viewed through a tilted
overhead mirror. Prior to beginning, subjects were told that they
would see presentations of film sequences depicting fearful faces
intermixed with landscape film sequences. They were instructed
to relax while watching the film and to focus on the eyes of the
actors during the activation blocks.

MRI Acquisition
The MRI-data were obtained using a 1.5 T MR scanner
(Siemens Sonata, Erlangen, Germany). MRI sequences included
T1-weighted spin echo and gradient echo three-dimensional
multiplanar reconstruction images (MPRAGE) ± contrast
substance, axial and coronal T2-weighted turbo spin echo, FLAIR
and diffusion weighted sequences. Coronal T2 and FLAIR slices
were 2–3mm thick and were acquired at 90◦ perpendicular to
the long axis of hippocampus. There were successive parameters
for the anatomic sequence: 176 axial slices with 1-mm single-slice
thickness, repetition time (TR) 8.2ms, echo time (TE) 3.93ms, 8◦

flip angle, field of view (FOV) 250mm, and 288× 288 matrix.
Functional data were acquired using EPI T2∗-weighted

sequence. The following parameters were applied to measure
amygdala activation: 18 coronal slices, 4-mm slice thickness
(interslice gap: 0mm), TR 1,500ms, TE 35ms, 75◦ flip angle,
FOV 220mm, matrix size 64 × 64 (voxel size 2.75 × 2.75 ×

4mm), reconstructed into an imagematrix of 128× 128. Coronal
slices were geared orthogonally to the hippocampal formation
and were spread over the anterior temporal lobe.

Criteria for the Assessment of Amygdala
Structural Abnormalities
Amygdala lesion was determined qualitatively by visual
assessment by expert neuroradiologists and quantitatively by
voxel based volumetry. All patients had unilaterally enlarged
amygdala as seen on T1- and T2-weighted images without
uptake of contrast substance and had an increased signal in the
FLAIR sequence. All patients underwent at least two MRIs with
an interval of at least 6 months. The MRI changes were stable
in consecutive MRIs suggesting a non-progressive abnormality.
Hippocampal volumetry showed normal hippocampi in
all patients.

Single Subject Analysis of fMRI Data
Image analysis for revealing significant brain activation based
on changes in blood oxygen level dependant (BOLD) signal
was performed on each subject’s fMRI data by using statistical
parametric mapping (SPM12, Wellcome Department of
Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/
spm/software/spm12/) under MATLAB R2013a (MathWorks
Inc., Natick, MA, USA). The functional data sets of each patient
were motion corrected after discarding the first three volumes to
allow signal stabilization. Eventually 269 volumes per series were
utilized for data analysis. Anatomical high-resolution images
were co-registered to a mean functional image of each subject.
Images were normalized spatially and smoothed using an 8mm
FWHM Gaussian kernel. A statistical analysis on the basis of the
general linear model (GLM) was conducted as implemented in

SPM12. The delta-function of the block onsets was convolved
with the canonical form of the hemodynamic response function
for a duration corresponding to the block length, to generate
the model time courses for the two conditions of the paradigm.
A high-pass filter (1/288Hz) was used to remove low frequency
drifts. SPM maps of the contrast of voxels with increased
intensity during “active” blocks (fearful faces) in relation to the
contrast block (landscapes) in the whole brain were computed.
Clusters of activation were reported as significant, when they
surpassed an initial threshold of p < 0.001 (uncorrected) and
had a FEW (family-wise error) corrected p-value of p < 0.05 on
cluster level.

Group Analysis of fMRI Data
For preprocessing and statistical analysis within group
comparison, SPM12 software (http://www.fil.ion.ucl.ac.uk/spm/
12/), running in a MATLAB R2013a environment (Mathworks
Inc., Natick MA, USA), and additional functions from AFNI
(Analysis of Functional Neuro-Images, https://afni.nimh.nih.
gov/) were used. Functional images were realigned, de-spiked
(with the AFNI 3D despike function) unwarped and corrected for
geometric distortions using the fieldmap of each participant and
slice time corrected. The high resolution structural T1-weighted
image of each participant was processed and normalized with
the CAT12 toolbox (Computational Anatomy Toolbox 12,
http://dbm.neuro.uni-jena.de/cat) using default settings. Each
structural image was segmented into gray matter (GM), white
matter (WM) and cerebro-spinal fluid (CSF) and denoised. Then
each image was warped into Montreal Neurological Institute
(MNI) space by registering it to the DARTEL template provided
by the CAT12 toolbox via the high-dimensional DARTEL
(diffeomorphic anatomical registration through exponentiated
Lie algebra) (27) registration algorithm. Based on these steps, a
skull stripped version of each image in native space was created.

To normalize functional images into MNI space, the
functional images were co-registered to the skull stripped
structural image and the parameters from the DARTEL
registration (27) were used to warp the functional images, which
were re-sampled to 3 × 3 × 3mm voxels and smoothed with a
6mm FWHMGaussian kernel.

Statistical analysis was performed with a GLM two staged
mixed effects model. In the subject-specific first level model,
each condition was modeled by convolving stick functions at its
onsets with SPM12’s canonical hemodynamic response function
(target trials and start and endmessages weremodeled as separate
events of no interest, the model also included the six motion
parameters and six noise regressors, reflecting physiological noise
components obtained from FIACH (Functional Image Artifact
Correction Heuristic) (28) as regressors of no interest. Parameter
estimates for each condition were calculated via these first level
GLM, using a temporal high-pass filter (cutoff 128 s) to remove
low-frequency drifts and modeling temporal autocorrelation
across scans with a first-order autoregressive process (AR) (29).

For voxel-based group analyses, contrast images (fearful faces
> landscapes) for effects of interest were calculated at the first
level and used for second level analyses using one-way ANOVAS
with patients groups and healthy controls. A threshold of p =
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0.005 (uncorrected) with a cluster-level FDR threshold of p =

0.05 were used.

Region of Interest (ROI) Analyses
In a first step, the Regions of interest (ROIs) were defined
by manual segmentation of the amygdalae by 3D-Slicer
(htpps://www.slicer.org/, Pieper, Lorensen, Schroeder and
Kikinis) (30) for patients and healthy controls. In a second step,
we extracted the beta estimates of these individual ROIs for
the first-level contrast (fearful faces > landscapes) which were
further used for group analyses. Peak coordinates and voxel
extent are reported in the Supplementary Table 1. Subsequent
analyses were done using IBM SPSS Statistics 20 R©.

Amygdala Volumetry
T1-weighted volume datasets were normalized to Montreal
Neurological Institute template space using DARTEL (27) and
segmented into different brain compartments—GM, WM, and
CSF using the unified segmentation algorithm of SPM12 with
default parameters. Volumetric measures of brain structures
were calculated by voxel-by-voxel multiplication and subsequent
integration of normalized and modulated component images
(GM, WM, or CSF) with predefined masks in the same space.
Masks for amygdala were derived from the Harvard-Oxford atlas
of subcortical structures distributed with the Oxford Center for
Functional MRI of the Brain Software Library (FSL) package.
Amygdala volumes were controlled for age, sex, and total cerebral
volume (31–34). GM, WM, and CSF volumes and intracranial
volume (ICV) were determined by the “tissue volumes” utility of
SPM12 (35).

Neuropsychological Tests
Thirty-tree participants (18 patients and 15 healthy controls)
underwent neuropsychological testing including the multiple-
choice vocabulary test (MWT-B) which served as estimate of
crystalline verbal intelligence (36). Further, the test battery
comprised tests for emotion recognition and a self-report
questionnaire for depression and anxiety symptoms (see below).

Emotion Recognition

Comprehensive Affect Testing System (CATS)
The Comprehensive affect testing system (CATS) (37) is a
computerized measure of emotion processing previously used
in studies with epilepsy patients (12, 38). It aims to assess
the perception of facial expressions, prosody, and linguistically
presented emotional material and therefore employs visual and
auditory modalities of communication (37). Instructions as well
as verbal and auditory stimuli for CATS tasks were translated into
German at the Swiss Epilepsy Center.

The CATS consists of 13 subtests: 11 emotion tasks and two
control tasks assessing facial identification, emotion matching
with and without verbal denotation (e.g., in some tasks both
emotional faces and the name of the target emotion is displayed
on the screen, whereas in other tasks no additional verbal cues are
given), emotional tone or prosodic processing with and without
verbal denotation (e.g., in some tasks both emotional prosody

and the name of the target emotion is displayed on the screen,
whereas in other tasks no additional verbal cues are given),
and with conflicting or congruent semantic content. Emotional
stimuli covered happy, sad, angry, surprised, disgusted, fearful,
or neutral mood.

Composite scales. Each item within a subtest is scored as
either correct or incorrect, and items are summed to obtain
a raw score for each of the 13 subtests. Data from the 11
emotion related subtests were combined and reduced to five
different composite scales: Simple Facial Scale (Subtests 2 and 5),
Complex Facial Scale (Subtests 7, 8, 13), Prosody Scale (Subtests
4, 6, 9), Lexical Scale (Subtests 10), and Cross-Modal Scale
(Subtest 11 and 12).

Quotient scales. Broader scales, based on mode of
communication (facial affect and prosody) and emotion
per se, are also generated. The Affect Recognition Quotient
is obtained by combining the two facial scales; the Prosody
Recognition Quotient is identical to the Prosody Scale, and
the Emotion Recognition Quotient is an overarching scale and
includes all 11 emotional subtests.

Discrete emotion scales. There are additional scales for
each of the six basic emotions that provide information about
performance based on type of emotion. Items in the discrete
emotion scales test facial affect recognition and are taken from
Subtests 5, 7, 8, and 13.

Ekman Faces
The Ekman 60 Faces Test is a well-known neuropsychological
tool assessing emotion recognition from facial expressions of
basic emotions. It consists of photographs from the Ekman and
Friesen series of Pictures of Facial Affect (39), which has been the
most widely used and validated series of photographs in facial
expression research. The faces of 10 actors (six female, four male)
were shown, each displaying the six basic emotions (happiness,
sadness, disgust, fear, surprise, and anger). The maximum test
score indicating best performance is 60 for all six emotions and
10 for each basic emotion. The computer software for the test was
available on CD-ROM. Patients were allowed unlimited time for
the response.

TABLE 1 | Characteristics of patients and healthy controls.

Variable Healthy

controls

(n = 17)

TLE patients

(n = 22)

Mann-Whitney-U-

Test /

Chi2-Test/(Fisher’s

exact test

Age in years,

mean (SD)

31 (8.6) 35 (10.3) p = 0.193

Sex (female; male) 9; 8 10; 12 p = 0.643

Education in

years, mean (SD)

10.73 (5.7) 12.14 (3.5) p = 0.262

Handedness (right;

left)

15; 2 19; 3 p = 0.862

MWT-B (estimated

IQ), mean (SD)

115.40 (12.4) 101.82

(10.35)

p = 0.008
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FIGURE 1 | fMRI activation patterns in amygdala lesions. (A) BOLD signal in left amygdala, contralateral to the AE on the right. (B) BOLD signal in amygdala bilaterally,

however more on the right than on the left (left-sided AE).

Anxiety and Depression Scale
The HADS measures levels of anxiety and depression during
the last week. It consists of an anxiety subscale (HADS-
A) and a depression subscale (HADS-D), each containing
seven items scoring from 0 to 3 (40). Total scores in
each subscale range from zero to 21, with higher scores
indicating pronounced anxiety- and depression-related
symptoms. We classified scores below eight as normal,
between eight and 10 as mild, and above 10 as clinically
significant (40).

Statistics
Analyses were carried out using SPSS Version 20. Two-by-two
comparisons were performed by means of Mann–Whitney-U-
Test for non-parametric independent samples and unpaired t-
test for parametric samples. Comparisons of more than two
groups were performed by means of the Kruskal–Wallis test or
one-way ANOVA.

Significance was set at α < 0.05 and all p-values were
adjusted for multiple comparison using the Benjamini-Hochberg
FDR correction method. Correlation of independent as well
as dependent variables with each other and with variables
such as behavioral data were tested using the Spearman’s rank
correlation coefficient.

Ethics Statement
The study was performed according to the Declaration of
Helsinki and approved by the local ethics committee of the
Medical University of Innsbruck. Written informed consent was
obtained from all participants prior to study tests.

TABLE 2 | BOLD signal in patients.

Ipsilateral to amygdala lesion 7 (7 TLE L)

Contralateral to amygdala lesion 6 (4 TLE L; 2 TLE R)

No BOLD 9 (6 TLE L; 3 TLE R)

RESULTS

An overview of demographic data of patients and healthy
controls is shown in Table 1. A significant difference
between patients and healthy controls was seen in the
estimated verbal IQ, with healthy controls achieving
higher scores.

fMRI Single Subject Analysis
Blood oxygenation dependent (BOLD) signal was elicited in 13
(59%) patients and 12 (71%) healthy controls. The BOLD signal
was seen most frequently bilaterally in amygdalae in both groups
(Figure 1). However, in healthy controls it was more common
compared to the patients (47 vs. 23% respectively), without
reaching a statistically significant difference.

In patients, we observed the following activation patterns
in fMRI task in relation to AE: seven patients had ipsilateral
activation (group PAT1), suggesting therefore functional
integration of enlarged amygdala. In six patients, the BOLD
signal was observed solely in the amygdala contralateral to
the AE (group PAT2) (Figure 1) and in nine patients, there
was no BOLD signal registered in either amygdala (group
PAT3), suggesting dysfunction of amygdala in these two groups
(Table 2).
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We did not analyze the presence of BOLD signal in relation to
the AE side due to small sample size in each sub-group (the data
presented in Tables 2, 3).

Amygdala Volumetry
Amygdala volumes in 17 healthy controls were normally
distributed. The mean total volume of amygdala in healthy
controls was 3.6 (SD 0.2) cm3. The right and left amygdala
volumes were not statistically different, however slightly larger
on the right with a mean volume of 1.9 (SD 0.1) cm3 and left
amygdala with a mean volume of 1.7 (SD 0.1) cm3. The left
amygdala was significantly larger in patients with left mesial TLE
compared to the left amygdala in healthy controls: mean volume
1.8 cm3 (SD 0.1) vs. 1.7 cm3 (SD 0.1), respectively; Student’s t-
test p = 0.015, 2-tailed. The mean volume of right amygdala was
higher in patients with right mesial TLE compared to the volume
of the right amygdala in the healthy controls, without reaching
statistically significant difference: mean 2.0 cm3 (SD 0.3) vs. 1.9
(SD 0.1) cm3, respectively; Student’s t-test p= 0.124, 2-tailed.

fMRI Group Comparisons
Whole Brain Analysis
There was no significant difference in activation patterns when
the whole group of patients was compared with healthy controls.
Sub-group analyses regarding patients with left mesial TLE vs.
healthy controls as well as patients with right mesial TLE vs.

healthy controls also did not show any significant difference [all
p > 0.005 (uncorrected)].

ROI Analyses
Beta estimates were extracted from right and left amygdalae, as
defined by manual segmentation.

Beta estimates for fearful face > landscape did not differ
significantly within the patient groups (PAT1, PAT2, and PAT3).
Beta estimates for fearful face > landscape contrast in the left
amygdala region did not differ significantly in patients with
left TLE vs. patients with right TLE [T(16) = −1.481; p =

0.158]. However, beta estimates for fearful face > landscape
contrast in the right amygdala region were significantly reduced
in patients with right TLE vs. patients with left TLE [T(16) =

−2,922; p = 0.010]. No significant difference was found when
comparing beta-estimates of the unilaterally enlarged amygdala
to the contralateral amygdala within the patient group [T(16)

= −1.433, p = 0.170]. The results of the individual ROIs are
presented in the Supplementary Table 1.

Behavioral Tests
Neuropsychological data were not carried out in four patients
and two healthy controls. Therefore, those subjects could not be
included in further analysis regarding neuropsychological tests
on emotion recognition.

TABLE 3 | fMRI activation patterns in TLE patients and healthy controls.

No BOLD signal BOLD signal bilaterally BOLD signal on the left BOLD signal on the right Total

Healthy controls (N, %) 5 (29%) 8 (47%) 2 (12%) 2 (12%) 17 (100%)

Patients (N, %) 9 (41%) 5 (23%) 4 (18%) 4 (18%) 22 (100%)

TLE L (N) 6 5 2 (ipsilateral) 4 (contralateral) 17

TLE R (N) 3 0 2 (contralateral) 0 5

TABLE 4 | Performance of TLE patients and healthy controls on the CATS quotients expressed as Z scores.

Variable Healthy controls

(n = 15) Med (min-max)

TLE patients (n = 18)

Med (min-max)

Mann-Whitney-U-Test

Affect Recognition Quotient 1.00 (-1.00 – 2.00) 0.20 (-1.3 – 1.00) p = 0.106

Prosody Recognition Quotient −0.40 (-2.90 – 2.00) −1.00 (-4.70 – 0.80) p = 0.329

Emotion Recognition Quotient 0.40 (-1.60 – 2.20) −0.85 (-3.50 – 0.40) p = 0.023*

Simple Facial Scale 0.40 (-1.60 – 2.20) 0.60 (-0.90 – 1.20) p = 0.829

Complex Facial Scale 0.90 (-1.30 – 2.00) −0.20 (-2.00 – 1.10) p = 0.046*

Prosody Scale −0.40 (-0.50 – 1.60) −1.00 (-4.60 – 0.80) p = 0.329

Lexical Scale −0.80 (-1.30 – 0.30) −0.90 (-2.70 – 0.30) p = 0.011*

Discrete Emotion Scales:

Happy 0.30 (0.30 – 0.30) 0.30 (-2,60 – 0.30) p = 0.744

Surprised 0.10 (-1.70 – 1.00) −0.80 (-2.70 – 1.00) p = 0.422

Fear 1.10 (-2.30 – 1.90) 0.20 (-2.30 – 1.50) p = 0.214

Sad −0.40 (-2.50 – 0.30) −1.50 (-6.60 – 0.30) p = 0.829

Angry 0.00 (-1.00 – 1.60) −1.00 (-1.50 – 1.10) p = 0.035*

Disgusted 0.70 (-2.00 – 1.20) −0.15 (-2.00 – 1.00) p = 0.488

*Mann-Whitney-U-Test is significant at the p < 0.05 level (two-tailed).
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TABLE 5 | Results of each group on the Ekman 60 Faces Test.

Ekman-

Scales

Healthy controls (n = 15)

sum correct answers

Med (min-max)

TLE patients (n = 18)

sum correct answers

Med (min-max)

Mann-

Whitney-U-

Test

Anger 9 (6–10) 8 (5–10) p = 0.329

Disgust 9 (5–10) 7,5 (3–10) p = 0.102

Fear 6 (2–10) 4.5 (1–10) p = 0.102

Happiness 10 (9–10) 10 (8–10) p = 0.997

Sadness 8 (7–10) 8 (2–10) p = 0.898

Surprise 9 (7–10) 9 (5–10) p = 0.931

Total score 53 (44–57) 44.5 (38–59) p = 0.017*

*Mann-Whitney-U-Test is significant at the p < 0.05 level (two-tailed).

Comprehensive Affect Testing System (CATS)∗

Quotient scales: Comparison of all patients with healthy
controls showed significantly worse performance in the Emotion
Recognition Quotient. In the Affect Recognition Quotient and
the Prosody Recognition Quotient, no difference was observed
between the two groups. For results, see Table 4.

When comparing the three patient groups (PAT1, PAT2, and
PAT3), no significant difference was found in the three quotient
scales (all p > 0.05).

Composite scales: Comparison of all patients with the
healthy control group showed significant differences in the
Complex Facial Scale and in the Lexical Scale. Patients performed
significantly worse than healthy controls. The remaining two
Composite Scales (Simple Facial Scale, Prosody Scale) did not
show significant differences (all p > 0.05). When comparing the
three patient groups (PAT1, PAT2, and PAT3), no significant
difference was found in all four composite scales (all p > 0.05).

Discrete emotion scales: Patients performed significantly
worse compared to healthy controls in recognition of anger. In
all other Discrete emotion scales, no significant differences were
observed. Furthermore, no differences were observed when the
three groups of patients (PAT1, PAT2, and PAT3) were compared
(all p > 0.05).

Ekman 60 Faces Test∗

The patient group performed significantly worse compared to
healthy controls in emotion recognition as assessed by the Ekman
60 Faces Test (sum of all six sub-scales) (Table 5). However, no
significant difference can be found in sub-scales, each presenting
one of the six basic emotions (all p > 0.05).

When comparing the three patient groups (PAT1, PAT2, and
PAT3), no significant difference could be found (all p > 0.05).

∗The influence of verbal IQ as a potential confounding factor
was assessed by explorative univariate ANOVA for the CATS and
Ekman faces measures where significant group differences were
detectable by means of Mann-Whitney U-tests (i.e., Emotion
Recognition Quotient, Complex Facial Scale, Lexical Scale,
Angry, Ekman total score). Significance was set at a α < 0.05 one-
tailed. The group difference in the Lexical Scale was the only one
that did not reach significance after controlling for verbal IQ.

TABLE 6 | Results of each group on HADS.

Healthy

controls

TLE patients Chi2-test (Fisher’s exact test)

Anxiety

(HADS-A)

0.458

Score ≤7 12 (80%) 13 (65%)

Score 8–10 3 (20%) 5 (25%)

Score ≥11 0 (0%) 2 (10%)

Depression

(HADS-D)

0.244

Score ≤7 15 (100%) 17 (85%)

Score 8–10 0 (0%) 3 (15%)

Score ≥11 0 (0%) 0 (0%)

Hospital Anxiety and Depression Scale (HADS)
In both anxiety and depression subscales, the majority of patients
and healthy controls scored in the normal range. Very few
participants in both groups scored above seven, indicating mild
to clinically significant anxiety- or depression-related disorders.
Chi2-tests indicated that the distribution of normally scoring
participants vs. mild-to-clinically relevant disorders did not differ
between the two groups (both p > 0.1) (Table 6).

Correlations
Ekmann total score correlated with the CATS total score (sum of
all 13 subtests) (r = 0.74, p < 0.001). Both total scores correlated
significantly with verbal IQ (Ekman: r = 0.60, p < 0.001; CATS:
r = 0.62, p < 0.001).

Regarding depression and anxiety symptoms, both scores
correlated with the Ekmann total score (r = −0.487, r < 0.05 /
r =−0.438, r < 0.05), as well as the CATS total score (r =−598,
p < 0.001 / r =−585, p < 0.001).

DISCUSSION

In this prospective study on 22 patients with unilateral drug
resistant mTLE due to ipsilateral AE, we have demonstrated that
enlarged amygdala might display both, functional integration
in emotion processing as well as dysfunction, as assessed by
“fearful faces” fMRI paradigm. Enlarged amygdala on the right
was dysfunctional in patients with right mTLE compared to
those with left mTLE. The patients performed worse compared
to healthy controls in emotion recognition as shown by the CATS
and Ekman faces.

Enlargement of amygdala is a rare condition which may be
associated with mTLE (3). The changes observed on MRI might
be caused by different etiologies such as autoimmune limbic
encephalitis, dysplasia or low-grade tumor. Autoimmune limbic
encephalitis is the most frequent cause of lesional mTLE in adults
(41). Aside from epileptic seizures, which poorly respond to
drugs, patients may present with acute psychosis (41, 42). On
MRI, swelling of mesial temporal structures with high signal
in T2-weighted sequences and uptake of contrast substance are
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observed in an acute phase (41, 43). These changes may be uni-
or bilateral, they either resume completely within few months
or result in a volume reduction of amygdala and hippocampus,
causing mesial temporal lobe sclerosis (43, 44). In a serum or
cerebro-spinal fluid (CSF) of patients with limbic encephalitis,
either onconeural (mainly Hu and Ma2 antibodies) or various
non-paraneoplastic antibodies (e.g., VGKC, NMDA-R) may be
detected (41, 42).

Amygdala is considered dysplastic if the patients do not have
any clinical or laboratory evidence of limbic encephalitis and the
MRI changes remain stable over a long period of time (41). Low
grade (e.g., astrocytoma WHO grade II) or dysplastic tumors
(e.g., developmental neuroepithelial tumor or ganglioglioma)
are diagnosed on histopathology in about 15% of patients with
AE (42).

In our cohort of patients, we could not determine the
underlying etiology as the histology was not available in a pre-
surgical setting and the majority of patients were not tested
for serum or CSF antibodies. All our patients underwent at
least two serial MRIs with an interval of at least 6 months
and no lesion progression or contrast substance uptake was
demonstrated. Therefore, we presume that the patients in our
series did not have a high-grade tumor affecting amygdala. The
heterogeneity of fMRI response in patients might be due to
different etiology of AE. We could speculate that those with
amygdala dysplasia might demonstrate dysfunction as opposed
to acquired lesions such as autoimmune limbic encephalitis or
low-grade tumor, which could maintain function. Congenital
lesions such as malformations of cortical development due
to abnormal neuronal proliferation (focal cortical dysplasia
type II, tuberous sclerosis, etc.) usually do not bear function
as demonstrated by fMRI studies (45, 46) and invasive
EEG recordings (47). Other possible reasons for amygdala
dysfunction might be epilepsy features irrespective of its etiology,
e.g., duration of epilepsy, seizure frequency, seizure types
etc. However, in the regression analysis, we could not find
any association between different epilepsy features and fMRI
activation patterns.

The side of temporal lobe damage might play a critical role in
perception of fear as left- and right-sided TLE patients displayed
different fMRI activation patterns in our series. In patients
with right TLE, amygdala displayed either no BOLD signal or
activation on the contralateral side; whereas patients with left-
sided TLE showed activation of damaged amygdala in 41% of
cases. Right amygdala has been implicated in the literature as
a key structure for fear processing and that its function cannot
be fully compensated in case of right-sided mesio-temporal lobe
damage (48).

In a systematic review, it has been shown that facial emotion
recognition of all six basic emotions (anger, disgust, fear, sadness,
happiness, and surprise) was impaired in patients with TLE
compared to healthy controls with the largest effect size for fear
(49). Interestingly, poorer ability of facial emotion recognition
was observed in patients with right-sided TLE (18), which
is in line with our findings as we demonstrated dysfunction
of right enlarged amygdala in patients with ipsilateral mTLE.
Similar to our findings, Toller et al. demonstrated by dynamic

fearful faces fMRI that right mTLE was associated with reduced
activity in the right amygdala, suggesting its mediating role
in the emotional awareness of empathic experiences of fear
(50). In patients with mTLE, the deficits in facial emotion
perception are contributed to the disruptions of functional
networks, which are more pronounced in right mTLE (51).
Children and adolescents with mTLE also demonstrate deficits
in perception of different emotions, especially of fear (52). These
deficits were observed in patients with both left and right mTLE,
however, the deficits were more prominent in the latter (52).
Earlier onset of seizures was associated with poorer recognition
of facial expression of emotions (52). The earlier the damage
to the right mesial temporal structure, the greater the deficit in
fear recognition and in fMRI activation magnitude in patients
with right-sided TLE (53). In our series, we did not observe
any association between the duration of epilepsy and the fMRI
activation patterns. However, the neurobiology of the lesion
and the time of the insult could determine dysfunction of the
right amygdala.

Amygdala abnormalities contribute to comorbid affective
disorders in TLE. Interictal anxiety and depression are common
in patients with pharmacoresistant TLE due to amygdala damage.
At the same time, patients with major depression show amygdala
dysfunction in fMRI. The fMRI reactivity of amygdala to emotion
facial impressions is associated with greater chances of symptom
improvement in patients with major depression (54). In patients
with drug resistant mTLE, a pre-operative assumption of the
post-surgical risks of developing emotional disturbances is of
great importance. Bonneli et al. have shown that the greater the
pre-operative fMRI activation in right amygdala, the higher the
chance of developing post-operative depression and anxiety (21).
This was not true, however, for patients with left-sided TLE. As
our study was pre-surgical, we cannot judge the deficits following
epilepsy surgery.

The main limitations of this study are related to a small
number of patients in analyzed subgroups and the pre-surgical
nature of the study, which precludes the histological diagnosis of
AE. Furthermore, the vast majority of patients of this series were
not tested for autoimmune antibodies, which would potentially
contribute to the diagnosis of limbic encephalitis. Therefore, in
the absence of histological and immunological data, we could
not judge upon the neurobiology of dysfunctional or functionally
integrated enlarged amygdala.

CONCLUSION

In this study, we could show that in patients with unilateral
mesial TLE and ipsilateral AE, an amygdala could display either
functional integration in emotion recognition or dysfunction
as demonstrated by fMRI. The results of neuropsychological
tests display deficits in emotion recognition in patients
as compared to healthy controls. These results are in line
with the current evidence and support the notion that
perception and recognition of emotions are commonly
impaired in mTLE, more in right-sided mTLE as compared to
left-sided mTLE.
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Epilepsy with auditory features (EAF) is a focal epilepsy belonging to the focal epileptic

syndromes with onset at variable age according to the new ILAE Classification. It is

characterized by seizures with auditory aura or receptive aphasia suggesting a lateral

temporal lobe involvement of the epileptic discharge. Etiological factors underlying

EAF are largely unknown. In the familial cases with an autosomal dominant pattern

of inheritance several genes have been involved, among which the first discovered,

LGI1, was thought to be predominant. However, increasing evidence now points

to a multifactorial etiology, as familial and sporadic EAF share a virtually identical

electro-clinical characterization and only a few have a documented genetic etiology.

Patients with EAF usually have an unremarkable neurological examination and a good

response to antiseizure medications. However, it must be underscored that total

remission might be lower than expected and that treatment withdrawal might lead to

relapses. Thus, a proper understanding of this condition is in order for better patient

treatment and counseling. Further studies are still required to further characterize the

many facets of EAF.

Keywords: auditory hallucinations, epilepsy, DEPDC5, mTOR, LGI1, aphasic seizures

INTRODUCTION

Epilepsy with auditory features (EAF) is a focal epilepsy included in the group of focal syndromes
with onset at variable age in the new ILAE Classification, besides focal epilepsy with variable foci
(FFEAF) and sleep-related hypermotor epilepsy (SHE), with which it shares some genetic aspects
(1). The new simplified nomenclature aims to overcome the previous, possibly misleading, use of
two different names for the same syndrome, namely autosomal dominant lateral temporal lobe
epilepsy (ADLTLE) and autosomal dominant partial epilepsy with auditory features (ADPEAF),
and to acknowledge this entity also in a non-familial context/pattern.

EAF phenotype is characterized by seizures with auditory symptoms or aphasia, suggesting a
lateral temporal lobe involvement.

Auditory symptoms have long been associated with epilepsy, with the first description of such
presentation dating as early as 1,883 (2). More generally, auditory hallucinations may be classified
as simple (hearing a monotone sound such as humming or buzzing as in tinnitus) and complex
(hearing voices or music), in which case they can be defined as auditory verbal hallucinations (3).
On this basis, it has also been proposed that several historical figures were affected by epilepsy with
auditory hallucinations (4, 5), including Fyodor Dostoevsky, whose known epilepsy might have
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first manifested in childhood with verbal hallucinations, as
illustrated in his autobiographical work “The Peasant Marey” (5).

Aside from reasons of historical interest, recognizing the
epileptic origin of auditory phenomena/symptoms is key for both
the neurologist and other clinicians. Quite commonly, auditory
features in epilepsy are misdiagnosed as psychiatric disease, most
often schizophrenia, as shown in several reports (6–8).

Even within the field of epileptology, appreciating the
clinical features of EAF, an entity whose prevalence might be
higher than expected, is paramount to a proper diagnosis and
adequate treatment.

Additionally, recognizing the propensity of lateral temporal
seizures to evolve into focal to bilateral tonic-clonic ones helps
avoid the pitfall of misdiagnosing focal epilepsy as an idiopathic
generalized entity, with consequent therapeutic implications.

HISTORY AND NOMENCLATURE FROM
1995 TO 2021

In 1995, on the same Nature Genetics volume in which a genetic
basis for SHE was first described (9) Ottman et al. published
a study in which they identified a locus on chromosome 10q
associated with focal epilepsy in 11 members of a large family
(10). This entity showed autosomal dominant transmission with
high penetrance. Of the 11 members affected, 55% reported
auditory symptoms: all had focal to bilateral tonic-clonic seizures.
Despite being identified only relatively recently, EAF stands as
an example of how a paradigmatic shift allowed to focus on the
genetic basis of focal, and not only generalized, epilepsy.

This first observation was then corroborated in 1999 by
Poza et al., who described 19 individuals from a Basque family
suffering from a similar form of focal epilepsy, even in this
case linked to chromosome 10q (11). However, compared to the
earlier study, the members also showed other sensory symptoms,
such as visual hallucinations. A new term was proposed for
such epilepsy, autosomal dominant lateral temporal lobe epilepsy
(ADLTE), to highlight the supposed anatomical origin instead of
mesial temporal epilepsy.

Subsequently, Winawer et al. further elaborated their clinical
description of the 1999 family (12). In particular, the Authors
introduced an alternative name, i.e., autosomal dominant partial
epilepsy with auditory features (ADPEAF), to emphasize the high
prevalence of ictal auditory symptoms.

A decisive turn in the characterization of ADLTE/ADPEAF
was made in 2002, when Kalachicov et al. identified the first
causative gene of ADLTE, LGI1, on chromosome 10q24. In
particular, they identified five different pathogenic LGI1 variants,
of which three were frameshift, one was missense and the
last one was a splice site variant (13). LGI1 mutations were
also associated to temporal lobe epilepsy with aphasic seizures
(14), demonstrating that other ictal manifestations are to be
considered in the phenotypic spectrum of temporal lobe epilepsy
with auditory features. The putative role of LGI1 in both normal
and disease states will be discussed in the sections below.

In 2015, causative variants of a second gene, RELN, were
found in seven families (15), followed by identifications of

other genes, including DEPDC5, MICAL-1, CNTNAP2, and
SCN1A (16–18).

In 2021, the Nosology and Definition Task Force of the
ILAE, by introducing position papers for definition and new
nomenclature of epileptic syndromes (1), proposed the term
Epilepsy with Auditory Features (EAF) to encompass both
ADLTE and ADPEAF, also defining the inherited form as
Familial EAF (FEAF).

CLINICAL FEATURES AND INVESTIGATIVE
FINDINGS

Since the 1989 ILAE classification of epilepsies and epileptic
syndromes (19), temporal lobe epilepsy has been divided into
mesial and lateral forms: the most salient features distinguishing
the two are shown in Table 1. It can be noticed that auditory
symptoms are a prominent feature of lateral temporal epilepsy,
therefore being of great clinical help.

The clinical features of EAF are summarized in Table 2.
Considering that isolated auditory symptoms, especially

when these are simple, might not be adequately recognized
as pertaining to a disease and in particular epilepsy, a precise
estimate of the incidence of EAF is currently not available.

Several studies have investigated the clinical presentation of
both sporadic and familial EAF (22–24): notably, it appears
that there are no significant clinical differences between the two
forms (22).

It is now understood that EAF is an epileptic syndrome whose
onset is not age-related although it is more frequent in the second
and third decade of life.

Patients do not show abnormalities at the physical or
neurological exam and in their personal history of birth
and development.

As the name suggests, the key feature of EAF consists of focal
aware sensory seizures with auditory symptoms, which can be
both simple or complex. Patients can also present with focal
aware cognitive seizures, i.e., receptive aphasia. Oher sensory
seizures (most often visual) may also occur. Focal to bilateral
tonic-clonic or focal impaired awareness seizures are possible.
Most importantly, these might be the first seizures to be noticed
and reported. These seizures frequently occur during sleep
and the focal signs, namely auditory features, may be easily
missed, possibly leading to an idiopathic generalized epilepsy
misdiagnosis (1).

The most important entity in differential diagnosis with
FEAF is FFEVF, which can also present with auditory seizures.
However, diagnostic criteria for EAF require that all affected
family members present with auditory symptoms, as opposed to
isolated family members in FFEVF.

Simple and complex auditory hallucinations pertaining to
other disorders (most commonly, tinnitus or schizophrenia)
can be excluded by careful clinical observation and history
gathering: the sound of tinnitus is far more durable than the
seizure of EAF, while schizophrenic hallucinations are quite
complex and often accompanied by other features of this
psychiatric disease.
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TABLE 1 | Differences between mesial and lateral temporal lobe epilepsy.

Mesial temporal lobe epilepsy Lateral temporal lobe epilepsy

Localization Hippocampus, parahippocampal gyrus, amygdala, entorhinal

cortex

Temporal neocortex

Clinical presentation

[adapted from (20)]

• Autonomic (epigastric/abdominal discomfort), cognitive (déjà

vu/jamais vu), emotional (fear) seizures are common

• Olfactory and gustatory seizures are possible

• Behavioral arrest with oral/manual automatisms

• Contralateral upper limb dystonia with contralateral head and

eye version

• Longer seizure duration

• Sensory hallucinations (e.g., auditory) are prominent

• Faster onset of impaired awareness

• Shorter seizure duration

Seizure evolution in focal

to bilateral tonic-clonic

Less frequent More frequent

Interictal EEG

abnormalities

More frequent Less frequent

Drug resistance More frequent Less frequent

TABLE 2 | Clinical features of EAF [adapted from (21)].

Family history Might be positive for febrile seizures, rarely for

intellectual disability or psychiatric disorders

Personal history Might be positive for febrile seizures

Interictal EEG Usually normal, in some cases focal (temporal) or

diffuse epileptiform abnormalities

Seizure semiology Aura: might be auditory or aphasic (receptive/global

aphasia)

Auditory hallucinations: simple/complex

Focal to generalized tonic-clonic seizures are possible

Reflex seizures from hearing a sound could be present

Interictal EEG is often unremarkable, but it may show focal
temporal sharp waves or spikes (Figure 1).

Some patients with EAF may have an underlying lesion
on brain MRI (Figure 2); however, in contrast to what
described in early studies (23), also reporting cases associated
with LGI1 mutations (24), this occurrence is infrequent (25).
This notwithstanding, high-resolution MRI remains a key
investigational procedure in patients with EAF in order to
exclude a lesional etiology, a finding which may have remarkable
therapeutic implications, notably epilepsy surgery in selected
patients. In some cases, the absence of an underlying lesion
might represent a false negative finding related to insufficient
MRI resolution; however, a non-lesional cause should become
the prime suspect. Some cases with lesional EAF may have
an underlying mutation, such as GATOR1-related focal cortical
dysplasia; however, as discussed below, the genetics of EAF
has not been fully elucidated yet, and genotype-phenotype
correlations are difficult to establish.

GENETICS: FROM LGI1 TO mTOR GENES

The genes involved with EAF are presented in Table 3. These will
now be reviewed in more detail.

LGI1

Leucine-rich, glioma inactivated protein 1 (also known
as epitempin) is a protein encoded by the LGI1 gene
on chromosome 10q24. Initially discovered by Chernova
and colleagues in 1998 (27), LGI1 is a predominantly
neuronal protein, whose downregulation was first implicated
in the pathogenesis of malignant brain neoplasms (in
particular glioblastoma multiforme) as its own name
suggests. Thus, its putative role was believed to be tumor
suppression. However, LGI1 has been implicated in various
other processes, including neuronal transmission (28)
and development (29): therefore, its role remains to be
fully elucidated.

Epitempin binds to its receptor, ADAM22 (part
of the transmembrane ADAM metalloprotease
family), forming a complex which regulates
neurotransmission through inhibition of the AMPA
receptor (30, 31).

More than 40 pathogenic variants of LGI1 have been described
in EAF (30). These mutations, which all lead to loss of function,
point to a likely mechanism of LGI1 haploinsufficiency in causing
EAF, which would also explain the autosomal dominant pattern
of inheritance. Moreover, the temporal origin of seizures and
the present evidence regarding epitempin suggest that abnormal
neuronal migration with the formation of dysfunctional
circuits might be the underlying mechanism linking LGI1 to
epilepsy (30).

Also, antibodies against epitempin disrupting the LGI1-
ADAM22 complex cause a rare form of autoimmune
encephalitis, characterized in some cases by peculiar
faciobrachial dystonic seizures (FBDS) preceding the
full-fledged clinical picture of cognitive dysfunction,
memory impairment, and, eventually, tonic-clonic
seizures. Interestingly, FBDS respond exquisitely well to
immunotherapy (32). Future research might uncover a
possible relation, currently not clear, between these close but
different entities.
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FIGURE 1 | EEG in a patient with epilepsy with auditory features showed recurrent epileptiform discharges in the left fronto-temporal region. Sensitivity: 7 uV/mm.

FIGURE 2 | Brain MRI (FLAIR; axial view) in a patient with drug-resistant

epilepsy with auditory features showed a small hyperintense lesion in the right

lateral temporal cortex surrounded by an area of signal suppression and

hyperintensity of the adjacent brain tissue, consistent with a glioneuronal

tumor.

DEPDC5 AND THE mTOR PATHWAY

The DEPDC5 (DEP domain containing 5, GATOR1 subcomplex
subunit) gene has been associated to all the three epileptic
syndromes with onset at variable age, thus comprising SHE,
FFEVF and EAF, as well as mesial temporal lobe epilepsy

TABLE 3 | Genes linked to EAF.

LGI1 Identified in 1995

Modulation of AMPA-related neurotransmission

RELN Identified in 2017

Neuronal migration and plasticity

DEPDC5 Identified in 2015

Role in mTOR pathway and cortical dysplasia

CNTNAP2 Identified in 2018

Encodes a neurexin protein

SCN1A Identified in 2019

Related to generalized epilepsy with febrile seizures

plus (GEFS+): associated to EAF in (26)

MICAL-1 Identified in 2018

Cytoskeletal regulation

Not currently confirmed

(16, 33). The GATOR1-complex is a negative controller of the
mTOR (mammalian target of rapamycin) pathway, a molecular
pathway fundamental in several functions key to cell survival,
such as proliferation and growth (34). Developmental brain
abnormalities caused by pathogenic variants in DEPDC5 and
genes coding for other component of the mTOR pathway might
justify its association with focal cortical dysplasia (FCD), which
according to its anatomical position might cause a wide array
of different DEPDC5-related focal epilepsies. However, not all
individuals carrying DEPDC5 variants show FCD on brain MRI,
suggesting that, in case of missense variants, brain structural
lesions are caused by and additional brain somatic mutation,
according to a double hit mechanism. DEPDC5-related EAF was
first reported by Pippucci et al. in a family with few affected
indivuals showed EAF as predominant epilepsy phenotype (16).
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It can be argued if the family studied represents instead a FFEVF
pedigree, due to its small size. This notwithstanding, if the
relation to EAF is established, mTOR targeting with specific
drugs might be useful in the subset of patients with DEPDC5-
related EAF.

OTHER GENES (RELN, MICAL-1,

CNTNAP2, SCN1A)

The RELN gene on chromosome region 7q22 encodes reelin, a
large secreted protein that modulates both neuronal migration in
the embryonal stage and neuronal plasticity in adult life (26, 35).
Reelin has also been implicated in several neurological disorders,
comprising lissencephaly and Alzheimer’s disease (36, 37). RELN
mutations were recently discovered in families affected by EAF,
but no differences in clinical phenotype with LGI1-related
epilepsy could be found (22).

The MICAL-1 (Microtubule Associated Monooxygenase,
Calponin and LIM Domain Containing 1) gene, on chromosome
6q21, encodes for a protein regulating the actin cytoskeleton.
Likely pathogenic variants were identified in two unrelated EAF
family in one study (18), but the association of the MICAL1
gene with EAF is still under scrutiny. Other described mutations
include CNTNAP2 (Contactin-associated protein-like 2) and
SCN1A (sodium channel, voltage-gated, type I, alpha subunit),
which might point that EAF pertains to the spectrum of SCN1A-
related epilepsy (16, 38, 39).

In conclusion, while it is commonly believed that LGI1 and
RELN together make up for most of the cases of FEAF, a
recent study has suggested that truly genetically determined
cases are rare (21) and that etiology could be multifactorial.
Therefore, along with further discoveries of new genetic
mutations underlying EAF, a more precise characterization of
known defects is needed, too.

THERAPY

EAF is considered a syndrome with a good response to
anti-seizure medications used for focal epilepsy, such as
carbamazepine in monotherapy (40). However, patients might
refuse pharmacological therapy for a disease perceived as trivial,
especially in milder presentations. Surgery might be employed
instead in resistant cases. When misdiagnosed as idiopathic
generalized epilepsy, EAF might be treated with drugs that are
not optimal (i.e., phenobarbital or valproate), leading to poor
response and to the risk of mislabeling a treatable epileptic
syndrome as drug-resistant.

Another aspect to consider is that drug withdrawal often
leads to clinical relapses, not always responding to reinitiation of
treatment (40). These aspects should be stressed when discussing
the therapeutic options with the patient.

PROGNOSIS

Studies concerning the prognosis of both sporadic and familial
EAF are only a few and mostly consist of reports of isolated
families with few individuals.

The largest cohort of EAF patients was collected in a study
by our group (40), in which 123 EAF patients (mostly sporadic)
were followed with a median time of 11 years, using as primary
endpoint total remission (seizure-free period of more than
5 years).

The three key factors negatively affecting remission in the
cohort were the age onset (<10 years), complex auditory
hallucinations, and focal EEG epileptiform abnormalities.
A paramount aspect to be considered is the significant
heterogeneity of the cohort in terms of phenotype’s severity, from
mild to refractory cases only referable by surgery, which might
also explain why the total remission rate in this study was lower
than expected (34.1%).

CONCLUSIONS

The research field on EAF still presents several questions and
challenges to be addressed. First, the actual prevalence of this
syndrome must be thoroughly investigated.

Second, more work should be done on genetics, perhaps
shifting the original paradigm from a disease dominated by LGI1
mutations to a multifactorial syndrome that can be stratified in
different groups.

Following this direction, it could be possible in the
future to separate patients into favorable groups where
pharmacological treatment is useful and groups where
epilepsy is strongly resistant, with surgery as the only
viable option. In this sense, as evidence is still lacking, more
effort should be spent on characterizing DEPDC5-related
EAF and understanding the extent of mutation-associated
cortical dysplasia.

In conclusion, EAF demonstrates how much progress has
been made in the field of genetics in focal epilepsy, historically
considered the paradigm of lesional/suspected lesional epilepsies,
and how much more can be achieved in the future.
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Background: Neurocysticercosis (NCC) is a parasitic infection of the central nervous

system that has been associated with mesial temporal lobe epilepsy with hippocampal

sclerosis (MTLE-HS). However, this association has not been completely established.

Objective: To evaluate the prevalence of calcified NCC (cNCC), its characteristics

and a possible association between cNCC and MTLE-HS in a cohort of 731 patients

with epilepsy.

Methods: We review clinical, EEG and neuroimaging findings of 731 patients with

epilepsy. From these, 659 had CT-scans and 441 patients had complete neuroimaging

with CT-scans and MRI. In these patients, we review the prevalence and characteristic

of epilepsy in cNCC and in MTLE-HS patients.

Results: Forty-two (6.4%) of the 659 patients studied with CT-scans had cNCC. cNCC

lesions were more frequent in women than in men (n = 33–78.6% vs. n = 09–21.4%,

respectively; OR = 3.64;(95%CI = 1.71–7.69); p < 0.001). cNCC was more often in

patients who developed epilepsy later in life, in older patients, in patients who had a

longer history of epilepsy, and in those with a lower educational level. MTLE–HS was

observed in 93 (21.1%) of 441 patients that had complete neuroimaging, and 25 (26.9%)

of these 93 patients also had cNCC. Calcified NCC was observed in only 17 (4.9%) of the

remaining 348 patients that had other types of epilepsy rather than MTLE-HS. Thus, in

our cohort, cNCC was more frequently associated with MTLE-HS than with other forms

of epilepsy, O.R. = 11.90;(95%CI = 6.10–23.26); p < 0.0001).

Conclusions: As expected, in some patients the epilepsy was directly related to cNCC

lesional zone, although this was observed in a surprisingly lower number of patients.

Also, cNCC lesions were observed in other forms of epilepsy, a finding that could occur

only by chance, with epilepsy probably being not related to cNCC at all. In this cohort,

cNCC was very commonly associated with MTLE-HS, an observation in agreement with
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the hypothesis that NCC can contribute to or directly cause MTLE-HS in many patients.

Given the broad world prevalence of NCC and the relatively few studies in this field, our

findings add more data suggesting a possible and intriguing frequent interplay between

NCC and MTLE-HS, two of the most common causes of focal epilepsy worldwide.

Keywords: epileptogenesis, initial precipitating injury (IPI), hippocampal sclerosis, inflammation in epilepsy,

gender differences in epilepsy, neurocysticercosis

INTRODUCTION

Neurocysticercosis (NCC) is a human infection caused by Taenia
solium. It is one of the most common parasitic infections of
the central nervous system (CNS), affecting millions of people
worldwide (1–5). The disease is endemic in Latin America,
Asia and Africa and has also been reported in developed
countries (6–11). One of the main symptoms of NCC is
epilepsy. NCC has been associated with seizures during active
infection, when cysticerci are degenerating, or when NCC
becomes a calcified neurocysticercosis (cNCC) lesion (12–19).
The epileptogenic mechanisms involved in the epilepsy provoked
by NCC have been extensively studied, but they are still not
completely elucidated (12–19). Furthermore, the treatments and
prognosis of epilepsy associated with NCC have not been entirely
established (20–22).

Mesial temporal lobe epilepsy associated with hippocampal
sclerosis (MTLE-HS) is one of the most common types of focal
epilepsy in humans and a form of epilepsy that is often resistant
to pharmacological treatment (23–26). Briefly, in this form of
epilepsy, patients usually develop hippocampal damage after
some serious neurological insult at an early age (23–26). The
event associated with hippocampal damage usually occurs during
childhood and is known as initial precipitating injury (IPI) (27–
32). Several different events can be considered IPIs, among them
traumatic brain injury, prolonged febrile seizures and status
epilepticus (27–32). Some forms of acute CNS infections can also
cause hippocampal damage and therefore are also potential forms
of IPIs and possibly causes of MTLE-HS (27–32). NCC is a form
of CNS parasitic infection and some authors have associated it
with hippocampal damage or development of MTLE-HS (33–
45). However, these studies are relatively recent in the history
of epilepsy and NCC and were done at few centers, mostly in
epilepsy surgery centers, where drug-resistant epileptic patients
are treated. Thus, these studies might be susceptible to selection
or interpretation bias and their conclusions may have several
limitations. One way to improve these biases is to perform studies
in large cohorts of patients selected from the community and not
only from the surgical epilepsy centers.

In the present study, an entire cohort of 731 patients that have
been followed for a long time at our outpatient epilepsy clinic
was selected. From these, 659 had CT-scans and 441 patients had
complete neuroimaging evaluations with CT-scan andMRI. Data
of these patients were reviewed for the prevalence of cNCC, its
characteristics and its possible association with MTLE-HS. We
studied the entire cohort to better understand the possible impact
of the NCC in MTLE-HS. It is possible that these data might
eventually help to expand the understanding of the relevance and

impact of a possible association between NCC and MTLE-HS,
two of the most common causes of focal epilepsy worldwide.

METHODS

The charts of a cohort of all 731 patients with a diagnosis of
epilepsy who were being followed at the epilepsy outpatient clinic
of Hospital de Clínicas de Porto Alegre (HCPA) were reviewed.
These patients are the entire cohort of patients that are followed
in our service. All of these patients are seen at least once a
year and, thus, all patients with a diagnosis of epilepsy in the
out-patient epilepsy clinic were included in this study. Brazil is
a large and heterogeneous country. Its territorial extension is
8,516,000 km², divided into 26 states (46). Although the WHO
considers Brazil to be a country where NCC is endemic, the
disease is common in some regions, but is becoming much less
common in others. HCPA is a public university institution, part
of the network of university hospitals of the Brazilian Ministry
of Education and is academically linked to the Federal University
of Rio Grande do Sul (UFRGS). HCPA is supported by Sistema
Unico de Saude (SUS), the unified public health system of Brazil,
and one of the largest public health systems in the world. HCPA
is certified by the JOINT Commission and ranks 7th in the Latin
American ranking of best hospitals (47). HCPA is located in Porto
Alegre, the capital of the state of Rio Grande do Sul, southern
Brazil, where most patients in this study reside. The city has
a population of 1,416,735 inhabitants, distributed over an area
of 496.8 km2 and is the fourth capital with the highest Human
Development Index in the country (48).

Clinical, electrophysiological and neuroimaging data were
evaluated. Inclusion criteria were: having an established diagnosis
of epilepsy according to the International League Against
Epilepsy (ILAE) (49, 50); being followed up for at least one year
(or more) at our epilepsy clinic; and being older than 15 years.
All CT scans that were performed in most patients were reviewed
because they are important for detecting cNCC lesions. Exclusion
criteria were having a diagnosis other than epilepsy. For most
analyses, patients were divided into two groups: (a) epilepsy with
cNCC and (b) all other epilepsies. Definitive neurocysticercosis
was diagnosed if the following features were present: (i)
an absolute criterion such as histological demonstration of
the parasite or cystic lesions showing the scolex on CT or
MRI; (ii) two major criteria, such as lesions highly suggestive
of neurocysticercosis in neuroimaging studies, spontaneously
resolving small single enhancement lesions, or resolution of
intracranial cystic lesions after albendazole or praziquantel
therapy; or (iii) one major and two minor criteria such as
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FIGURE 1 | Design of the study. Data of all 731 patient were collected. From these, 659 patients had CT-scans and 42 of them had imaging compatible with cNCC.

Complete neuroimaging was available for reviewing in 441patients. The Tables showing main analysis done are included in this figure making easy to follow the steps

of this study.

lesions compatible with neurocysticercosis on neuroimaging
studies, clinical manifestations suggestive of neurocysticercosis,
and positive cerebrospinal fluid (CSF) ELISA for the detection
of anticysticercosis antibodies, in addition to epidemiological
evidence. According to the above criteria, the presence of dense,
solid supratentorial calcifications, 1–10mm in diameter, in the
absence of other disease, should be considered highly suggestive
of neurocysticercosis in areas endemic for NCC, as is the case
of our country. Probable neurocysticercosis was diagnosed if
the following features were present: (i) one major and two
minor criteria; (ii) one major criterion, one minor criterion
and epidemiological evidence, and (iii) three minor criteria and
epidemiological evidence (51–55).

In this study, diagnostic criteria for neurocysticercosis
was based in recent recommendations for neurocysticercosis
diagnosis (55). All patients included in this study with diagnostic
of neurocysticercosis had at least one major neuroimaging
criterion plus two minor clinical criteria for diagnostic of
neurocysticercosis. The major neuroimaging criterion was that
all patients had CT-scans neuroimaging typical of parenchymal
calcified nerocysticercosis. The clinical criteria were: (i) All
pateints had seizures, the most common clinical manifestations
suggestive of NCC; (ii) All individuals were coming and
living in a cysticercosis-endemic area. Additionally, other
causes of parenchymal calcification were excluded based in the
neuroimaging caracteristics and previous medical history of the
patients. Only two patients had neuropathological confirmation
of neurocysticercosis. We do not perform biopsy or routine
serologic tests or CSF test for neurocysticercosis in patients with
cNCC (55).

Ethics
The study was approved by the Research Ethics Committee of
the HCPA/UFRGS (#2019-0043), and was conducted according
to the principles of the Declaration of Helsinki.

Statistical Analysis
Continuous variables were analyzed and as appropriated, by
the Student t-test, Mann-Whitney U test, or ANOVA with
Tukey’s test, depending on the normality of data distribution.

FIGURE 2 | CT-scans of four different patients showing small calcifications

(1–10mm in diameter), single or multiple, located in brain parenchyma. These

lesions are typically observed in patients with calcified neurocysticercosis and

can be easily observed using CT-scan.

The Shapiro–Wilk test was used to test for normality. The Chi-
squared or Fisher’s exact test was used for categorical variables,
and the results are expressed as odds ratio (OR) with 95%
confidence interval (CI). All analyses were performed using SPSS
software (IBM Corp. Released 2013. IBM SPSS Statistics for
Windows, version 21.0. Armonk, NY: IBM Corp). The level of
significance was set at p < 0.05.

RESULTS

From 731 patients, 659 patients had CT-scan and 441 had both,
CT-scan and MRI (Figure 1). Brazil is a country with limited
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TABLE 1 | Demographic variables of all 731 patients.

cNCC

Variables

Total

n = 731 (%)

Without cNCC

n = 689 (%)

With cNCC

n = 42 (%)

O.R. (95%CI) p

Sex

Male 342 (46.8%) 333 (48.3%) 09 (21.4%)

Female 389 (53.2%) 356 (51.7%) 33 (78.6%) 3.44

(1.64–7.69)

0.001*

Age 43.98 (16.54) 43.28 (16.48) 55.35 (13.06) – < 0.001*

Age at epilepsy Onset 17.03 (17.42) 16.68 (17.39) 22.88 (16.97) – 0.025*

Time of epilepsy 26.94 (15.10) 26.60 (14.94) 32.46 (16.71) – 0.015*

Years of school education

≤ 4 326 (44.6%) 302 (43.8%) 24 (57.1%)

5–8 244 (33.4%) 228 (33.1%) 16 (38.1%)

9–12 132 (18.0%) 130 (18.9%) 02 (04.8%)

> 12 029 (04.0%) 029 (04.2%) 00 (00.0%) – 0.046*

Type of epilepsy

Focal 630 (86.2%) 590 (85.6%) 40 (95.2%)

Generalized 101 (13.8%) 99 (14.4%) 02 (04.8%) 3.45

(0.8–14.29)

0.104

Controlled seizures

Yes 405 (55.4%) 385 (55.9%) 20 (47.6%)

No 326 (44.6%) 304 (44.1%) 22 (52.4%) 1.39

(0.74–2.60)

0.296

cNCC, calcified neurocysticercosis; (*) bold = significant.

resources for public health care or research and, unfortunately,
complete neuroimaging for all the patients is not usually possible.
Thus, as routine, patient with generalized epilepsy are not
submitted to neuroimaging. Also, in general, patients with focal
epilepsy whose cause can be diagnosed with CT-scan are not
always submitted to MRI studies. However, we have MRI for
all patients with cNCC for investigating the possibility of the
association of hippocampal sclerosis in cNCC patients. Calcified
lesions typical of NCC is present in Figure 2.

The demographic and clinical variables of the entire cohort
are presented in Table 1. cNCC lesions were observed more
frequently in women, occurring in 33 (78.6%) female patients,
as opposed to 9 (21.4%) male patients. This was maintained also
when only the 659 patients with CT-scan were analyzed (n= 33–
78.6 vs. n = 09–21.4%, respectively; OR = 3.64;(95%CI = 1.71–
7.69); p < 0.001, data not showed). cNCC also occurred
significantly more often in patients who developed epilepsy later
in life, in older patients and in patients who had a longer history
of epilepsy. Also, cNCC was observed in patients with lower
educational level.

Table 2 presents the patients according to electroclinical
syndromes and etiology. In our cohort, the etiology of epilepsy
corresponded to the common causes of epilepsy. For example, a
post-infectious cause of epilepsy other than cNCC was observed
in 45 (6.2%) of 731 patients. Other causes of focal epilepsy
were post-stroke epilepsy, observed in 36 (4.9%) patients, and
epilepsy associated with vascular malformation, observed in 10
(1.4%) patients. Hypoxic-ischemic encephalopathy occurred in
83 (11.4%) patients and tumor-associated epilepsy in 27 (3.7%).

TABLE 2 | Patients according with electroclinical syndromes and epilepsy etiology.

Electroclinical syndromes and epilepsy etiology Number of patients (%)

Mesial temporal lobe epilepsy with hippocampal sclerosis 93 (12.7%)

All other causes of epilepsy except MTLE-HS

Hypoxic-ischemic encephalopathy 83 (11.4%)

Traumatic Brain Injury 47 (06.4%)

Infections, except cNCC 45 (06.2%)

Epilepsy with GTCS alone 44 (06.0%)

Stroke 36 (04.9%)

Juvenile Myoclonic Epilepsy 29 (04.0%)

Tumor 27 (03.7%)

cNCC without HS 17 (02.3%)

Lennox-Gastaut 12 (01.6%)

Vascular malformation 10 (01.4%)

Malformation of cortical development 02 (00.3%)

Miscellaneous 40 (05.5%)

Unknown 246 (33.7%)

MTLE-HS, mesial temporal lobe epilepsy with hippocampal sclerosis; cNCC, calcified

neurocysticercosis; HS, hippocampal sclerosis; GTCS, generalized tonic-clonic seizures.

Importantly for this study, 93 (12.7%) of the 731 patients had
MTLE-HS.

Table 3 presents clinical and demographic variables only for
the patients that had complete neuroimaging (both, CT-scan
and MRI). The results are similar to those presented in Table 1.
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TABLE 3 | Demographic variables—only patients with complete neuroimaging.

cNCC

Variables

Total

n = 441 (%)

Without cNCC

n = 399 (%)

With cNCC

n = 42 (%)

O.R. (95%CI) p

Sex

Male 194 (44.0) 185 (46.4) 09 (21.4)

Female 247 (56.0) 214 (53.6) 33 (78.6) 3.17

(1.48–6.80)

0.002*

Age 44.02 (16.50) 42.83 (16.38) 55.36 (13.07) – < 0.001*

Age at epilepsy onset 17.41 (17.02) 16.84 (16.95) 22.89 (16.98) – 0.028*

Time of epilepsy 26.61 (14.97) 25.99 (14.67) 32.47 (16.71) – 0.008*

Years of school education

≤ 4 202 (45.8%) 178 (44.6%) 24 (57.1%)

5–8 132 (29.9%) 116 (29.1%) 16 (38.1%)

9–12 88 (20.0%) 86 (21.6%) 02 (04.8%)

> 12 19 (04.3%) 19 (04.8%) 00 (00.0%) – 0.021*

Type of epilepsy

Focal 402 (91.2%) 362 (90.7%) 40 (95.2%)

Generalized 039 (8.8%) 37 (09.3%) 02 (04.8%) 0.49

(0.11–2.11)

0.564

Controlled seizures

Yes 226 (51.2%) 206 (51.5%) 20 (47.6%)

No 215 (48.8%) 193 (48.4%) 22 (52.4%) 1.17

(0.62–2.22)

0.631

cNCC, calcified neurocysticercosis; (*) bold = significant.

FIGURE 3 | (A) CT-scan showing a single calcification (black arrow) highly

suggestive of cNCC. (B) MRI FLAIR coronal imaging showing findings of

hippocampal sclerosis (white arrow), typically observed in patients with mesial

temporal lobe epilepsy associated with hippocampal sclerosis.

Calcified NCC lesions occurred in 33 (78.6%) female patients,
as opposed to 9 (21.4%) male patients (O.R. = 3.17; 95%
C.I. = 1.48–6.80; p = 0.002). Figure 3 is a CT-scan showing a
typical single cNCC lesion in (A) and in (B) MRI findings of
hippocampal sclerosis in MTLE-HS. As observed for all cohort,
in patients with complete neuroimaging, cNCC also occurred
significantly more often in patients who developed epilepsy later
in life, in older patients and in patients who had a longer history
of epilepsy.

Table 4 shows characteristics of the 441 patients with complete
neuroimaging (CT-scan plus MRI), divided according with

presence of cNCC alone, MTLE-HS alone, MTLE-HS plus cNCC
or other forms of epilepsy. Results confirm previous observations
that cNCC occurred more often in female and older patients.

Table 5 shows that 42 patients (6.4%) of the of the 659 patients
had cNCC. However, 25 (59.5%) of these patients had also
MTLE-HS. cNCC was observed in only 17 (3.0%) of 566 patients
with other types of epilepsy rather than MTLE-HS, a highly
statistically significant difference; O.R. = 11.90, (95%CI = 6.10–
23.26), p < 0.0001. The results were similar when considering
only the 441 patients with complete neuroimaging (CT-scan
ANDMRI). In fact, when only these patients were analyzed alone,
93 (21.1%) of them showed MTLE-HS and cNCC was present in
25 of these 93 (26.9%). cNCC was observed in only 17 (4.9%) of
the 348 patients with other types of epilepsy rather than MTLE-
HS, with a highly statistically significant difference persisting
(O.R.= 7.14; 95% CI= 3.67–13.89; p < 0.0001).

Regarding side of cNCC and side of hippocampal sclerosis, 20
(47.6%) from 42 patients with cNCC had a single calcified lesion
and 22 (52.4%) had more than one calcification. From the 20
patients with a single cNCC, 11 patients had also neuroimaging
findings of hippocampal sclerosis and clinical findings of MTLE-
HS (ten patients had unilateral and one patient had bilateral
hippocampal sclerosis). From these patients with unilateral
hippocampal sclerosis, nine patients had unilateral hippocampal
sclerosis with ipsilateral cNCC lesion (06 temporal, 02 occipital
and 01 parietal) and one patient had a frontal cNCC lesion
that was contralateral to the hippocampal sclerosis. Regarding
EEG findings, all 11 patients with a single cNCC lesion plus
MTLE-HS had EEG interictal abnormalities typical of MTLE-HS,
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TABLE 4 | Characteristics of patients with complete neuroimaging (n = 441), divided according with presence of cNCC alone, MTLE-HS alone, MTLE-HS plus cNCC and

other forms of epilepsy.

Groups

variables

cNCC

(n = 17)

MTLE-HS

(n = 68)

MTLE-HS plus

cNCC (n = 25)

Other

(n = 331)

p

Sex

Male 04 (23.5%) 29 (42.6%) 05 (20.0%) 156 (47.1%)

Female 13 (76.5%) 39 (57.4%) 20 (80.0%) 175 (52.9%) 0.018*

Age 51.9 (13.9) 50.8 (14.16) 57.7 (12.2) 41.2 (16.4) < 0.001

Age at epilepsy onset 22.8 (15.2) 15.2 (14.4) 22.9 (18.4) 17.2 (17.4) 0.135

Time of epilepsy 29.1 (18.4) 35.6 (13.3) 34.7 (15.4) 24.0 (13.9) < 0.001

Years of school education

≤ 4 12 (70.6%) 34 (50.0%) 12 (48.0%) 144

5–8 04 (23.5%) 20 (29.4%) 12 (48.0%) 96

9–12 01 (05.9%) 12 (17.7%) 01 (04.0%) 74

> 12 00 (00.0%) 02 (02.9%) 00 (00.0%) 17 0.101

cNCC, calcified neurocysticercosis; MTLE-HS, mesial temporal lobe epilepsy associated with hippocampal sclerosis. (*) bold = significant.

TABLE 5 | MTLE-HS according with the presence or absence of neurocysticercosis.

All Patients with CT-scan = 659 patients

Total Without cNCC With cNCC O.R. (95%CI) p

MTLE-HS 093 (14.1%) 068 (73.1%) 25 (26.9%)

Other 566 (85.9%) 549 (97.0%) 17 (03.0%) 11.90 (6.10–23.26) < 0.0001*

Only Patients with complete neuroimaging (CT-scan and MRI) = 441 patients

Total Without cNCC With cNCC O.R. (95%CI) p

MTLE-HS 093 (21.1%) 068 (73.1%) 25 (26.9%)

Other 348 (78.9%) 331 (95.1%) 17 (04.9%) 07.14 (3.67–13.89) < 0.0001*

MTLE-HS, mesial temporal lobe epilepsy with hippocampal sclerosis; cNCC, calcified neurocysticercosis; (*) bold, significant. All patients with CT-scan showing cNCC had also MRI for

hippocampal evaluation.

compatible with neuroimaging findings of hippocampal sclerosis.
Considering the 09 patients with a single cNCC and no MRI
findings of hippocampal sclerosis, EEGwas considered normal in
two patients. In three patients with extra-temporal cNCC lesions,
interictal EEG showed irritative zone over the temporal lobes.
EEG showed extra-temporal interictal spikes in additional four
patients. In three of them, these EEG findings were congruent
with the cNCC lesional zone and one patient showed EEG with
generalized 3.5HZ spike and waves.

Considering the 22 patients with multiple calcifications
(more than one calcification), fourteen had neuroimaging
findings of hippocampal sclerosis (11 unilateral and 03
bilateral), with clinical and EEG findings compatible
with MTLE-HS. Eight patients had no hippocampal
MRI abnormalities. From these eight patients, EEG
was normal in 02 patients, showed extra-temporal
abnormalities in 3 of them and in 03 patients EEG
showed only temporal abnormalities (01 unilaterally and
02 bilaterally).

DISCUSSION

In this study, cNCCwas observed mainly in patients withMTLE-
HS. Of 42 patients with cNCC, 25 also hadHS. CalcifiedNCCwas
also observed in association with other forms of epilepsy, being a
probable cause of focal epilepsy in 16 patients and probably an
occasional finding in one patient. In our cohort, cNCC patients
were older and with few years of formal education, indicating
perhaps that NCC is decreasing as the sanitary conditions are
improving and the population is becoming more urbanized.
Interestingly, in our patients, cNCC was significantly more
observed in women than in men. Our findings are also in line
with previous reports showing that in patients a single cNCC
lesion, the cNCC lesion is more often located in the same
cerebral hemisphere that the hippocampal sclerosis, usually in
the temporal lobe. This is interesting because is a finding perhaps
suggesting that the cNCC and MTLE-HS association cannot be
explained only by the presence of two unrelated but common
disease affecting the same population (34, 36, 42, 45).
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In last decades, an association between NCC and MTLE-
HS has been observed in some patients (33, 34, 57). Initially,
researchers speculated that this association might occur only
by chance, as the two diseases are common forms of epilepsy,
especially in developing countries (34, 56). However, if that were
the case, it would be expected that cNCC lesions would be seen
homogenously distributed across the different types of epilepsies.
However, in the present study, there was an unexpectedly high
prevalence of cNCC in patients with MTLE-HS. Other authors
have described this association before. Velasco et al. (34), in
a case-control study, found that cNCC was observed more
frequently in patients with MTLE-HS than in patients with other
forms of drug-resistant epilepsy undergoing surgical treatment.
Taveira et al. (43), in another case-control study, observed
that cNCC was more frequent in MTLE-HS than in other
forms of epilepsies or in patients with headache. Oliveira et al.,
comparing MTLE-HS with primary generalized epilepsy and
other forms of focal symptomatic epilepsy and after controlling
for confounding factors and socioeconomic variables, observed
an independent association between cNCC lesions and MTLE-
HS (66). Although these studies came from different centers, all
are specialized in epilepsy surgery and located in the state of
São Paulo, Brazil. Thus, observations in other populations and
other regions of the world are necessary in order to estimate the
magnitude of the association of cNCC andMTLE-HS worldwide.
In this venue, few other observations have been reported for
other world regions. In general, the available studies are also
confirming this association. These recent studies have been also
exploring potential pathophysiological mechanisms that could
explain theMTLE-HS-cNCC relationship, focusing on howNCC
could cause or contribute to the development of hippocampal
lesion and MTLE-HS, and thus exploring this question from
the perspective of a cause-effect relationship (12, 36, 38, 44, 73).
Rathore et al. (38) observed that patients with MTLE-HS and
cNCC had a lower incidence of febrile seizures, older age at IPI,
and more diffuse epileptiform discharges compared to patients
with MTLE-HS alone, findings in line with some of our previous
results (35, 40, 79). A possible cause-effect of NCC andMTLE-HS
has also been suggested by some other authors (12, 74, 75, 77, 78).

At this point, perhaps there is sufficient evidence to support
the view that cNCC might be highly associated with MTLE-HS
in some populations. Therefore, it is time to question why such
an association exists. For the reasons discussed above, the simple
explanation that both diseases are common in the developing
world and can be seen in the same patient might be true for
some cases, but not for all of them (34, 45, 56). Thus, several
authors have suggested that NCC may have a more direct role
in the development of MTLE-HS or even cause HS. According
to this hypothesis, NCC would be a type of CNS infection that
could act as an IPI leading to hippocampal damage and MTLE-
HS later in life due to inflammatory mechanisms or repetitive
seizures. These two mechanisms are not mutually exclusive and
both could contribute to the development of HS and MTLE-HS
(33–45, 74, 75, 77, 78). Some case reports seem to point in this
direction. However, observations of isolated cases or case series
are not sufficient to confirm a cause-effect relationship between
acquiring NCC and developing HS and MTLE-HS. The ideal

confirmatory study would be a prospective study evaluating a
large population in an endemic area for NCC and observing the
eventual development of HS and MTLE-HS in these patients,
similarly to the FABSTAT study (80). However, such studies
cannot be performed due to the existence of effective treatments
for NCC that could prevent epilepsy. Thus, observations in case
series and animal models might provide the indirect evidences
necessary to determine whether, how and how much NCC is
related to MTLE-HS.

NCC is a known causative agent of epilepsy. However, the
concept that NCC can cause or contribute to the development
of MTLE-HS is relatively new. Some authors believe that this
can be explained by the fact that the understanding of the
physiopathogenesis of MTLE-HS is relatively recent and far for
being complete. The IPI concept was developed in areas of
the world where NCC was absent or rare. On the other hand,
NCC occurs in world areas where medical research or medical
resources for patient investigations are far less available as in
the developed world. These two aspects might have contributed
to a delay in observing an association and possible cause-effect
relationship between NCC and MTLE-HS. In fact, to properly
study such association, it is essential to have good quality clinical
records, interictal and ictal EEG exams, CT-scans for better
observation of cNCC lesions and detailed MRI to properly
evaluate HS. This is perhaps the reason why the first observations
about a possible association of NCC with MTLE-HS came from
epilepsy surgery centers. At these centers, focal epilepsies must
be extensively studied prior to epilepsy surgery, especially in
the case of dual pathology, as might be the case of NCC and
MTLE-HS. In fact, insights into a possible interaction between
cNCC and MTLE-HS and possible mechanisms of association
have occurred during these assessments and during the surgical
decision-making process, so that initial reports on these matters
have come from epilepsy surgical centers. Now, the association
of cNCC and MTLE-HS has been also corroborated in other
populations, as is the case for this study.

Table 6 shows main study published in MEDLINE that
evaluate a possible association of MTLE-HS. It shows the
type of the study and the population evaluated. These studies
were obtained using “neurocysticercosis AND [hippocamp∗ OR
(temporal AND epilepsy)]” as the search strategy. This recover
83 studies, spanning from 1989 to 2021. Only 25 studies have
clinical original data. The data are case reports, series of cases,
case-control studies and evaluations of cohorts. Most of them are
retrospective and evaluate the association of NCC andMTLE-HS
studying patients with cNCC andMTLE-HS. Unfortunately, only
few case-reports have documented a time relationship between
the NCC infection and posterior development of the MTLE-
HS. However, these case reports are very important because they
highly suggest a cause-effect relationship between NCC infection
and posterior development of MTLE-HS. Figure 4 represents a
world map showing regions endemic for neurocysticercosis and
places that have studies on the association of NCC and MTLE-
HS. Very few researchers are conducing these studies. Most of
these studies came from the same populations in Brazil (São
Paulo State), Atahualpa, a coastal rural community in Ecuador
and from few places in India. Considering the worldwide
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TABLE 6 | Main studies on neurocysticercosis and hippocampal sclerosis.

Author, year Place Type of study Main conclusion

(1) Leite et al. (56) Ribeirão Preto, Brazil Case-control MTLE-HS was associated with cNNC, but not causally.

(2) Kabayashi et al. (57) Campinas, Brazil Case report NCC caused MTLE-HS.

(3) Wichert-Ana et al. (33) Ribeirão Preto, Brazil Case report NCC caused MTLE-HS.

(4) Da Gama et al. (58) Campinas, Brazil Cross-sectional MTLE-HS was associated with cNNC, but not causally.

(5) Da Silva et al. (59) São Paulo, Brazil Case report NCC caused MTLE.

(6) Velasco et al. (34) Ribeirão Preto, Brazil Cross-sectional MTLE-HS was associated with cNNC. This association may be causal or not.

(7) Bianchin et al. (35) São Paulo, Brazil Letter NCC may cause MTLE-HS.

(8) Singla et al. (36) Ludhiana, India Case-series NCC caused MTLE-HS in four patients.

(9) Chandra et al. (60) New Delhi, India Case-series MTLE-HS was associated with cNNC. This association may be causal or not.

(10) Bianchin et al. (61) Ribeirão Preto, Brazil Letter NCC may cause or contribute with MTLE-HS.

(11) Bianchin et al. (37) Ribeirão Preto, Brazil Review NCC may cause or contribute with MTLE-HS.

(12) Rathoree et al. (38) Kerala, India Case-control NCC causes or contributes with MTLE-HS.

(13) Singh et al. (62) Punjab, India Review NCC may cause MTLE-HS.

(14) Rathoree et al. (63) Kerala, India Case-series NCC may cause MTLE-HS.

(15) Carpio et al. (64) Cuenca, Ecuador Review More studies are needed.

(16) Bianchin et al. (40) Ribeirão Preto, Brazil Cohort NCC causes or contributes with MTLE-HS.

(17) Singh et al. (65) Punjab, India Review NCC may cause MTLE-HS.

(18) Oliveira et al. (66) São Paulo, Brazil Case-control NCC may cause MTLE-HS.

(19) Del Brutto et al. (67) Atahualpa, Ecuador Cross-sectional NCC and hippocampal atrophy association.

(20) Bianchin et al. (42) Ribeirão Preto, Brazil Cohort NCC causes or contributes with MTLE-HS.

(21) Meguins et al. (68) São Paulo, Brazil Cohort NCC worse pre-existing MTLE-HS.

(22) de Oliveira et al. (43) Campinas, Brazil Case-control NCC may cause MTLE-HS.

(23) Del Brutto et al. (44) Guayaquil, Ecuador Review NCC may cause MTLE-HS.

(24) Brizzi et al. (69) Thimphu, Bhutan Cross-sectional NCC was not associated with MTLE-HS.

(25) Del Brutto et al. (70) Atahualpa, Ecuador Case-control NCC and hippocampal atrophy association.

(26) Bianchin et al. (45) Porto Alegre, Brazil Review NCC may cause or contribute with MTLE-HS.

(27) Escalaya et al. (71) Lima, Peru Review NCC may cause MTLE-HS.

(28) Duque et al. (13) Lima, Peru Review NCC may cause MTLE-HS.

(29) Ramantani et al. (17) Vogtareuth, Germany Review NCC may cause MTLE-HS.

(30) Aulakh (72) Chandigarh, India Case report NCC caused MTLE-HS.

(31) Singh et al. (73) London, UK Review NCC may cause MTLE-HS.

(32) Issa et al. (74) Atahualpa, Ecuador Case-control NCC and hippocampal atrophy association.

(33) JamaAntónio et al. (75) Campinas, Brazil Case-control NCC and hippocampal atrophy association.

(34) Del Brutto et al. (76) Atahualpa, Ecuador Case-control NCC and hippocampal atrophy association.

(35) Mhatre et al. (77) Bangalore, India Cross-sectional NCC may cause MTLE-HS.

(36) Herrick et al. (12) Chicago, Illinois Review NCC may cause MTLE-HS.

(37) Del Brutto et al. (78) Atahualpa, Ecuador Cohort NCC may cause hippocampal atrophy.

NCC, neurocysticercosis; cNCC, calcified neurocysticercosis; MTLE-HS, mesial temporal lobe epilepsy associated with hippocampal sclerosis. In bold are represented human studies

with original data.

prevalence of NCC, and looking at this map, it becomes clear that
muchmore studies, performed inmany other populations and by
other researches are necessary to understand the real impact of
NCC in MTLE-HS in the world. That was one of the reasons that
we performed this study in Porto Alegre, a city located more than
one thousands of kilometers from São Paulo.

Due to the several limitations of observational clinical studies
as discussed above, preclinical studies and experimental models
are very important to better understand the association between
NCC and MTLE-HS. In fact, some possible mechanism involved
in this association perhaps can only be inferred from animal
models. Taenia crassiceps infection in mice is a model of human

cysticercosis. In this model, Taenia crassiceps infection leads
to great damage and apoptosis in the hippocampus, mainly
in the dentate gyrus, hillus, CA1, CA2, CA3 and neighboring
brain regions of the animal. Some of these findings parallel
those observed in HS in MTLE-HS patients (81, 82). It is also
interesting to note that, in these animal models, there is also
gender-specific differential expression of cytokines in specific
regions of the brain, including the hippocampus (83), a finding
that may help to explain the gender differences observed in
patients with cNCC and MTLE-HS. Moreover, the observations
that women can develop more aggressive and inflammatory
forms of NCC (84) might further suggest that inflammatory
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FIGURE 4 | The map is showing countries at risk for neurocysticercosis in the world, according to World Health Organization (/WHO). at:http://apps.who.int/iris/

bitstream/10665/153237/1/9789241508452_eng.pdf?ua = 1. [Last accessed November, 2021]. The map is also showing places were main of the original clinical

work evaluating the association of neurocysticercosis and mesial temporal lobe epilepsy associates with hippocamapal sclerosis were done. Numbers are references

to these works, as detailed in Table 6.

mechanisms are possibly involved in the association of cNCC
and MTLE-HS and it may explain why this association is more
common in women. It may also explain why we found more
women with cNCC and epilepsy than men in our study, a
finding also observed by other authors (43). In addition, in
animal models, there are also reports of abnormal brain electrical
activity, immunological abnormalities, hormonal and gene
expression alterations, and neurochemical changes that could
influence epileptogenicity in the hippocampus, hypothetically
favoring the development of hippocampal damage and MTLE-
HS in patients with NCC (85–90).

This study has limitations. It is a retrospective study in
which it was included an entire cohort of patients with epilepsy,
although neuroimaging studies were not available for all of
the patients. However, most patients with focal epilepsy had
neuroimaging. Furthermore, only the patients with available
complete neuroimaging, both CT-scan and MRI were also
evaluated and the results remained similar and conclusions were
still the same from those observed in the entire cohort. Also, the
diagnosis of cNCC was based on neuroimaging findings of cNCC
plus clinical criteria. Only two patients had anatomopathological
confirmation of NCC. Blood or cerebrospinal fluid test for
neurocysticercosis were not done in these patients. These tests
are not done as routine in patients with cNCC or other forms of
epilepsy in our outpatient clinic. These are also limitations of our
study. Moreover, this study was done at a referral hospital and
thus it perhaps have analyzed a more selected group of patient
that may not be representative of the entire population, even if

it is a public hospital open to all patients and not restricted to
refractory surgical patients only. Due to its retrospective nature,
it was not possible to establish a cause-effect relationship between
NCC infection and the development of MTLE-HS and therefore
some of our conclusions regarding this matter are speculative.
However, our study has some strengths that also need to be
recognized. It was conducted on a population never studied for
these aspects before. Since it is a study of a cohort of patients
with epilepsy, it was possible to observe two interesting aspects
of the association between cNCC and MTLE-HS that could not
be observed if this had been a case-control study: the high
prevalence of cNCC andMTLE-HS association and the difference
in sex prevalence of this association. These observations are
important because the former might suggest a cause-effect
relationship between NCC infection and later development or
worsening of MTLE-HS. The sex differences might suggest some
possible mechanisms for this association, once there are evidence
that women are prone to develop more important inflammatory
response to NCC than men (84).

When considering the findings of this work as a whole,
this study might leads to four main conclusions. First, in
endemic areas for NCC, patients need to be evaluated with
both CT-scans, which can show cNCC better than MRI, and
MRI for the assessment of HS. Evaluating patients with NCC
with a CT-scan alone is inadequate because CT-scan may not
reveal imaging abnormalities of mesial structures, including
hippocampal sclerosis. Second, as expected, some patients might
have epilepsy directly related to a neurocysticercosis associated
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lesional zone, although this was surprisingly observed in fewer
patients than previously imagined by us at the beginning of
the study. Third, other forms of epilepsy can also be seen in
patients with cNCC just by chance, and in these patients, epilepsy
seems not directly related to cNCC. Forth, cNCC might be very
commonly associated with MTLE-HS, an observation that agrees
with the hypothesis that NCC can contribute to or directly cause
MTLE-HS in many patients. Thus, perhaps these observations
might contribute to a better evaluation of patients with cNCC
and epilepsy and a better understanding of the impact of NCC
on the development of MTLE-HS in endemic NCC regions and
of some characteristics of this association. Given the worldwide
prevalence of NCC and the relatively few studies in this field,
it is clear that more studies are necessary to better understand
how NCC contributes to epilepsy and the real dimension of
the association between NCC and MTLE-HS, two of the most
common causes of epilepsy worldwide.
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Introduction: Brain cortico-subcortical connectivity has been investigated in epilepsy

using the functional MRI (MRI). Although structural images cannot demonstrate dynamic

changes, they provide higher spatial resolution, which allows exploration of the

organization of brain in greater detail.

Methods: We used high-resolution brain MRI to study the hippocampal-thalamic-

cortical networks in temporal lobe epilepsy (TLE) using a volume-based morphometric

method. We enrolled 22 right-TLE, 33 left-TLE, and 28 age/gender-matched controls

retrospectively. FreeSurfer software was used for the thalamus segmentation.

Results: Among the 50 subfields, ipsilateral anterior, lateral, and parts of the intralaminar

and medial nuclei, as well as the contralateral parts of lateral nuclei had significant volume

loss in both TLE. The anteroventral nucleus was most vulnerable. Most thalamic subfields

were susceptible to seizure burden, especially the left-TLE. SPM12 was used to conduct

an analysis of the gray matter density (GMD) maps. Decreased extratemporal GMD

occurred bilaterally. Both TLE demonstrated significant GMD loss over the ipsilateral

inferior frontal gyrus, precentral gyrus, and medial orbital cortices.

Significance: Thalamic subfield atrophy was related to the ipsilateral inferior frontal

GMD changes, which presented positively in left-TLE and negatively in right-TLE. These

findings suggest prefrontal-thalamo-hippocampal network disruption in TLE.

Keywords: gray matter density, thalamus, anterior thalamic nucleus, hippocampal-thalamic-cortical network,

temporal lobe epilepsy
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INTRODUCTION

Focal epilepsy is considered as a network disorder, with
extensive ipsilateral and contralateral involvement. Previously,
only superficial cortices were thought to be parts of the epilepsy
networks. However, there are growing evidences of the role of
deep gray matters in epilepsy networks (1).

Basal ganglion and thalamus are the important gray
matter located in the subcortical regions, and they extend
many connections to the other cortical regions. Cortico-
subcortical connectivity was reported to be related to the
behavioral regulation (2) and cognitive control (3). The
thalamus is an important subcortical hub in the brain,
projecting fibers to nearly the whole cerebral cortex. It receives
reciprocal connections from the cortices for processing and
integration (4). The neuronal signals are delivered to the
individual thalamic nuclei, involving somatosensory, motor,
emotion/memory, and states of consciousness. Thalamic volume
and the associated thalamo-cortical connectivity correspond
to cognitive performances, motor task behaviors, and verbal
memory (5).

The thalamus is divided into different parts, which are
based on their specific connections consisting of different types
of neurons. For example, anterior thalamic nucleus primarily
connects with the cingulate gyrus and limbs system, involving
alertness, attention, and memory (6). Most ventral parts of
the lateral group, pulvinar, and medial dorsal nuclei have
connections with the four cerebral lobes, processing somatic
sensory and voluntary motor functions (6). The nuclei of
the medial group connect with the prefrontal cortex and
hypothalamus, taking part in emotion, thought, and judgment.

In addition, the thalamus participates in seizure maintenance,
progression (7), and ictal conscious statement (8, 9). It presents
epileptogenicity (10) in both the primarily and secondarily
generalized tonic-clonic seizures (11). Disturbances of the
cortico-subcortical network occurred in the focal epilepsy
regardless of the localization (12). There is also evidence that
epilepsy can alter the thalamo-cortical networks (13). Ipsilateral
and contralateral thalamic involvement has been observed. This
has been shown to be related to seizure severity in an animal
kindling model (14), and was found to be a prognostic factor in
epilepsy surgery (15).

Alteration of the thalamus in temporal lobe epilepsy (TLE) has
been reported in previous studies of structural (16), metabolic
(17–19), and functional (20) aspects of the thalamus. These
studies demonstrated that TLE affects the hippocampo-thalamic
network. Structurally, bilateral thalami and parietal lobes atrophy
were found by conducting voxel-based morphometry (VBM)
studies of magnetic resonance images (16, 21). However, the
controversial result has been reported, which stated no significant
changes in the thalamic volume (22). Using metabolic imaging,
brain PET showed that signals of the ipsilateral thalamus
decreased in the temporal and frontal lobe epilepsy (19). Resting-
state functional MRI disclosed higher power in the ipsilateral
thalamus than in the contralateral thalamus in TLE (20).
Anterior, dorsomedial, and pulvinar nuclei were reported as the
most preferentially affected thalamic subfields in TLE (7, 20, 23),

which can be explained by the close anatomical connectivity
profiles between the hippocampus and the thalamus.

Gray matter abnormalities have been described in epilepsy
and other neurodegenerative disorders (24), suggesting regional
neuronal injury and plasticity. Reconstruction of the cortical
thickness of the brain cortical surface can be performed to study
the neuropathological heterogenicity. It is the most common
method applied in the epilepsy field, as it allows identification of
extensive thinning of the extratemporal cortices in TLE (21, 25,
26). Gray matter density (GMD) calculates the regional proton
density to reflect the brain tissue microenvironment (27), which
has been used in investigations of epilepsy (13, 28). Both analytic
techniques employ voxel-based morphometry (VBM) to quantify
the neuronal volumes. However, their analytic approaches differ,
and the results are not completely unanimous. Compared with
the cortical thickness, GMD was shown to be more sensitive in
the detection of gray matter loss and CSF volume increase (29).

Both hippocampo-thalamic and thalamo-cortical network
alterations in epilepsy have been well studied individually,
mostly by the functional imaging, such as functional MRI
(fMRI). However, detailed information on how the hippocampus,
the thalamus, and the cortex reorganize their connections in
TLE have not been well identified due to the limited spatial
resolution. Therefore, we used imaging with higher spatial
resolution structurally to identify the topological changes of the
hippocampo-thalamo-cortical volumetric reorganization in TLE.

METHODS

Subjects
This was an observational study, and we collected the epilepsy
patients from Taichung Veterans General Hospital (TCVGH)
between June 2020 and December 2020 retrospectively.
The enrolled cases had pharmaco-resistant TLE, and the
epileptogenic zone was confirmed to be located at one side
of the medial temporal after comprehensive survey, with or
without the involvement of part of the lateral temporal cortex.
After serial exams, such as epilepsy histories, clinical semiology,
video-electroencephalography (vEEG), high resolution brain
MRI, and PET imaging, TLE was diagnosed. Besides, their
epilepsy duration, seizure frequency, and the presence of
interictal discharges (IEDs) on the 20-min routine EEG exam
were recorded, and these three parameters were deemed to reflect
the seizure burden. Epilepsy duration was defined as the number
of years from diagnosis of epilepsy to 2020. Seizure frequency
was defined as the average number of detected seizure events in
6 months based on their medical records in 2020. The presence
of the IEDs was determined based on their EEG exam in 2020,
which qualitatively revealed the frequency of IEDs. The yes or
no results were confirmed by a neurologist and a neurosurgeon.
The healthy controls were recruited from the families of the
epilepsy patients, whose health status was relatively normal and
did not have epilepsy. We excluded subjects who had any of the
following: brain tumor, history of head trauma or stroke, and
severe psychiatric disorders, such as depression. This study was
approved by the Ethics Committee of Taichung Veterans General
Hospital, Taichung, Taiwan (CE18306B).
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TABLE 1 | Demographic characteristics of control, R-TLE, and L-TLE groups.

Control (n = 28) R-TLE (n = 23) P& L-TLE (n = 32) P% P†

Sex 1.000$ 0.390$ 0.420$

Male 13(46.4%) 11 (47.8%) 20(62.5%) –

Female 15(53.6%) 12 (52.2%) 12 (37.5%) –

Age 47.50(31.25–57.75) 39.00 (29.00–54.00) 0.733 34.50 (29.50–50.75) 0.172 0.398

Seizure duration (years) NA 9.00 (2.00–25.00) – 9.50 (2.00–20.75) – 0.905

Seizure frequency (each month) NA 2.00 (0.50–3.00) – 2.00 (0.50–3.00) – 0.478

Spike on the routine EEG NA 10.00 (43.5%) – 18.00 (56.3%) – 0.509$

eTIV 1458512.89

(1,377,721.75–

1629270.98)

1449314.09

(1,336,183.00–

1543227.60)

0.364 1466867.67

(1,393,644.93–1651023.27)

0.583 0.210

Mann-Whitney U test: &comparing R-TLE and control, %comparing L-TLE and control, †comparing R-TLE and L-TLE.
$Chi-square test.

Median (IQR), eTIV, estimated total intracranial volume.

FIGURE 1 | Example of anatomical locations of the thalamic subfields generated by FreeSurfer on 3-dimensional magnetization-prepared rapid acquisition with

gradient-echo (3D-MPRAGE) images in one of the patients with left-temporal lobe epilepsy (L-TLE) (not all segmentations are shown). * TLE had significantly

decreased volume of thalamic subfields in the right hemisphere; # TLE had significantly decreased volume of thalamic subfields in the left hemisphere. AV,

anteroventral; LD, laterodorsal; LP, lateral posterior; VA, ventral anterior; Vamc, ventral anterior magnocellular; VLa, ventral lateral anterior; VLp, ventral lateral posterior;

VPL, ventral posterolateral; VM, ventromedial; CeM, central medial; CL, central lateral; Pc, paracentral; CM, centromedian; Pf, parafascicular; Pt, paratenial; MV(Re),

reuniens (medial ventral); MDm, mediodorsal medial magnocellular; MDl, mediodorsal lateral parvocellular; LGN, lateral geniculate; MGN, medial Geniculate; L-Sg,

limitans (suprageniculate); PuA, pulvinar anterior; PuM, pulvinar medial; PuL, pulvinar lateral; PuI, pulvinar inferior.
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TABLE 2 | The volume of each thalamic nuclei in the two pharmaco-resistant epilepsy groups and the controls.

Control L-TLE R-TLE

Groups Meana Standard

error

Meana Standard

error

pb Meana Standard

error

pb

L-Anterior L-AV 1.042 0.026 0.903 0.025 <0.001* 0.950 0.029 0.062

L-Lateral L-LD 0.243 0.012 0.179 0.012 0.001* 0.190 0.014 0.019*

L-LP 0.955 0.025 0.861 0.024 0.027* 0.868 0.028 0.072

L-Ventral L-VA 3.002 0.054 2.843 0.052 0.117 2.837 0.062 0.144

L-Vamc 0.234 0.005 0.223 0.005 0.349 0.221 0.005 0.198

L-VLa 4.376 0.085 4.217 0.082 0.548 4.221 0.097 0.690

L-VLp 5.703 0.119 5.470 0.115 0.502 5.502 0.136 0.807

L-VPL 6.079 0.146 5.951 0.141 1.000 5.799 0.167 0.625

L-VM 0.179 0.006 0.167 0.006 0.452 0.162 0.007 0.178

L-Intralaminar L-CeM 0.518 0.013 0.468 0.013 0.025* 0.475 0.015 0.104

L-CL 0.310 0.012 0.258 0.011 0.007* 0.266 0.013 0.041*

L-Pc 0.027 0.001 0.025 0.001 0.080 0.025 0.001 0.133

L-CM 1.727 0.037 1.704 0.035 1.000 1.669 0.042 0.885

L-Pf 0.388 0.010 0.387 0.010 1.000 0.384 0.012 1.000

L-Medial L-Pt 0.050 0.001 0.048 0.001 0.847 0.047 0.001 0.440

L-MV(Re) 0.096 0.003 0.084 0.003 0.019* 0.085 0.004 0.053

L-MDm 5.078 0.104 4.794 0.100 0.166 4.956 0.119 1.000

L-MDl 1.823 0.035 1.743 0.034 0.316 1.724 0.040 0.198

L-Posterior L-LGN 1.800 0.042 1.696 0.041 0.239 1.698 0.048 0.341

L-MGN 0.790 0.018 0.776 0.018 1.000 0.731 0.021 0.117

L-L-Sg 0.189 0.007 0.194 0.006 1.000 0.171 0.008 0.275

L-PuA 1.405 0.025 1.339 0.024 0.192 1.371 0.028 1.000

L-PuM 7.454 0.148 7.104 0.142 0.284 7.252 0.169 1.000

L-PuL 1.273 0.033 1.272 0.032 1.000 1.203 0.038 0.490

L-PuI 1.656 0.037 1.632 0.035 1.000 1.640 0.042 1.000

L-whole

thalamusc
46.396 0.809 44.340 0.781 0.220 44.447 0.926 0.348

R-Anterior R-AV 1.069 0.024 0.989 0.023 0.060 0.945 0.028 0.003*

R-Lateral R-LD 0.242 0.012 0.194 0.012 0.016* 0.186 0.014 0.008*

R-LP 0.926 0.023 0.860 0.022 0.129 0.835 0.026 0.030*

R-Ventral R-VA 2.903 0.050 2.792 0.048 0.348 2.661 0.057 0.006*

R-VAmc 0.239 0.004 0.230 0.004 0.409 0.222 0.005 0.029*

R-VLa 4.393 0.077 4.258 0.075 0.654 4.138 0.089 0.099

R-VLp 5.724 0.109 5.553 0.105 0.799 5.449 0.125 0.299

R-VPL 6.304 0.160 6.153 0.154 1.000 5.979 0.183 0.550

R-VM 0.188 0.006 0.178 0.006 0.792 0.172 0.007 0.326

R-Intralaminar R-CeM 0.524 0.014 0.488 0.014 0.229 0.469 0.016 0.039*

R-CL 0.314 0.012 0.277 0.012 0.110 0.269 0.014 0.062

R-Pc 0.030 0.001 0.029 0.001 0.182 0.028 0.001 0.102

R-CM 1.763 0.037 1.706 0.035 0.804 1.653 0.042 0.151

R-Pf 0.415 0.010 0.403 0.010 1.000 0.393 0.011 0.476

R-Medial R-Pt 0.055 0.001 0.052 0.001 0.208 0.051 0.001 0.075

R-MV(Re) 0.102 0.004 0.088 0.004 0.029* 0.087 0.004 0.035*

R-MDm 5.216 0.100 4.893 0.096 0.069 4.983 0.114 0.377

R-MDl 1.910 0.034 1.797 0.032 0.059 1.761 0.039 0.014*

R-Posterior R-LGN 1.874 0.051 1.823 0.050 1.000 1.748 0.059 0.327

R-MGN 0.880 0.022 0.877 0.021 1.000 0.836 0.025 0.551

R-L-Sg 0.179 0.006 0.170 0.006 0.918 0.148 0.007 0.004*

R-PuA 1.477 0.028 1.422 0.027 0.491 1.401 0.032 0.233

(Continued)
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TABLE 2 | Continued

Control L-TLE R-TLE

Groups Meana Standard

error

Meana Standard

error

pb Meana Standard

error

pb

R-PuM 7.940 0.164 7.796 0.159 1.000 7.564 0.188 0.403

R-PuL 1.290 0.034 1.331 0.033 1.000 1.250 0.039 1.000

R-PuI 1.796 0.040 1.785 0.039 1.000 1.721 0.046 0.644

R-whole

thalamusc
47.755 0.834 46.144 0.805 0.516 44.951 0.955 0.088

aThe values were the ratio of estimated total intracranial volume (eTIV), which were then corrected by multiplying by 105.
bComparison with the controls using Multivariate Analysis of Covariance (MANCOVA), with age and gender as the covariates, followed by adjustment by Bonferroni correction (using

the following values to estimate the covariates that appear in the model: age = 41.33).
cComparison with the controls using Analysis of Covariance (ANCOVA), with age and gender as the covariates, followed by adjustment by Bonferroni correction.
*p < 0.05, which was presented with bold values.

L, Left; R, right; TLE, temporal lobe epilepsy.

AV, Anteroventral; LD, Laterodorsal; LP, Lateral posterior; VA, Ventral anterior; Vamc, Ventral anterior magnocellular; VLa, Ventral lateral anterior; VLp, Ventral lateral posterior; VPL,

Ventral posterolateral; VM, Ventromedial; CeM, Central medial; CL, Central lateral; Pc, Paracentral; CM, Centromedian; Pf, Parafascicular; Pt, Paratenial; MV(Re), Reuniens (medial

ventral); MDm, Mediodorsal medial magnocellular; MDl, Mediodorsal lateral parvocellular; LGN, Lateral geniculate; MGN, Medial Geniculate; L-Sg, Limitans (suprageniculate); PuA,

Pulvinar anterior; PuM, Pulvinar medial; PuL, Pulvinar lateral; PuI, Pulvinar inferior.

MRI Protocol
All enrolled patients underwent MRI at the TCVGH with a
1.5-T scanner (Aera, Siemens, Erlangen, Germany), using a 20-
channel phase-array head coil. The T1-weighted 3-dimensional
magnetization-prepared rapid acquisition with gradient-echo
(3D-MPRAGE) images were obtained using the standard
parameters. This includes the following: repetition time =

2,800ms, inversion time = 930ms, echo time = 5.13ms, spatial
resolution = 0.8 × 0.8 × 1.0 mm3, flip angle = 8◦. Patients
with poor MRI quality, such as motion or misalignment artifacts,
were excluded.

Volumetric Analysis for Division of the
Thalamic Subfields
For each subject, we carried out an ROI-based analysis, with
automated segmentation and quantitation of the thalamic
subfields from their 3D-MPRAGE images using FreeSurfer
version 7.1.1. (https://surfer.nmr.mgh.harvard.edu/fswiki/
FreeSurferWiki). The standard FreeSurfer “recon-all” processing
pipeline was used for anatomical parcellation. Automatic
labeling and volumetric quantification of thalamic subfields
were conducted using the segmentation of the individual
whole thalamic nuclei, and then the adaptive segmentation
technique was performed (30). There are 25 subfields on each
side of the thalamus, such as anteroventral (AV), laterodorsal
(LD), lateral posterior (LP), ventral anterior (VA), ventral
anterior magnocellular (Vamc), ventral lateral anterior (VLa),
ventral lateral posterior (VLp), ventral posterolateral (VPL),
ventromedial (VM), central medial (CeM), central lateral (CL),
paracentral (Pc), centromedian (CM), parafascicular (Pf),
paratenial (Pt), reuniens-medial ventral [MV(Re)], mediodorsal
medial magnocellular (MDm), mediodorsal lateral parvocellular
(MDl), lateral geniculate (LGN), medial geniculate (MGN),
limitans-suprageniculate (L-Sg), pulvinar anterior (PuA),
pulvinar medial (PuM), pulvinar lateral (PuL), and pulvinar
inferior (PuI). Individual thalamic subfields and the whole

thalamus nuclei on both sides were divided by the estimated total
intracranial volume (eTIV) for volume normalization.

Morphometric Analysis of GMD
The 3D-MPRAGE images were reoriented based on the origin
of the anterior commissure, and then segmented into gray
matter, white matter, and cerebrospinal fluid using the segment
module of the SPM12 software (31). SPM12 was used to
conduct the voxel-based morphometric analysis (http://www.fil.
ion.ucl.ac.uk/spm/) with MATLAB R2021a (Mathworks, Natick,
MA, USA). The GMD maps were non-linearly transferred
to a Montreal Neurological Institute (MNI) space using a
Diffeomorphic Anatomical Registration Through Exponentiated
Lie Algebra (DARTEL) algorithm (32) and transformed to 1 ×

1 × 1mm cubic voxel size. To avoid focal deformation caused
by non-linear transformations, such as excessive compression
and expansion, we modulated the GMDmaps using the Jacobian
determinants of the deformation module of SPM12 (33). Finally,
the modulated GMD maps were spatially smoothed with a
Gaussian kernel with full width at the half maximum of
8mm. Afterward, we established the relationship of volumetric
changes between the cortical gray matter (GMD) and the
deep structure (thalamus) in L-TLE and R-TLE. Thus, we
selected the thalamic subfields whose volumes were significantly
decreased in each TLE based on the method described in Section
Volumetric Analysis for Division of the Thalamic Subfields.
These subfields on each side were treated as a single unit,
resulting in four thalamic units (left hemispheric and right
hemispheric in both TLE). Then, we used correlation analysis
to identify the associated cortical areas, whose GMD changes
had the same degree of volumetric changes as these four
thalamic units. In addition, the analysis was also adjusted for age
and gender.

We had performed a subgroup analysis for hippocampal
sclerosis in the right-TLE and left-TLE groups. However,
only 8 in 22 cases (36.4%) and 16 in 33 cases (48.5%) had
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TABLE 3 | The relationship between hippocampus subfield volumes and the clinical characteristics.

L-TLE R-TLE

Seizure duration Seizure frequency Spikes in routine EEG Seizure duration Seizure frequency Spikes in routine EEG

R p R p R p R p R p R p

L-Anterior L-AV −0.590 <0.001* 0.050 0.789 −0.327 0.072 −0.542 0.014* −0.562 0.010* −0.264 0.261

L-Lateral L-LD −0.444 0.012* −0.022 0.905 −0.176 0.343 −0.402 0.079 −0.419 0.066 −0.140 0.556

L-LP −0.532 0.002* 0.028 0.883 −0.191 0.304 −0.153 0.519 −0.264 0.261 −0.024 0.919

L-Ventral L-VA −0.608 <0.001* 0.156 0.402 −0.397 0.027* −0.356 0.124 −0.452 0.045* −0.016 0.946

L-Vamc −0.607 <0.001* 0.205 0.269 −0.407 0.023* −0.328 0.158 −0.337 0.146 0.032 0.893

L-VLa −0.582 0.001* 0.219 0.237 −0.342 0.060 −0.280 0.231 −0.386 0.093 0.010 0.967

L-VLp −0.578 0.001* 0.201 0.279 −0.345 0.057 −0.279 0.234 −0.315 0.176 0.043 0.857

L-VPL −0.554 0.001* 0.115 0.539 −0.358 0.048* −0.281 0.231 −0.216 0.360 0.103 0.666

L-VM −0.456 0.010* 0.172 0.354 −0.321 0.078 −0.257 0.275 −0.210 0.375 0.053 0.825

L-Intralaminar L-CeM −0.593 <0.001* 0.139 0.456 −0.397 0.027* −0.314 0.177 −0.366 0.113 −0.229 0.332

L-CL −0.385 0.032* 0.083 0.658 −0.256 0.164 −0.414 0.070 −0.535 0.015* −0.268 0.254

L-Pc −0.614 <0.001* 0.228 0.217 −0.367 0.042* −0.364 0.115 −0.506 0.023* −0.275 0.241

L-CM −0.555 0.001* 0.224 0.225 −0.233 0.208 −0.266 0.257 −0.347 0.134 −0.020 0.933

L-Pf −0.457 0.010* 0.253 0.170 −0.146 0.433 −0.166 0.483 −0.301 0.197 −0.070 0.770

L-Medial L-Pt −0.549 0.001* 0.129 0.488 −0.397 0.027* −0.501 0.024* −0.261 0.266 −0.106 0.656

L-MV(Re) −0.473 0.007* 0.123 0.509 −0.486 0.006* −0.437 0.054 −0.217 0.358 −0.068 0.774

L-MDm −0.420 0.019* 0.042 0.823 −0.364 0.044* −0.147 0.535 −0.278 0.235 −0.056 0.813

L-MDl −0.414 0.021* 0.013 0.943 −0.289 0.115 −0.338 0.144 −0.371 0.108 −0.106 0.655

L-Posterior L-LGN −0.429 0.016* −0.039 0.835 −0.277 0.132 −0.097 0.686 −0.131 0.583 −0.241 0.307

L-MGN −0.486 0.006* 0.159 0.392 −0.339 0.062 −0.460 0.041* −0.373 0.105 −0.350 0.131

L-L-Sg −0.278 0.130 0.290 0.113 0.034 0.857 −0.159 0.503 −0.181 0.446 −0.310 0.184

L-PuA −0.594 <0.001* 0.006 0.975 −0.301 0.099 0.226 0.337 0.099 0.679 0.189 0.425

L-PuM −0.451 0.011* −0.052 0.781 −0.190 0.305 0.127 0.594 −0.052 0.827 −0.031 0.897

L-PuL −0.607 <0.001* 0.014 0.941 −0.368 0.041* −0.090 0.705 −0.129 0.589 −0.053 0.825

L-PuI −0.426 0.017* −0.070 0.709 −0.257 0.164 0.129 0.588 0.104 0.663 −0.002 0.994

L-whole

thalamus

−0.624 <0.001* 0.105 0.575 −0.369 0.041* −0.216 0.361 −0.297 0.204 −0.039 0.872

R-Anterior R-AV −0.262 0.154 −0.044 0.813 −0.388 0.031* −0.453 0.045* −0.332 0.153 −0.311 0.181

(Continued)
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TABLE 3 | Continued

L-TLE R-TLE

Seizure duration Seizure frequency Spikes in routine EEG Seizure duration Seizure frequency Spikes in routine EEG

R p R p R p R p R p R p

R-Lateral R-LD −0.270 0.142 0.096 0.608 −0.384 0.033* −0.507 0.023* −0.337 0.146 0.124 0.602

R-LP −0.323 0.076 0.194 0.296 −0.243 0.187 −0.367 0.111 −0.417 0.068 0.115 0.628

R-Ventral R-VA −0.339 0.062 0.160 0.389 −0.301 0.100 −0.343 0.139 −0.308 0.187 −0.163 0.492

R-VAmc −0.382 0.034* 0.209 0.260 −0.272 0.138 −0.334 0.150 −0.314 0.178 −0.105 0.658

R-VLa −0.351 0.053 0.350 0.054 −0.187 0.313 −0.267 0.255 −0.326 0.161 −0.074 0.757

R-VLp −0.348 0.055 0.363 0.044* −0.213 0.249 −0.238 0.312 −0.255 0.277 0.030 0.901

R-VPL −0.358 0.048* 0.350 0.053 −0.156 0.401 −0.135 0.570 −0.277 0.237 0.061 0.799

R-VM −0.377 0.037* 0.350 0.054 −0.194 0.296 −0.164 0.490 −0.311 0.182 0.052 0.828

R-Intralaminar R-CeM −0.412 0.021* 0.084 0.654 −0.361 0.046* −0.392 0.087 −0.311 0.182 −0.255 0.277

R-CL −0.105 0.575 0.254 0.168 −0.371 0.040* −0.510 0.022* −0.500 0.025* −0.034 0.886

R-Pc −0.350 0.053 0.242 0.189 −0.263 0.153 −0.277 0.237 −0.229 0.331 −0.243 0.301

R-CM −0.406 0.023* 0.333 0.067 −0.121 0.516 −0.182 0.443 −0.215 0.362 0.110 0.645

R-Pf −0.437 0.014* 0.399 0.026* −0.079 0.674 −0.104 0.661 −0.178 0.452 0.011 0.963

R-Medial R-Pt −0.456 0.010* 0.257 0.163 −0.349 0.054 −0.380 0.098 −0.342 0.140 0.000 0.999

R-MV(Re) −0.370 0.041* 0.046 0.806 −0.361 0.046* −0.387 0.092 −0.281 0.230 −0.134 0.572

R-MDm −0.188 0.312 0.086 0.644 −0.285 0.121 −0.209 0.377 −0.353 0.127 0.061 0.799

R-MDl −0.278 0.130 0.074 0.692 −0.395 0.028* −0.212 0.370 −0.307 0.188 0.022 0.927

R-Posterior R-LGN −0.067 0.722 0.174 0.349 −0.351 0.053 −0.109 0.647 −0.207 0.381 −0.019 0.936

R-MGN −0.399 0.026* 0.129 0.488 −0.373 0.039* −0.501 0.025* −0.423 0.063 −0.124 0.601

R-L-Sg −0.262 0.155 0.386 0.032* −0.034 0.854 −0.514 0.020* −0.393 0.086 −0.160 0.500

R-PuA −0.373 0.039* 0.173 0.351 −0.223 0.227 −0.110 0.644 −0.223 0.344 0.175 0.461

R-PuM −0.355 0.050* 0.148 0.426 −0.217 0.242 −0.171 0.471 −0.263 0.263 0.103 0.665

R-PuL −0.386 0.032* 0.169 0.363 −0.060 0.749 −0.035 0.884 −0.156 0.512 −0.188 0.427

R-PuI −0.255 0.166 0.149 0.425 −0.204 0.271 −0.067 0.781 −0.252 0.284 −0.032 0.892

R-whole

thalamus

−0.401 0.025* 0.283 0.123 −0.287 0.118 −0.249 0.290 −0.333 0.151 0.011 0.963

R, partial correlation coefficient. *p < 0.05, which was presented with bold values.

L, Left; R, Right.

AV, Anteroventral; LD, Laterodorsal; LP, Lateral posterior; VA, Ventral anterior; Vamc, Ventral anterior magnocellular; VLa, Ventral lateral anterior; VLp, Ventral lateral posterior; VPL, Ventral posterolateral; VM, Ventromedial; CeM, Central

medial; CL, Central lateral; Pc, Paracentral; CM, Centromedian; Pf, Parafascicular; Pt, Paratenial; MV(Re), Reuniens (medial ventral); MDm, Mediodorsal medial magnocellular; MDl, Mediodorsal lateral parvocellular; LGN, Lateral

geniculate; MGN, Medial Geniculate; L-Sg, Limitans (suprageniculate); PuA, Pulvinar anterior; PuM, Pulvinar medial; PuL, Pulvinar lateral; PuI, Pulvinar inferior.
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Tung et al. Hippocampal-Thalamic-Cortical Morphometric Reorganization

FIGURE 2 | The cortices with significant gray matter density (GMD) changes compared with the normal controls, using age and gender as the covariates (A) in L-TLE,

and (B) in right-LTE (R-TLE). All involved regions in both TLE showed decreased GMD, mostly located in the frontal and temporal lobes. Ipsilateral inferior frontal gyrus,

precentral gyrus, and medial orbital cortices were affected in both TLE. A T-test comparison was performed between the two groups, using a double statistical

threshold (height threshold p < 0.01 and a minimum cluster size = 354 voxels, as determined by the AlphaSim correction).

hippocampal sclerosis in the right-TLE and left-TLE groups,
respectively. The 28 controls became poorly comparable
with the selected hippocampal sclerotic cases, and the
results did not show obvious significance of the volumes of
thalamic subfields. Therefore, we did not show this result of
subgroup analysis.

Statistical Analysis
The differences in the individual normalized volumes of the
thalamic subfields were analyzed by multivariate analysis of
covariance (MANCOVA) among the left-TLE (L-TLE), right-
TLE (R-TLE), and control groups. The results were adjusted for
age and gender, and then Bonferroni correction was applied for
multiple comparison correction. To establish the relationship
between the thalamic subfield volume and the epilepsy duration,
seizure frequency, and seizure burden, Spearman’s partial
correlation was used with adjustment for age and gender. When
the adjusted values of p were less than 0.05, they were considered
to be statistically significant. SPSS version 18.0 (IBM, SPSS Inc.,
Chicago, IL, USA) was used for all statistical analyses.

For group comparison of GMD, a two-sample t-test was used
with adjustment for gender and age. Although family-wise error
rate (FWER) or false discovery rate (FDR) is the default analytic
method of SPM12, but it exerts a more stringent control. Due
to our limited sample size, the AlphaSim was applied for the
correction of multiple comparisons. The AlphaSim provided
a means of evaluating the probability of a false detection
within the gray matter mask and is performed by Monte Carlo
simulation (34). The probability of a false positive detection is
determined from the frequency count of cluster sizes based on
the combination of individual voxel probability thresholding and
minimum cluster size thresholding. The significance levels were
set when p< 0.01 with a minimum cluster size of 354 voxels (34).

RESULTS

There were 23 R-TLE, 32 L-TLE, and 28 age- and gender-
matched controls collected. The characteristics of the three
groups, such as age, gender, and eTIV, are listed in Table 1,
and no significant differences in these variables were noted. The
three parameters reflecting seizure burden were similar between
the L-TLE and the R-TLE groups. The kinds of AED used
were similar.

Ipsilateral Anteroventral Nucleus Exhibited
the Most Atrophy
The normalized volume of both sides of the whole thalami
in both TLE patient groups seemed to be similar to that of
the controls. When the thalamus was divided into 25 thalamic
subfields on each side (Figure 1), significant volume loss was
observed in several subfields, which was more prominent on the
ipsilateral side in both TLE groups. Compared with controls,
both TLE patient groups had significantly decreased volume
over the ipsilateral anterior (AV), lateral (LD, LP), and parts
of intralaminar (CeM) and medial [MV(Re)] nuclei, as well
as the contralateral parts of lateral nuclei (Table 2). Among
these structures, the ipsilateral anteroventral nucleus had the
most significant volume loss (L-TLE: p < 0.001, R-TLE: p =

0.003), especially L-TLE. In contrast, R-TLE had more extensive
volume reduction of the ipsilateral thalamic nuclei, extending
to the posterior subnuclei. Laterodorsal nucleus was the only
nucleus showing significant bilateral volume decrease in each
TLE group.

Seizure Burden Parameters Were Related
to the Thalamic Subfield Volumes
In our study, the seizure burden was reflected by transient
(spike on the routine EEG exam), moderate (seizure frequency
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TABLE 4 | Group comparison of whole brain gray matter density (GMD) between

the TLEs and the controls.

Regions MNI coordinate Peak t-score Number of

voxels

(A) L-TLE vs. control

L Gyrus rectus −3, 21, −27 −3.28 31

L Middle frontal gyrus −39, 12, 36 −3.40 23

L Inferior frontal gyrus,

triangular part

−39, 18, 6 −4.26 37

L Precentral gyrus −33, −15, 66 −4.32 145

L Hippocampus −18, −36, 3 −3.85 55

R Middle frontal gyrus 27, 24, 42 −3.45 31

R Calcarine fissure and

surrounding cortex

27, −60, 6 −3.22 23

R Thalamus 9, −15, 0 −3.68 85

(B) R-TLE vs. control

L Inferior frontal gyrus,

triangular part

−42, 30, 0 −3.84 73

L Middle frontal gyrus −48, 33, 30 −3.85 24

−42, 51, 12 −4.34 28

−24, 6, 45 −3.75 31

L Middle temporal gyrus −48, −24, 0 −3.39 28

−48, 3, −24 −4.72 32

R Inferior frontal gyrus,

triangular part

48, 30, 9 −3.61 21

R Precentral gyrus 39, −6, 48 −3.83 41

R Olfactory cortex 3, 24, −3 −3.28 74

R Insula 33, −18, 18 −3.85 169

R Calcarine fissure and

surrounding cortex

12, −87, 3 −4.00 53

R Hippocampus 33, −21, −9 −3.92 51

R Crus II of cerebellar

hemisphere

39, −42, −42 −3.46 27

The significantly different areas are listed below, and are also depicted in Figure 2. The

values given are the stereotactic MNI coordinates and the t-score of each anatomical

region. SPM maps used a threshold of p < 0.01 (AlphaSim correction, voxel-level,

minimum. cluster size threshold of 19 voxels). Age and gender as covariates. MNI,

Montreal Neurological Institute. L, left; R, right.

in recent 6 months), and remote (epilepsy duration) effects.
They were related to several thalamic subfield volumes, except
for spikes on the routine EEG in R-TLE (Table 3). In L-
TLE, most thalamic subfields on the left side were negatively
correlated with epilepsy duration, especially the anterior, lateral
ventral, intralaminar, medial, and posterior nuclei, as well as the
whole left thalamus. Suprageniculate nucleus was the only one
exception among the left thalamic nuclei. In R-TLE, the number
of thalamic subfields related to epilepsy duration was lower.
Seizure frequency in L-TLE was not related to any ipsilateral
thalamic nuclei, but was positively correlated with the three
right thalamic nuclei (ventral lateral posterior, parafascicular,
and suprageniculate nuclei). In contrast, seizure frequency in
R-TLE was negatively correlated with the left anterior, ventral,
and interlaminar nuclei, and only one ipsilateral central lateral
nucleus. Our routine EEG was only performed for 20min in
the daytime, as the patient was almost awake. If any spikes

TABLE 5 | The cortical regions with gray matter density that was significantly

related to the seizure duration in (A) L-TLE and (B) R-TLE.

Regions MNI coordinate Peak t-score Number of

voxels

(A) L-TLE vs. control

L Lobule VIII of cerebellar

hemisphere

−24, −39, −51 −0.57 30

L Hippocampus −27, −21, −12 −0.74 652

L Thalamus −3, −9, 15 −0.61 23

R Inferior frontal gyrus,

opercular part

48, 12, 18 −0.53 24

(B) R-TLE vs. control

L Postcentral gyrus −33, −21, 42 −0.71 78

L Crus I of cerebellar

hemisphere

−42, −78, −30 −0.74 38

R Temporal pole: superior

temporal gyrus

36, 9, −27 −0.62 19

R Fusiform gyrus 36, −48, −9 −0.77 132

R Angular gyrus 45, −66, 36 −0.73 32

R Lobule IV, V of cerebellar

hemisphere

18, −39, −21 −0.65 47

The significant areas listed below are also listed in Figure 3. The values given are the

stereotactic MNI coordinates and the t-score of each anatomical region. SPM maps were

thresholded at p < 0.01 (AlphaSim correction, voxel-level, minimum cluster size threshold

of 19 voxels). Age and gender as covariates. MNI, Montreal Neurological Institute. L, left;

R, right.

were detected in the routine EEG, this suggested that the
spikes occurred relatively frequently. This condition in L-TLE
was correlated with widespread volume loss of the bilateral
thalamic subfields.

The Extratemporal GMD Decreased in Both
TLE, Primarily Involving Parts of the Frontal
Lobe
Figure 2 and Table 4 showed the significant GMD changes
in both TLE groups compared with the controls. The
commonly affected regions were the ipsilateral inferior
frontal gyrus, precentral gyrus, and medial orbital
cortex. Moreover, both TLE groups had significant GMD
decreases over the left middle frontal gyrus and around
the right calcarine areas. The cortex and its associations
of GMD with epilepsy duration are listed in Table 5 and
Figure 3.

The Status of the Volume Loss of Both
Sides of Thalamic Subfield Was Primarily
Related to the Ipsilateral Inferior Frontal
GMD Changes
Figures 4, 5 exhibited that the distribution of the neocortical
atrophy was strongly associated with the amount of the sum of
volume loss of the thalamic subfields on each side. GMD of the
ipsilateral inferior frontal gyrus was positively related to each
side of thalamic subfield volume changes in L-TLE. Meanwhile,
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FIGURE 3 | The regions with their GMD related to the epilepsy duration. The longer duration was related to decreased GMD in both TLE. (A) The involved cortices in

L-TLE were in the left temporal and right inferior frontal areas. (B) The involved cortices in R-TLE were in the right temporal and left cerebellar areas. Differences with a

p < 0.01 were considered significant (with a threshold p < 0.01 and a minimum cluster size = 354 voxels, as determined by the AlphaSim correction).

FIGURE 4 | The regions with their GMD related to the (A) left AV-LD-LP- CeM-CL-MV(Re) volume loss and the (B) right LD-MV(Re) volume loss in L-TLE. All depicted

regions showed a positive relationship, and were mostly located in the left frontal and temporal lobes. GMD of the left inferior frontal gyrus was positively related to

each side of thalamic subfield volume changes in L-TLE. Differences with a p < 0.01 were considered significant (with a threshold p < 0.01 and a minimum cluster

size = 354 voxels, as determined by the AlphaSim correction).

it was negatively correlated with the volume loss of each side
of thalamic subfields in R-TLE. In addition to the thalamus,
GMD of the left caudate nucleus was another deep structure that
was related to the thalamic subfield volume changes in L-TLE
(Table 6).

The GMD changes in the ipsilateral side of the epileptogenic
zone were more related to the volume changes of the thalamic
subfields than the contralateral side in L-TLE. In contrast, R-
TLE affected GMD more equally on both sides, but the effect
was less extensive compared with the L-TLE. Most cortical
volumes showed a positive relationship with the thalamic
volumes, and only a few had a negative association in R-TLE
(Table 7).

DISCUSSION

Our study used voxel- and volume-based morphometry to
evaluate the extra-hippocampal gray matter volume changes in
TLE, such as deep and superficial cortices. This study is the first
to explore the relationship between volume changes of the deep
and the superficial cortices to evaluate the reorganization of the
hippocampo-thalamo-cortical volume in TLE using a volume-
based morphometric method.

Our study found that the ipsilateral thalamic subfields had
more prominent volume loss than those on the contralateral
side, even though the whole thalamic volume did not obviously
change. The previous literature has shown evidence of increased
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FIGURE 5 | The regions with their GMD related to the (A) left LD-CL and the (B) right AV-LD-LP-VA-Vamc-CeM-MV(Re)-MDl-L-Sg volume changes in R-TLE. Both

positive and negative relationships are depicted, and are mostly located in the right frontal lobe. GMD of the right inferior frontal gyrus was negatively related to each

side of thalamic subfield volume changes in R-TLE. Differences with a p < 0.01 were considered significant (with a threshold p < 0.01 and a minimum cluster size =

354 voxels, as determined by the AlphaSim correction).

stereo-electroencephalography (SEEG) signal synchrony
between the thalamus and the temporal lobe during the ictal
event functionally (35). In addition, the functional study
demonstrated that the thalamo-hippocampal connections
were altered in pharmaco-resistant TLE (36). These findings
confirmed that the subcortical gray matter also takes part in
seizure circuits (10). The ratio of N-acetyl aspartate to creatine
(NAA/Cr) measured by magnetic resonance spectroscopy (MRS)
imaging was significantly correlated between the ipsilateral
hippocampus and both sides of the anterior and posterior
thalami (17).

This result echoed our study that disclosed bilateral thalami
were structurally affected in unilateral temporal epilepsy. In
the previous literatures, the most commonly reported thalamic
subfields that are involved in TLE are the medial pulvinar [by
SEEG (7) and resting-state fMRI (rs-fMRI) (20)], the anterior
nucleus [by rs-fMRI (20)], and the midline nuclei (37). Their
ipsilateral involvement was present in both TLE groups in our
study, and we further defined the structures in more detail. The
studies that used functional imaging, had the greatest spatial
resolution of only about 3mm due to the imaging limitation.
Our study used structural imaging, which possessed a better
spatial resolution to 1mm. Therefore, we were able to explore
the structures that were affected and changed in more detail,
which allowed us to survey and identify the smaller structures
that participated in the network reorganization.

Among the thalamic subfields with prominent volume loss,
ipsilateral anteroventral nucleus was the most affected part of
the thalamus in our study. Bilateral anterior thalamic nuclei
atrophy has been observed in medial TLE, and the degree of
volume loss was related to hippocampal CA1 volume (38). In
one recent literature, it has been reported that high-frequency
stimulation (130Hz) of the thalamic anterior nucleus resulted

in ipsilateral neural activity decoupling and desynchronization
of the electrical background of the hippocampus (39). This
resulted in the termination of seizure activity. However, lower-
frequency stimulation (15–45Hz) induced reciprocal thalamic-
hippocampal evoked potentials. This phenomenon suggests the
important role of anterior thalamic nuclei in the modulation of
seizure activity. The anterior thalamic nucleus is a part of the
Papez circuit, which is responsible for episodic memory (40),
and it conducts reciprocal signals to the hippocampus, which
is thought to maintain the seizure activity (41). Therefore, it is
a common target for deep brain stimulation (DBS) in treating
drug-resistant epilepsy (42). The anterior thalamic nuclei are
subdivided into three parts based on their signal input and
output: anteromedial, anteroventral, and anterodorsal (41). In
our study, only the anteroventral subnucleus had a significantly
decreased volume, with mutual connections to the subiculum
cortex, which participates in the hippocampal circuit.

The ipsilateral central medial (CeM) and medial ventral
(MVRe) nuclei showed significant atrophy in our study.
The SEEG investigation found that the midline thalamic
nuclei were involved in early recruitment in seizure initiation
and propagation (36, 37). Therefore, their significant volume
reduction on the side ipsilateral to the side affected by
epilepsy was expected. Moreover, ipsilateral lateral nuclei showed
prominent volume loss in our study. This phenomenon was
observed in another study, which presented in TLE without
hippocampal sclerosis (38). Both anterior and laterodorsal
thalamic nuclei are the most important high-order relays to the
cortex, having widespread links toward the frontal cortex and
the hippocampal formation (43). Therefore, they are susceptible
when the seizure originates in the hippocampus.

There is another recent study that FreeSurfer software
was used to analyze the thalamic volume changes in TLE
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TABLE 6 | The associated cortical area, whose GMD changes had the same

degree of volumetric changes of the thalamic unit on each side in L-TLE.

Regions MNI coordinate Peak t-score Number of

voxels

(A) L-TLE vs. control

L Inferior frontal gyrus,

opercular part

−45, 6, 12 0.53 32

L Middle temporal gyrus −36, 6, −30 0.65 158

L Hippocampus −30, −21, −9 0.66 294

L Caudate nucleus −12, 18, 12 0.66 41

L Thalamus −9, −18, 6 0.64 93

R Rolandic operculum 48, 6, 12 0.65 36

(B) R-TLE vs. control

L Inferior frontal gyrus,

triangular part

−51, 21, 15 0.70 218

L Superior frontal gyrus,

medial

0, 33, 42 0.67 102

L Temporal pole: superior

temporal gyrus

−36, 9, −30 0.61 43

L Anterior cingulate &

paracingulate gyri

0, 39, 18 0.57 32

L Thalamus −9, −15, 3 0.75 293

R Inferior frontal gyrus,

triangular part

48, 18, 24 0.59 27

(A) The brain regions, whose GMD was related to the sum of the left thalamic subfield

volume changes [left AV, LD, LP, CeM, CL, MV(Re)] in L-TLE.

(B) The brain regions, whose GMD was related to the sum of the right thalamic subfield

volume changes [right LD, MV(Re)] in L-TLE.

The results are listed below, and are also depicted in Figure 4.

The values given are the stereotactic MNI coordinates and the t-score of each anatomical

region. SPM maps used a threshold of p < 0.01 (AlphaSim correction, voxel-level,

minimum cluster size threshold of 19 voxels).

Age and gender as covariates.

MNI: Montreal Neurological Institute.

L, left; R, right.

with hippocampal sclerosis (44). They found atrophic thalamic
subfields were related to the type and the lateralization of
hippocampal sclerosis, but the involved subfields were different
from those identified in our present study. This might be
because we enrolled only patients with pharmaco-resistant
medial TLE, and we did not solely restrict enrollment to cases
with hippocampal sclerosis. In addition, we adjusted our analyses
for age and gender.

The duration of epilepsy has been reported to be related to
changes in whole thalamic volume and connectivity (22, 45).
The parameters of seizure burden showed a negative relationship
with most of the thalamic subfield volumes in our study.
These cumulative insults on the thalamic neurons resulted
in neuronal death and then volume reduction. However, the
seizure frequency of L-TLE was only positively related to the
contralateral thalamic subfield volumes. This is thought to be
a compensatory effect whereby the neurons in the contralateral
thalamus might become hypertrophic to increase its volume. L-
TLE was most susceptible to the long-term cumulative seizure
burdens, exhibiting not only dramatically decreased bilateral
whole thalamus volume but also decreases in the volumes of

TABLE 7 | The associated cortical area, whose GMD changes had the same

degree of volumetric changes of the thalamic unit on each side in R-TLE.

Regions MNI coordinate Peak t-score Number of

voxels

(A) L-TLE vs. control

L Precentral gyrus −33, 0, 60 −0.65 19

R Inferior frontal gyrus,

opercular part

51, 12, 33 −0.85 42

R Middle frontal gyrus 27, 48, 27 0.70 27

R Middle temporal gyrus 48, −51, 0 0.68 20

(B) R-TLE vs. control

L Superior frontal gyrus,

dorsolateral

−27, 54, 24 0.63 27

L Crus II of cerebellar

hemisphere

−21, −72, −39 0.68 61

R Middle frontal gyrus 36, 36, 33 0.68 37

R Inferior frontal gyrus,

opercular part

57, 15, 27 −0.69 21

(A) The brain regions, whose GMD was related to the sum of the left thalamic subfield

volume changes (left LD, CL) in R-TLE.

(B) The brain regions, whose GMD was related to the sum of the right thalamic subfield

volume changes [right AV, LD, LP, VA, Vamc, CeM, MV(Re), MDl, L-Sg] in R-TLE.

The results are listed below, and are also depicted in Figure 5.

The values given are the stereotactic MNI coordinates and the t-score of each anatomical

region. SPM maps used a threshold of p < 0.01 (AlphaSim correction, voxel-level,

minimum cluster size threshold of 19 voxels).

Age and gender as covariates.

MNI, Montreal Neurological Institute.

L, left; R, right.

most individual subfields in cases with longer seizure duration.
Thalamic volume in R-TLE seemed to be less affected by
seizure burden.

Cortical thickness changes have been used to study the
extratemporal cortical involvement in TLE in several previous
studies, and the frontal, parietal, and occipital regions were
all shown to be affected (25, 26, 46). Significant thinning was
present over the bilateral precentral, paracentral, and frontal
opercular gyri, as well as ipsilateral medial orbital cortex (26).
Our study used voxel-based analysis of GMD to determine the
cortical volume, instead of surface-based mapping using the
indentation distance from the estimated surface (47). In contrast
with previous studies, we considered the lateralization of TLE,
age/gender correction, and added a stricter p (0.01 vs. 0.05)
into the analytic method. Although we found the less extensive
areas of GMD changes, these regions might be more significantly
involved in the epilepsy network.

We found both R-TLE and L-TLE had a common pattern
of cortical volume loss, which was in the ipsilateral precentral
and the inferior frontal gyri. Precentral gyrus atrophy has been
observed in TLE (26, 46), which was a characteristic used to
differentiate cases of amnestic cognitive impairment from TLE
(46). Primary motor cortex is located in the precentral gyrus, and
was reported to reorganize in L-TLE, resulting in handedness
shifting (48). However, an underlying network linking the
thalamus or hippocampus to the precentral gyrus has been
proposed, but has not yet been well confirmed (6). Therefore,
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further study on the network topology of the primary motor
cortex in TLE is needed.

Inferior frontal gyri are the part of the prefrontal areas and
consist of three parts: triangular, opercular, and orbital. Ipsilateral
triangular part atrophy was prominent in both TLE groups
when compared with controls. However, GMD changes of the
ipsilateral opercular part were related to the sum of volume loss
of the thalamic subfields. Both triangular and opercular parts
belong to the Broca’s area in the dominant hemisphere. Frontal
dysfunction has been observed in TLE, as demonstrated in
neuropsychological and neuroimaging studies (49). Disruption
of thalamocortical connections has been proposed to cause
impaired executive and attention function in TLE, which
suggested that the frontal networks were involved (50). One
MRI study presented impaired dorsolateral prefrontal cortex—
thalamus connectivity in pharmaco-resistant TLE using diffusion
tensor imaging (51). Therefore, our study used the higher-
resolution imaging to confirm the relationship between the
prefrontal cortex and the anterior thalamus structurally. Other
parts of the prefrontal cortex, such as the middle and superior
frontal gyri, were shown to exhibit GMD changes that were
significantly related to the volume changes of the thalamic
subfields in our results. However, some of these changes
were found to have a negative relationship, possibly due to
hypertrophic neurons (24), and predominantly occurring in
our R-TLE. Therefore, we propose that prefrontal-thalamic-
hippocampal networks are affected in both sides of TLE because
they presented synchronously volumetric changes. Moreover,
basal ganglion and cerebellum volume changes were found, and
their thalamic connections in TLE need further exploration.

The limitations of our studies were the limited sample
size, and we did not group TLE according to the presence
of hippocampal sclerosis or not. Furthermore, the
neuropsychological scores and functional neuroimaging
were not simultaneously evaluated in our subjects. Therefore,
it was difficult to interpret the effect of volume on their
cognitive functions.

CONCLUSION

We obtained more detailed structural information related to
disrupted thalamo-temporal networks based on the volumetric
changes of the subfields in the thalamus. Ipsilateral anteroventral
nucleus was the most susceptible subfield in both the left and
right TLE, and exhibited most atrophy. Most thalamic subfields
were susceptible to long-term seizure burden, especially L-TLE.
The involved cortical regions with decreased GMD in TLE were

beyond the temporal cortices. Ipsilateral precentral and inferior
frontal gyri were prominently affected. The GMD changes of
the ipsilateral inferior frontal gyri were positively or negatively
related to the sum of volume changes of the each side of
thalamic subfields, which suggests the alteration and disruption
of prefrontal-thalamic-hippocampal volumetric reorganization
in TLE.
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Objective: Epilepsy is associated with both changes in brain connectivity and memory

function, usually studied in the chronic patients. The aim of this study was to explore the

presence of connectivity alterations measured by EEG in the parietofrontal network in

patients with temporal lobe epilepsy (TLE), and to examine episodic memory, at the time

point of diagnosis.

Methods: The parietofrontal network of newly diagnosed patients with TLE (N= 21) was

assessed through electroencephalography (EEG) effective connectivity and compared

with that of matched controls (N = 21). Furthermore, we assessed phenomenological

aspects of episodic memory in both groups. Association between effective connectivity

and episodic memory were assessed through correlation.

Results: Patients with TLE displayed decreased episodic (p ≤ 0.001, t = −5.18)

memory scores compared with controls at the time point of diagnosis. The patients

showed a decreased right parietofrontal connectivity (p = 0.03, F = 4.94) compared

with controls, and significantly weaker connectivity in their right compared with their left

hemisphere (p = 0.008, t = −2.93). There were no significant associations between

effective connectivity and episodic memory scores.

Conclusions: We found changes in both memory function and connectivity at the

time point of diagnosis, supporting the notion that TLE involves complex memory

functions and brain networks beyond the seizure focus to strongly interconnected brain

regions, already early in the disease course. Whether the observed connectivity changes

can be interpreted as functionally important to the alterations in memory function, it

remains speculative.

Keywords: autobiographical memory, electroencephalography, memory disorders, newly diagnosed epilepsy,

hemispheric differences, temporal lobe epilepsy, network
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INTRODUCTION

Temporal lobe epilepsy (TLE) is the most common type
of focal epilepsies and is typically associated with structural
and functional alterations of the temporal lobe. Recently,
new etiological models have been proposed, indicating that
epilepsy might be a network disorder whose effects and
deterioration spread beyond the epileptogenic zone (EZ) to
strongly interconnected regions (1–4). In support of this, studies
in patients with TLE have explored network alterations in regions
ipsi- and contralateral to the EZ, and also the default mode
network (DMN) (1, 4–8). In general, these studies are conducted
several years after patients are diagnosed with epilepsy, and
indicate that the functional connectivity alterations are more
extensive in the medial temporal lobe (MTL) regions ipsilateral
to the EZ, whereas the inter and contralateral connectivity
alterations seem to be more varying and diffuse (4, 8–10).
The development of such network alterations need to be better
understood, and investigations into the connectivity patterns
in the newly diagnosed patients with TLE that might be
the first step in this direction. Indeed, the brain consists of
billions of neurons, which together constitute complex structural
networks—and it is believed that such networks are what provide
the basis of behavioral and cognitive processes in humans (11,
12). By measuring EEG connectivity, we can directly assess
these networks, and investigate their association with behavior
and cognition.

Another source of evidence suggesting that TLE might
involve network disturbances is the way memory may be
affected in some patients. Traditionally, memory is investigated
using standardized neuropsychological list-learning tests
(13), whose ecological validity regarding everyday reports
of autobiographical episodic memory complaints has been
questioned (14). Autobiographical, episodic memories differ
from modality-specific list-learning in their phenomenological
qualities, typically described in the terms of vividness, perceptual
details, reliving of the past, and cohesiveness of a narrative (15),
and patients with TLE might typically report this as problems
with remembering things they did in the past (16).

Although episodical, autobiographical memory is dependent

on hippocampal integrity, it is also subserved by diverse brain
regions, most notably regions involved in the default mode

network—including parietal and medial prefrontal regions (17,

18). Episodic memory retrieval is considered a constructive

process where bits and pieces of information are merged in order
to recreate both past and future events (17). This allows for a
flexible extraction, recombination, and reassembling of elements
to remember past events, and to simulate future ones (19, 20).
So while the key structures of episodic memory consolidation
may be located in the MTLs, extratemporal regions are likely to
be involved in the constructive processes necessary for episodic
memory retrieval (17).

In further support of this, several studies have found
the parietal cortex to be involved in episodic memory tasks
(21–25). Interestingly, the lateral parietal cortex has direct
anatomical connections with several key brain areas, such as the
dorsolateral prefrontal cortex and the temporal cortex, and has

reciprocal connections with structures in the MTLs, such as the
entorhinal, parahippocampal, and hippocampal regions (23). It
has, therefore, been implied that parietal regions may play an
important role in the retrieval of personal memories, especially
for the reconstructive processes that are necessary for the episodic
memory. In this study, we investigate the hypothesis that TLE
may constitute a wider network disorder already in its early
stages, by testing twomain hypotheses related to connectivity and
episodic memory function in newly diagnosed patients with TLE.

In a previous study, we recently found slight cognitive deficits
at the time of diagnosis in the same cohort of patients as
utilized in the present study (26). Reduced scores on some of
the executive function tests led us to suspect that extratemporal
or network dysfunction might be present at an early stage.
To expand on this, we addressed two key questions in the
present study: (1) Are changes in parietofrontal connectivity
present in the newly diagnosed patients with TLE? And (2)
do newly diagnosed patients with TLE show reductions in the
autobiographical episodic memory? To assess this, we employed
EEG effective connectivity measures, which hitherto have been
less utilized in research, despite having the advantage to be
readily available for clinical samples and to provide good
temporal resolution to capture connectivity. We chose the theta
band activity, as this has been found to be central when it
comes to studying the association between electrophysiology and
cognition (27–30), while the relationship between memory and
alpha-band activity is more uncertain (31) and is more sensitive
to changes in arousal. We also implemented a memory test aimed
at capturing experiential aspects of the episodic memory such
as perceptual richness, remembered details, and vividness of the
specific event (15, 32). We argue that such a measurement may
represent a complementary perspective on episodic memory not
captured by traditional list-learning tests. As our cohort consists
of the newly diagnosed TLE, we minimize confounding variables
present among the chronic patients (effects of recurrent seizures,
medication, and surgery), and thus catch a glimpse of how TLE
may manifest from its early onset.

MATERIALS AND METHODS

Participants
The participants are part of an ongoing longitudinal study at
the Epilepsy Unit, Department of Neurology, Oslo University
Hospital Rikshospitalet, Oslo, Norway, in cooperation with the
Department of Psychology, the University of Oslo. The patients
have been enrolled from the neurological departments in the
South-Eastern Health Region of Norway shortly after diagnosis.
Controls were recruited by the patients, who were asked to
bring a friend of the same sex and approximately the same
age (±1 year) without epilepsy, to minimize differences in the
socioeconomic factors. If the patients were not able to find a
control, a control was recruited through advertisements at the
Oslo University Hospital and the University of Oslo. These
controls were also individually matched to the patients in age,
gender, and level of education. The clinical and demographical
characteristics of the patients are shown in Table 1.
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TABLE 1 | Demographical and clinical characteristics of patients with newly diagnosed, nonlesional temporal lobe epilepsy and healthy control subjects.

Patients Control subjects P-value***

n = 21 n = 21

Age (years), mean (SD) [range] 31.8 (11.7) [19–58] 31.7 (11.6) [19–58] 0.80

Gender (male/female), n (%) 7/14 (33/67) 7/14 (33/67)

Intelligence quotient (WASI-I), mean (SD) [range] 113.5 (11.2) [74–127] 116.2 (9.5) [95–132] 0.41

Vocabulary 58.19 (5.41) [43–67] 60.14 (5.84) [47–71] 0.23

Matrix reasoning 56.81 (10.05) [20–66] 58.10 (6.49) [47–68] 0.67

Dominance, n (%) 0.15

Right-handed 20 (95) 17 (81)

Left-handed 1 (5) 4 (19)

Seizure type, n (%)

Focal aware seizures 3 (14)

Focal impaired awareness seizures 3 (14)

Focal aware seizure and focal impaired awareness seizures 7 (33)

Bilateral tonic-clonic seizures with focal onset 8 (38)

Focal aware seizure and bilateral tonic-clonic seizures 3 (14)

Focal impaired awareness seizure and bilateral tonic-clonic seizures 5 (24)

Use of antiseizure medication (ASM) in the study, n (%)

No 7 (33)

Under titration 6 (29)

Yes 8 (38)

Magnetic resonance imaging (3 Tesla) findings, n (%) 0.75

Normal 9 (43) 8 (38)

Abnormalities not associated with epilepsy* 12 (57) 13 (62)

Mesial temporal sclerosis 0 (0) 0 (0)

25-channels electroencephalography findings, n (%)

Normal 5 (24)

Abnormalities** 16 (76)

Non-specific 10 (48)

Abnormal theta rhythms 2 (10)

Sharp waves 8 (38)

Epileptiform

Focal spike discharges 10 (48)

Self-reported mental health status, mean (SD) [range] 67.81 (19.29) [20–92] 78.86 (11.67) [56–96] 0.04

WASI-I, wechsler abbreviated scale of intelligence, first edition.

*Four patients and one control subject have several abnormalities. For details of these mainly clinically insignificant findings, see Bjørke et al. (26) for details. **Four patients have

both nonspecific and epileptiform abnormalities. ***P-values are calculated using Pearson’s chi-squared test [n (%)], t-test {mean (SD) [range]} or Kruskal-Wallis test [median (range)],

as appropriate.

Inclusion criteria were newly diagnosed (within 1 year) TLE,
no structural brain lesions other than the mesial temporal
sclerosis on MRI, and between 18 and 59 years of age. Since
most recruited participants during inclusion were found to
be nonlesional and no one appeared to have mesial temporal
sclerosis, only patients with nonlesional TLE were included.
The clinical diagnosis in each case was made by the same
group of the experienced epileptologists, according to the seizure
semiology, interictal EEG recordings, and qualitative assessment
of structural MRI data according to ILAE definitions (see
Table 1) (26). The MRI scans were acquired on a 3T whole-
body scanner (Philips Ingenia R©, Best, The Netherlands). The
MRI protocol focused both on high-resolution images for the
best possible visual characterization of anatomy and pathology

[sagittal T1 volume, sagittal FLAIR volume, axial and coronal
T2 (2mm), and axial susceptibility-weighted imaging (SWI)],
and also quantifiable measures including axial diffusion tension
imaging (DTI) with calculated apparent diffusion coefficient
(ADC) maps.

Although a diagnosis of TLE in the absence of ictal EEG
recordings might be uncertain, the inclusion of ictal EEG
recordings for the purposes of this study was not feasible because
of the ethical reasons and cost-benefit judgments. Control
subjects were individually matched to patients based on their
sex, age, and education level. Exclusion criteria for both the
patients and controls were known etiologies, such as tumors,
infarctions, and malformations, in addition to intellectual
disability, severe psychiatric disorder including depression and
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anxiety, progressive medical conditions, alcohol or drug abuse,
and previous brain surgery.

The written informed consent was obtained from all the
participants, and the study was approved by the Regional
Committees for Medical and Health Research Ethics (reference
number: 2013/855/REK sør-øst A).

Study Procedure
Patients were examined by the experienced neurologists,
neuropsychologists, and neurophysiologists at the Oslo
University Hospital, Rikshospitalet, Oslo, Norway as part
of the ProTLE study. ProTLE is a longitudinal study that
aims to follow newly diagnosed patients with TLE and their
matched controls for a period of 10 years (26). Patients arrived
for a full day of testing at the hospital, participating in the
clinical neurological assessment and neuropsychological testing,
in addition to MRI and EEG. All the measurements were
performed in separate sessions. Thus, EEG measurements
do not reflect activity elicited by memory tasks but will
rather be correlated with memory functions as part of
the analysis.

EEG Data Acquisition and Preprocessing
A 1h 64-channel awake interictal EEG was performed on all
the patients and controls with a Natus NicOne system with a
C64 amplifier. No preprocessing was applied besides high- and
low-pass filters in the amplifier at 0.5– 70Hz, respectively. To
minimize changes in arousal, participants were asked to rest with
their eyes closed for the first 10min, and with their eyes open
for the next 50min. The first 10min constituted a recording
resting patient with closed eyes. For the remaining 50min, the
participants were asked to read a book or watch a video to
avoid falling asleep. The setup was used to have both a standard
baseline recording and a relatively stable arousal level during the
rest of the recording. The electrodes were placed in accordance
with the 10-10 system by trained EEG technicians. The reference
electrode was placed at CP1, and then re-referenced to the
common average (33). Since our hypotheses were concerned with
the parietofrontal network, only the P3, F3, P4, and F4 channels
were used for the analysis in this study.

To reduce the influence of artifacts, the same procedures used
by Schumacher et al. (34, 35) were implemented. By using the
median instead of the arithmetic mean, the contribution of high-
amplitude activities, main artifacts, is removed. This has been
found to be as effective as manually discarding artifacts (35).

To assess effective connectivity between the brain regions
of interest, the outflow was estimated by the directed transfer
function (DTF) of theta activity (4–7Hz) in the parietofrontal
network. DTF was also used in order to avoid volume conduction
issues, as it is found to be robust even in a low signal-to-noise
ratio (36). Only the theta activity was assessed. The theta activity
plays an important role in the temporal lobe. Fast activities
are often phase-locked to this theta. Because of the dispersion
effect, you would not expect direct connectivity measures in

the gamma band between brain regions, probably only cross-
frequency coupling with theta. The alpha activity is prone to large
changes related to changes in the arousal level and activity.

The EEG data analysis was carried out by using the
eConnectome (2.0) software [eConnectome: AMATLAB toolbox
for mapping and imaging of brain functional connectivity (37)].
DTF was calculated for P3-F3 and P4-F4 channels, with a
model order of 5. A total of four electrodes in the frontal
and parietal regions were used in the calculations. Hence, the
measured activity is constrained to these four electrodes. DTF
was calculated for every 1 s segment of the raw data. All the
combinations of electrodes calculated yield a total of 16 calculated
connections for the full 1-h recording. The maximum value of
each frequency in the theta band for each second was used. DTF
was calculated for each second. The median of each channel
outflow was used in the following computations. In each analysis,
all the connections from the connection matrix that satisfied the
criteria were used. For example, for the hemispheric symmetry
connectivity, outflow to electrodes of the opposite side was
calculated for each electrode and the median was calculated.
The parietal regions were measured based on the P3 and P4
electrodes, and the frontal regions were based on the F3 and F4
electrodes (34, 38).

Memory Tests
The episodicmemory test is based on cuedmemory paradigms by
Schacter et al. (19), and also a shortened, adapted, and translated
version of The Memory Experiences Questionnaire, which
measures the phenomenological characteristics of the episodic
memories (15, 39). The test is administered digitally through
Microsoft Powerpoint 2010, and the instructions are presented to
the participants orally. The participants are presented with a cue
word on the screen (e.g., vacation), and are asked to think of an
event that they have experienced within the last 2 years that this
word reminds them of. The event should be specific, lasting up
to a few hours, within a day. They are given some time to think
of an event and are then given 40 s to think about it with their
eyes closed. Afterward, they are asked to fill in a questionnaire
to describe their subjective experience of remembering. The
questionnaire consists of 12 claims about thememory (e.g., “I saw
the event through my own eyes”, “I could hear sounds”, “It felt
like I was there again”), which the participants rate on a Likert
scale of 1 (totally agree). All the items are included in a mean
episodic memory score. Inter-item reliability (Cronbach’s α) for
this task has been shown to be acceptable (39).

Statistical Analysis
The statistical analyses were carried out using RStudio Version
1.3.1093 (R Core Team, 2013. R: A language and environment for
statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. URL http://www.R-project.org/). A one-way
between-groups multivariate analyses of variance (MANOVA)
was used to assess differences between the patients and
controls on connectivity measurements, after checking the score
distributions for normality and homogeneity of variance. Paired
samples t-tests were used to assess differences in the effective
connectivity between hemispheres within each group, and
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FIGURE 1 | Differences in episodic memory scores between patients and controls. Patients with newly diagnosed temporal lobe epilepsy (TLE) were observed to

have significantly decreased episodic memory scores compared with controls. **p < 0.001.

differences between patients and controls in episodic memory
scores. Age and sex were controlled for by using a matched
pairs design, and hence these variables were not included as
independent variables in the analysis.

RESULTS

Decreased Episodic Memory Function in
Newly Diagnosed Patients With TLE
A paired t-test was done to determine the difference in episodic
memory scores between patients with TLE and controls. Patients
were found to have significantly lower episodic memory scores
(M = 3.47, SD = 0.49, p ≤ 0.001) than controls (M = 4.10,
SD = 0.37) (Figure 1). The mean difference in episodic memory
score between the patients and controls were −0.64, with a
95% CI ranging from −0.89 to −0.38. The calculated Cohens
d was found to be 1.13, indicating a large effect size. Post-hoc
power analysis yielded a power of 0.9. Results are summarized
in Table 2.

Reduced Connectivity in the Right
Parietofrontal Network in Newly Diagnosed
TLE Patients Compared With Controls
A one-way between-groups MANOVA was performed to assess
differences between patients and controls on the dependent
variables left and right parietofrontal connectivity. There was

no difference between the epilepsy and the control group
on the combined dependent variables [F (2, 39) = 2,41, p
= 0.10; Wilks’ Lamda = 0.89; partial eta-squared = 0.11],
indicating that there is no statistically significant difference
between the TLE and the control groups on the combined
dependent variables. When inspecting the results for each
of the dependent variables, we observed a significant effect
of right parietofrontal connectivity {F (1, 40) = 4.93, p =

0.03, 95% CI [−0.11; −0.005], partial eta-squared = 0.11}.
Further inspection of the mean showed patients to have
reduced right parietofrontal connectivity (M = 0.11, SD = 0.08)
compared with controls (M = 0.17, SD = 0.09) (Figure 2).
The partial eta-squared statistic (0.11) yielded a small effect
size. There were no differences between patients and controls
on left parietotemporal connectivity measurements. Results are
summarized in Table 3.

Differences in Parietofrontal Connectivity
Between Left and Right Hemisphere in
Newly Diagnosed Patients With TLE vs.
Controls
A paired t-test was conducted to determine the difference in
effective connectivity between the left and right hemispheres (i.e.,
hemispheric connectivity asymmetry) in patients and controls.
There was a statistically significant difference between effective
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TABLE 2 | Difference between TLE and controls on episodic memory, and

between left and right parietofrontal connectivity in patients with TLE.

95% confidence

interval

t df Mean of P-value Lower Upper

differences

Episodic −5.18 20 −0.64 <0.001** −0.89 −0.38

Connectivity −2.93 20 −0.11 0.008* −0.19 −0.03

*p < 0.05, **p < 0.001.

connectivity in the right hemisphere (M = 0.11, SD = 0.08)
compared with the left hemisphere [M = 0.23, SD = 0.13,
t (20) = −2.93, p = 0.008] in patients. Inspection of the
means shows patients to have stronger connectivity in the left
hemisphere (Figure 2). The mean difference of connectivity
between the left and right hemispheres of the patient group
was 0.1121 with a 95% CI ranging from −0.19 to −0.03.
Cohens d was calculated to be 0.640, indicating a medium
effect size. Post-hoc power analysis revealed the power of the
analysis to be 0.9. The controls also showed stronger connectivity
in the left relative to the right hemisphere, although this
effect was not significant (Figure 2). In summary, controls
were observed to have higher connectivity than patients in
the right parietofrontal network, whereas patients have higher
connectivity in the left parietofrontal network. Furthermore,
the difference in connectivity strength between the left and
right parietofrontal networks is significantly larger among
patients with TLE.

Association Between Episodic Memory
and Effective Connectivity
A Pearson product-moment correlation coefficient was
calculated to explore the relationship between effective
connectivity and episodic memory. We did not observe
any linear relationships between episodic memory and left/right
parietofrontal connectivity in patients with TLE. We did observe
a statistically significant negative correlation between episodic
memory scores and left parietofrontal connectivity in controls
(r =−0.445, N = 21, p= 0.043) (Figure 3).

DISCUSSION

We observed a significant reduction in the episodic memory
function in patients that were newly diagnosed with TLE. Patients
with TLE were also observed to have decreased connectivity in
their right parietofrontal network compared with controls, and
they also had different symmetry in parietofrontal hemispheric
connectivity from that observed in controls. There was no
apparent relationship between episodicmemory and connectivity
measurements. Findings and interpretability are discussed in
detail later.

Effective Connectivity Changes in the
Parietofrontal Network in Newly Diagnosed
TLE
The results support the general notion that TLE is accompanied
by alterations in the connectivity of the parietofrontal network,
even in nonlesional newly diagnosed TLE. Specifically, we found
that the patient group had reduced effective connectivity in the
right parietofrontal channels relative to the controls (Figure 2).
These findings are in agreement with the previous studies that
have also found decreased connectivity in some parietal and
DMN regions in patients with MTLE (6–8, 40). Also in line
with our findings, reduced connectivity to the frontal areas has
been reported in patients with MTLE (41, 42). To date, there
exists no good explanation for these findings. One may speculate
that it could be because of the structural degeneration caused
by TLE that has spread to regions structurally connected to
the MTLs—such as the parietal and frontal regions. Another
possibility is that such changes reflect a secondary propagation
network (3, 6, 41, 43).

A study by Zhang et al. (44) observed decreased connectivity
in both ipsi- and contralateral DMN areas, such as the
MTLs, inferior temporal cortex, and medial PFC, among
patients with chronic TLE. They suggest that ipsilateral network
alterations reflect impairment due to lesions caused by repetitive
seizures, while decreased contralateral connectivity is caused
by widespread functional impairment. Hence, it has been
demonstrated that a focal lesion at a specific network node can

lead to extensive changes in the remaining DMN. Several studies
have found that epilepsy might lead to a decrease in connectivity

over time (6, 8, 40, 44). If this is true, it is possible that the
full detrimental effects of epilepsy have not set in with this

study cohort. However, the question of whether TLE (or other

epilepsy forms) have to be seen as progressive disorders does
not yet yield any clear-cut answers, and researchers have found

evidence both for and against time-dependent deterioration of
brain networks (45).

The finding that patients exhibited differences between left

and right connectivity patterns leads us to speculate that the
effects of TLE has spread from the MTLs to the parietofrontal

network. It is thinkable that stronger functional integrity makes

the left hemisphere more resistant to damage, and thus, we only
observed reduced connectivity in the right hemisphere (46). Even

more likely, it is possible that seizure lateralization influences
the observed connectivity alterations. It is well-established that
the MTL ipsilateral to the EZ suffers from the most extensive
damage (1, 4, 6, 8). Unfortunately, as our cohort consists of
patients with nonlesional TLE, we cannot ascertain the origin of
epileptic activity, and defining clinical signs of lateralization in
the very early stage of the disorder is not reliable enough to use
for further analyses. Therefore, this finding must be considered
observational and cannot be interpreted in the context of
focus lateralization.

Phenomenological Aspects of Episodic
Memory
The finding of reduced episodic memory is in accordance with
the previous studies, which have reported decreased episodic
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FIGURE 2 | Differences in left and right parietofrontal connectivity between patients and controls. Patients with TLE had significantly reduced connectivity in the right

hemisphere compared with controls. Furthermore, patients with TLE also had significantly reduced connectivity in their right hemisphere compared with their left. LC,

Left connectivity; RC, Right connectivity. *p < 0.05.

TABLE 3 | Differences between TLE and controls on connectivity

variables (MANOVAs).

Df Sum Sq Mean Sq F-Value P-Value

Left connectivity 1 <0.001 <0.001 0.16 0.69

Right connectivity 1 0.034 0.034 4.94 0.03*

*p < 0.05. Df, degrees of freedom; Sum Sq, sum of squares; Mean Sq, mean squares.

memory function in chronic TLE (47–50). As far as we know, no
other study has explored experiential aspects of episodic memory
functions in newly diagnosed patients with TLE. Importantly,
instead of only using list-learning tasks as measures of verbal
and visual episodic memory, this study aimed to measure
autobiographical episodic memory by assessing the subjective
memory experience of the participants. This study, therefore,
finds evidence that aspects of autobiographical episodic memory,
such as vividness, perceptual richness, and remembered details
are impaired in the newly diagnosed patients with TLE.

Episodic Memory as a Network
We hypothesized that the parietofrontal network is important
for episodic memory retrieval because it plays a crucial role
in the reconstruction process of personal memories. Based on
the existing literature [mostly functional MRI (fMRI) studies],

increased connectivity tends to be associated with increased
functionality—i.e., better performance on cognitive tests (5,
51, 52), whereas decreased connectivity is considered to be
caused by disruption of neural connections and associated with
cognitive decline (52, 53). However, per this study, we did not
find a significant association between episodic memory scores
and connectivity in patients, and only observed a significant
correlation between episodic memory and left parieto-frontal
connectivity in the controls. Here, we present some possible
causes for the findings of this study.

Although some studies using fMRI have found decreased
connectivity in patients with TLE (5, 8, 41), other studies using
EEG and magnetoencephalography have found the opposite
pattern (5, 6, 54). Such contrasting findings could be linked
to the different physiological underpinnings of each method.
Specifically, it is possible that epilepsy has led to hyperexcitable
links between structures, constituting the epileptogenic network.
Such epileptiform activity can contribute to a larger EEG
signal. Conversely, studies have found that excessive electrical
activity can lead to metabolic abnormalities both in the EZ and
strongly connected regions (55). Such metabolic abnormalities
will in turn lead to a weaker BOLD response, which will be
interpreted as decreased connectivity (5, 55, 56). This entails
that although increased connectivity as measured by fMRI is
commonly interpreted as enhanced functionality, this might not
hold true in EEGmeasures of epileptic patients. Rather, increased
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FIGURE 3 | Association between episodic memory and effective connectivity in the left parietofrontal in patients and controls. Note that the correlation was only

(barely) statistically significant for the controls (yellow line).

neuronal activity in epilepsy is likely to reflect pathological
malfunction, possibly representing an epileptogenic and/or a
seizure propagation network (54). It is also important to note
that although EEG and fMRI findings are not always contrasting,
comparative analyses should be interpreted with caution (2).

We cannot be certain that the theta band is optimal for
capturing the DMN, and there is a possibility that we would have
obtained different results if we had adopted another frequency
band. Previous studies have also found correlations between
DMN activity and theta- (57), alpha- (58–60), beta- (59, 60),
and gamma-power band (59, 61). More research is warranted
to better understand the association between BOLD signals and
neuronal activity in order to better map the electrophysiological
signals underlying DMN activation (58, 60, 62).

Another critical issue in connectivity studies is related to the
choice of the network to be measured. This concern may also be
raised in this study as others often related the DMN as a measure
for the episodic memory. By using EEG, we might have measured
other aspects of brain networks than what has been reported by
studies using fMRI. With this in mind, a direct comparison of
our results to findings from fMRI studies investigating the DMN
should be done cautiously.

Both EEG connectivity and episodic memory disturbances
point to TLE affecting the brain beyond the medial temporal
lobe area, supporting several findings from the last years
highlighting TLE as a network disorder (2, 4, 41, 44, 63–65).

The lack of a relationship between EEG connectivity and episodic
memory scores in patients was unexpected, but this topic needs
further investigation.

Limitations
Studying autobiographical episodic memory has the advantage
of including general, network-based functions, and might be
more relevant for clinical care. A potential shortcoming with
this method is that it depends on subjective ratings and may
thus reflect a bias in terms of disease attributions of the patients.
This method is being increasingly used in research on various
clinical populations, andmore studies are needed, also in the field
of epilepsy.

It is likely that seizure lateralization influences connectivity
networks in patients with TLE, also if they are newly diagnosed.
It is well established that the MTL ipsilateral to the EZ suffers
from the most extensive damage (4, 6, 8). Unfortunately, because
our patients are in the early stages of epilepsy, and video-EEG
recordings of seizures were unobtainable, it was not possible to
ascertain seizure lateralization in this study. Nonetheless, there is
a possibility that like the MTLs, connectivity in the parietofrontal
regions is affected differently depending on the lateralization of
the seizure focus.

A practical limitation of this study is that participants might
not have been resting entirely throughout the session. Studies
have shown that the most important consideration to ensure

Frontiers in Neurology | www.frontiersin.org 8 February 2022 | Volume 13 | Article 774532218

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Bakhtiari et al. Memory and Connectivity in TLE

DMN activity is a low-cognitive load (66). If reading or watching
a video constitutes a high-cognitive load for the participants, it
may have caused task-related activity and DMN deactivation.
Nevertheless, we chose to use the entire hour of the EEG
recording, and not only the 10min of closed eyes resting-state
measurement, because visual inspection of the 10-min data
revealed unrest and arousal in patients. This arousal stabilized
with increasing acquisition time. We, therefore, consider the
entire measurement to constitute a more robust measure than the
10 min alone.

At last, we want to mention our relatively small sample size
as a limitation. We hope that this study is able to contribute
as an explorative study on connectivity and episodic memory
alternations in TLE despite the small sample size, and hope it
will be repeated in the larger samples to better understand the
underlying phenomena.

CONCLUSION

In this study, we have observed alterations in both connectivity
and in episodic memory in patients with newly diagnosed
TLE. These two features, each one individually, support the
notion that TLE might affect extratemporal networks, and
that these features are already present in the early course
of epilepsy. Future studies may overcome technical and
methodological limitations and investigate whether there is
a progressive change in the connectivity patterns, memory
functions, and possible associations between these in TLE. A
better understanding of connectivity abnormalities may have
clinical implications and could serve as an effective diagnostic
tool for epilepsy in the future and might also aid in decision
making for personalized treatment strategies. Moreover, a better

understanding of the association between connectivity and
memory may shed light on the complex neuronal underpinnings
of episodic memory—a remarkable and distinctive capability
of human beings.
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Purpose: Hippocampal volumetry is an important biomarker to quantify atrophy in

patients with mesial temporal lobe epilepsy. We investigate the sensitivity of automated

segmentation methods to support radiological assessments of hippocampal sclerosis

(HS). Results from FreeSurfer and FSL-FIRST are contrasted to a deep learning

(DL)-based segmentation method.

Materials and Methods: We used T1-weighted MRI scans from 105 patients with

epilepsy and 354 healthy controls. FreeSurfer, FSL, and a DL-based method were

applied for brain anatomy segmentation. We calculated effect sizes (Cohen’s d) between

left/right HS and healthy controls based on the asymmetry of hippocampal volumes.

Additionally, we derived 14 shape features from the segmentations and determined the

most discriminating feature to identify patients with hippocampal sclerosis by a support

vector machine (SVM).

Results: Deep learning-based segmentation of the hippocampus was the most

sensitive to detecting HS. The effect sizes of the volume asymmetries were larger

with the DL-based segmentations (HS left d= −4.2, right = 4.2) than with FreeSurfer

(left= −3.1, right = 3.7) and FSL (left= −2.3, right = 2.5). For the classification based

on the shape features, the surface-to-volume ratio was identified as the most important

feature. Its absolute asymmetry yielded a higher area under the curve (AUC) for the deep

learning-based segmentation (AUC = 0.87) than for FreeSurfer (0.85) and FSL (0.78)

to dichotomize HS from other epilepsy cases. The robustness estimated from repeated

scans was statistically significantly higher with DL than all other methods.

Conclusion: Our findings suggest that deep learning-based segmentation methods

yield a higher sensitivity to quantify hippocampal sclerosis than atlas-based methods

and derived shape features are more robust. We propose an increased asymmetry in the

surface-to-volume ratio of the hippocampus as an easy-to-interpret quantitative imaging

biomarker for HS.

Keywords: hippocampal sclerosis, epilepsy, MRI, segmentation, deep learning, brain morphometry, hippocampus
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1. INTRODUCTION

Magnetic resonance imaging (MRI) is the key element
in diagnosing structural lesions in epilepsy (1). High-
resolution MRI, preferably with 3 Tesla (3T) including
three-dimensional non-contrast T1-weighted (T1w) imaging
suitable for automated postprocessing, is part of today’s
protocol recommendations (2, 3). In mesial temporal lobe
epilepsy (mTLE), hippocampal sclerosis (HS) is the most
common pathology (4). Its characteristic neuronal loss and
gliosis manifesting as volume loss and increased T2 signal
intensities (5) make MRI an essential clinical tool for the
differential diagnosis in TLE. While HS in advanced stages is
usually reliably identified in epilepsy specific MRI by experts (6),
the challenge remains putative in non-lesional (MRI negative)
patients in an early stage (7). Quantitative hippocampal
volumetry is already recommended for patients with TLE,
who were considered for epilepsy surgery (8). For clinical
assessment, manual segmentations are recommended (9), a
labor-intensive task requiring specific training to achieve good
inter-rater agreement (10).

In this study, we selected two of the most frequently
used freely available morphometry tools (11) to segment deep
gray matter structures, FreeSurfer (FS) (12, 13) including
segmentation of hippocampal subfields (FS-SF) (14) and FSL-
FIRST (15), and contrasted the results to a deep learning (DL)-
based segmentation (16).

Deep learning-basedmethods have been shown to outperform
atlas-based methods for neuroanatomy segmentation (17–
20). Convolutional neural network (CNN) architectures
have also been successfully used specifically to segment the
hippocampus (21–24).

In the largest morphometry study on epilepsy to date by
the ENIGMA-Epilepsy group (25), volume loss of the ipsilateral
hippocampus was the most pronounced effect in lesional
patients with TLE (26, 27). Inter-hemispheric asymmetries of
brain structures are not correlated to age in healthy conditions,
i.e., are usually small and remain stable across large age
ranges (28), making it an ideal metric to compare an individual’s
estimate against normative data (29).

Rather than comparing with a ground truth expert
segmentation, the present study aimed to examine the
impact of the segmentation method on the end result of
a clinically motivated question, in this case, quantifying
hippocampal sclerosis in patients with epilepsy. With recent
progress in applying DL-based methods in medical imaging, we
hypothesized that DLwould providemore accurate segmentation
of the hippocampi than atlas-based methods and consequently

lead to improved discrimination of HS.
The experiments in this study were structured as follows:

we processed T1w-MRI from healthy controls and patients

with epilepsy with all four investigated methods (FS, FS-
SF, FSL, and DL) using their recommended default settings.
Subsequently derived measures of the hippocampal shape and
volume were calculated identically from the binary segmentation
of the respective method. First, we compared the impact of
the segmentation method on hippocampal volumetry. Next, we

identified the most important shape feature of the hippocampus
using a machine-learning classifier and subsequently examined
this feature for its ability to support the radiological assessment of
HS. The reliabilities of the measures were assessed using repeated
scans. Finally, we propose this metric as an imaging biomarker
for HS along with a quantitative report to communicate the result
of an individual assessment (30).

2. MATERIALS AND METHODS

2.1. Dataset for Evaluation
For the evaluation, we used previously acquired data
comprising healthy controls and patients with epilepsy.
Included high-resolution T1-weighted MR images were
acquired at the Bern University Hospital (Inselspital) on
3T scanners from Siemens (Magnetom Trio and Verio,
Siemens, Erlangen, Germany) with 1 mm isotropic resolution.
MR protocols were either MDEFT (31), standard 3D MP-
RAGE (32), MP-RAGE according to the recommendations
of the Alzheimer’s Disease Neuroimaging Initiative (33),
or MP-RAGE optimized for gray-white contrast (34) with
sequence parameters as listed in the Supplementary Material.
More than one scan was available for some subjects,
resulting in a total of 126 MRIs from 105 patients and 406
MRIs from 354 healthy controls, as listed in Table 1 and
Supplementary Table S1.

The assignment of the patients’ MRI to the epilepsy sub-
group is based on information extracted from the radiological
report of the examination (i.e., corresponds to the assessment of
the neuroradiologist with the clinical and imaging information
available at that time point). In particular, the initial assessment
of whether HS is present was based entirely on the radiological
finding. Patients without reported HS (IGE/unknown, TLE
HS negative) are referred to as the “all-other-epilepsies” sub-
group in the text. Where available, additional clinical and
radiological information from follow-up examinations was
used for a separate outlier review (cf. Section 2.5). The age
of onset of the disease is known from 52 patients (with
67 MRI) with an average age of 18.4 (±14.7) years and
a duration of the disease at the time of the MRI of 17.7
(±14.9) years.

2.2. MRI Processing
2.2.1. FreeSurfer (FS)/Hippocampal Subfields (FS-SF)
The structural MRI were processed with FreeSurfer 6.0 (13)
including segmentation of the hippocampal subfields (SF) using
the recon_all pipeline with default parameters.

FreeSurfer extracts variousmorphometrics of both subcortical
and cortical structures. Segmentation is performed using
an anatomical atlas and Markov Random Fields (MRF) to
incorporate relative spatial priors between anatomical structures
and neighboring labels (12). Cortical measures are calculated
on a reconstructed surface of the cortex (35). An additional
module is dedicated to segment hippocampal subfields (FS-
SF) using a statistical atlas built from ultra-high resolution ex-
vivo data (14). While FS-SF internally upsamples data to a
0.3 mm resolution, our analysis was based on the results in the
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TABLE 1 | Demographic information for the cohorts.

Group # MRI (# Subjects) Mean age in years (range) %Female

Healthy Controls 406 (354) 32.3 (6.1-84.0) 57.1%

Epilepsy 126 (105) 34.7 (11.7-68.2) 52.4%

IGE/Unknown 57 (50) 32.1 (15.4-65.0) 50.9%

TLE 69 (55) 36.9 (11.7-68.2) 53.6%

HS negative 29 (24) 31.6 (12.8-57.3) 48.3%

Hippocampal Sclerosis (HS) 40 (31) 40.7 (11.7-68.2) 57.5%

Left 18 (13) 44.9 (18.5-68.2) 55.6%

Right 19 (17) 38.3 (11.7-67.9) 68.4%

Bilateral 3 (1) 31.1 (30.8-31.3) 0.0%

Indented groups show a subset of parent line. Statistics for age and sex are calculated over the MRI samples at the time of acquisition. Corresponding information on a subject level

can be found in Supplementary Table S1. IGE, idiopathic generalized epilepsy; TLE, temporal lobe epilepsy.

original 1 mm resolution to allow direct comparisons with the
other methods.

2.2.2. FSL-First
Segmentation of subcortical structures was generated with
FSL-FIRST (15) using the fsl_anat pipeline. FIRST
is available as a module distributed with FSL (36) and
incorporates probability relationships between shapes and
intensities using an Active Shape and Appearance Models
in a Bayesian framework. For each subcortical structure,
a number of modes of variation constrain the model,
with a higher number possibly capturing more details
at the cost of lower robustness. Default settings of the
pipeline were used which corresponds to 30 modes for the
hippocampus (15).

2.2.3. DL-Based Segmentation
Deep learning-based segmentations were derived using
DL+DiReCT (16). The tool is publicly available (https://github.
com/SCAN-NRAD/DL-DiReCT) together with two models
trained using a mixture of public datasets and internal data
from previous studies including patients with epilepsy (as
detailed in Section 2.1 of (16)) and auxiliary labels generated
with FreeSurfer 6.0. Some of the MRIs in the training data were
also used in the current evaluation (200 healthy controls and 60
patients with epilepsy). Therefore, to enable the reuse of these
images in the current evaluation, segmentation for these images
were generated using the corresponding model that has not seen
these images during training.

2.3. Quantitative Analysis
The segmentation of the hippocampi from the four investigated
methods (FS, FS-SF, FSL, and DL) were analyzed in various
steps, individually per hemisphere and using the asymmetry
between the hemispheres. Asymmetry indices (AI) (28) between
the left (lh) and right hemisphere (rh) were calculated as
follows:

AI(lh, rh) =
lh− rh

lh+ rh
(1)

This quantity is zero for completely symmetric hippocampi and
ranges between+1 and−1 otherwise.

Hippocampal volumes corrected for brain size and age were
calculated for each method by fitting a linear model (lm)
to the volumes of the healthy controls with the normalized
(zero-mean, unit SD) co-variates estimated total intracranial
volume (eTIV (37) from FreeSurfer) and age. In agreement
with the literature (38, 39), the initially included co-variate sex
was not significantly related to volumes and was subsequently
removed from the model. The resulting lm(vol ∼ eTIV +

age) was then applied to all subjects. We then calculated effect
sizes between healthy controls and left/right-sided HS for the
corrected volumes.

Besides the hippocampal volumes, further metrics were
extracted from the binary segmentation using pyradiomics (40),
resulting in 14 shape features. Internally, pyradiomics
calculated these features on a triangulated mesh generated
using marching cubes (41). To identify the most important
feature for further analysis, these shape features served as
input to train a support vector machine (SVM) (42) to classify
HS vs. all-other-epilepsies. A linear SVM (43) with default
hyperparameters was trained using 5-fold cross-validation
and 20 repeats. The samples were stratified by patients to
ensure all MRIs from the same subject were in the same fold.
Relative feature importance was aggregated across all runs
to determine a feature ranking. Subsequent experiments
were performed using the volume and the best-ranked
shape feature.

An estimation of the discriminative power of these two
metrics was determined by means of the area under the curve
(AUC). Using the absolute AI to distinguish between HS (n= 37)
and all-other-epilepsies (n = 86), AUC were calculated from an
ROC curve (44).

Finally, we used a quantitative report as outlined in Figure 1

to display the ratios of both hippocampi simultaneously.
Exact symmetries would appear along the diagonal line.
Standard deviations (SD) of the asymmetry indices (AI) in
the healthy controls (n=406) were calculated to demarcate
limits of two and three SD from the expected norm.
Based on these limits, accuracy metrics (sensitivity, specificity,
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FIGURE 1 | Proposed reporting for the suggested hippocampal sclerosis (HS) biomarker by plotting the surface-to-volume ratio of both hippocampi in one datapoint.

Healthy controls (HC) serve as normative data with left and right-sided HS predominantly appearing outside the limits. The highlighted case with an atrophic

hippocampus on the lateral side is of a left-sided HS (appearing on the right side of the rendering in radiological orientation).

and F1-score) were determined for classifying unilateral HS
vs. all-other-epilepsies.

Statistical analyses were performed using R with the stats
package version 3.6.2 (45). Effect sizes were reported using
Cohen’s d (46). A significance level of α = 0.05 was set.

2.4. Robustness
To assess the robustness of the methods, we have used the
same-day repeated scans in the dataset and determined a
reproducibility error. For each metric m, we calculated the mean
absolute percentage error (MAPE) as follows:

MAPE =
100

N

N
∑

i=1





1

n(i)

n(i)
∑

t=1

|m(i,t) − µ(i)|

µ(i)



 (2)

whereN is the number of sessions with re-scans, n(i) the number
of re-scans in the session i for a subject, m(i,t) the measurement

at timepoint t, and µ(i) = 1
n(i)

∑n(i)
t=1m(i,t) the within-session

mean. A session comprises the scans acquired on the same day for
the patients and all scans within 1 year for the healthy controls,
resulting in 41 sessions. Statistical significance of the differences
between the four methods was determined using paired t-tests.

Additionally, we have calculated intraclass correlation
coefficients (ICC) with the first two MRIs from every session.
The random effects of repeated acquisitions are reflected in a two-
way random-effect model with an absolute agreement, also known
as ICC(2, 1) (47, 48), implemented in the R-package irr (49).

2.5. Outlier Review
As outlined above (Section 2.1), the patients’ MRIs were initially
assigned to epilepsy sub-groups entirely based on information
from the radiological report of the corresponding image.
Therefore, we performed an additional sensitivity analysis. An
experienced radiologist (co-author PR) reviewed all ‘wrongly’
classified cases, i.e., putative false negatives (HS appearing inside
the limits of 3 SD relative to healthy controls) and false positives
(all-other-epilepsies appearing outside the limits). For the review,
all available clinical information was taken into account including
patient history, follow-up assessments by epileptologists, further
diagnostics like EEG, additional MRI examinations, and all
medical reports. Results after correcting the assigned sub-groups
are reported separately.

2.6. Comparison to Other DL-Based
Methods and Manual Tracing
In a supplementary subanalysis, we compared the results
from DL+DiReCT to two other DL based segmentation
methods: the whole-brain neuroanatomy segmentation method
FastSurfer (19)1 and HippoDeep (21)2, which specifically
segments the hippocampi only.

Additionally, we report surface-to-volume ratios derived from
the manual tracing of the hippocampi by experts as provided in
the OASIS TRT-20 dataset (50, 51) of twenty healthy individuals.

1https://github.com/Deep-MI/FastSurfer
2https://github.com/bthyreau/hippodeep_pytorch
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3. RESULTS

3.1. Hippocampal Volumetry
Effect sizes of hippocamal volumes (after correction for brain
size and age) between healthy controls and HS were larger
for DL (left hippocampus = −2.968, right= −1.904) than
for FS (left= −2.462, right= −1.624), FS-SF (left= −2.376,
right= −1.661), and FSL (left= −2.818, right= −1.826) with
detailed distributions reported in Supplementary Figures S1,S2.
The asymmetry index (AI) of the volumes (uncorrected as the
contralateral side serves as internal reference for everyMRI) were
generally more sensitive, again with the effect sizes for DL being
larger (HS left=−4.165, right= 4.203) than for FS (left=−3.085,
right= 3.695), FS-SF (left= −3.697, right = 4.080), and FSL
(left= −2.301, right = 2.544) as shown in Figure 2. In healthy
controls, a statistically significant (p < 10−5) negative mean
AI was observed from all four methods (FS= −0.010, FS-SF=
−0.008, FSL= −0.011, and DL = −0.007), indicating a slightly
larger right hippocampal volume.

A qualitative example of a patient with left-sided HS is shown
in Figure 3 with automated segmentation of the hippocampi and
ventricles outlined (as shown in Supplementary Figure S3 for
additional examples). Qualitatively inspecting the results, mis-
segmentation by the atlas-based methods was most frequently
observed on the lateral side of the body of atrophic hippocampi.

3.2. Surface-to-Volume Ratio
The surface-to-volume ratio was identified by the SVM as the
most important shape feature from the DL-based segmentation
(Supplementary Figure S5).

By plotting the left vs. the right surface-to-volume ratios
in Figure 4, we can observe the healthy controls and all-
other-epilepsies clustering along the diagonal while left-sided
HS appear on the lower right triangle, right-sided HS on the
upper left, and the bilateral cases toward the upper right corner,
indicating that in contrast to the volume, the surface-to-volume
ratio increases in the presence of HS.

FIGURE 2 | Boxplot of the asymmetry indices (AI) of hippocampus volumes derived from the four segmentation methods. Effect sizes indicate difference between

healthy controls (HC), and left/right-sided HS.
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FIGURE 3 | Qualitative example of a case with left HS. Images are in radiological orientation, i.e., the left (L) hemisphere appears on the right side of the image.

Boundaries of the segmentation are outlined for the hippocampi (yellow) and ventricles/CSF (purple). Coronal view of the hippocampal body and sagittally of the left

hippocampus. While FS correctly identified fluid-filled cavities at the tail and head of the hippocampus, this was only fully captured by deep learning (DL) along the

entire body of the hippocampus. The example corresponds to the case highlighted in Figure 1.

We have observed a symmetric ratio in the healthy controls
only from the DL-based segmentations (p = 0.24, two-sided t-
test for asymmetry), whereas the other three methods had either
a significantly (p < 10−8) positive (FS, FSL) or negative (FS-
SF) ratio. Separation of point clouds (Figure 4) and effect sizes
between healthy controls and HS, as reported in Figure 5, were
generally larger for DL than the other three methods.

When classifying MRIs using 3 SD of AI on the healthy
controls as a threshold, DL reached the highest accuracy in
terms of F1-score (Supplementary Table S2) both for the volume
(F1 = 70.0) and for the surface-to-volume ratio (F1 = 71.2)
which is consistent with the highest AUC observed (Figure 6) for
the DL-based segmentation.

3.3. Robustness
A comparison of the robustness evaluation from the re-scan
sessions (n = 41) is listed in Table 2. The surface-to-volume
ratio derived by the DL-based segmentation was statistically
significantly more robust (lower MAPE) than the other three
methods (Supplementary Figure S8). For the volume, only FSL
was comparably robust to DL. For FS and DL, reproducibility
by means of ICC was generally higher for the surface-to-volume
ratio than for the volume.

3.4. Outlier Review
When classifying MRIs like described above with the DL-
based method, 21 cases (16.7% of all MRI, from 17 patients)

were putative false negatives or false positives in relation
to the initial radiological assessment serving as ground
truth. MRIs stemming from the same patient (7 MRIs
from three patients, as shown in Supplementary Table S3)
appeared in close vicinity in the quantitative report
(Supplementary Figure S6). After reviewing all medical
records by an expert, this diagnosis was confirmed in 8 of these
17 patients. However, the other nine patients were classified
differently after considering all follow-up clinical information.
These outliers are listed in Supplementary Table S3 and
highlighted in Supplementary Figure S6 and the resulting
plot with the corrections is shown in (Figure 1). AUC for
the classification with the adjusted classes was accordingly
higher (see Supplementary Figure S7), while only minimally
disturbing the order of the effect sizes.

3.5. Comparison to Other DL-Based
Methods and Manual Tracing
The supplementary comparison of results from three different
DL-based methods can be found in Supplementary Section 6.
In the surface-to-volume plots (Supplementary Figure S9),
the healthy individuals from the OASIS dataset cluster
around the healthy controls for the DL-based methods
whereas the ratios are significantly higher from the
manual tracing.
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FIGURE 4 | Plots displaying surface-to-volume ratio of left (x-axis) and right (y-axis) hippocampi derived from the four segmentation methods. Healthy controls (HC),

hippocampal sclerosis (bilateral/left/right), and all-other-epilepsies (EPI Other) are color-coded. Limits showing two and three standard deviations (SD) calculated on

the HC.

4. DISCUSSION

In this study, we compared a DL-based neuroanatomy
segmentation method to three established and commonly
used atlas-based methods. Specifically focusing on
the hippocampus, we assessed how the quality of the
segmentation impacts metrics used to quantify HS in
patients with epilepsy. Shape features derived from the
segmentation were examined for their discriminative power
and reliability.

FreeSurfer has been reported to be more accurate than
FSL-FIRST compared to manual segmentation of the

hippocampus (9, 52, 53), consistent with our observations
of higher agreement among the other three methods
(Supplementary Figures S1,S2). Automated methods have
shown reduced accuracy in pathological cases (9, 54, 55)
as well as systematic bias in younger age groups (56) for
which cohort-specific atlases have been recommended (57).
However, hippocampal atrophy of patients with TLE might
be accompanied by atypical shape and positioning of the
hippocampus (58) which would require choosing from
disease-specific templates (59–61). In this study, we have
observed DL generating more plausible segmentation in
pathological cases, suggesting the superiority of learning-based
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FIGURE 5 | Boxplot of the asymmetry indices (AI) of hippocampus surface-to-volume ratios derived from the four segmentation methods. Effect sizes indicate

difference between healthy controls (HC), and left/right-sided hippocampal sclerosis.

FIGURE 6 | ROC-curves using the absolute asymmetry index (AI) to separate between HS and all-other-epilepsies.
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TABLE 2 | Robustness in terms of mean absolute percentage error (MAPE) and intraclass correlation coefficient (ICC).

MAPE ICC(2,1)

FS FS-SF FSL DL FS FS-SF FSL DL

Left hippocampus volume 2.957% 3.870% 1.749% 1.921% 0.867 0.782 0.931 0.918

Right hippocampus volume 3.435% 4.371% 2.802% 2.101% 0.796 0.696 0.844 0.882

Left hippocampus surface/volume 1.147% 1.893% 2.765% 0.663% 0.890 0.766 0.643 0.955

Right hippocampus surface/volume 1.025% 1.905% 2.554% 0.738% 0.927 0.722 0.750 0.941

Bold numbers highlight the lowest MAPE and highest ICC in every row.

methods possibly due to a large number of variable training
samples.

We observed that mis-segmentation of the atlas-based
methods were often on the lateral side along the body of
atrophic hippocampi (cf. Figure 3). We suspect this is due to
the lower prior probability of fluid-filled cavities in this region
as it was observed to a lesser extent toward the tail (closer to the
lateral ventricle) and head (inferior horn of lateral ventricle). In
particular, for FSL-FIRST, this might be caused by the relatively
low number of modes used in the default settings (9, 15).

All methods revealed a negative asymmetry index (AI) of
hippocampal volumes in the healthy controls, indicating a
slightly larger right hippocampus, which is a well-documented
observation in the literature, reported for FreeSurfer on a very
large cohort (mean AI of -0.007, identical to the result of
our method for a 40-fold smaller sample of controls) (28),
using manual tracing (62), and in a meta-analysis (63). This is
probably also the cause for the observed larger effect sizes of
HS-right (cf. Figure 4).

An often-cited limitation of supervised learning-based
methods is the sparsity of (manually) annotated training data.
Our results suggest that such a model can be trained entirely
with weak labels, which can be generated automatically in
large quantities using established tools like FreeSurfer (16, 64).
Interestingly, the predictions of such a trained model seem to be
at least as robust and potentially more sensitive than the method
used to generate the training data.

The sensitivity of detecting HS is significantly lower with
standard MRI than with epilepsy specific protocols, particularly
if performed by less experienced radiologists (6). Our DL-
based segmentation runs in about two minutes, including
radiomics, substantially faster than several hours of processing
time for FreeSurfer without surface reconstruction. The almost
immediate availability is an advantage for future applications
in clinical routine. The fast processing time would even allow
a preliminary analysis during scanning of the patient and
potentially suggesting further hippocampus-specific protocols in
case of (semi-automatic) detection of hippocampal abnormalities
while the patient is still in the scanner.

Hippocampal volumetry is the most common method to
quantify HS. However, volume loss can be subtle and does not
reflect other traits of a degenerating hippocampus. For example,
a frayed CA1 region might also broadly impact the surface
area, making the ratio of the two quantities a potentially more
specific measure. The ratio might also be helpful for bilateral
HS cases where the AI of surface-to-volume ratio seems to

be qualitatively more discriminative (cf. Figure 4) than from
volume (cf. Supplementary Figure S4). Overall the ratio was
slightly more discriminative (cf. Figure 6) and showed a higher
reproducibility across repeated scans (cf. ICC inTable 2) than the
volume alone.

Radiomics features have been suggested before for detecting
HS (65, 66), often by combining a plethora of different features,
which makes the interpretation difficult. In our experiments,
the surface-to-volume ratio was identified by an SVM classifier
as the most important metric out of 14 shape features.
Moreover, it is a feature that is immediately understandable
by non-technical personnel as it is a biologically plausible
metric for hippocampal sclerosis. Such an easy-to-interpret
quantitative imaging biomarker for HS could potentially increase
the acceptance and facilitate communication of findings with
clinicians. We proposed to report such a biomarker by plotting
the left against the right measures along with normative data
(cf. Figure 1) which has the advantage to make asymmetries
visible (deviations from the diagonal) as well as show the absolute
values in a single data point.

4.1. Limitations
As we consider manual segmentation not a viable option
for a potential future clinical application, the aim of the
study was designed to compare an efficient DL-based method
against commonly used atlas-basedmethods without comparison
against a manually derived ground truth. To account for
this limitation, we demonstrated the influence of manual
labels on the proposed surface-to-volume ratio with data from
Mindboggle (51), a frequently used publicly available dataset
withmanually annotated neuroanatomy labels. Althoughmanual
tracings are generally looking good on the coronal view, we
confirm the earlier observation of disturbing staircaise effects
by Coupé et al. (67) in the axial and sagittal view of manually
traced hippocampi (cf. Supplementary Figures S10,S11). This
demonstrates the difficulty of manual tracing and the challenge
for humans to label 3D structures in 2D views. A remedy
would require correcting tracings from all three directions
iteratively until complete consistency, which is difficult for the
hippocampus as tracing protocols for the hippocampus are
predominantly defined in the coronal direction (68). While these
slice inconsistencies probably have a less pronounced effect on
the calculated volumes due to averaging effects, the surface area
is particularly prone to such artifacts. Consequently, manual
tracing is not an option for this type of shape analysis.
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While the primary analysis aimed to compare DL vs. atlas-
based methods and not necessarily find the best DL-based
algorithm, we replicated key figures and metrics with two other
popular deep learning methods in a supplementary analysis.
Overall, the DL-based methods yielded comparable results,
outperforming atlas-based methods.

All segmentation methods were used with their default
settings (without hyperparameter tuning on the dataset),
recognizing this might have caused FSL-FIRST to underperform
in this comparison due to the low number of modes. Results from
all methods were used as is without manual corrections. The
dataset contained T1w images with minor variations in the MR
protocol which might influence the segmentations.

We have not performed an in-depth shape analysis of
the segmented hippocampi but rather used simple metrics to
demonstrate that an improved segmentation leads to better
discrimination of abnormal hippocampi. We speculate that
advanced shape analysis techniques (55, 69, 70) would benefit
from the improved DL-based segmentation.

A varying amount of information was available for assigning
the patients’ MRIs to the epilepsy sub-groups. Therefore, we
have deliberately used the initial radiological diagnosis as ground
truth for the primary analysis. To account for uncertainty in
the diagnosis, we performed an outlier review by an imaging
expert and reported these results separately. Some cases changed
diagnosis after reviewing all follow-up clinical information,
confirming the challenge of diagnosis HS fromMRI.

4.2. Outlook
In visual assessments of suspected HS, the T2w image contains
important additional information for the reader. It remains to
be investigated whether supplying the corresponding T2w as
an additional input to the model can help to further improve
the segmentation. Quantitative methods analyzing T2 or FLAIR
intensities in a region of interest (30, 71) might also benefit from
an improved segmentation of the hippocampi.

The data in this evaluation were predominantly of patients
with longer disease duration. We will subsequently apply the
method in a multi-center prospective study of first-seizure
patients (72) to assess its utility in early-onset epilepsies.
Providing the proposed metrics together with the MRI to
neuroradiologists could be useful in the clinical routine.

5. CONCLUSIONS

Our findings suggest that deep learning-based neuroanatomy
segmentations are more sensitive and robust than atlas-based
methods to support radiological assessments of HS in MRI of
patients with epilepsy. Beyond volumetry of the hippocampus,
the surface-to-volume ratio further increases the discriminative

power to dichotomize HS from other epilepsies while being a
more robust metric. It could serve as a potential quantitative
imaging biomarker of interest for HS.
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Deep Brain Stimulation for
Refractory Temporal Lobe Epilepsy.
Current Status and Future Trends
Francisco Velasco, Pablo E. Saucedo-Alvarado, Daruny Vazquez-Barron, David Trejo and

Ana Luisa Velasco*

Unit for Stereotactic and Functional Neurosurgery, Epilepsy Clinic, Mexico General Hospital “Dr. Eduardo Liceaga”, Mexico

City, Mexico

A comparative analysis of the targets for deep brain stimulation (DBS) to treat

refractory temporal lobe epilepsy and the rationale for its use is presented, with an

emphasis on the latency to obtain the significant antiepileptic effect and the long-term

seizure control. The analysis includes consideration of surgical techniques currently

used to optimize antiseizure effects and decrease surgical risks. Seizure control is

similar for programed DBS and DBS responsive to abnormal cortical or subcortical

electroencephalogram (EEG) activity. There is no difference in the long-term seizure

control between programmed and responsive and intermittent or continuous DBS.

However, intermittent programed DBS may have a significant antiseizure effect starting

in the first month when applied to a non-sclerotic tissue such as the parahippocampal

cortex. DBS induces no neuropsychological deterioration.

Keywords: deep brain stimulation, refractory mesial temporal lobe epilepsy, hippocampal sclerosis,

para-hippocampal cortex, subiculum, neuropsychological evaluation, GABAergic antiepileptic mechanisms

INTRODUCTION

The rationale for performing deep brain stimulation (DBS) as a treatment for refractory
seizures originating from the temporal lobe was provided by previous reports: subacute electrical
stimulation (SACS) through electrodes used to define the seizure onset zone (SOZ) decreased
the interictal spikes, increased threshold for post-discharges, and reduced the incidence of
occurring spontaneous seizures (1). SACS induced a profound decrease in the local cerebral blood
flow of the stimulated site evidenced by a single-photon emission computerized tomography
(SPECT) scan. Surgical specimens of patients subjected to SACS demonstrated an increase
in the expression of benzodiazepine receptors in the hippocampus and even more in the
parahippocampal cortex compared to specimens of patients with epilepsy that had not received
SACS (2). Also, gamma-aminobutyric (GABA) increased in the specimens subjected to SACS (3).
These observations suggested that DBS may have a significant GABA-mediated inhibitory effect
in the epileptogenesis of drug-resistant epilepsy (DRE). A series of patients subjected to long-
term DBS confirmed a significant antiepileptic impact when DBS was applied in the hippocampus
(H), particularly, in patients without evidence of hippocampal sclerosis by MRI (4, 5). The
conclusion of all these reports was that DBS represented an alternative to treat patients with
DRE originated in the medial temporal lobe, particularly those without hippocampal sclerosis
(HS), with seizures initiated in the dominant hemisphere for language and memory, or patients
with bilateral independent foci in whom resective surgery may induce cognitive deficits. For
patients with HS, sequential protocols were designed to study the antiepileptic effect of DBS
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in anatomical structures that have been reported related to the
genesis or propagation of interictal activity in temporal lobe
epilepsy (6–8).

STUDY DESIGN

This study is a retrospective analysis of the data collected from
three pilot studies of Temporal Lobe Drug-Resistant Epilepsy
(DRE) in patients with HS ipsilateral to the SOZ and treated
by DBS in the H (n = 4) (4), subiculum (S) (n = 6) (8),
and parahippocampal cortex (PHC) (n = 6) (9). The patients
enrolled had bilateral independent epileptic foci detected by
Stereo-electroencephalographic (SEEG) recordings, patients with
an epileptic focus in the dominant hemisphere with high risk
for ablative surgery for memory or speech deterioration, and
patients that decided for a less invasive surgical treatment. All
patients underwent protocol for epilepsy surgery that included
3–4 months of the baseline period, SEEG recordings for (SOZ)
localization, implantation of DBS systems, 3–8 months double-
blind (ON and OFF) stimulation periods, and 18 months
follow-up ON stimulation. A neuropsychological test battery was
applied before and at the end of the study.

BASELINE DATA

The baseline period included an accurate description of
seizure numbers of Focal Impaired Aware Seizures (FIAS) and
Focal Evolved to Bilateral Tonic-Clonic seizures (FBTC); EEG
confirming paroxysmal activity in the temporal leads; 1.5-T MRI
oriented along the hippocampal axis for axial and coronal views
confirming the presence of HS; neuropsychological evaluation,
including language dominance, through the use of the Spanish
version of the dichotic listening test, as well as a test battery to
evaluate attention and memory (NEUROPSI), validated for the
Spanish-speaking population (10).

ELECTRODE IMPLANTATION AND
STIMULATION PARAMETERS

On the day of surgery, MRI studies were fused to a CT scan
performed with a stereotactic frame in place (Z-D Leibinger,
Freiburg, Germany), and trajectories were planned to use the
3A Plus Praezis software (Heidelberg, Germany), aiming at
the targets (H, S, or PHC). Since the PHC was a larger
target to perform SEEG and subsequent DBS, the electrode
implantation for SEEG was guided by PET-CT scans, using the
18 Fluor-Flumazenil (18-FFMZ) as a radiotracer, where the area
with the lowest uptake represents the area where the highest
concentration of GABA (11). Anti-epileptic drugs (AEDs) were
taken OFF during SEEG for the localization of SOZ. For H
and S targets, SEEG was performed through intracranial tubular
octopolar electrodes (AD-TECH Medical, Racine WI, USA)
that were replaced by 3,387 Medtronic DBS electrodes after
SOZ localization. For the PHC, 3,391 Medtronic Inc. electrodes
(Minneapolis MN), with a center-to-center contact distance of
7.0mm, were used for both SEEG and DBS, decreasing the

number of interventions into a single intracranial procedure.
Electrodes were stereotactically placed along the major axis of the
hippocampus through occipital burr-holes (Figure 1). SOZ was
localized by recording at least 2 spontaneous seizures.

Bipolar stimulation was performed through contiguous
contacts in the area where SEEG had been localized,
having the more anterior contact(s) at the hippocampus-
amygdala junction, acting as cathode and the posterior
as the anode. Bilateral DBS was applied in cases where
SEEG had demonstrated bilateral independent SOZ.
Stimulation parameters were 130Hz, 450 µs pulse
amplitude, 2–3V, and cyclic 1-min ON and 4-min
OFF stimulation.

FOLLOW-UP

In the three groups, seizure data was obtained from the diaries
of seizure occurrence, describing seizure type and frequency,
starting 3–4 months before the surgical procedure (Baseline).
These diaries were used to report themonthly occurrence of FIAS
and FBTC. Focal Aware Seizures (FAS) were considered highly
subjective and often not correlated with EEG abnormalities. The
three groups maintained AEDs without modifications along with
the follow-up.

STATISTICAL ANALYSIS

All seizures were normalized to a median seizure percentage
depending on their baseline seizure frequency. We applied
a non-parametrical analysis; first, we used a Wilcoxon test
to compare the baseline median seizure percentage with
the months of the follow-up and a Mann-Whitney U-test
between groups.

RESULTS

Data from 16 patients were collected, 8 males and 8 females.
The patients’ ages ranged from 18 to 52 years (mean =

29.5, SD = 10.6 years). The baseline seizure median per
month was 11 (IQR = 9–33). All patients had HS on MRI
corresponding with the side of SOZ, 11 with unilateral HS (6
left, 5 right), five with bilateral HS. SEEG studies demonstrated
unilateral SOZ in 11 patients (6 right, 6 left) and bilateral
in 4 (Table 1).

SEIZURE OUTCOME

An insertional effect was the rule in the 3 groups of patients
studied from 1 to 2 months. In the PHC-DBS group, there was
a decrease in the number of seizures >50% since the first month
on DBS (p < 0.05), with a median of residual seizures of 20.37%
(IQR= 0–62.4%) that was maintained along with the follow-
up, except for the fifth month when one patient discontinued
AEDs and another presented febrile seizures associated with
pneumonia, to end up with a median of residual seizures of
12.04% (IQ = 0–44.5%) (p = 0.032). In contrast, S-DBS had
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FIGURE 1 | Percentage decrease of seizures from baseline along the 18th month follow-up of the 3 groups studied: Blue line H-DBS, Black line S-DBS and Red line

PHC-DBS. * Indicates the significance of seizure reduction p < 0.05 for PHC-DBS occurring since the first month on DBS.

TABLE 1 | Demography of cases of temporal lobe epilepsy and hippocampus sclerosis treated with deep brain stimulation (DBS) in the hippocampus (H), Subiculum (s),

and para-hippocampal cortex (PHC).

Age (years) Gender BL seizure

median

HS SOZ Follow-up

H-DBS (n = 4) 31; SD = ± 13.2 3M; 1 F 32; IQR = 23–62 L = 3; B = 1 L = 1; R = 2; B = 1 No DB

18mo H-DBS

S-DBS (n = 6) 26.7; SD = ± 8.9 4M; 2 F 5; IQR = 5–12 L = 2; R = 4 L = 3; R = 1; B = 2 DB: 6mo

18mo S-DBS

PHC-DBS (n = 6) 23; SD = ± 6 1M; 5F 8; IQR = 7–19 L = 1; R = 1; B = 4 L = 2; R = 2; B = 2 DB: 8mo

18mo PHC-DBS

HS, Hippocampal Sclerosis; SOZ, seizure onset zone; mo: months; F, Female; M, Male; H-DBS, hippocampal neuromodulation; S-DBS, subiculum neuromodulation; PHC-DBS,

parahippocampal neuromodulation; N, Sample; SD, Standard deviation; IQR, interquartile range; DB, Double-Blind; L, left; R, right; B, bilateral.

an increase of seizures after a month with an insertional effect
back to the Baseline (BL) level. The decrease ranged from 40 to

55% but did not reach significance. H-DBS had a progressive
decrease of seizure number with a 50% improvement at the

eighth month on stimulation (median = 64%, IQ = 42–72%)
and remained between 54 and 60% along the following months
(Figure 1). Median number of residual seizures at month 18

was 10% (IQR 0–38%) for PHC-DBS, 34.5% (IQR = 35–42.5%)
for H-DBS, and 55% (IQR = 35–134%) for S-DBS (Figure 1
and Table 2).

NEUROPSYCHOLOGICAL EVALUATION

All patients in the 3 groups had a suboptimal performance

in the NEUROPSI test battery in the preoperative, evaluating

memory, and executive functions; some were considerably
more deteriorated than others, probably secondary to seizure
occurrence and AEDs side effects, and HS. There were no

significant changes in the postoperative evaluation; however, all
tended to improve in functions related to the temporal lobe
(memory) and frontal lobe (executive), and some with better
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TABLE 2 | Comparative seizure outcome and complications of patients with hippocampal sclerosis treated by DBS in the H, S, PHC.

Type of seizure 6mo seizure reduction (%) 12mo seizure reduction (%) 18mo seizure reduction (%)

H-DBS (n = 4) FIAS+FBTC 30; IQR = 23–45 67; IQR = 49–77 66; IQR = 58–69

S-DBS (n = 6) FIAS+FBTC 46; IQR = −20–88 31; IQR = −17–52 45; IQR = −34–69

PHC-DBS (n = 6) FIAS+FBTC 90; IQR = 68–100 78; IQR = 41–100 90; IQR = 62–100

mo, month; H-DBS, hippocampal neuromodulation; S-DBS, subiculum neuromodulation; PHC-DBS, parahippocampal neuromodulation; N, Sample; FIAS, focal initiated seizures with

impaired awareness; FBTC, focal initiated seizures with bilateral tonic clonic seizures; IQR, interquartile range.

preoperative performance in the 3 groups evolved from mild
alteration level to normal level. This was accompanied for re-
integration from partial employment to full employment jobs in
3/6 patients and back to school in 1 for the S-DBS group: full
employment in 2 and back to school in 1 for the PHC-DBS group.

SURGICAL COMPLICATIONS

One patient had skin erosion and local infection on the site
of the Internal Pulse Generator (IPG) and was eliminated and
replaced in the protocol. One patient with PHC-DBS reported
intermittent paresthesia on the territory of the V2 trigeminal
branch when the pulse amplitude was above 3.0V, probably by
the current spreading to the trigeminal fossae, which limited
DBS programing.

DISCUSSION

We considered this a pilot study to determine the status of DBS
in the temporal lobe structures for the treatment of temporal lobe
seizures and explore future trends for improving the safety and
efficacy of the procedure. The main drawback of this report is
the reduced number of patients studied. In the present analysis,
focal “seizures” without impaired awareness (FAS) were not
considered in the seizure count since they are highly subjective.
Some patients with increment in FAS had extended EEG
recordings that disclosed no electroencephalographic correlation
between FAS and EEG abnormalities. Besides, most publications
on DBS for the treatment of temporal lobe seizures report only
incapacitating FIAS and FBTC seizures (12, 13, 15–17, 19, 21).

1. The targets. From the reports of responsive stimulation
for treating mesial temporal lobe seizures (21), we learned that
electrodes out of the hippocampus might induce the same seizure
control in patients with mesial temporal lobe seizures. Reports
on programed DBS confirmed that some of the active contacts
out of the hippocampus effectively controlled seizures; moreover,
those active contacts within 3mm from the subiculum induced
better anticonvulsive control (8). Our experience is that S-
DBS induces only a modest seizure control and represents a
difficult stereotactic target because of its discrete size and location
closer to blood vessels in the Sylvan fissure (9). Regarding
the observations that SACS (1) and H-DBS (4) induced better
antiepileptic effect and decrease of Interictal EEG spikes in those
patients without evidence of mesial temporal lobe sclerosis and
better preservation of hippocampal neuronal content in the
surgical specimens (3, 4), larger series with extended follow-up

FIGURE 2 | Diagram of a coronal section of the temporal lobe that illustrates

the size and location of the studied targets: in blue the hippocampus including

dentate gyrus (DG) and Ammon fields C1–C3; subiculum (S);

para-hippocampal cortex (PH). Notice the Hippocampus (DG+ CA1-3) and

Subiculum (S) are smaller and closer to the Sylvian vessels.

periods reported no the difference in seizure outcome for patients
with or without HS (16, 17), although not comparing the time
when a significant decrease in seizures occurred after the onset
of DBS therapy in those patients. Under the assumption that
hippocampal sclerosis could retard and decrease the DBS anti-
seizure effect, we carried out the protocol of PHC-DBS, which
is anatomically closed related to the H, in cases with severe HS
and found that significant seizure control occurred since the first
month of ON stimulation in all patients, which persisted along
the 18 months of follow-up. Figure 2 illustrates the target’s size
and location of the H, S, and PHC in the temporal lobe; we
can appreciate that the size of PHC and location away from
vascular structures represent an easier and safer surgical target to
approach. One may argue that PHC is larger and, therefore, more
difficult to determine the precise location of SOZ for electrodes’
implantation; in this regard, the use of preoperative PET studies
using a specific radiopharmaceutical tracer for GABA (18-FMZ),
quantitative evaluation of its lowest uptake is highly sensitive to
locate SOZ in the PHC (11).

2. Stimulation Mode: Responsive or Programed?
Table 3 summarizes the reports on long-term programmed
neurostimulation, and we could see around the 100 patients
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implanted with DBS systems in the hippocampus, stimulated
with similar parameters (130Hz, 300–450 µs, 1.0–3.5V) and
followed for a mean period of 42.3 months (3.94 Years), 82%
had a seizure decrease >50%, 16% remained seizure-free,
and 6% were considered non-responders (40%). The largest
series of patients with temporal lobe epilepsy reported 111
cases of responsive stimulation delivered through intracerebral
electrodes or subdural strips and followed for 6.1 ± 2.2 years,
that had a seizure improvement of 70% with 15% seizure-free for
periods of one or more years; there is no information on patients
considered non-responders (21). Therefore, there is no evidence
of the superiority of responsive vs. programmed stimulation;
moreover, the responsive stimulation report considers the onset
of quantitative evaluation of seizure outcome starting 2 years
after the onset of therapy. Taking into account that this report
on temporal lobe epilepsy treated by responsive stimulation
is taken from a larger series of 191 cases treating SOZ in
different locations in which during a double-blind period of 7
months, the initial seizure outcome for the stimulated group was
37.9% decrease vs. 17.3% in the sham group (22), responsive
stimulation may take several months or years to reach the 70%
reduction in seizure occurrence.

3. Continuous vs. intermittent programmed stimulation.
Intermittent programmed stimulation (1min ON-4min OFF).
was initially intended to save battery charge in the years of non-
rechargeable DBS systems (23); when the battery charge finally
depleted, after an average of 5 years, the antiepileptic effect
persisted for months to years (24). We suspected the intermittent
programmed stimulation had created a sort of inhibitory kindling
effect in the stimulated structure described as GABA mediated
in the surgical specimens of SACS patients in temporal lobe
seizures (2, 3). With the arrival of rechargeable DBS systems,
the intermittent programed DBS became unnecessary; however,
responsive stimulation may be considered a form of intermittent
non-programmed stimulation that takes more time to be as
effective as the programed one.

4. Neuropsychological consequences of DBS therapy. Reports
on DBS that studied possible cognitive consequences have
documented no deterioration in cognitive functions, particularly
memory and attention processes. We found that both functions
tend to improve with DBS in H, S, and even more in PHC,
with some patients changing from mild dysfunction to normal
range. In a quantitative analysis of EEG interictal spikes after

8 months on PHC-DBS, a significant decrease in interictal spikes
was found in both frontal and temporal regions even in cases
of unilateral DBS, which may indicate suppression of bilateral
synchronous discharges as a mechanism of improvement of
cognitive functions (20).

5. DBS vs. temporal lobectomy. DBS has been considered a
palliative therapy to treat refractory mesial temporal lobe seizures
and indicated in cases with bilateral independent SOZ or cases
without sclerotic hippocampus (HS) in which resection therapy
may have serious cognitive consequences (25), although memory
deficits have also been described after unilateral temporal
lobectomy (26). DBS may be also an alternative for cases with
SOZ in the middle and posterior hippocampus. Since DBS has
not reached the level of seizure control as a resective surgery,
the analysis of those cases that became seizure-free is mandatory
to expand indications for this less invasive surgery. Other
indications are a high surgical risk for comorbidities that, in our
experience, derived from the toxic effect of AEDs and a personal
decision of undertaking a less invasive procedure.

CONCLUSIONS

Deep brain stimulation (DBS) is a procedure that significantly
reduces seizure occurrence and might even result in a seizure-
free state. Programmed intermittent stimulation acts faster
and has the same rate of improvement that responsive
stimulation. They are not cognitive consequences for
unilateral or bilateral DBS. Using recording-stimulation
electrodes with a larger inter-contact distance to define
SOZ reduces the number of interventions into a single
intracranial procedure (16, 17), and PET-FFMZ studies
orient the placement of electrodes to the SOZ. The surgical
indications for this less invasive procedure are expanding,
and future studies including a larger number of cases
will help determine its place in the surgical treatment
of epilepsies.
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Psychiatric and behavioural side effects are common, undesirable effects associated

with antiseizure medication use. Temporal lobe epilepsy is the most common focal

epilepsy in adults and it is frequently associated with drug resistance. Patients with

intractable epilepsy are more likely to have psychiatric and behavioural side effects

when taking antiseizure medications and seem to be at higher risk for psychiatric

comorbidities. Perampanel is a novel anti-seizure medication approved for focal and

generalised epilepsies as add-on therapy. This is a 12-week short-term observational

prospective study on people with focal epilepsy consecutively recruited from an Italian

tertiary epilepsy centre, aimed to compare incidence and severity of psychiatric and

behavioural side effects associated with perampanel use in patients with temporal lobe

epilepsy as compared to other focal epilepsies. All patients received add-on perampanel

according to indication and clinical judgement. Incidence and severity of psychiatric

and behavioural side effects were rated by Neuropsychiatric Inventory Questionnaire.

All patients enrolled answered the questionnaire before starting perampanel and after 12

weeks of treatment. We found no significant difference in terms of incidence and severity

of psychiatric and behavioural side effects associated with perampanel in patients with

temporal lobe epilepsy as compared to other focal epilepsies. In line with the literature,

the most common adverse effects were “irritability” for both groups and “aggression” for

patients with other focal epilepsies.

Keywords: adverse effects, focal epilepsy, psychosis, irritability, anti-seizure medications

INTRODUCTION

Psychiatric disturbances are more common in people with epilepsy than in the general population
(1). People with epilepsy (PWE) may experience psychiatric and behavioural side effects (PBSEs)
related to antiseizure medications (ASMSs), including depressed mood, anxiety, psychosis,
obsession, personality traits, irritability, aggressive behaviour, and suicide (2, 3).

People with drug-resistant epilepsy (seizures failing to disappear with two or more
ASMs) are more likely to have PBSEs when taking ASMs (4). Furthermore, pre-existing
psychiatric history is a strong predictor of PBSEs in adult patients with epilepsy (5).
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Temporal lobe epilepsy (TLE) is the most common type of
focal epilepsy and it is often associated with drug resistance
(6). In relation to psychiatric disturbances, a meta-analysis
demonstrated that the estimated prevalence of psychosis was
higher among individuals with TLE, implicating that the
temporal lobe area may be a key brain region, sharing
the pathophysiology of TLE and psychiatric disorders (7).
Perampanel (PER) is licenced as an add-on treatment for
focal onset seizures starting from age 4 and for generalised-
onset tonic-clonic seizures in idiopathic generalised epilepsies
in people aged 7 years and older (8). PER is a selective,
non-competitive antagonist of α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA)-type glutamate receptors
on post-synaptic neurons and it is the first-in-class AMPA
receptor antagonist which acts by reducing glutamatergic
transmission (9–11).

Perampanel (PER) treatment is generally well tolerated, with
dizziness, somnolence, headache, and fatigue being the most
common treatment-emergent side effects (12–14). Pooled data
from phase III studies showed elevated rates of PBSEs, in
particular hostility/aggression among patients receiving PER
compared to those receiving placebo (15, 16). It is therefore
reasonable to hypothesise that PER may cause a higher incidence
of PBSEs in people with TLE, who are more prone to psychiatric
comorbidities and ASMs side effects (17). Here we aim to
investigate the prevalence and severity of PBSEs associated with
PER use as add-on therapy in patients with TLE as compared to
other focal epilepsies.

MATERIALS AND METHODS

The present prospective observational study involved adults
with focal epilepsy recruited from the Italian tertiary Centre
for epilepsy care (Regional Epilepsy Centre, Grande Ospedale
Metropolitano “Bianchi-Melacrino-Morelli”, Reggio Calabria,
Italy). Inclusion criteria were the following: (a) age >18 years;
(b) inadequate response to one or more ASMs; (c) diagnosis of
focal epilepsy according to International League Against Epilepsy
(ILAE) (18, 19); (d) no change in the ASMs (neither ASM
introduction nor changes of dose of pre-existent ASM) during
the previous 30 days. Exclusion criteria were: (a) generalised
epilepsy; (b) past or current history of alcohol or drug abuse;
(c) contraindications to PER use. All recruited participants were
started on a once-daily add-on PER at bedtime. An initial dose of
2 mg/day was administered and subsequently increased by 2mg
every 2/4 weeks based on clinical judgement up to a maximum
dose of 12 mg/day.

Procedure
The following data have been collected at baseline for each
patient: age, gender, epilepsy aetiology, epileptic syndrome,
pre-existing psychiatric comorbidities (i.e., depression, anxiety,
personality disorder, psychosis, and psychogenic non-epileptic
seizures), ASMs used prior to PER, concomitant ASMs, and
duration of PER treatment. The diagnosis of focal epilepsy was
made based on clinical, EEG, and MRI criteria (18). Patients
were divided into two groups: group 1 (TLE) and group 2 (other

focal epilepsies). Lobar localisation was established according
to the combination of seizure semiology, ictal/interictal EEG
findings, and imaging results based on ILAE classification (19).
Incidence and severity of PBSEs in both groups were rated with
Neuropsychiatric Inventory-Q (NPI-Q; see below) (20) that was
administered to the participants’ caregivers before starting PER
and after 12 weeks of treatment. PBSEs were searched in all
subjects who received at least one dosage of PER and had at
least one follow-up clinical evaluation. PBSEs were considered
as associated with PER if they were absent before PER or were
already present before PER but clearly worsened (score after PER
> 1) after PER introduction. Suicidality was also evaluated at each
visit. All patients that received PER were included in the analysis.

NPI-Q
Incidence and severity of PBSEs were assessed through NPI-
Q scores at baseline and follow-up times. NPI-Q is a Brief
Clinical Form of the Neuropsychiatric Inventory, covering
12 neuropsychiatric symptom domains: depressed mood,
euphoria, anxiety, apathy, irritability, aberrant motor behaviours,
disinhibition, night-time behavioural disturbances, delusions,
hallucinations, appetite/eating disturbances, and aggression.

Furthermore, twelve-symptom domains are assessed by
a written screening question that includes core symptom
manifestations. Patients are asked to circle “yes” or “no”
in response to each question, and to rate the symptoms
present in the last 12 weeks if the answer is “yes”. Severity
neuropsychiatric symptoms are assessed on a three-point scale
(1-mild, 2-moderate, and 3-severe). The total NPI-Q severity
score represents the sum of individual symptoms scores and
ranges from 0 to 36.

Statistical Analysis
Descriptive data are expressed as mean ± standard deviation
or number (percentage), as appropriate. Fisher’s exact test was
used to compare proportions for dichotomic variables in both
groups. The nonparametric Mann–Whitney–Wilcoxon (MWW)
rank-sum test was used to compare the severity of symptoms. A p
< 0.05 was considered statistically significant. All tests were two-
tailed. Jamovi 2.2.2 (The Jamovi Project, 2021) (21) was used for
all statistical procedures.

RESULTS

Participants
Demographic and clinical features of all subjects are shown in
Table 1. We enrolled 66 participants (37 women; mean age:
46.9 ± 16.6 years). Among the participants, 39 (59.1%) had
TLE (21 women; mean age: 50.3 ± 16.9), whereas 27 (40.9%)
had other focal epilepsies (16 women; mean age: 42.9 ± 13.6),
including nine with frontal lobe epilepsy, nine with parietal
lobe epilepsy, four with occipital lobe epilepsy, and five with
multifocal or unknown localisation. Before PER introduction, 28
subjects (42.4%) had psychiatric comorbidities.

At the time of starting PER, participants took an average of
two ASMs. All patients were drug-resistant according to Kwan
et al. (22). All the patients received a starting dose of PER of
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TABLE 1 | Demographical and clinical features as a function of focal epilepsies.

Group 1

(TLE)

(n = 39)

Group 2

(Other focal

epilepsies)

(n = 27)

p value

N (%) 39 (59.1) 27 (40.9) 0.17

Age, years (mean ± SD) 50.3 ± 16.9 42.9 ± 13.6 0.06

Sex M/F, n (%) 18/21

(46.2/53.8)

11/16

(40.7/59.3)

0.80

Previous ASMs

1–3, n (%) 24 (61.5) 12 (44.4) 0.17

4–5, n (%) 5 (12.8) 7 (25.9) 0.17

≥6, n (%) 10 (25.6) 8 (29.6) 0.72

PER dose, mg/day (mean ± SD) 7.2 ± 2.7 7,1 ± 2.5 0.81

Concomitant ASMs (mean ± SD) 2.1 ± 0.7 2.1 ± 0.7 0.96

1, n (%) 8 (20.5) 5 (18.5) 0.84

2, n (%) 20 (51.3) 15 (55.6) 0.73

3, n (%) 10 (25.6) 6 (22.2) 0.75

4, n (%) 1 (2.6) 1 (3.7) 0.79

Psychiatric disorders (PD) n (%) 19 (48.7) 9 (33.3) 0.31

Depressed mood n (%) 14 (35.9) 5 (18.5) 0.17

Anxiety n (%) 4 (10.3) 3 (11.1) 1

Psychosis n (%) 7 (17.9) 4 (14.8) 1

Concomitant psychotropic drugs

n (%)

19 (48.7) 9 (33.3) 0.31

Antidepressant n (%) 14 (35.8) 5 (19.5) 0.79

Anxiolytic n (%) 16 (41) 8 (29.6) 0.43

Antipsychotic n (%) 7 (17.9) 4 (14.8) 1

2 mg/day, with an increase of 2 mg/day every 2–4 weeks when
indicated, up to a maximum dose of 12 mg/day.

At the time of follow-up, after 12 weeks, 59 (89.4%)
patients were still taking PER, whereas seven patients (10.6%)
discontinued PER, two (3%) because of PBSEs, five (7.6%)
because of other adverse effects (dizziness, somnolence, and
asthenia). Among the patients who discontinued PER, 6/7 had
TLE and 1/7 extra-TLE (p = 0.23). PER median dose after
12 week-treatment was 7.2 ± 2.6 mg/day for all patients. No
significant differences were found between groups 1 and 2 in
terms of demographic variables.

Incidence and Severity of PBSEs
Incidence and severity of PBSEs related to PER were rated by
NPI-Q patients scores signed at baseline and follow-up.

Considering the whole sample, 13/66 patients (19.7%)
experienced from 1 to 3 PBSEs, 13/66 (19.7%) experienced
“irritability”, 2/66 (3%) experienced “aggression”, 1/66 (1.5%)
had “depression”, 1/66 (1.5%) had “aberrant motor behaviours”,
and 1/66 (1.5%) had “night-time behavioural disturbances”.

In group 1, 8/39 (20.5%) subjects experienced from 1 to
3 PBSEs, 1/39 (2.6%) experienced “depression”, 8/39 patients
(20.5%) experienced “irritability”, 1/39 (2.6%) had “aberrant
motor behaviours”, and 1/39 (2.6%) had “night-time behavioural

TABLE 2 | Incidence and severity of BPSEs as functions of focal epilepsies.

Group 1 (TLE)

(n = 39)

Group 2 (Other

focal

epilepsies)

(n = 27)

p

value

Patients experienced

PBSEs n (%)

8 (20.5) 5 (18.5) 0.95

The severity of symptoms

median (IQR)

5.5 (IQR, 3–7.25) 5 (IQR, 3–7) 0.82

Depressed mood n (%) 1 (2.6) 0 0.40

Irritability n (%) 8 (20.5) 5 (18.5) 0.84

Aberrant motor behaviours

n (%)

1 (2.6) 0 0.40

Night-time behavioural

disturbances n (%)

1 (2.6) 0 0.40

Aggression n (%) 0 2 (7.4) 0.08

disturbances”. The median severity score was 5.5 (IQR, 3–7,25).
In group 2, 5 subjects experienced PBSEs, all patients (18.5%) had
“irritability” with two of them experiencing aggression too. No
difference was found between the two groups (formore details see
Table 2). Suicide attempts were not experienced by any patients.

DISCUSSION

In the present study, we found no significant difference in terms
of incidence and severity of psychiatric and behavioural side
effects associated with PER in people with TLE as compared
to other focal epilepsies. PBSEs appeared in 19.7% of patients,
in agreement with literature data, without significant difference
between people with TLE (20.5%) and other focal epilepsies
(18.5%). Indeed, double-blind randomised controlled trial (RCT)
studies showed that PER is generally well tolerated with the
most common adverse events being dizziness, somnolence,
headache, fatigue, irritability, and aggression in about 20% of
patients (12–14). Moreover, several real-world studies showed
a similar rate of PBSEs at 1 to 3-year follow-up (23–27).
Mild to moderate PBSEs (mainly irritability, anxiety, verbal
aggressivity, agitation/restlessness, depression, psychosis, and
suicidal ideation) were reported in about 15–25 % of patients.
Furthermore, people with a history of psychiatric comorbidities
showed a significantly higher risk of developing psychosis and
suicidal ideation.

To our knowledge, no other study comparing the incidence
and severity of PBSEs associated with PER use in PWE and
different lobar localisation has been conducted so far. Likewise,
there aren’t any studies exploring the incidence of PBSEs
associated with other ASMs in different types of focal epilepsies,
although it is reported that PBSEs are more likely to occur in
people with psychiatric comorbidity and who are considered to
be at risk of psychiatric disorders, like TLE people (28).

In our study, we found no higher incidence of PBSEs in people
with TLE. We might hypothesise that concomitant ASM and
other psychotropic medications are taken may have mitigated
psychiatric adverse side effects. However, we found no difference
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in terms of concomitant medications in our two groups and this
might be explained by the small sample size of the present study.

Moreover, people with TLE may have an increased risk of
developing psychiatric comorbidity without a higher risk to
experience PBSEs associated with ASMs because of the different
pathogenic mechanisms underlying both psychiatric symptoms.

It is well known that a strong and bidirectional relationship
between epilepsy and psychiatric disturbance. Hence, it could
be hypothesised a common etiopathology of neurological and
psychiatric disorders based on both genetic and environmental
factors. On the other hand, PBSEs associated with ASMs
are pharmacologically induced phenomena and are strictly
dependent on ASM mechanisms of action, interactions with
other psychotropic medications, pre-existent psychiatric
disturbances, personality and life quality of PWE, change in
seizure frequency (force normalisation), and other personal risk
and protective factors of psychiatric symptoms.

Our study has some limitations. It is an observational study
in which participants are not randomised and a control group of
patients treated with other ASMs is not included. Furthermore,
the sample size is limited and follow-up time (12 weeks) may be
too short to exclude the occurrence of PBSEs. So, our findings
require further validation from studies with larger sample sizes
and longer follow-up.
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Some surgical failures after temporal lobe epilepsy surgery may be due to the presence

of an extratemporal epileptogenic zone. Of particular interest is the medial parietal

lobe due to its robust connectivity with mesial temporal structures. Seizures in that

area may be clinically silent before propagating to the symptomatogenic temporal

lobe. In this paper, we present an overview of the anatomical connectivity, semiology,

radiology, electroencephalography, neuropsychology, and outcomes in medial parietal

lobe epilepsy. We also present two illustrative cases of seizures originating from the

precuneus and the posterior cingulate cortex. We conclude that the medial parietal lobe

should be strongly considered for sampling by intracranial electrodes in individuals with

nonlesional temporal lobe epilepsy, especially if scrutinizing the presurgical data produces

discordant findings.

Keywords: temporal lobe epilepsy, parietal lobe epilepsy, epilepsy surgery, intractable epilepsy, cingulate gyrus,

precuneus cortex

INTRODUCTION

Presurgical evaluation of patients with pharmacoresistant temporal lobe epilepsy (TLE) integrates
multimodal diagnostic tools with the aim of identifying the seizure onset zone. These often
include a careful assessment of the seizure semiology, electroencephalography (scalp video-EEG),
neuropsychology, and radiology (MRI, PET, SPECT). Further evaluation using invasive procedures
such as stereotactic-EEG (sEEG) or subdural electrode implantation may be utilized if the non-
invasive tests yield inconclusive or discordant results (1–3). Nevertheless, surgical failures in TLE
are still encountered (4).

About 30–40% of patients do not achieve seizure freedom after TLE surgery (5–7). In some cases,
this may be due to a cortically silent extratemporal seizure-onset zone from which seizures rapidly
propagate to the temporal lobe, where they become clinically and electrographically manifest.
These zones may be frontal, occipital, parietal, opercular, or insular. Other reasons for surgical
failure include insufficient resection of epileptogenic zone, multifocal epilepsy, varied temporal lobe
pathology (mesial and/or lateral TLE), and temporal-plus epilepsy (5).

Here, we review medial parietal lobe epilepsy (PLE) as a seizure onset zone with preferential
propagation to the temporal lobe, potentially masquerading as TLE. We present two lesional
cases of seizures originating in the precuneus (8) and the posterior cingulate cortex (PCC)
(9), manifesting as TLE. Finally, we highlight the importance of having a multimodal

247

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2022.804128
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2022.804128&domain=pdf&date_stamp=2022-03-15
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:mkoubeissi@mfa.gwu.edu
https://doi.org/10.3389/fneur.2022.804128
https://www.frontiersin.org/articles/10.3389/fneur.2022.804128/full


Jaafar et al. Parietal Lobe Epilepsy

integrated evaluation of the implicated anatomical connectivity,
semiology, neuroimaging, neuropsychological testing, and
electroencephalography to optimize surgical outcomes.

ANATOMY AND FUNCTIONAL
CONNECTIVITY

The posteromedial cortex of the parietal lobe, which comprises
the precuneus/medial parietal cortex, posterior cingulate cortex
(PCC), and retrosplenial cortex (10, 11) has bilateral reciprocal
connections with the temporal lobe (12, 13). Cerebro-cerebral
evoked potentials (CCEP), functional and anatomical imaging,
and clinical and animal studies provide evidence for this
connectivity. Specifically, the PCC has connections with both the
mesial and lateral parietal and temporal cortices (14).

The precuneus is located medially in the superior portion
of the parietal lobe between the primary somatosensory
cortex and the visual cortex (cuneus) (15). It includes three
heterogeneous entities, each with distinct connections to other
cortical/subcortical structures. A study in macaque monkeys
assessing connectivity of the precuneus has found that the
anterior precuneus is extensively connected with sensorimotor
structures such as the paracentral lobule, superior-parietal cortex,
and motor cortex (12). The central precuneus has connections
with cognitive and associative prefrontal/frontal cortical regions.
Finally, the posterior precuneus is functionally associated with
the visual cortex (12, 15). The precuneus forms the midline core
of the default mode network, a network that is predominantly
active during periods of inactivity (16–18). Other brain structures
that are included in the default mode network are the PCC
and the mesial temporal lobe (MTL). Thus, extensive functional
connectivity between the precuneus and the MTL is evident in
the resting state (10). Moreover, tractography data and post-
mortem analysis have shown extensive projections from the
posterior precuneus to the MTL, specifically, the anterior para-
hippocampal gyrus (16). Seizures originating from the precuneus
may be clinically silent or potentially cause some alteration
of awareness (19, 20). When clinically silent, they may be
mistaken as temporal onset seizures because the scalp-recorded
ictal discharge and seizure semiology may be indistinguishable
from TLE.

ILLUSTRATIVE CASE 1: (8)

This was a 31-year-old right-handed man with a remote history
of neurocysticercosis. His seizures started at age 12 with left sided
piloerection followed by a brief alteration of awareness. Years
later, the piloerection ceased to be part of his seizures and he
started having cephalic auras. The patient maintained a seizure
frequency of 5–10 seizures per month despite being on numerous
anti-seizure medications (ASMs).

Scalp video-EEG recordings captured four focal impaired
awareness seizures (FIAS) with bilateral blinking at onset, left
hand automatisms, sighing, right facial clonic twitching, and
right arm tonic posturing for few seconds. The ictal EEG
showed delta range discharges over the left temporal region

which evolved into a sharply contoured rhythmic discharge in
the theta range. Brain MRI showed a 0.7-cm cystic cortical
lesion in the right precuneus with some calcification that
was consistent with neurocysticercosis (Figure 1). FDG-PET
showed left anterior temporal hypometabolism in addition to
the expected hypometabolism in the right precuneal lesion.
Furthermore, Abnormal peri-lesional tracts were evident on
diffusion tensor imaging.

Thus, while the seizure semiology, ictal EEG, and FDG-PET
scan suggested left temporal lobe epilepsy, the MRI revealed a
right precuneus lesion, which prompted invasive monitoring.
SEEG and subdural strip electrodes targeting the left temporal
lobe and the right parietal lesion were implanted. Seizures
were captured with left hand automatisms, sighing, confusion,
and postictal fatigue. Intracranial EEG showed spiking and low
voltage fast activity in the medial and lateral parietal contacts
before the ictal discharge propagated to the left mesial temporal
structures and lateral temporal areas (Figure 2). Resection
of the right precuneus lesion resulted in prolonged seizure
freedom. Therefore, the seizure semiology, ictal EEG, and FDG-
PET were all falsely lateralizing because they resulted from
propagation to the contralateral temporal lobe. Indeed, the FDG-
PET hypometabolism is known to occur not only in the seizure
on zone but also in seizure propagation regions (21).

The PCC is another structure that is part of the default mode
network and has close connectivity with the temporal lobe (17,
22). Located in the medial portion of the inferior parietal lobe,
the PCC is inferior to the precuneus and superior to the corpus
callosum (13). CCEP studies described robust connectivity of the
PCC with various cortical and subcortical structures, especially
the mesial temporal structures (14, 23). Tract tracing studies
in non-human primates delineated bi-directional connectivity
between the PCC and MTL structures (13). Furthermore,
diffusion tensor imaging (DTI) enabled identification of direct
connections between the PCC and MTL (24).

ILLUSTRATIVE CASE 2: (9)

This was a 22-year-old right-handed man with a 1-year history
of FIAS and occasional focal to bilateral tonic-clonic seizures.
The ictal manifestations were typical of TLE with staring,
unresponsiveness, automatisms, and postictal confusion. His
seizures also included left hand posturing. Despite being on five
ASMs with therapeutic serum levels, he continued to have several
seizures per month.

Scalp video-EEG revealed ictal discharges with a buildup of
rhythmic theta-range activity over the right temporal derivations,
typical of mesial temporal generators. This activity was in
association with the typical aforementioned seizure semiology.
Brain MRI revealed a round lesion of about one cm diameter
in the right PCC, which was suggestive of dysembryoplastic
neuroepithelial tumor (DNET). This prompted stereotactic
electrode implantation targeting areas around the lesion as
well as the mesial temporal structures. SEEG revealed that the
seizures consistently started in the PCC as a low voltage, 40Hz
activity. After 20–30 s, the mesial temporal structures became
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FIGURE 1 | Brain imaging of the patient with right precuneus neurocysticercosis and left temporal lobe seizure involvement. (A) Head CT showing calcified lesion in

the right precuneus. (B) Double inversion recovery MRI showing the lesion with surrounding gliosis. (C) T2-weighted image showing the lesion. (D) Postoperative MRI

T1 sequence showing the cavity. (E) Coregistration of FDG-PET with MRI showing hypometabolism in the left temporal lobe. (F–H) Diffusion tensor imaging through

the level of the lesion showing asymmetrical findings with respect to the parietal white matter [adapted from (8)].

involved with 6–8Hz frequency ictal discharges seen over the
hippocampus and amygdala (Figure 3). Only after propagation
to the mesial temporal lobe did the seizure become clinically
manifest. Resection of the DNET from the right PCC resulted in
complete seizure freedom with a follow-up period of 2 years.

SEMIOLOGY

TLE, the most common form of focal epilepsy, may arise from
mesial (hippocampal) or extrahippocampal neocortical sites,
with the former accounting for about 80% of the presentations
(25, 26). Mesial TLE predominantly presents as FIAS, and
occasionally as focal aware seizures (FAS). Focal to bilateral
tonic clonic seizures also occur in mesial TLE (7, 26). Auras
have been reported to occur in more than 80% of patients
with mesial TLE, and include viscerosensory (rising epigastric
sensation), gustatory, olfactory, autonomic (piloerection,
tachycardia, and flushing), experiential/psychiatric (déjà vu,
jamais vu, auditory hallucinations, and depersonalization),
mood changes (fear, agitation, and anger), and other phenomena
(27, 28). Other common ictal manifestations include ipsilateral
automatisms (lip-smacking/puckering), stereotyped gestures,
contralateral head version, and contralateral tonic/clonic/atonic
limb movements (29, 30). It is important to note that while a
constellation of the aforementioned manifestations is highly
suggestive of mesial TLE, each individual symptom is much less
specific (31).

Parietal lobe epilepsy (PLE) is relatively uncommon,
accounting for about 5–6% of surgically evaluated
pharmacoresistant epilepsies (32, 33). It is typically
underdiagnosed due to the intricate interconnections of the
parietal lobe with other brain structures, allowing for a myriad of
presenting semiologies and unreliable diagnostic yields (34). The
ictal-onset zone in PLE can be clinically and electrographically
silent. Hence, seizures may sometimes become manifest only
after propagating to a another brain region, such as the temporal,
occipital, or frontal lobes. Therefore, PLE can masquerade
clinically as other epilepsies and falsely localize on non-invasive
EEG (9). Occasionally, the parietal seizure-onset zone may be
active, displaying a typical PLE semiology. This sheds light on
the importance of being familiar with the semiologies that may
hint toward a parietal lobe involvement.

With the parietal lobe as the symptomatogenic zone, PLE
usually presents as contralateral, somatosensory auras (painful
dysesthesias, numbness, tingling), vertigo, visual illusions, and
disturbance of body image (e.g., perceiving that the contralateral
limb is moving, turning, or becoming weak) (33). Pure sensory
symptoms, such as numbness or dysesthesias, may suggest
primary somatosensory (SI) onset. The presence of painful
sensory phenomenon may suggest middle cingulate onset or
parietal opercular (secondary somatosensory, or SII) onset (35).

The precuneus is a good example of heterogeneity in
semiology based on functional connectivity: gaze deviation and
head turn due to frontal eye field connections; visual-spatial
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FIGURE 2 | (A) X-rays showing the locations of the intracranial electrodes. (B) Scalp (top) and intracranial (bottom) electrodes in the amygdala, hippocampus, insula,

and posterior cingulate gyrus in addition to the strips sampling right parietal lesion. The EEG shows onset around the right parietal lesion with secondary propagation

to the contralateral temporal lobe [adapted from (8)].

distortion due to visual cortical connections; memory and
attention impairment due to default mode network connections
(which mimics TLE in particular); and cognitive dysfunction due
to prefrontal connections (36).

The PCC can also present with symptoms that are not typically
thought to represent parietal localization, including dissociative
and dyscognitive symptoms (19, 23). In one series, the most
common presentations of PCC seizures were limb posturing,
vocalization, or hypermotor activity, and this is thought to
be due to spread to frontal regions including pre motor and
supplementary motor areas, as well as orbitofrontal cortex (37).

Dissociative and dyscognitive symptoms can be especially

misleading, as it is commonly understood that TLE tends

to alter alertness awareness or cognition. However, these

symptoms can also arise from the precuneus and PCC (23, 36).
Hyperkinetic or motor seizures may originate from posterior
parietal regions or temporal-parietal opercular regions, similar
to frontal lobe seizures (38, 39). A contralateral hyperkinetic
movement accompanied by ipsilateral dystonic features is highly

suggestive of a parietal origin of seizures (38). Additionally,
insular-opercular regions can also mimic frontal localization
(with nocturnal hyperkinetic seizures or contralateral focal motor
seizures) (40).

In summation, while extratemporal lobe seizures, like PLE,
might provide semiological hints toward the localization, it
is common that the first symptom occurs due to the spread,
rendering semiological analysis ineffective. Thus, it is important
for the epileptologist to integrate the semiological findings
with other diagnostic modalities to arrive at the appropriate
epileptogenic zone and optimize the surgical outcome.

NEUROIMAGING

Neuroimaging is a cornerstone in the presurgical evaluation
of patients with pharmacoresistant epilepsy. It can provide
the epileptologist with great diagnostic insight by confirming
or disputing the putative source of the ictal electroclinical
manifestations. Adequate postsurgical outcomes are highly
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FIGURE 3 | Depth electrode recordings of two consecutive EEG pages showing the ictal onset in the posterior cingulate area before later propagation to the ipsilateral

mesial temporal structures. The seizure was semiologically silent before it involved the hippocampus and amygdala (9).

dependent on the correct delineation and resection of the
epileptogenic zone. While the majority of surgical candidates
have a brain lesion on MRI, some are non-lesional. A meta-
analysis has concluded that the odds of seizure freedom
following epilepsy surgery (temporal, extratemporal, and
combined epilepsies) in an MRI positive epilepsy were about
2.5–2.8 times higher than in patients with normal MRIs
(41). That said, a study has shown promising results when
comparing MRI-positive and MRI-negative epilepsies in
terms of SEEG seizure localization and surgical outcomes for
various focal epilepsies. The authors appropriately localized
the epileptogenic zone in 96 and 95% of MRI-positive and
MRI-negative cases, respectively. Furthermore, seizure freedom

was achieved in 55% of MRI-positive and 53% of MRI-negative
cases (42).

FDG-PET and ictal SPECT are additional diagnostic tools that
can optimize presurgical assessments, especially in MRI-negative
epilepsy. A study that compared MRI, PET, and SPECT among
patients with neocortical epilepsies reported the sensitivities of
65.5, 77.2, and 73.8%, respectively, for identifying seizure-onset
zones. Including only extratemporal neocortical epilepsy yielded
the respective sensitivities of 56.7, 70.7, and 63.6% (43). Clearly,
these latter figures apply better to medial parietal seizures.
Further comparison showed an overall concordance rate among
the aforementioned modalities to be 41.7%. Additionally, PET
and SPECT correctly identified 19 of 32 (59.4%) and 17 of 31
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(54.8%) lesional cases, respectively, among patients with normal
MRI (43). This study stresses on the importance of utilizing and
combining all available modalities during presurgical assessment,
it also highlights on the usefulness of PET and SPECT in
patients suffering from non-lesional epilepsy. Further, repeated
SPECT studies can be helpful in confirming seizure-onset zones
or identifying multifocality of epileptogenic zones (44). It is
worth mentioning that while putative seizure-onset zones may
be identified by ictal SPECT, the results can be misleading.

Recently, computational analyses of multimodal MRI data
have been utilized to increase the chances of detecting
seizure-onset zones in non-lesional focal epilepsy (45). The
computational analysis is developed in samples of patients with
lesional epilepsy before application to non-lesional cases. Such
approaches may be further refined to reveal covert abnormalities
in MRI-negative focal epilepsy patients. Indeed, co-registration
of MRI with FDG-PET, which constitutes the standard of care
at numerous epilepsy centers, has been shown to increase the
detection of focal cortical dysplasia in some patients (46). Further,
3Dmultimodality imaging (with anatomical and functional MRI,
vascular imaging, among others) has been shown to alter surgical
decisions in patients with medically refractory epilepsy in need
for surgical evaluation (47). An active area of research currently
is usingmachine learningmethods to predict laterality in patients
with MRI negative focal epilepsy (48, 49). While none of these
studies is specific to the medial parietal lobe, they may be applied
to any focal epilepsy, whether mesial temporal or neocortical.

EEG MONITORING

Scalp EEG recording is limited in localizing parietal seizures.
Thus, invasive EEG should be considered when an extratemporal
localization is suspected based on non-invasive presurgical
assessment or when TLE surgery has failed (3). In a cohort of
patients with pharmacoresistant parietal lobe epilepsy reviewed
over 30 years, 93% of patients had a parietal lobe lesion on MRI,
whereas only 20% had interictal epileptiform abnormalities on
scalp EEG, and only 25% had parietal ictal onset on scalp EEG
(32). This highlights the importance for invasive monitoring in
these patients.

In a series of six patients with precuneal epilepsy, four were
clearly lesional on MRI and three of whom had intracranial EEG.
These three patients underwent surgical resections with an Engel
Class IA outcome in two of the patients. However, Class IV
outcomes where described in the two non-lesional patients who
had intracranial monitoring in this series (15). In another study,
SEEG confirmed precuneal seizure onset in 10 subjects where
auras consisted of body image disturbance, vestibular symptoms,
asymmetric tonic seizures, and hypermotor seizures (50).

Another invasive EEG study in a series of pharmacoresistant
extratemporal lobe epilepsy patients found that nearly 90%
of patients had non-localizing ictal scalp EEG patterns with
widespread bilateral ictal activity or obscured onset by muscle
artifacts (37). In 13 of the 18 subjects, nearly 100 seizures
were analyzed by either SEEG or SDG, using a median of
137 contacts with 3D reconstruction and observation of high

frequency oscillations (HFO). Interestingly, ictal onsets were
seen simultaneously with ripples in the cingulate epileptogenic
zone and the hippocampus. Surgical resection outcomes were
favorable (12 of 18 patients with Engel IA outcome, three
with IIB outcome). Importantly, if only the hippocampi had
been monitored with traditional depth or strip electrodes, the
simultaneous cingulate onset would have been missed. Thus,
this limited series suggests the value of invasive monitoring in
improving outcomes in cingulate onset seizures.

In assessing the utility of SEEG in identifying parietal
opercular seizures, two patterns of epileptogenic network
organization have been described (51). One is a mesial/cingulate
pattern, which is associated with hypermotor semiology, and
the other a perisylvian pattern, which is associated with
contralateral focal motor seizures. These networks required
SEEG for characterization. Although electrode arrangement
was individualized, typical coverage included insular-opercular,
mesial and lateral frontal, and mesial and lateral parietal.
Therefore, when such semiology is present prior to a temporal
lobe ictal discharge on scalp EEG, the parietal opercular region
should be sampled in invasive monitoring.

A series describing the efficacy of SEEG monitoring for PCC
epilepsy was reported in seven subjects and ictal onsets were
identified by SEEG in six of these patients (23). Scalp ictal onset
patterns were widespread and non-localizing, but SEEG secured
confident localization and lateralization leading to resection.

Fast ripples (250–500Hz) and other HFOs, have been
suggested as a useful pattern in identifying the epileptogenic
zone (33). Resection of these in the parietal regions should
help improve outcomes, though formal studies in parietal
onset seizures are not available, considering its rare nature.
It is the authors’ opinion that multimodal invasive EEG is
recommended—extraoperative SEEG or SDG analysis of ictal
and interictal findings, with evaluation for the presence of HFOs
to identify resection margins. Use of interictal EEG findings
(either intra- or extra-operatively) to guide resection should be
done with extreme caution, as it can be misleading. SEEG has low
morbidity in experienced centers, and allows 3D mapping of the
epileptogenic zone, which is especially useful for deep structures
like much of the parietal lobe.

OUTCOMES

Surgical failures in TLE cast doubt on the initial diagnosis
suggesting extratemporal epileptogenic zones. In cases where
patients present with semiology and scalp EEG suggestive of TLE,
but with a parietal lesion, the parietal lobe should be considered
as a possible seizure onset zone. It is important to note, however,
that a positiveMRImay serve as a red herring since not all lesions
are epileptogenic. Indeed, even in cases of non-lesional TLE
epilepsy, the posteromedial parietal lobe should be considered for
sampling by intracranial electrodes.

A thorough analysis of all the pre-surgical data is necessary
for optimization of surgical outcomes in patients presenting with
non-lesional TLE. In evaluating the seizure semiology, the auras
can be a potential determinant of localization of the seizure onset
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zone (see above). Discordant findings on neuropsychological
assessment should also be critically evaluated, especially with
extratemporal localization of deficits, lack of clear lateralization
of language or memory, as well as intact memory ipsilateral
to the suspected TLE focus. Generally, neuropsychological
assessments in TLE show impairment in language, memory, and
visuospatial function. On the other hand, patients with PLE
often exhibit normal memory but have impaired visuospatial
function and sensory and language (dominant PLE) deficits.
Nevertheless, neuropsychological results may mimic those of
TLE in patients with extratemporal lobe epilepsy due to the
temporal lobe being a symptomatogenic zone as discussed earlier.
Deficits that are due to such symptomatogenic zone involvement
tend to resolve following resection of the seizure onset zones
(52). In addition, consideration of extratemporal localization
should be made if there is no clear ictal onset pattern on
scalp EEG.

When discussing the importance of identifying the underlying
epileptogenic zone and planning surgical intervention
for epilepsy, it is important to review the adverse events
associated the invasive procedures and surgery. With low
rates of morbidity, SEEG and SDE have the following
complications listed in descending order; (1) hemorrhage
(1%), with the most common underlying etiology being
intracranial hemorrhage; (2) infection (0.8%), including
cerebral abscess and meningitis; (3) neurological deficits
(0.6%); (4) inappropriate positioning of electrodes (0.6%);
and (5) electrode or recording malfunction. With regards to
indirect adverse events, prolonged SEEG/SDE monitoring
leads to longer hospital stays which may expose patients
to infections like pneumonia and urinary tract infections.
Furthermore, the resultant prolonged immobilization may
lead to deep vein thrombosis and pulmonary embolisms
(53, 54).

Finally, complications arise in about 7% in all types of
epilepsy surgery, a trend that may be more evident in the elderly
(55). Patients undergoing TLE surgery have been reported to
experience diplopia (cranial nerve deficits mainly in trochlear
nerve), visual field deficits (mainly superior quadranopsia),
anomia, hemiparesis, psychosis and ischemia, among other
surgical side effects, post-operatively (56, 57). PLE surgery, on
the other hand, has been reported to cause partial sensory loss
and Gerstmann syndrome (57, 58).

CONCLUSIONS

In summary, applying knowledge of key semiological
features and functional connectivity can identify further
management options in presurgical TLE patients or ones
who have already failed surgery for TLE. Semiology can
be helpful but must be interpreted with caution, given
widespread connectivity of the parietal lobe to other regions.
In pharmacoresistant epilepsy, especially past surgical failures,
it seems that imaging (especially MRI) has the most utility
in localization over semiology and non-invasive EEG.
Although data are limited, multimodal analysis can help
epileptologists more confidently identify and localize parietal
onset seizures, potentially leading to more successful patient
outcomes. Newer medications, resection, and neurostimulation
should remain viable options in such cases, even if surgery
failed previously.
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Drug-resistant epilepsy is present in nearly 30% of patients. Resection of the

epileptogenic zone has been found to be the most effective in achieving seizure

freedom. The study of temporal lobe epilepsy for surgical treatment is extensive

and complex. It involves a multidisciplinary team in decision-making with initial

non-invasive studies (Phase I), providing 70% of the required information to elaborate

a hypothesis and treatment plans. Select cases present more complexity involving

bilateral clinical or electrographic manifestations, have contradicting information, or

may involve deeper structures as a part of the epileptogenic zone. These cases

are discussed by a multidisciplinary team of experts with a hypothesis for invasive

methods of study. Subdural electrodes were once the mainstay of invasive presurgical

evaluation and in later years most Comprehensive Epilepsy Centers have shifted to

intracranial recordings. The intracranial recording follows original concepts since its

development by Bancaud and Talairach, but great advances have been made in the field.

Stereo-electroencephalography is a growing field of study, treatment, and establishment

of seizure pattern complexities. In this comprehensive review, we explore the indications,

usefulness, discoveries in interictal and ictal findings, pitfalls, and advances in the science

of presurgical stereo-encephalography for temporal lobe epilepsy.

Keywords: intracranial EEG, epilepsy, seizure, epileptogenic zone, epilepsy surgery

INTRODUCTION

Temporal lobe epilepsy (TLE) is responsible for 30% of cases of drug-resistant epilepsy (DRE), the
largest subgroup of DRE cases. Location of the epileptogenic zone (EZ) associated with a lesion,
such as mesial temporal sclerosis (MTS), is a high predictor of good seizure outcome (1). Usual
arrival to a final hypothesis of the seizure onset zone involves the work of a multidisciplinary team
of experts (neuropsychologist, neurosurgeon, psychiatrist, epileptologist, and neuroradiologist),
favoring less invasive procedures for the determination of a surgical plan (2). Determination of
the EZ is complex and with less invasive scalp electroencephalogram (EEG), discordant data may
complicate the surgical treatment of DRE (3). Studies in the past have shown that when correlating
surface EEG findings with simultaneous subdural and intracranial findings of brain structures,
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most subclinical seizures originating from the hippocampus did
not result in surface/scalp EEG changes (4). Approximately 25%
of patients with DRE have no conclusive non-invasive scalp
EEG, imaging, and investigations in the process of identifying
the EZ (2). Thus, the need for more invasive procedures as a
part of the study of TLE in DRE has substantially complemented
non-invasive workup.

Invasive procedures, such as subdural electroencephalography
(SDEEG), were once used in Comprehensive Epilepsy Centers;
as technology advanced, tendencies have shifted to intracranial
recordings using stereo-encephalography (SEEG) in most
centers. In this comprehensive review, we discuss classic and
novel approaches for the study of TLE and advances in
presurgical planning using SEEG, as well as controversial aspects
in this growing field.

HISTORY OF
STEREO-ENCEPHALOGRAPHY IN THE
STUDY OF TEMPORAL LOBE EPILEPSY

Distinct from superficial cerebral cortical analysis applied by
Wilder Penfield at the Montreal Neurological Institute, the
SEEG analysis of brain structures began initially with Spiegel
and Wycis (5). Their approach of stereotaxis began in 1947
and was applied in Paris for the investigation of TLE. The
culmination of the insertion of depth electrodes for the study
of deep brain structures was reached by Bancaud and Talairach
in 1957 and then perfected 10 years later (6). The possibility of
three-dimensional analysis of brain structures with a stereotactic
atlas has yielded marvelous advances in the study of deep brain
involvement in epilepsies.

The mechanisms of TLE were also enriched by SEEG. Starting
with Jasper’s initial description of EEG suppression preceding
seizures originating from mesial foci, the interhemispheric
connections of both temporal regions associated with temporal
region pathology pushed for invasive studies. With the help
of Bancaud and Talairach’s Atlas, correlation of location with
clinical manifestations, onset, and propagation of brain activity
was possible. This made it tangible to study the seizure pattern
both ictally and interictally (7). Challenging Jasper’s “irritative
zone” concept as the origin of seizures, they considered this
zone interictal. Instead, they found that the seizure onset zone
(SOZ) could in fact be far away from the irritative zone. As
we now know, this concept changed the study of epilepsy,
and the notion of seizures as an epileptogenic network was
born (8). Finally, Crandall described specific changes in SEEG
associated with hippocampal sclerosis and then conducted
microelectrode recordings formicrocircuits, and unit activity and
study epileptogenic circuits in the mesial temporal regions (9).

SEEG IN THE STUDY OF TEMPORAL LOBE
EPILEPSY NETWORKS

As Bancaud and Talairach depicted, epilepsy networks in
TLE are not solely located in the temporal lobe, but rather
involve a widespread region of structures. This important

description is key to understanding seizure phenomena. SEEG
has contributed to our knowledge of TLE circuits. In a study
involving 18 patients with DRE and TLE that underwent SEEG,
Bartolomei et al. used a non-linear correlation method to
measure the degree and direction of coupling in the SEEG
signal. Importantly, this study included MTLE only, excluding
lateral epilepsy cases and possible temporal-plus patients. They
analyzed the functional coupling between 3 regions of the TL:
the anterior temporal neocortex, the amygdala, and the anterior
hippocampus. In 10 patients, the ictal discharges were limited
to only mesial limbic structures with propagation secondarily
to the cortex. In contrast, there was a constant coupling
between the hippocampus and amygdala. In 5 patients, medial-
lateral networks were identified, and in 3 patients lateral-
medial networks were identified; both groups had initial ictal
discharge in limbic and neocortical regions, with a rapid
“tonic” discharge (10).

In a recent study with SEEG andMRI diffusion tensor imaging
(DTI), 33 patients with TLE were included. The objective of the
study was to establish the directionality of the seizure spread
and the involvement of white matter tracts. Directionalities
were divided into anterior-posterior or medial-lateral based
on SEEG interpretations and DTI connectome and fractional
anisotropy. Medial-lateral spread was found to have more
fractional anisotropy in the corpus callosum and to lesser degrees
both cingulate tracts; in contrast, antero-posterior seizures had
fractional anisotropy along the cingulate fasciculus and inferior
longitudinal fasciculus, with scarce involvement of the corpus
callosum. Thus, the group showed that white matter tracts are
key in epileptogenic TLE networks (11). These findings may yield
future treatment of TLE with possible disruption of the network
for patients not amenable to surgery.

INDICATIONS

Prior to consideration of SEEG recording, it is imperative
to remember that presurgical investigations have two main
objectives: (a) localization of the epileptogenic process
[composed of the epileptogenic lesion, interictal activity in
the EEG (irritative zone), ictal zone (epileptogenic zone)] and
(b) preparation for surgical planning boundaries. In some cases,
these are met in the first phase of investigation (Phase I, Non-
Invasive), when clinical, electrical, and imaging information is
concurrent with a hypothesis for localization. In these cases, the
algorithm ends here. Phase II of studies is reserved for cases
where data are conflicting in semiology, EEG, and additional
Phase I methods of investigation. The unknown precise location
within a hemisphere or difficulties in lateralization, visible lesions
in MRI, electroclinical data, or functional imaging may warrant
invasive investigations (Figure 1).

Subdural electroencephalography provides a two-dimensional
image of the brain structures and SEEG provides a three-
dimensional view. While SDEEG is followed by a determined
surgical decision, SEEG provides different information on
the following: resection of the EZ and complexity of the
eloquent cortex (EC), ablation of a single contact involving
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FIGURE 1 | Phases of presurgical evaluation of epilepsy. [Adapted from (12)]. EEG, electroencephalography; MRI, magnetic resonance imaging; fMRI, functional

magnetic resonance imaging; SDEEG, Subdural electroencephalography; SEEG, Stereoencephalography.

the EZ, withholding a resection if risks are elevated (5). In
general, patients that do not undergo resection after SEEG
implantation and recording is up to 40% (2, 13). Finally, in
patients with non-lesional MRIs that have multifocal seizure
origin during Phase I studies, invasive monitoring should be
generally avoided (4).

Indications of intracranial recording of cerebral activity or
SEEG have shifted throughout the years. The optimal suggested
method of decision-making for invasive recording using SEEG
is through a multidisciplinary process that involves insight from
all members of the group: psychologists, neuropsychologists,
epileptologists, epilepsy neurosurgeons, neuroradiologists,
nurses, and social workers.

In general, invasive recordings are warranted to 1. define
the EZ precisely when non-invasive data are inconclusive
(rapidly generalizing seizures, differentiating between lobar
or regional epilepsy, determining if a seizure is a temporal
or temporal plus, determining if onset is mesial versus
neocortical, dual pathology, or determining if there is a
dysplasia); 2. resolve diverging information in non-invasive
data that directs in two different regions (bilateral mesial
temporal foci, large lesions, encephalomalacia, multiple lesions,
such as tuberous sclerosis, and nodular heterotopia) 3. Map
eloquent functional cortex, and 4. To further corroborate the
EZ, to gain prognostic information, and ablate regions using
thermocoagulation (14).

Specific indications most frequently applied in the field of TLE
include (2, 13, 15):

• Differentiating mesial from neocortical involvement in EZ
• Extension of the EZ beyond the temporal region
• The bitemporal onset of epilepsy requires exploring mesial

temporal structures that may or may not include the
hippocampus (although most centers cover this area) for
bilateral intracranial recording to determine the laterality
of seizures.

More specific details about indications of SEEG in TLE will
be addressed in the following subsections of this article. The
suggested mapping schematic when the hypothesis is TLE is
illustrated in Figure 2.

SDEEG VS. SEEG IN THE STUDY OF
TEMPORAL LOBE EPILEPSY

While much of the available literature favors SEEG over SDEEG,
discordant information exists in the study of TLE. This lies
in the fact that the neocortical TLE is adequately viewed with
SDEEG. The pattern of spread through the neocortex is also
adequately and broadly appreciated with SDEEG. However,
SEEG is superior in the cases of mesial involvement, or when
suspicion of temporal-plus epilepsy is involved, likely requiring
insular coverage. Indeed, SEEG is far superior for cases where
sulci are involved more than gyri (16). Surgical outcomes have
rendered SEEG non-inferior to SDEEG. In seizure freedom
outcomes, SEEG is superior to SDEEG (61 vs. 56.4%) (17). In
general, SEEG is well-tolerated. It also conveys lower morbidity
(4.8%) andmortality (0.2%) when compared to SDEEG (15.5 and
0.4%, respectively) (18).

In general, the majority of North American Comprehensive
Epilepsy Centers have moved toward SEEG in all phase II
investigations. In select cases, some centers may prefer to
explore epilepsy caused by superficial cortical lesions with
SDEEG. New information has yielded importance in SEEG
with lesional epilepsy; it will be addressed in a separate
section. SEEG also permits obtaining details about areas, such
as multiple lobes, or remote locations that are surrounding
the EZ for planning without the need for craniotomies (2, 5,
17–20). Finally, extra-operative cortical stimulation (CS) for
mapping in SDEEG has the advantage of allowing coverage
and sampling of the superficial cortex, but SEEG in the
exploration of the TLE and the limbic system holds true to
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FIGURE 2 | Proposed scheme of electrode implantation maps for insertion. Lined white dots show usual trajectories and sites of insertion in the study of temporal

lobe epilepsy. Lined blue dots show additional electrode locations for the study of temporal plus epilepsies, and common sites of propagation.

a more precise recording and mapping of additional limbic
structures: insular cortex, orbitofrontal cortex, and the cingulate
gyrus (Figure 2) (2, 5, 19–21).

TECHNICAL DETAILS OF SEEG:
SAMPLING RATE, ACQUISITION OF DATA,
CENTER RECOMMENDATIONS, AND
OTHER DISTINCTIONS

Before the insertion of depth electrodes for SEEG recording,
recommendations were published and standardized for the
centers that were recommended to apply these techniques. The
success of surgical treatment and implantation depends especially
on the experience and number of patients an epilepsy center
reaches per year. An estimated (and gold standard according to
some groups) is 20 patients per year or 50 surgeries in 4 years
(5, 14). Some European centers have established a minimum
of 5 SEEG procedures per year to be regarded as a center
of excellence (22). The ILAE Commission on Neurosurgery
of Epilepsy suggests establishing the term “basic centers” for
hospitals that have limited resources and “reference centers”
for hospitals that have the experience of performing established
presurgical and surgical management (5, 20, 23).

After careful SEEG planning by a multidisciplinary team,
(specified elsewhere in this review) targets are reached using
depth electrodes that are commercially available according to
the country/region. These are implanted using the standard
stereotactic technique, and in some centers with the assistance
of a stereotactic robot, drilling 2.5mm diameter holes. Using

orthogonal or oblique orientations depending on the center
permits dynamic recording of cortical, subcortical, lateral,
intermediate, or deep structures. All these elements permit an
adequate 3-dimensional view of the epileptogenic zone and the
surrounding structures of interest, and upon recording, the
spatiotemporal interaction of these regions when seizures occur.

On the day of the surgery, the patient is admitted with a
previously established plan of frame-based implantation with
a volumetric T1 sequence contrast-enhanced MRI (15, 21, 24).
These images are transferred to a neuro-navigation software
(varies according to center, in our center we use Renishaw
NeuroinspireTM Software, Missisauga, Ontario, Canada, https://
www.renishaw.com/en/neuromate-robotic-system-for-stereotac
tic-neurosurgery–10712; https://www.renishaw.com/en/neuro
inspire-neurosurgical-planning-software–8244), (Figure 3)
planning trajectories and targets of insertion and matching
with vessel trajectories to prevent bleeding complications (18).
Under general anesthesia, a stereotactic frame is placed and
confirmed with a CT angiogram. The implantation in most
large Comprehensive Epilepsy Centers has shifted toward the
use of a robotic implantation device, RenishawTM in our center
(Figure 3). This robot has a cannula that measures 2.5mm in
diameter and is secured to the device arm. Dura is perforated
and 2mm diameter holes are done, with an insertion of an
implantation bolt. A small stylet (2mm in diameter) is inserted
into the burr hole site and passed gently into the brain, guided
by the initial implantation bolt (2). The depth electrodes used
in SEEG recording are strands of cylindrical contacts (ranging
from 4 to 18), spaced 2–10mm apart with a diameter of 1mm
or less and recording areas of 3–5 mm2. The electrodes can
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be rigid or semi-rigid depending on the center (14). Robotic
assistance has proven more time-efficient and just as precise
as conventional stereotactic surgery (24, 25). Control CT or
MRI (if electrodes are compatible) is taken to ensure no acute
complication occurs. (Complications are explained elsewhere
in this article).

The EEG system must be able to support at least 128
channels (ideally 256 channels), 50 or 60Hz filter is highly
discouraged, as it could affect low voltage fast activity (LVFA)
and the identification of high-frequency oscillations (HFOs). No
standard nomenclature exists to label each electrode, but names
referencing the deep area studied are used (for example, RAHc:
Right anterior hippocampus). When comparing the electrode
readings with the co-registered MRI software, contacts located
in white matter or close to the dura should be excluded.
Simultaneous and synchronous recording of scalp EEG is
not necessary, but it can be performed by means of a few
electrodes. The sampling frequency must be at least 256Hz
(ideally ≥512Hz or ≥1,024Hz). Most Comprehensive Epilepsy
Centers use a minimum sampling rate of 1,280Hz for the
appropriate evaluation of the HFOs (22).

IMPLANTATION PLANNING

Perhaps the most important portion of the SEEG implantation
process is the planning strategy. A hypothesis is generated
ideally with a multidisciplinary team considering the clinical
seizure lateralizing and localizing signs, as well as the imaging
and nuclear medicine findings, neuropsychological language,
memory testing results, and psychiatric comorbidities. The
concept of three-dimensionality comes into play in this step
of the process, as we consider the symptomatogenic zone
(lateralizing and localizing signs, early and postictal), the
irritative zone (interictal and ictal epileptiform abnormalities),
and the eloquent cortex. The implantation of depth electrodes
does not simply convey information about the seizure onset
and propagation, but also informs the team of the interactions
of the EZ with the eloquent cortex, to establish resection
limits. Depth electrodes should strive to sample the anatomic
lesion of interest (if there is one), ictal onset structures, early
and late spread regions, and the interaction with functional
regions (26).

When exploring the temporal regions for epilepsy, one should
keep in mind that the temporal region interacts and connects
with several extratemporal areas. SEEG must at times require
coverage of these areas to determine spread to these regions, or
in specific cases where neocortical temporal findings are seen. In
some cases, with non-invasive findings, extratemporal epilepsy
can go undetected as deeper structures are involved, especially
the insula (15). There is no standardized planning scheme, as
has been suggested thoroughly by many authors worldwide.
Most centers in North America cover the temporo-insular-
anterior perisylvian areas, and/or temporo-insular-orbitofrontal
areas, or posterior temporal-posterior insula, temporobasal,
parietal, and posterior cingulate areas (2). The practicality of
such implantation is debated. A highly individualized standard

of implantation must be discussed, but a standard “Limbic”
coverage is necessary in some cases.

Suggested coverage in our center usually involves the
anterior and posterior hippocampus, amygdala, and anterior
cingulate gyrus. In most cases, coverage is extended to the
anterior, middle, and posterior insula, orbitofrontal region, and
posterior cingulate gyrus, as part of the limbic system and its
connections. In special cases, the exploration might include
strong neocortical characteristics (according to non-invasive
findings) and might extend to Heschl’s gyrus (with semiology
that suggests this region), the fusiform gyrus, the temporo-
parietal-occipital junction (when language and vision are also
affected, or neocortical semiology is present). Figure 3 depicts the
anatomical location of frequent sites of implantation within the
limbic system, with a focus on TLE. The individual findings are
exclusive to every case, and one cannot use standard implantation
for all patients.

SEEG INTERPRETATION: BACK TO BASIC
PRINCIPLES

As the evaluation of SEEG is 3-dimensional, one cannot talk
about SEEG interpretation without previously establishing basic
principles in the study of epilepsy, in this case, temporal
lobe epilepsy (2, 7, 19, 20). SEEG follows basic principles of
interictal activity (interaction of lesion in parenchyma, and
epileptiform abnormalities) combined with ictal activity. The
fundamental zones involved in the epileptogenic network come
into play, that within the SEEG “reading system” may coexist:
lesional, interictal, and ictal zones (Table 1). The definition
of “seizure onset zone” mainly used in SDEEG differs, as it
consists only of measuring latencies between contacts, no matter
what the seizure pattern or frequency. Another term is used
in SEEG, “early spread network” referring to the early or late
propagation of activity, that regards the electrical and semiology
network of a seizure (28). With this 3- dimensional view,
the interpretation of SEEG requires reading and interpreting
by an experienced epileptologist or neurophysiologist. As
with less invasive procedures during phase I studies, clinical
characteristics of seizures follow the same mainstays of localizing
and lateralizing signs as part of the symptomatogenic zone, which
may be close or farther away from the EZ or LZ.

INTERICTAL SEEG IN TEMPORAL LOBE
EPILEPSY

When reading a recording, important details must be noticed,
such as the recording rate at which the SEEG is done (see
section above), and observation of the location of each contact.
Evaluation of the location of every contact previous to reading
and ultimately interpreting SEEG, as this represents a 3-
dimensional view. Basic principles, such as abundance, still apply,
but temporospatial distribution and the relationship between
electrodes in seizures also must be studied. For instance, the
presence of interictal discharges may be present in the mesial
temporal region, but also simultaneously in the anterior insula.
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FIGURE 3 | Clinical vignette. A 24-year-old left-handed female, like her father, began with epilepsy at age 15. Semiology began as a non-specific abdominal

sensation, loss of awareness, speaking “gibberish”, or changing subjects of conversations. The seizures were often associated with lacrimation, salivation, and

chewing automatisms with a frequency of 2 seizures per month. There was no tendency to progress to bilateral tonic-clonic. She has tried more than 7 antiseizure

medications. Interictal Scalp encephalography (EEG) findings in Epilepsy Monitoring Unit admissions were unremarkable with no interictal discharges with the

exception of rare left posterior temporal polyspikes during sleep (T5 spreading to O1-T3). Ictal Scalp EEG showed onset over the same area, but the scalp EEG

changes did not precede clinical manifestations by more than 30 s. MRI Brain, was unremarkable, positron emission tomography (PET) CT showed no definite

quantitative or qualitative hypometabolic focus. SPECT showed no clear focal area of hyperperfusion but showed a non-specific increase in perfusion in the left

temporoparietal region. The neuropsychological evaluation showed left-hemispheric language dominance and mild memory impairment. The case was presented to a

multidisciplinary team and stereo-encephalography (SEEG) implantation was decided. Limbic coverage with an emphasis on the temporo-parietal occipital junction

(due to the EEG, SPECT, neuropsychological findings) and the opercular-insular region (because of clinical findings) was decided. After presurgical investigations were

completed, resective surgery was not decided due to the risk of global aphasia. (A) Trajectory planning of SEEG electrode insertion with Renishaw NeuroinspireTM

software, co-registered with MRI. (Image courtesy of Dr. David Steven and Dr. Greydon Gilmore, London Health Sciences Centre, London, Ontario, Canada). (B)

Insertion of Depth electrodes by Renishaw Neuro-Mate. Neurosurgeon and robot assisting device when installing depth electrodes in the operating room. (Image

courtesy of Dr. David Steven and Dr. Greydon Gilmore, London Health Sciences Centre, London, Ontario, Canada). (C) Interictal SEEG: Longitudinal bipolar montage

of intracranial SEEG recording with a sampling rate of 1,280, showing synchronized spikes seen as runs lasting up to 4 s at a time involving the neocortical temporal,

temporo-occipital, and parietal-occipital region. Synchronic interictal findings are a frequent finding of temporal lobe epilepsy and its connections. (D) Ictal SEEG: (D1)

Longitudinal bipolar montage of intracranial SEEG recording with a sampling rate of 1,280, showing an attenuation of the background activity, with low voltage fast

activity in the same regions of synchronization seen in A for 5-6 s. (D2) Previously seen attenuation is followed by a high-voltage spike that runs over the mesial

temporal regions. (D3) As the seizure propagates, the activity spreads to the neocortical temporal regions. (D4) Periods of attenuation occur until the final offset is

seen as attenuation. (E) Cortical stimulation showed a wide hyperexcitable epileptogenic network involving the parieto-temporo-occipital region, both mesial and

neocortical. When stimulating the left mesial temporal region, anomia occurred (pink color in co-registered MRI) and when stimulating the neocortical

temporo-occipital region, speech arrest occurred.
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TABLE 1 | Definition of some commonly used terminology in stereo-encephalography (SEEG) study.

Concept Definition Example

Lesional Zone (LZ) Site(s) of permanent slow background activity, independent of seizure

recurrence.

Tumor, stroke, gliosis, etc.,

Irritative zone (IZ) Site(s) of abnormal interictal paroxysmal activities. Waveforms may be

various and complex. Rarely focal in TLE but spread within

cortico-cortical networks.

Spikes, sharp waves, spike and waves, low voltage

fast activity.

Second Irritative Zone A zone that is spatially distinct from the seizure onset and occurrence

dependent on primary spikes.

Frequently seen in Temporal lobe epilepsy as

synchronic spikes. (See Figure 1).

Epileptogenic Zone (EZ) Site(s) of “primary organization” of ictal discharge. Triggering this area with

cortical stimulation will in theory cause a seizure.

High Frequency Oscillation (HFO) High frequency interictal and ictal activity in gamma range that has high

correlation with the epileptogenic tissue and zone (27)

Seen frequently in focal cortical dysplasia and lesional

epilepsy

Afterdischarges (AD) A seizure pattern following single or repetitive electrical stimulations of a

discrete area of the brain by using intracerebral electrodes.

No specific pattern seen; EEG finding is similar to IZ.

This represents a synchronous activation of different structures
in the limbic system. This finding is not rare in limbic epilepsy.
In addition, an abundance of interictal spikes or discharges is
relevant, as well as well-described paroxysmal fast activity that
can indicate a lesional finding (2).

Interictal activity for the limbic system has been described and
must be distinguished from abnormal background activity. With
the development of the brain atlas of normal SEEG recordings
in Montreal using 106 subjects, characteristics of specific brain
regions were established using SEEG and quantitative recordings.
Interestingly, alpha activity was seen in a lower frequency in the
temporal lobe (7.75–8.25Hz) when compared to the occipital
region. In addition to well-known information regarding theta
findings, the temporal lobe had delta activity as well, (0.75–
2.25Hz) maximum over the hippocampal region (16).

No specific pattern for temporal lobe epilepsy interictal
activity has been described in the literature. Some authors
consider postictal and interictal activity alone insufficient to
detect the lesional and “irritative” zones (29). Contradicting
these findings, a group in France attempted to characterize the
pathologic process of interictal activity as a potential biomarker.
They found that epileptic spikes were in close relation to the EZ.
Interestingly, they can also appear in regions remote from the
EZ. This “secondary irritative zone” manifests the propagation
of the epileptogenic network (30). A study using SEEG found
that the distribution of interictal epileptic spikes using the spike
frequency index and the topography of the EZ at the time differed
in neocortical epilepsies (31). The concepts of epileptogenic
networks are largely supported by findings of simultaneous spikes
in distant areas.

More than 50% of the epileptic spikes in the mesial temporal
region are synchronously expressed in the neocortical temporal
regions (30–32). In addition, mesial temporal structures have
shown an increased tendency to synchronize during interictal
activity (31, 33). Resting-state studies have shown that there
are established connections within the limbic system, with
interactions between the amygdala, anterior hippocampus,
entorhinal cortex, and the posterior hippocampus (34). Some
suggest that these patterns could parallel findings in the kindling

models described in rats as part of the pathophysiology of TLE.
BOLD fMRI connectivity studies with SEEG registration have
found that there is a trend for fMRI with functional connectivity
reduction in the EZ and the interictal zones, potentially
secondary to an alteration in the neurovascular coupling (30).

ICTAL SEEG IN TEMPORAL LOBE
EPILEPSY

Ictal SEEG activity has been studied widely, especially regarding
fast activity seen as low voltage fast activity (LVFA) described
by Bancaud in 1965 (6). Visually, LVFA is readily visible when
interpreting SEEG, as it disrupts the background. The unique
properties of the limbic electrophysiological properties need to
be kept in mind to better determine abnormal onset activities
(30). Specifically LVFA usually indicates a lesion that is highly
epileptogenic. Slow or sharp waves are seen intermixed in the
LVFA, often in the ascending or descending portions of the wave.
In the case of hippocampal onset seizures, repetitive spikes or
sharp waves may summate/build up as part of the preictal phase,
especially in these regions, and are associated with focal cortical
dysplasia (FCD) (35, 36).

“Lead-in” structures in the epileptogenic zone play an
important role in establishing seizure networks. The time lag
between the “leader” structure and propagated structures helps to
understand the epileptic networks (37). A study by the Yale group
found that patients with drug-resistant TLE, especially involving
the anterior temporal region, with seizure propagation in <10 s
had a higher rate of surgical failure (hazard ratio (HR), 5.99; 95%
CI, 1.7–21.1; P < 0.01) (38). Distance between the electrodes
may also affect the latency of propagation and further studies are
needed to validate this finding.

In mesial temporal lobe epilepsy (MTLE), low frequency and
high amplitude periodic spikes with a hypersynchronous onset
have been associated with neuronal loss and gliosis in this area,
especially in the hippocampal formation (39, 40). In addition,
hippocampal spikes tend to spread to the entorhinal cortex and
amygdala, and posterior cingulate area (41). Characteristically, in
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MTLE seizures, symptoms occur late after onset within themesial
limbic regions, manifested later as the propagation of the seizure
spreads out of the EZ (2, 19).

Subclinical or electrographic seizures may be observed as
rhythmic or fast activity similar to a focal discharge that may
appear in one contact or regionally, lasting more than 10 s. At
times, this activity is similar to the initial portion of a seizure that
has clinical manifestations when spreading to other structures
(6). Importantly, subclinical seizures have been deemed a high
localizing finding and if resected, positive post-surgical outcomes
are reported (42).

Postictal findings are relevant, especially in the early stage,
where focal attenuation/ suppression of background may link to
the epileptogenic zone. The longer the suppression/attenuation
lasts, the more pathologic the EZ might be (26, 30, 43).

THE RELEVANCE OF FAST ACTIVITY:
RIPPLES AND HIGH-FREQUENCY
OSCILLATIONS

Animal studies suggest that the common epileptogenic patterns
in MTLE are periodic spikes and LVFA (Figure 3D). These may
differ in high-frequency oscillations (HFO) characteristics. High-
frequency waves have been associated with highly epileptogenic
networks. Gamma oscillations are defined as those within
30–80Hz (seen in the hippocampus) and are a physiological
representation of the balance of excitation and inhibition in local
neurons. Those classified as HFOs are 125–500Hz, and very
HFOs (vHFOs) (250–500Hz) (44). Some conflicting evidence
exists on the previous findings, as these may also be called ripples
and fast ripples; physiological findings. Another study group
advocates that fast ripples increase during the onset of seizures
as periodic spikes and ripples predominate in those seizures
beginning with LVFA (45).

TYPES OF SEIZURE PATTERNS IN SEEG:
THE OLD AND THE NEW

Perucca et al. published findings on seizure onset patterns in
patients with SEEG. These patterns are as follows: 1. LVFA
is defined as rhythmic low voltage (<10 µV) activity above
13Hz; 2. Low frequency, high-amplitude periodic spikes, at.5–
2Hz; 3. Sharp activity ≤ 13Hz, low to medium-voltage sharply-
contoured rhythmic activity in the alpha-theta range; 4. Spike
and waves, medium to a high voltage ranging in the frequency
of 2–4Hz; 5. A burst of high-amplitude polyspikes, characterized
by a single brief burst of repetitive high-voltage spikes; 6.
Burst suppression is seen as brief bursts of medium- to high-
voltage repetitive spikes alternating with brief periods of voltage
attenuation; 7. Delta brush is seen as rhythmic delta waves at
1–2Hz, with superimposed brief bursts of 20–30Hz activity
overriding each delta wave. Low frequency high-amplitude
periodic spikes (type 2 pattern) were specific to mesial temporal
atrophy or sclerosis and were seen only in the mesial temporal
lobe. When analyzing the temporal region, LVFA (type 1 pattern,
seen most repeatedly), low frequency high-amplitude periodic

spikes (type 2 pattern), and sharp activity (type 3 pattern) were
seen. These were also three of the four patterns identified in
temporal atrophy or sclerosis, although there were no significant
differences in the frequency of the three patterns between seizures
that arose from pathological tissues vs. healthy mesial temporal
structures. Other anomalies associated with these patterns in the
study were FCD, periventricular nodular heterotopia, tuberous
sclerosis complex, and cortical atrophy (41). These results were
recently replicated by a Chinese group, finding LVFA was most
common, present in more than 40% of cases with TLE (46).

In another study, cases were divided into an MTS group and a
non-MTS group based on imaging. Seizure onset patterns were
analyzed and classified to determine the correlation between
surgical outcome and clinical subtypes. Five seizure onset
patterns were determined for MTLE, and 2 were correlated with
MRI findings. Multiple seizure onset patterns did not predispose
to poor outcomes in this subgroup, but multifocal seizure onsets
especially when outside the resected area in the temporal region
had poor outcomes (13). In a separate analysis by Lee et al. (47),
neocortical patterns of epilepsy in the pediatric population were
explored. Regional onset was most seen in the gamma range
and temporal, or focal onset was seen in beta frequency ranges
or slower. LVFA was once again the most common form of
seizure onset activity in 57% and was most frequently seen in
developmental pathological findings. In comparison, rhythmic
sinusoidal waves at onset were found in only mature cases. In
addition, LVFA and rhythmic sinusoidal wave onset patterns
were associated with favorable and slow onset suggesting poor
outcomes in the subgroup of developmental pathology (47).

One of the indications of SEEG is establishing the laterality
of the EZ when scalp EEG and non-invasive information are
discordant. SEEG recordings involving the hippocampal region
correctly identify and lateralize temporal lobe seizures far more
than limited subdural electrodes (42). A recent study using SEEG
revealed that only 4/14 (29%) patients indeed had unilateral TLE.
In addition, 2 distinct SEEG patterns of seizures were described:
a temporo-mesial origin of seizures, and multiple onset zones in
the mesial and lateral temporal cortex or from the extra-temporal
cortex. Patients in the temporo-mesial pattern underwent surgery
and had a favorable outcome. The laterality of the seizures was
not the only element considered when deciding which side to
intervene, but the non-invasive information played a crucial role
as well (48).

PRESURGICAL CORTICAL STIMULATION

Cortical stimulation (CS) is one of the mainstays of the
study of the EZ, the elements surrounding it, and the
capability of surrounding tissue to cause seizures or be pro-
epileptogenic. Presurgical stimulation is not done routinely in
all comprehensive centers, but it is certainly encouraged in most
pioneering centers worldwide (2, 7, 49, 50). CS allows comparing
induced seizures with spontaneous seizures to precisely localize
the EZ and its boundaries. Any component of the EZ is in
theory able to synchronize the whole network, and stimulation
along these areas might trigger a seizure. Identification of
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LVFA during stimulation may reveal networks that were unclear
spontaneously. In addition, seizure architecture may be different
when stimulating different elements of the EZ and may trigger
different seizure paths in the same network. This is especially
true in regional neocortical temporal epilepsies that involve the
occipital/temporal or occipital/temporal/perisylvian regions. The
order of activation of the components of the EZ is important to
establish propagation patterns.

In addition, after discharges (AD) are pivotal in CS.
When activating AD, the team may obtain information about
epileptogenic areas of interest and correctly discern them
from non-epileptogenic tissue. Specifically, in mesial temporal
regions, single or trains of pulses are delivered to stimulate
the hippocampus at low amperage, due to its low threshold
for stimulation (51). Pulses (single.3–0.5ms or trains for up
to 5 s) with an intensity preferably of 0.5–5mA are delivered.
The same intensity is applied to known affected tissue with
pathology, like dysplasia (5, 19, 52). A key fact in CS is
not to stimulate repeatedly in the same contact line, as the
epileptiform discharge may be “fatigued”. AD morphology
has been studied, but not found to be related to a specific
subtype of epilepsy, or EZ. Blume et al. described 5 different
morphology patterns in SDEEG: sequential spikes with pauses,
spikes-waves at 1–3Hz, polyspike bursts, rhythmic waves and
spikes, and rhythmic waves (53). They were described in mostly
temporal regions using subdural recordings. However, in this
SDEEG study, the authors found that when AD involved more
than the stimulus site it might lateralize incorrectly and be
misleading. AD that is triggered outside the known EZ are
important findings and signifies non-synchronization of that
specific area.

In the case of the infra-Sylvian epilepsies (temporal and
occipital), the mode of organization is similar according to a
study by Chauvel. In this subgroup, the elements of the “typical”
seizure may be obtained and the peculiar hyperexcitability
and hyperconnectivity of the limbic system make this area
complex for interpretation. When compared to its supra-
Sylvian counterpart that can trigger seizures without the
presence of AD, as an all or- non-phenomenon, the limbic
system involved in epilepsy is complex (54). A French group
found that when stimulating the insular cortex, two networks
were seen: a visceral network that extended to the temporo-
mesial structures and a somesthetic network that reached the
opercular cortex (55).

Contradicting evidence exists on the advantages of presurgical
stimulation. The estimation of the concordance between
stimulation-induced and spontaneous seizures was 90% for
temporal regions in a recent study (13). A separate group found
that afterdischarges could not be used as a standardized tool to
localize EZ (2). False negatives were abundant and difficult to
interpret. Due to this finding, CS is not a standard in some centers
and direct stimulation on the surgery day is a common practice
(2). Recently, in a joint study by the MNI and Grenoble groups,
103 patients were studied, and seizures induced by CS identified
the EZ and its primary generator as reliably as spontaneous
seizures. They suggested using CS in a more time-efficient
manner could reduce hospital stays and potential morbidity (50).

Cortical stimulation is also done to establish the limits of
the functional or eloquent brain areas. The main targets of
interest are mapping of language, especially with the close
relationship with opercular structures. The anterior and posterior
language areas belonging to the dorsal language stream share
characteristics with primary cortices, basal temporal regions,
and high associative ventral temporal regions. The need to
understand the language as a network and not a single area
is important during CS (54). In cases of lesional epilepsy, the
stimulation of zones farther away from “conventional” language
areas is seen and can certainly influence surgical decisions. In
fact, language mapping that finds the involvement of the basal
temporal language area involved in this regionmust be taken into
consideration. When this area is resected, a decline in naming is
seen and persists across time (56). Figure 3 depicts a case that
exemplifies the SEEG vision of TLE.

PITFALLS AND COMPLICATIONS OF SEEG

While we have established the advantages of SEEG recordings,
their use must be reserved for suitable cases. The caveat of SEEG
implantation is always avoiding “fishing expeditions”, a common
term used to depict extensive implantation of both hemispheres,
likely due to poor non-invasive information or contradicting
information. Although some cases are thoroughly complicated,
especially those with late-onset, mesial frontal involvement, or
temporal plus characteristics (5). A fishing expedition further
complicates SEEG interpretation, as the propagation pattern
is difficult to analyze, and finally, the latencies between areas
may not be adequately weighed. Implantations that exceed 15
depth electrodes have a calculated risk of complication of 0.18%.
per electrode (57). As was mentioned earlier, latencies are very
important to establishing a surgical prognosis (38). While the
planned electrodes are placed on the selected cortical areas that
are suspected to originate from the epileptogenic zone, their area
of coverage is so precise that the main area of seizure onset may
be missed (5).

The capability of brain mapping is restricted in SEEG when
compared to the cortical superficial mapping of SDEEG. SDEEG
has a convenient view of the superficial neocortex, but the
feasibility of the stimulation for functionality in SDEEG has not
been formally studied when comparing it to SEEG. SEEG allows
a three-dimensional view of the epileptic network, a task that has
yet not been obtained by just SDEEG. Finally, when the goals of
treatment are palliative SEEG is greatly discouraged. Selection
of patients involves not only seizure patterns and propagation.
Patients that are cognitively or behaviorally impaired may not
be adequate candidates for SEEG, as they may explant or cause
self-lesions (58).

Complications of SEEG implantation are low. They mainly
occur in the implantation and explanation process. Most
comprehensive epilepsy centers report no complications with
SEEG implantations (5, 15, 20, 24). In a systematic review done
by the Cleveland team, SEEG was considered a safe procedure;
the most common complications were hemorrhage (1%, 95% CI
0.6–1.4%) and infection (0.8%, 95% CI 0.3–1.2%) (59). While
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SEEG is most frequently used in comprehensive epilepsy centers
and is ultimately replacing SDEEG, a recent study showed
thatpatients that underwent SDEEG were more likely to undergo
surgery, but not obtain seizure freedom and had a higher odd
of complications related to the procedure (OR = 2.24, 95% CI
1.34, 3.74; unadjusted: 9.6% after SDE vs. 3.3% after SEEG).
Seizure freedom was higher in the SEEG group as well (60).
Although SEEG is safe for the pediatric group of patients, it is not
a common practice to undergo SEEG implantation before ages
2–3 years of age (14, 21).

SEEG IN NON-LESIONAL VS. LESIONAL
TEMPORAL LOBE EPILEPSY:

Non-lesional TLE is evolving as a unique entity of TLE. It
represents seizures originating from the temporal lobe based
on electroclinical findings and semiology, in the absence of
an epileptogenic lesion on the MRI (MRI Negative). On the
contrary, lesional TLE (MRI–positive) is defined as the presence
of hippocampal sclerosis (HS) as the most common pathologic
(65–70%) finding in (MTS), or other lesions confined to the
temporal lobe (61).

Distinguishing seizures from mesial, neocortical TLE, or
deeper anatomical focus can be challenging. They can be
clinically “silent” areas and can produce seizures with semiology
and electrophysiological findings indistinguishable from MTS,
including the temporal pole (62), orbitofrontal cortex, insula,
posterior cingulate gyrus (63), and temporo-parieto-occipital
area (64). The distinction is essential because resection of only
the mesial temporal structures in these patients will not control
the epileptic seizures. Physicians must be cautious to consider
resection for TLE when images are unremarkable. In general,
TLE with “normal” MRI requires more investigations (Phase
I and II) before a surgery decision can be made. Accurately
identifying the absence of a possible epileptogenic structural
lesion is crucial. This can change both the indications of SEEG
and surgery outcomes. Patients must be investigated carefully
with a high-resolution epilepsy protocol MRI with both T1 and
T2-weighted images. Challenge in confirming a diagnosis of
MRI-negative TLE is that accurate classification relies upon the
quality of the MRI and the radiologist’s expertise in interpreting
those images (Table 2).

Interpreting scalp EEG by a seasoned electroencephalography
expert is mandatory in every case. For instance, ictal frequency of
2–5Hz irregular rhythm with widespread temporal distribution
suggests either neocortical or a deeper epileptogenic origin
of seizures. For these cases, SEEG may be especially useful.
In cases of suspected extratemporal lobe epilepsy, IEDs can
be seen over precentral, bilateral, anterior medial temporal
(identical to Mesial TLE), or without any IED (68). Planning
for further SEEG investigation, especially when non-concordance
hypotheses arise, depending on their overall clinical, imaging,
and EEG findings may be warranted (69). In fact, in a cohort
of 177 patients with SEEG, 29 had non-lesional MTLE. They
proposed a standard bilateral limbic coverage when implanting
all non-lesional cases (70). Most centers apply individualized

implantation depending on a specific seizure propagation pattern
and clinical characteristics and not necessarily bilateral limbic
coverage in all cases.

Furthermore, nuclear medicine imaging is complementary
in localizing and/or lateralizing the EZ, aiding in SEEG
implantation planning and covering the most possible
anatomical areas with the highest epileptogenicity. These
modalities can be used as independent predictors of seizure
freedom outcomes after surgery (71). Positron emission
tomography (PET) is an interictal study that helps in SEEG
pre-implantation mapping by identifying the hypometabolic
areas which may highlight focal regions of cortical dysfunction.
PET frequently shows an area of hypometabolism extending
beyond the EZ. Thus, physicians cannot use it solely to delineate
surgical margins of resection. Nevertheless, it remains of value
for lateralization and general localization of epilepsy in all cases
mainly negativeMRI for the planning of SEEG implantation (72).

Additionally, Ictal-interictal SPECT (Single-Photon Emission
Computed Tomography) provides a high yield as a non-
invasive option for non-lesional cases. It provides an indirect
measurement of the increase in cerebral blood flow (CBF)
during ictal epileptic activity (73). Studies determined that when
comparing the utility of both SPECT and PET in identifying the
EZ, SPECT is superior to PET in identifying the epileptogenic
zone in both lesional and non-lesional TLE. In MRI-negative
cases, SPECT showed 64% sensitivity, while PET only 36%.
Contrasting with MRI-positive TLE cases, the sensitivity of
SPECT was 87.5% and in PET 62.5% (74). PET and SPECT
provide no statistical additional localizing value if electro-clinical
and MRI findings are concordant (70).

The role of neuropsychological evaluation in the localization
of the seizure and the pre-implantation mapping remains
controversial. Studies involving TLE non-lesional cases
emphasized that normal memory does not preclude seizure
onset in any focus within the temporal lobe, specifically the
mesial TLE. Therefore, they are mainly used to predict verbal
memory outcomes after surgery is planned (75).

Non-lesional TLE patients can have up to 56% seizure freedom
when adequately selected (70). Some centers favor implanting full
bilateral temporal SEEG coverage in those cases even if the pre-
implantation hypothesis is highly suggestive of unilateral focus
(48, 76). In one study, up to 14% were ultimately determined to
have independent bitemporal seizures despite a unilateral non-
invasive evaluation (70). Other centers have found favorable
outcomes with bilateral temporal (biTLE) SEEG coverage in TLE
with known unilateral hippocampal sclerosis when the possibility
of a true biTLE was high (77).

OUTCOMES OF SEEG IMPLANTATION IN
TEMPORAL LOBE EPILEPSY

Resective surgeries and SEEG implantation techniques are
evolving rapidly (19, 78). In general, patients that do not
undergo resection after SEEG implantation and recording
are up to 40%. Particularly in non-lesional TLE, this group
had lower outcomes after surgery with or without SEEG
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TABLE 2 | Indications of SEEG in lesional and non-lesional temporal lobe epilepsy.

Non-lesional Temporal Lobe

Epilepsy

Lesional Temporal Lobe Epilepsy Both Lesional and Non-lesional Epilepsy

Dominant Temporal Lobe Epilepsy

and normal pre-surgical memory:

• Explore sparing the hippocampus if

not involved in seizure generation

to reduce the risk of post-surgical

verbal memory decline (65)

Multiple lesions

Uncertainty of involvement of bilateral

temporal, “pseudo-temporal”, or

temporal-plus epilepsies (in

discordant

electro-clinical manifestations).

“Dual pathology”: hypothesis

suggests one epileptogenic zone and

not multifocal epileptogenic

zones, (66)

Central hypothesis of the EZ does not

coincide with lesion identified on

MRI (67)

Clinical:

• Aura of unusual

presentation of mesial

temporal semiology,

suggesting lateral or

extra-temporal onset.

Electroencephalogram:

• Interictal scalp

electroencephalogram

with bilateral temporal

spikes

• Interictal scalp

electroencephalogram

with posterior temporal

spikes or extra-

temporal/neocortical

spikes.

• Ictal scalp

electroencephalogram

with unclear seizure

onset, extra temporal

onset, and/or

originating in one

temporal region and

propagating quickly to

contralateral

temporal region.

Neuropsychological evaluation:

• Neuropsychology testing

suggestive of functional deficit

in bilateral, extra temporal or

contralateral temporal regions.

Imaging (additional):

• Negative/discordant functional

imaging (Positron Emission

Tomography and/or Single- Photon

Emission Computed Tomography).

implantation. For example, seizure freedom rates in bilateral—
SEEG implantation patients were (32%) compared to those
unplanned for SEEG and to unilateral SEEG implantations
(43%)(79). Some studies have found possible predictors of
epilepsy outcomes after SEEG implantation. Negative predictors
of seizure freedom after SEEG are more than one seizure focus,
seizure-free periods in their medical history, and a non-localizing
ictal scalp EEG. On the other hand, a positive prediction of
seizure freedom was observed with identified MRI lesion or
PET hypometabolism in concordant with a strong and testable
anatomo-functional hypothesis (80, 81). Another outcome series
by the Cleveland group aimed to determine the rates and
predictors of seizure freedom after resection among bilateral
SEEG implanted patients. Observed positive predictors were
single seizure type, short epilepsy duration (<10 years), absence
of bilateral independent ictal seizure onset, and presence of
dominant IEDs, which were among the most significant (76).

For patients that have been treated with failed resection of
temporal regions, SEEG can also establish EZ characteristics
for further treatment strategies and decision-making. In a
study of post-surgical TLE patients in Germany from 2013
to 2017, the investigation of 21 patients that required SEEG
led to a change in the initial surgical plan in more than
60% of patients, with resection area ranging in over 81% and

an outcome of Engel I in 75% of patients (82). In fact, in
a recent retrospective study of 85 patients that underwent
anterior temporal lobectomy with bilateral TLE or poor
lateralizing data, the SEEG study yielded equivalent outcomes in
unilateral TLE (83).

Additionally, one of the reasons for surgery failures in TLE
raised attention to the speed of propagation of seizure activity
recorded intracranially in both groups of unilateral and bilateral
TLE hypotheses. Lieb et al. (84) reported that an interhemispheric
propagation time <5 s was negatively correlated with seizure
outcomes. A mean interhemispheric propagation time of 39 s
was associated with a favorable outcome. A recent study
showed that rapid seizure spread in <10 s was associated with
recurrence of seizures, despite 61% of those patients being
with lesional TLE (38). Overall, reported outcomes could be
controversial given the fact variations between the centers in
patient selection criteria, implantation data processing, and
available diagnostic techniques.

Stereo-encephalography implantation is useful to establish EZ
that is extratemporal in origin. In a retrospective case series
using SEEG patients implanted to discern TLE vs. Extra-TLE and
finally found to have extra-TLE were described. In adequately
established extra-TLE, surgical results were favorable in all cases
at follow-up (85).
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SEEG FOR TREATMENT:
INTRAOPERATIVE GUIDANCE, LASER
ABLATION, AND THERMOCOAGULATION

Laser ablation has become a common treatment mode combined
with SEEG guidance. Lesions related to TSC, MTS, FCD,
hamartomas, and strokes have all been successfully treated with
laser ablation. Laser ablation offers a small opening required
to insert the probe, and high precision for the direction of the
laser probe, with <5min required to perform the procedure.
This procedure targets the amygdala, hippocampus, subiculum,
and part of the entorhinal cortex. (Standard ATL includes the
previously mentioned structures, but also the temporal pole,
the entorhinal cortex in the fusiform and parahippocampus,
and the lateral temporal region. This extension on resection
conveys adequate seizure freedom results.) (86). In a study
involving 10 patients with 15 distinct areas of epileptogenicity
and a robot assistant, all patients were discharged the next
day after the procedure, 5 patients had a seizure outcome
of Engel I without major complications (26). Laser interstitial
thermal treatment (LiTT) has become of interest as part of
the treatment in comprehensive epilepsy centers. A recent
systematic review and meta-analysis compared outcomes of MR-
guided LiTT (MRgLiTT) and SEEG-guided radiofrequency (RF)
thermocoagulation (SEEG-RFTC). Outcomes were efficacious
for MRgLiTT in hypothalamic hamartoma and failed anterior
temporal lobectomy. However, patients with TLE and MTS
did not achieve better seizure outcomes than non-MTS
patients. Current evidence with LiTT is limited, with case
series and ongoing research interest, with the use of robotic
implantation to decrease surgical morbidity (86). LiTT is not
available in all comprehensive epilepsy centers and is not a
standard practice.

Thermocoagulation has long been used in European
comprehensive epilepsy centers as a treatment for lesional
temporal epilepsy with promising results. The “classic”
mainstay of resective surgery involving the mesial temporal
region, especially with MTS, is anterior temporal lobectomy
(ATL). However, ATL presents with occasional side effects
concerning visual field defects and memory impairment.
SEEG- guided radiofrequency thermocoagulation (RF-TC)
provides an alternative treatment with inferior seizure freedom
when compared to ATL, but superior results with respect to
function. A Chinese study also found that RF-TC for MTLE
with MTS was well-tolerated in 22 cases and most had a
90% decrease in seizure frequency in 12 months (87). In
contrast, a French group studied 21 patients that underwent
SEEG-guided RF-TC and compared them to 49 patients that
underwent ATL. No patients on the RF-TC were seizure-free
at 12 months; 37 (75.5%) were seizure-free in the ATL group.
They recommended this procedure be reserved for difficult
to treat dominant and/or non-resectable MTS cases (88).
Trials are currently ongoing to establish differences between
these subgroups.

In SEEG-RFTC cases, patients with periventricular nodular
heterotopias obtained the highest rate of seizure reduction.
The rate of complications of both procedures was low (<5%)

(89). A recent study suggested RFTC could be used as a
segue to secondary interventions and for heterotopias. In cases
where the language dominant side is involved, they proposed
a minimally invasive treatment with multiple hippocampal
transections using RF-TC (90). This is not yet a common practice
in all Comprehensive Epilepsy Centers (Figure 4).

ARTIFICIAL INTELLIGENCE APPLIED TO
SEEG AND FUTURE DIRECTIONS

One of the most rapidly increasing sciences is artificial
intelligence (AI). SEEG is currently used as part of the
algorithms to predict seizures. One study used a stacked one-
dimensional convolutional neural network (1D-CNN) model
combined with a random selection and data augmentation
(RS-DA) strategy. They used this method to study scalp
and intracranial EEG. For the scalp EEG detection, an
88.14% sensitivity, 99.62% specificity, and 99.54% accuracy,
and for SEEG, 90.09% sensitivity, 99.81% specificity, and
99.73% accuracy were obtained. They concluded that the
prediction model was accurate (91). A miniature robotic
model system has also been encouraged as part of the
SEEG process of electrode implantation, with a more precise
implantation system and shorter timeframes (92). Deep learning
models have been developed to identify epileptogenic signals
from the epileptogenic areas of the brain. They use raw
time-series signals to build a one-dimensional convolutional
neural network (1D-CNN) to achieve end-to-end deep feature
extraction and signal detection. A sensitivity of 97.78%,
an accuracy of 97.60%, and a specificity of 97.42% were
found in the Bern–Barcelona database. Deep learning may
pivot new standardized studies for automated SEEG seizure
detection systems (93).

The growing field of epilepsy is flourishing especially with
the standardized SEEG used in Comprehensive Epilepsy Centers.
One study used BOLD signal and resting-state fMRI to
reflect brain pathological regions and epileptiform discharges.
Functional connectivity (Fc) using fMRI was cross-related with
SEEG in 5 patients with DRE and TLE. Fc signal was more
prominent in regions affected by epileptiform abnormalities.
Significant negative correlations were found between the FC of
SEEG and BOLD signal when considering all pairs of signals
(theta, alpha, beta, and broadband), suggesting differential effects
of epileptic phenomena secondary to pathological plasticity in
TLE (29). HFOs are now being studied as a part of the seizure
prediction tools. Using machine learning algorithms, detection
systems used SEEG signals and HFOs to recognize patterns that
preceded seizures by up to 30min. Not only can HFOs help
predict seizures, but a study suggests that they can even predict
acute development of a first seizure and chronicity of TLE (44).

DISCUSSION

Temporal lobe epilepsy is the most frequent and most studied
of the DRE epilepsies. Its treatment with surgical resection has
shown promise for seizure freedom. Since its initial description
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FIGURE 4 | Proposed algorithm for temporal lobe epilepsy investigations using SEEG.

in 1957 by Bancaud and Talairach, a lot has changed. From
the original notion of seizure onset zone and its interaction
with the irritative and lesional zone to the theory of epilepsy
as a network, SEEG has created an evolution in the way we
see epilepsy.

Indicated in “difficult to localize” epilepsies, SEEG permits
both the clinician and the surgeon to understand the interaction
of pathologic epileptogenic networks and physiologic pathways.
Surgical planning is precise and establishes boundaries of
resection with optimal responses. With the description of the
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atlas by theMontreal Neurological Institute, we can now establish
the baseline for SEEG neuronal activity (16). Morphology of
SEEG interictal and ictal activity has long been studied and
will continue to grow as machine learning and AI influence
and optimizes seizure detection. The exciting studies comparing
imaging and co-registering SEEG for the treatment of TLE in a
tailored manner promise great advances in the years to come.
Perhaps in the future, SEEG will be optimized by early CS,
machine learning for seizure detection, and finally tailored, non-
invasive treatment with excellent results.
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Abnormalities in the expression of metabotropic glutamate receptor type 5 (mGluR5) have

been observed in the hippocampus of patients with drug-resistant mesial Temporal Lobe

Epilepsy (mTLE). Ex-vivo studies in mTLE hippocampal surgical specimens have shown

increased mGluR5 immunoreactivity, while in vivo whole brain imaging using positron

emission tomography (PET) demonstrated reduced hippocampal mGluR5 availability.

To further understand mGluR5 abnormalities in mTLE, we performed a saturation

autoradiography study with [3H]ABP688 (a negative mGluR5 allosteric modulator). We

aimed to evaluate receptor density (Bmax) and dissociation constants (KD) in hippocampal

mTLE surgical specimens and in non-epilepsy hippocampi from necropsy controls.

mTLE specimens showed a 43.4% reduction in receptor density compared to control

hippocampi, which was independent of age, sex and KD (multiple linear regression

analysis). There was no significant difference in KD between the groups, which suggests

that the decreased mGluR5 availability found in vivo with PET cannot be attributed

to reduced affinity between ligand and binding site. The present study supports that

changes within the epileptogenic tissue include mGluR5 internalization or conformational

changes that reduce [3H]ABP688 binding, as previously suggested in mTLE patients

studied in vivo.

Keywords: temporal lobe epilepsy, mGluR5, hippocampus, [3H]ABP688, autoradiography

INTRODUCTION

Epilepsy is a neurological disorder characterized by recurrent, unprovoked seizures resulting from
an imbalance between excitatory and inhibitory neural systems that afflicts ∼1% of the general
population (1, 2). Temporal lobe epilepsy (TLE) is characterized by an epileptogenic focus within
the temporal lobe of the brain, most commonly within the mesial temporal structures, and more
frequently so within the hippocampus (3). Seizures originating from the mesial temporal structures
in mesial TLE (mTLE) present a high rate of intractability, for which suitable patients can be offered
surgical treatment (4, 5).
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Metabotropic glutamate receptor type 5 (mGluR5) is a
G-protein coupled receptor expressed as a dimer primarily
in the periphery of the post-synaptic terminal (6, 7). Each
protomer includes a large extracellular Venus flytrap domain
that contains the orthosteric binding site for glutamate. When
glutamate binds to the receptor, a conformational change
is induced that activates the G protein, initiating multiple
signaling cascades, including several involved in gene regulation,
enzymatic function, and release of intracellular Ca2+ stores (6,
7). mGluR5 has been shown to mediate neuronal excitability
and promote synaptic plasticity under normal physiological
conditions (8). In particular, the receptor is involved in the
establishment of long-term potentiation and depression (9, 10).

Various lines of evidence have pointed to mGluR5 as a protein
of interest in the study of epileptogenesis. The receptor has
been implicated in the generation of ictal events and persistent
neuronal hyperexcitability (11, 12). Furthermore, abnormal
expression of mGluR5 has been identified in rat models of the
disorder and in mTLE patients, through in vivo and ex vivo
studies (13–19). Immunohistochemistry (IHC) analyses in mTLE
surgical specimens have demonstrated mGluR5 upregulation in
the hippocampus, independent of a neuropathological diagnosis
of hippocampal sclerosis (13–15). In the pilocarpine rat model
of mTLE, IHC and immunofluorescence data revealed decreased
expression of hippocampal mGluR5 following status epilepticus,
which was associated with a loss of mGluR5-dependent long-
term depression (16, 17). In an amygdala-kindling rat model of
TLE, reduced mGluR5 mRNA expression was detected in the
hippocampus 24 h after the last kindled seizure (20).

The development of the positron emission tomography (PET)
tracer [11C]ABP688 expanded the investigation of the role
of this neuroreceptor in epileptogenesis by providing a non-
invasive means to evaluate whole brain mGluR5 expression
in vivo. [11C]ABP688 is a highly-selective and high-affinity
non-competitive antagonist of mGluR5 that binds to its
transmembrane allosteric site, comprising TMIII and TMVII
(21–25). [11C]ABP688 PET studies have demonstrated reduced
[11C]ABP688 binding potential (BP) within the epileptogenic
hippocampi of mTLE patients, and within the hippocampus and
amygdala of a pilocarpine-induced mTLE rat model (18, 19).
Similarly, reduced [11C]ABP688 BPwas foundwithin the borders
of focal cortical dysplasia, another intrinsically epileptogenic
lesion frequently diagnosed in epilepsy patients (26).

Reconciling hippocampal mGluR5 in vivo [11C]ABP688 PET
and ex vivo IHC data to date remains challenging, as these
techniques significantly differ in their methods of receptor
quantification, each providing a snapshot with very different
spatial resolution. Whereas reduced in vivo [11C]ABP688 BP
might at first seem in disagreement with ex vivo reports of
increased immunoreactivity within the same brain regions, the
dynamic conformational changes taking place in vivo must
be recalled. It has been speculated that in vivo decreases
in [11C]ABP688 BP in mTLE hippocampi may represent
downregulation or internalization of mGluR5, unavailability of
the [11C]ABP688 allosteric binding site due to conformational
changes induced by persistent tissue hyperexcitability, or excess
glutamate-induced changes to its binding affinity that could

take place despite an upregulation and overexpression of the
receptor (18).

To further shed light on the results of [11C]ABP688 PET
studies, as well as to further support a role of mGluR5 in
epileptogenesis, we conducted saturation autoradiography with
[3H]ABP688 in surgically resected hippocampi of drug-resistant
mTLE patients. We compared mTLE hippocampi with non-
epileptic post-mortem hippocampal specimens from necropsy, to
evaluate changes in mGluR5 density and [3H]ABP688-mGluR5
binding affinity ex vivo.

MATERIALS AND METHODS

This study was approved by the institutional REB.

Samples Preparation
Hippocampal specimens were obtained from 16 drug-resistant
mTLE patients (aged 26–67 at time of surgery; 11 female) who
underwent surgical resection of their epileptogenic hippocampi
at the Montréal Neurological Hospital after standard of care pre-
surgical evaluation at the Epilepsy Monitoring Unit (Table 1).
All patients provided written informed consent for research
involving their removed brain tissue. Flash-frozen specimens
were obtained from the Neuropathology Department.

A total of 7 non-epilepsy control hippocampal samples
from necropsy (aged 18–88 at time of death; 2 female) were
procured from the Douglas-Bell Canada Brain Bank (Table 2).
Characteristics of 3 of the controls in this study have been
previously presented in a table byVigneault et al. (27). Prior to the
autoradiography experiment, flash frozen tissue blocks were cut
into serial 20µm-thick sections, thaw-mounted on microscope
slides, and stored at−80◦C.

[3H]ABP688 Autoradiography
On the day of the binding assay, the frozen tissue sections
were thawed to room temperature and pre-incubated in an
Na HEPES buffer solution (30mM Na HEPES, 110mM NaCl,
5mM KCl, 2.5mM CaCl2, 1.2mM MgCl2) with a pH of 7.4
(adjusted by NaOH) for 20 mins. The sections were left to air-
dry then incubated for 60 mins in the same buffer solution
containing one of 6 different concentrations (0.25–8 nM) of
[3H]ABP688 (American Radiolabelled Chemicals; ARC). Non-
specific binding was assessed via simultaneous incubation with
2-Methyl-6-(phenylethynyl)pyridine (MPEP), at a concentration
of 10µM, in 3 sections per specimen. Following incubation with
[3H]ABP688, the sections were washed 3 times successively (5
mins/each) in ice-cold incubation buffer, then dipped in ice-cold
distilled water for 30 s. The sections were air dried, then placed
in a desiccator with paraformaldehyde overnight (16 h) for mild
fixation. Slides were then exposed on tritium-sensitive phosphor
imaging plates (Fujifilm) for 1 week alongside industrial tritium
standards (ARC). The plates were imaged using an Amersham
Typhoon biomolecular imager (spatial resolution 25 µm).

Image Analysis
The average gray value per square pixel was measured
for each region of interest (ROI) using ImageJ software
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TABLE 1 | Patients clinical characteristics.

ID Gender Epilepsy

onset

(years)

MRI diagnosis EEG

interictal/

ictal

Age at

surgery

Surgery Duration

of

epilepsy

(years)

ASM at

surgery

Pathology Engel

class

Follow-

up: years

from (last)

surgery

Frequency

of FIAS/

month*

History

of FS

1 M 53 BHA (R > L) B/B R > L 59 R CAH 6 OXC, LTG No definite

abnormality

Ia 9 7 No

2 F 12 LHA L/L 58 L CAH 46 CBZ, CLB,

LTG

MTS Ia 7 2 No

3 M 3 LT pole resection

LHA

None/L 51 L CAH 48 DPH, LEV,

OXC, CLB

MTS IV 3 3 No

4 F 16 LHA L/L 65 L CAH 49 LTG, DPH,

TPM, CLB

No definite

abnormality

Ia 7 4 No

5 F 6 LHA L/L 29 L CAH 23 PB No definite

abnormality

Ia 0.5 4 No

6 F 30 LHA B/B

(SEEG:

B/L)

43 L SAH 13 TPM, LTG MTS II 2 6 No

7 M 44 BHA L>R L/L 51 L SAH 7 CBZ, CLB,

LEV

MTS Ia 4.5 4.5 Yes

8 F 32 LHA B/L 47 L CAH +

ATL

15 OXC MTS Ia 9 1 Yes

9 F before 7 RT resection RH

signal abnormality

NA 26 R ATL 20 CBZ, CLB Low grade

astrocytoma

FCD III

Ia 4 4 No

10 M 5 RHA R 55 R ATL 50 OXC, LEV,

CLB

MTS Ia 6 9 No

11 F 8 L HMF LF

encephalocele

L/L (SEEG:

L/L)

39 L CAH 31 LEV, LCM Gliosis Ia 6 6 No

12 F 40 LHA L 42 L SAH 2 CBZ, CLB Gliosis II 2 16 No

13 F 13 RHA R 29 R SAH 16 LTG, CLB MTS Ia 9 2 No

14 M 13 BHA L > R + LFT

encephalomalacia

L 67 L CAH 54 CBZ, LEV Gliosis Ia 7 1 No

15 F 4 RHA R 36 R ATL 32 CBZ MTS Ia 6 2.5 No

16 F 16 RHA R 66 R CAH 50 CBZ, CLB MTS Ia 1.5 2.5 No

M, male; F, female; MRI, magnetic resonance imaging; B, bilateral; L, left; R, right; H, hippocampal; HA, hippocampal atrophy; HMF, hippocampal malformation/malrotation; T, temporal;

F, frontal; EEG, electroencephalography; SEEG, stereo-EEG; NA, not available; CAH, cortico-amygdalo-hippocampectomy; SAH, selective amygdalo-hippocampectomy; ATL, anterior

temporal lobe resection (including amygdala and hippocampus); CBZ, carbamazepine; CLB, clobazam; DPH, phenytoin; LEV, levetiracetam; LTG, lamotrigine; OXC, oxcarbazepine;

LCM, lacosamide; PB, phenobarbital; TPM, topiramate; MTS, mesial temporal sclerosis; FCD III, focal cortical dysplasia type III; *Focal impaired awareness seizures (FIAS) per month

in the year prior to surgery; FS, febrile seizures.

(Fiji, https://imagej.net/software/fiji/, RRID:SCR_002285). Not
all hippocampal subfields were clearly visible in all mTLE
hippocampal surgical specimens; the ROI included the dentate
gyrus, cornu ammonis (CA) areas, and subiculum, when
identifiable. Radioactivity concentrations in the tissue (nCi/mg)
were determined using a calibration curve constructed from the
tritium standards, with values corrected for tissue equivalency.
Receptor concentrations were expressed in fmol/mg using the
specific activity of the [3H]ABP688 sample (80 Ci/mmol).
Total and non-specific binding data were input into a one-site
saturation binding model (GraphPad Prism, RRID:SCR_002798)
to determine specific binding. Saturation binding parameters
Bmax (maximum specific binding) and KD (dissociation constant)
were extrapolated from the saturation binding curve. The
maximum specific binding observed typically corresponds to the
density of receptors.

Statistical Analysis
Statistical differences in Bmax between mTLE and control
specimens were determined using a two-tailed t-test. Due to
a large difference in sample sizes between the groups, Welsh’s
correction was applied despite meeting the equality of variance
assumption. KD values were non-normally distributed, therefore,
group differences were compared using a two-tailed Mann-
Whitney U Test. A multiple linear regression model was applied
to the Bmax data, with group (mTLE or control), age, sex,
and KD as predictors, to assess Bmax changes between the
groups independent of age, sex, and KD. Correlations between
Bmax and the age at surgery, age at seizure onset, duration of
epilepsy (years until surgery), and frequency of seizures (focal
impaired awareness seizures per month in the year prior to
surgery) of mTLE patients (Table 1) were assessed with a Pearson
or Spearman correlation. Differences in Bmax and KD were
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TABLE 2 | Non-epilepsy controls from necropsy.

ID Gender Age at

death

(years)

Post-mortem

delay (hours)

Cause of death

1 F 66 57.6 Traumatic injury from motor vehicle

accident*

2 M 18 2 Natural death cardiovascular*

3 M 88 8 Ruptured abdominal aortic aneurysm*

4 M 59 17.67 Gastric neoplasm*

5 M 31 9.2 Natural death, cause unknown*

6 F 51 26.25 Breast cancer*

M, male; F, female; *As recorded by the coroner.

also assessed between patients who achieved seizure freedom
following surgery (n = 13) and patients who did not achieve
seizure freedom (n = 3), and between patients with a history
of febrile seizures (n = 2) and patients who did not have a
history of febrile seizures (n= 14) using Mann-Whitney U Tests.
Seizure freedom status was determined by Engel classification (Ia
= seizure free; II–IV= non-seizure-free).

RESULTS

One control specimen (male, age 61yo) was excluded from all
analyses due to abnormally high [3H]ABP688 binding in the
0.5 nM condition (approximately equal to the 2nM condition),
constituting an outlier. There were no significant differences in
sex distribution [χ2

(1)
= 2.264, p= 0.132] and age [t(6.132) = 0.416,

p = 0.692] between control and mTLE groups. Both Age [r(4) =
−0.5061, p= 0.3056] and PMD [r(4) =−0.1533, p= 0.7718] were
uncorrelated with Bmax in the control group, supporting their use
as a control for the mTLE surgical samples.

[3H]ABP688 Binding Site Is Reduced in
mTLE: Comparison of Bmax
A two-tailed unpaired t-test with Welsh’s correction revealed
significantly lower mean receptor density (Bmax) between mTLE
patients and controls: t(7.224) = 3.717; p = 0.007; nmTLE = 16,
ncontrol = 6. On average, Bmax was 96 ± 33 fmol/mg tissue
equivalent (mean ± SD) for mTLE patients and 170 ± 44
fmol/mg tissue equivalent for controls (Figures 1, 2A).

[3H]ABP688 Affinity for MGLUR5 Does Not
Change in mTLE: Comparison of KD
A two-tailed Mann-Whitney U Test revealed that the median
KD value in the mTLE group did not significantly differ from
the median KD value in the control group: U(6,16) = 33; p =

0.294. The median KD was 1.640 (IQR = 2.059–1.081) for mTLE
patients and 1.137 for controls (IQR= 1.271–1.102) (Figure 2B).

Multiple Linear Regression Analysis of
Bmax
Multiple linear regression analysis of Bmax with group (mTLE
vs. control), age, sex, and KD as predictors yielded a significant

FIGURE 1 | [3H]ABP688 binding in the hippocampus. (A) Saturation

autoradiography with [3H]ABP688 in the hippocampus of two non-epilepsy

necropsy controls and three mesial temporal lobe epilepsy (mTLE) patients.

10µM of 2-Methyl-6-(phenylethynyl)pyridine (MPEP) was used to assess

non-specific binding. Greyscale images with 8nM [3H]ABP688 demonstrate

hippocampal structure in resected tissue from mTLE patients. (B)

Autoradiographic saturation binding curves constructed from total and

non-specific binding data. Displayed are the mean curves for specific binding

of mGluR5 by [3H]ABP688 in hippocampal specimens from mTLE patients

and non-epilepsy controls. Error bars represent SEM.

FIGURE 2 | [3H]ABP688 Bmax and KD values in the hippocampus. Receptor

densities (Bmax; in fmol/mg) and dissociation constants (KD) in hippocampal

specimens from mesial temporal lobe epilepsy (mTLE) patients and healthy

control individuals. (A) Bmax values were reduced in mTLE patients compared

to controls. Values are represented as mean ± std. error. (B) Dissociation

constants were not significantly altered in mTLE patients compared to

controls. Values are represented as median with interquartile range. **p <

0.01; ns, indicates a non-significant comparison.

model that explained 54% of the variance of Bmax: adjusted
R2 = 0.5428; F(4,17) = 7.232, p = 0.001362. Further analysis
of the model revealed that group was the only significant
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FIGURE 3 | Correlation of [3H]ABP688 Bmax and clinical demographics. Correlations between receptor densities (Bmax; in fmol/mg) and age at epilepsy onset (A), age

at surgery (B), duration of epilepsy (C), and frequency of seizures (focal impaired awareness seizures, FIAS, per month in the year prior to surgery) (D) are presented.

The age at epilepsy onset was uncertain for P10, therefore, the patient was excluded from the analyses of Bmax with age at epilepsy onset and epilepsy duration

(A,C). All correlations were non-significant with p > 0.05.

FIGURE 4 | [3H]ABP688 Bmax and KD in seizure-free (Engel Ia) and non-seizure-free (Engel II–IV) patients. Receptor densities (Bmax; in fmol/mg) and dissociation

constants (KD) in hippocampal specimens from mesial temporal lobe epilepsy (mTLE) patients who achieved seizure freedom following surgery and patients who did

not achieve seizure freedom. (A) Bmax values were not significantly different between seizure-free and non-seizure-free groups. (B) KD values were not significantly

different between seizure-free and non-seizure-free groups. Values are represented as median with interquartile range; ns, indicates a non-significant comparison.

predictor of Bmax: β(mTLE) = −72.7288, p = 0.000578, 95% CI
[−109.1007,−36.3569].

Correlations of Bmax With mTLE Patient
Characteristics
The age at epilepsy onset for patient 10 was before 7yo, but exact
age was uncertain, therefore, we have excluded the patient from
the analyses of Bmax with age at onset and epilepsy duration.
Correlations between Bmax and duration of epilepsy, age at

seizure onset, age at surgery, and frequency of seizures were all
non-significant (Figures 3A–D).

A two-tailed Mann-Whitney U Test revealed that the
median Bmax value in the seizure-free group (Engel Ia) was
not significantly different than the median Bmax value in
the non-seizure-free group (Engel II–IV): U(13,3) = 13, p =

0.4393 (Figure 4A). The median Bmax was 98.290 fmol/mg
(IQR = 118.700–71.570) for seizure-free patients and 90.820
fmol/mg (IQR = 91.165–71.705) for non-seizure-free patients.

Frontiers in Neurology | www.frontiersin.org 5 July 2022 | Volume 13 | Article 888479278

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Zimmermann et al. mGLUR5 Availability Reductions in mTLE

FIGURE 5 | [3H]ABP688 Bmax and KD in patients with and without a history of febrile seizures. Receptor densities (Bmax; in fmol/mg) and dissociation constants (KD) in

hippocampal specimens from mesial temporal lobe epilepsy (mTLE) patients with or without a history of febrile seizures. (A) Bmax values were not significantly different

between patients with a history of febrile seizures and patients with no history of febrile seizures. (B) KD values were not significantly different between patients with a

history of febrile seizures and patients with no history of febrile seizures. Values are represented as median with interquartile range; ns, indicates a

non-significant comparison.

Similarly, the median KD value in the seizure-free group was
not significantly different than the median KD value in the
non-seizure-free group: U(13,3) = 15, p = 0.6107 (Figure 4B).
The median KD was 1.720 (IQR = 1.974–1.094) for seizure-
free patients and 1.134 (IQR = 1.725–0.994) for non-seizure-
free patients.

The median Bmax value for patients with a history of febrile
seizures was not significantly different from the median Bmax

value for patients with no history of febrile seizures: U(2,14)

= 15, p = 0.933 (Figure 5A). The median Bmax was 92.115
fmol/mg (IQR = 103.407–80.823) for patients with a history of
febrile seizures and 91.165 fmol/mg (IQR = 115.050–74.140) for
patients with no history of febrile seizures. Similarly, the median
KD value for patients with a history of febrile seizures was not
significantly different from the median KD value for patients with
no history of febrile seizures: U(2,14) = 4, p = 0.150 (Figure 5B).
The median KD was 2.926 (IQR= 3.402–2.450) for patients with
a history of febrile seizures and 1.522 (IQR = 1.730–1.056) for
patients with no history of febrile seizures.

DISCUSSION

In this study we deployed gold standard techniques to
quantify mGluR5 density in hippocampal tissue using
quantitative autoradiography. We found reduced density
in mTLE hippocampi as compared to controls. mTLE did
not impose changes on [3H]ABP688 affinity for mGLUR5.
[3H]ABP688 density observed in mTLE hippocampi in this
ex vivo study corroborates previous observations describing
reduced [11C]ABP688 BP in vivo in pilocarpine-treated
rats and in the epileptogenic hippocampi of mTLE patients
using PET (18, 19). The present results corroborate in vivo
[11C]ABP688 PET findings of reduced availability of mGluR5
in the epileptogenic hippocampus in mTLE. In the context of
previous observations from independent studies using mGluR5
IHC, membrane-expressed receptor pools with and without
conformational changes, as well as internalized receptors, may

contribute to the observation of increased immunoreactivity in
the tissue.

The magnitude of the Bmax reduction, of over 40% as
compared to control specimens, is well aligned with in vivo
observations in mTLE patients using [11C]ABP688 PET (18).
In addition, the lack of a significant difference in KD values
suggests the binding affinity of [3H]ABP688 for mGluR5
is similar between mTLE and control specimens. Lam and
colleagues suggested that excess glutamate binding to mGluR5
may reduce [11C]ABP688’s affinity for its allosteric binding
site, contributing to reduced BP in vivo (18). Although
our [3H]ABP688 autoradiography protocol includes a pre-
incubation step that removes endogenous ligands from the
tissue, brain cells have been flash-frozen immediately after
surgery, and mGluR5 conformation therefore remains static
as a snapshot at time of resection. However, the preservation
of KD indicates that, at the time of resection, the pool
of receptors to which [3H]ABP688 binds in the tissue had
not undergone any glutamate-induced conformational changes
affecting [3H]ABP688’ affinity for mGluR5’s allosteric site.

Although reduced [3H]ABP688 binding could be at
first interpreted as reduced mGluR5 expression in mTLE
hippocampi, previous mGluR5 IHC studies have shown
increased immunoreactivity which indicates increased mGluR5
expression instead (13, 14). Even though neither necropsy
controls nor patients’ specimens had mGluR5 IHC to support
that, this apparent discrepancy can be easily explained by the
techniques applied. First, the fixation and permeabilization
steps of IHC studies permit detection of internalized as well as
membrane-bound receptors (18, 28). The antibodies used in
the studies by Kandratavicius, Notenboom and their respective
colleagues that demonstrated mGluR5 upregulation targeted the
cytoplasmic domain of the receptor, whereas ABP688 targets the
transmembrane domain (13, 14, 23). If a conformational change
affecting the availability of the transmembrane allosteric binding
site, but not the C-terminal antibody binding site, occurred, then
it would be possible to observe decreased [11C] and [3H]ABP688
binding with PET and autoradiography despite upregulation of
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mGluR5. As such, [3H]ABP688 binding could be interpreted as
a marker of a specific pool of mGLUR5 receptors.

Notably, intracellular mGluR5 has recently emerged as
an important modulator of synaptic plasticity (29–31). For
example, local dendritic calcium increases and protein-synthesis-
dependent LTD, but not LTP, were shown to be mediated by
intracellular mGluR5 (32). However, further research is needed
to discern whether intracellular mGluR5 expression is altered
in mTLE.

As previously discussed, [3H]ABP688 requires the allosteric
site in the TM domain to be accessible for binding, and
membrane expressed mGluR5 might undergo conformational
changes that renders the binding site unavailable for the ligand.
In addition, due to chemical and physical differences between
the cytoplasmic and membrane milieux, it is unknown whether
[3H]ABP688 can detect mGluR5 that is dissociated from the cell
membrane, thus remaining unclear if it can bind to internalized
mGluR5 (33).

The decreases in [11C] and [3H]ABP688 binding observed
in vivo and ex vivo seem instead to reflect a scenario in which
mGluR5 allosteric binding sites are not available for ligand
binding. Access into the binding pocket within the allosteric site
for mGluR5 negative allosteric modulators has been shown to be
narrow and restricted (34). Additionally, an inverse relationship
between extracellular glutamate levels and [11C]ABP688 binding
has been observed (35). Subsequently, glutamate-induced
conformational changes that lead to occlusion of this binding site
may explain reduced availability in a brain region that is under
recurrent hyperexcitability, such as the epileptic focus.

Furthermore, mGluR5 is expressed as a constitutive dimer,
and the dimer structure of mGluRs has been shown to influence
the activity of allosteric modulators (36). Indeed, agonist binding
has been shown to lead to a rearrangement at the 7TM dimer
interface of mGluRs (37). Therefore, it is conceivable that an
excess glutamate-induced change to mGluR5 dimerization state
could elicit changes in the availability of the allosteric binding
site. Furthermore, the monomer-dimer ratio of mGluRs has been
shown to be affected in other neurological disorders and could
well occur in epilepsy as well (38, 39). If the dimerization of
mGluR5 were essential for ABP688 binding, then the observed
decreases could also reflect a shift in the ratio of monomeric and
dimeric mGluR5 in mTLE.

The interpretation of these results should take into
considerations a few methodological limitations. The present
study did not evaluate region-specific differences in mGluR5
density and binding affinity due to an incomplete view of
hippocampal subregions in mTLE specimens. Future studies

could investigate regional differences to identify possible
hippocampal subfield-specific mechanisms underlying mTLE.
Additionally, emerging evidence that mGluR5 has a variety of
functions within the cell also requires further research into how
intracellular pathways may be involved in epileptogenesis or
neuroprotection. Most of the current literature on mGluR5 has
focused on the function of the receptor when it is associated with
the cell membrane, so exploring how this protein behaves when
located intracellularly could offer new insight into this topic.

This study has demonstrated that [3H]ABP688 binding,
but not binding affinity, is altered in the hippocampus of
mTLE patients. We propose that these reductions signify the
internalization of mGluR5 or a loss of allosteric binding site
availability related to conformational alterations of mGluR5.
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Purpose: We investigated the distribution of spikes and HFOs recorded during

intraoperative electrocorticography (ioECoG) and tried to elaborate a predictive model for

postsurgical outcomes of patients with lateral neocortical temporal lobe epilepsy (TLE)

whose mesiotemporal structures are left in situ.

Methods: We selected patients with temporal lateral neocortical epilepsy focus

who underwent ioECoG-tailored resections without amygdalo–hippocampectomies.

We visually marked spikes, ripples (80–250Hz), and fast ripples (FRs; 250–500Hz)

on neocortical and mesiotemporal channels before and after resections. We looked

for differences in event rates and resection ratios between good (Engel 1A)

and poor outcome groups and performed logistic regression analysis to identify

outcome predictors.

Results: Fourteen out of 24 included patients had a good outcome. The poor-outcome

patients showed higher rates of ripples on neocortical channels distant from the resection

in pre- and post-ioECoG than people with good outcomes (ppre = 0.04, ppost = 0.05).

Post-ioECoG FRs were found only in poor-outcome patients (N = 3). A prediction model

based on regression analysis showed low rates of mesiotemporal post-ioECoG ripples

(ORmesio = 0.13, pmesio = 0.04) and older age at epilepsy onset (OR = 1.76, p = 0.04)

to be predictors of good seizure outcome.

Conclusion: HFOs in ioECoG may help to inform the neurosurgeon of the

hippocampus-sparing resection success chance in patients with lateral neocortical TLE.

Keywords: epilepsy surgery, seizure outcome, temporal lobe epilepsy, intraoperative electrocorticography (EcoG),

mesiotemporal areas
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INTRODUCTION

Temporal lobe epilepsy (TLE) is themost common cause of drug-
resistant epilepsy, and the success chance of seizure freedom after
TLE surgery is around 60–70% (1, 2).

Intraoperative electrocorticography (ioECoG) is used to tailor
resection based on interictal epileptiform discharges, e.g., spikes,
in dedicated surgical centers. The presence of spikes before
resection (pre-ioECoG) can guide the neurosurgeon, and after
the resection residual events may push to extend it, although the
effectiveness of removing cortex showing spikes observed during
ioECoG has been debated (3–8).

Temporal lobe epilepsy is considered a network disease, (9)
and the temporal neocortical lesions can generate secondary
epileptogenicity in mesiotemporal structures (10, 11). The
hippocampus in neocortical TLE frequently shows spikes even
if not involved in the lesion, (11, 12) and the presence of
residual spikes recorded from the hippocampus seems to predict
poor seizure outcome (13). Although complete removal of the
hippocampus and amygdala improves seizure outcome after
surgery, it can negatively affect cognitive function and memory
(2, 14).

High-frequency oscillations (HFOs; divided in ripples, 80–
250Hz, and fast ripples, 250–500Hz) are proposed as a potential
new biomarker of epileptogenic tissue in the ioECoG.

High-frequency oscillations seem to be more specific markers
for epileptogenicity in comparison to spikes (15, 16). Several
retrospective studies showed that resection of HFO-generating
areas is associated with good seizure outcome, (16–19) whereas
other studies found no such correlation or differences among
centers (20–23). Recently, it was shown that residual FRs in the
post-ioECoG, especially given the presence of pre-resection FRs,
are predictors of seizure recurrence (24–26).

Ripples do not show this predictiveness, and this could be
explained by the fact that physiological ripples exist too. They
have been found in the eloquent cortex, e.g., the occipital,
sensorimotor, and Wernicke areas (27). They have also been
recorded from the hippocampus and parahippocampal structures
of healthy humans and they seem to play an important role in
memory consolidation (28, 29). No parameter is able to perfectly
distinguish pathological from physiological ripples (28, 30, 31).

Van ’t Klooster et al. (26) demonstrated ioECoG recording
from the mesiotemporal area in three patients with a temporal
neocortical lesion, in whom only the lesion was resected. Two of
them showed FRs in pre-ioECoG and they both had recurrent
seizures; one patient did not show mesiotemporal FRs and
was seizure-free (26). This finding, although based on small
numbers, suggests that the presence or absence of FRs may have
a good predictive power in lesional-free hippocampi of lateral
neocortical patients with TLE.

Yu et al. (2021) recently studied the presence of spikes and
HFOs in lesion-free hippocampi of neocortical patients with TLE
and found no relation between events and seizure outcome (32).
No other study has examined HFOs in detail in this specific
cohort of patients.

We investigated the presence and the distribution of spikes
and HFOs in patients with TLE, whose ipsilateral hippocampus

is not affected by the lesion and is left in situ during surgery. We
studied the events in the ioECoG before and after the resection
and related their presence to the outcome. We aim to unravel
whether spikes and HFOs can help us predict the postsurgical
outcome in those patients with TLE whose mesial structures are
not visibly affected by a lesion and who underwent hippocampus-
sparing surgery.

METHODS

Patients
We selected people who underwent ioECoG-tailored surgical
resection of the temporal lobe in the UMC Utrecht between
2008 and 2017 from the RESPect database (Registry for
Epilepsy Surgery Patients in the UMC Utrecht). Patients were
included when:

I. ioECoG was recorded at 2,048Hz sampling frequency;
II. post-ioECoG recordings were performed;
III. photos of pre- and postresection grids placed on the cortex

were available;
IV. the hippocampus was not involved in the lesion based onMRI

and was left in situ;
V. they were not included in ongoing clinical trials.

We excluded patients if they underwent chronic subdural ECoG
monitoring or stereoelectroencephalography (sEEG) preceding
surgery and if postsurgical seizure outcome after ≥1 year was
not available.

The Medical Ethical Committee of the UMC Utrecht waived
the need for informed consent for all retrospectively collected
data before 2018 (as of 2018 an informed consent is required)
and approved the use of coded data in the RESPect database for
retrospective research (non-WMO; METC18-109C).

Clinical Information
Baseline and clinical characteristics were collected, including
gender, age at epilepsy onset, age at surgery, pathology findings,
side of the resection (left/right), and postsurgical outcome.

We divided the pathology results into four subgroups: (a) low-
grade and developmental epilepsy-associated tumors (LEAT); (b)
focal cortical dysplasia (FCD); (c) others, such as cavernomas or
encephaloclastic cyst, gliosis; (d) no abnormalities.

We collected the long-term postsurgical outcome, i.e., the
most recent available follow-up after surgery with a minimum
of 1 year. Postsurgical outcome was defined by the Engel
classification, which we dichotomized into complete seizure
freedom (Engel 1A) and recurrent seizures (Engel 1B-4).

Intraoperative ECoG
The ioECoG was recorded by placing 4× 5 or 8× 4 grids on the
cortex and in some cases a 1× 6 or 1× 8 strip in the subtemporal
area (Ad-Tech, Racine, WI, USA). The grids and strips consist of
platinum electrodes with 4.2 mm2 contact surface, embedded in
silicone, placed with a 1-cm inter-electrode distance. Recordings
were made with a 64-channel EEG system (Micromed, Treviso,
Italy) at 2,048Hz sampling rate with an antialiasing filter at
538 Hz.
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Grids and strips were placed in multiple locations
(“situations”) before and after the resection to cover the
suspected epileptogenic tissue and the surrounding areas.

Every trace was recorded using conventional EEG settings
(80Hz low-pass filter, 10 seconds/page) in a common average
reference montage.

The surgical plan was based on a comprehensive
presurgical evaluation (always including Video-EEG, 3T
MRI, neuropsychological testing, language testing with fTCD
and/or fMRI, sometimes including PET, SPECT, EEG-fMRI, 7T
MRI, WADA test) and discussed in our clinical multidisciplinary
meeting, yielding the conclusion of the necessity of ioECoG-
tailoring. The hippocampus-sparing approach was based on
their amygdala and hippocampus appearing normal on MRIs
(regardless of the distance from the lesion) and the other clinical
parameters. The resection first included the whole pre-surgical
MRI lesion irrespective of ioECoG findings, and additionally
it was extended based on interictal spikes and ictiform spike
patterns observed in the recording before the resection, called
the pre-ioECoG. The ioECoG was repeated and the resection was
extended when necessary. The recording after the final resection
is called the post-ioECoG. HFOs were not analyzed during
surgery in these patients. General anesthesia was induced and
maintained with intravenous propofol, which is known to cause
a burst-suppression pattern during ioECoG, inappropriate for
surgical decision making. Therefore, propofol was interrupted
during each ioECoG recording. An experienced anesthesiologist
stopped propofol administration after ioECoG electrodes were
in place, while analgesics and muscle relaxants were continued.
Immediately after propofol interruption, a recording of about
10min was done. Propofol administration was restarted directly
after completion of each ioECoG recording or when evidence
for light anesthesia arose (e.g., intraoperative movements, an
increase in blood pressure or heart rate).

Spike Analysis
From every recording, a 1-min epoch was selected for analysis.
The chosen epoch was free from artifacts and close to the end of
the recording to minimize the propofol effect. We excluded all
channels with artifacts that did not allow proper marking from
the analysis.

Spikes were visually marked by one author (AM) in
BrainQuick Software (Micromed) and then checked by two other
authors (MvtK and ES, when in doubt MZ or TG participated
to help reach a consensus). The display was split vertically when
marking spikes: on the left the reference montage used during the
operation was shown and, on the right, a bipolar montage with
conventional filter settings (80Hz low-pass filter, IIR filter, gain
of 600–1000 µV/cm, 10 s/page).

A spike was defined as a sharp transient, standing-out
above baseline and lasting 80ms maximum. Very sharp waves
occurring at the same time on other bipolar channel traces were
also marked as spikes.

Channels were marked as containing “ictiform spike patterns”
when a continuous spiking, burst, and recruiting pattern was
observed (26).

Some patients showed some burst-suppression (BS) in the
selected minute despite the propofol stop. The BS signal in these
patients affected <10% of the selected minute. In those cases,
we visually marked bursts, defined as bursts of EEG activity
clearly above the baseline and embedded in between suppression
signal, and excluded the spikes and HFOs in these epochs from
the analysis.

HFO Analysis
High-frequency oscillations were visually marked by AM in
BrainQuick and checked by two experts (MvtK/ES/MZ). Three
time-synchronized screens were analyzed at the same time: one
displayed the reference montage used during the operation; the
second, where wemarked ripples, showed a bipolar montage with
a 80-Hz high-pass filter and a 50µV/cm gain; the third, where we
marked FRs, showed a bipolar montage with a 250Hz high-pass
filter and a 10 µV/cm gain. In both HFOs screens, we set a 1-
s/page time window and an FIR filter. Only events containing at
least four consecutive oscillations and clearly standing out above
the background were marked as HFOs (33).

ioECoG Pictures and Channels Annotation
Photos of the grids placed on the cortex were taken during
pre- and post-ioECoG. Automated coregistration of these photos
enabled us to schematize the electrode position in relation to
the resection. Unipolar electrodes of the grids were classified
as “resected”, “on edge” (≤0.5 cm from the resection margin),
and “distant” (>0.5 cm from the resection margin). We excluded
the unipolar electrodes placed on top of the resection cavity
(post-ioECoG) from the analysis.

From this unipolar electrode classification, we derived the
positions of bipolar channels as follows:

“Bipolar resected” when the two electrodes were both in the
resected area, or one was resected and the other on edge;
“Bipolar on edge” when the two electrodes were on edge or one
was on edge and the other distant;
“Bipolar distant” when the two electrodes were both distant
(Figure 1).

These three channel categories refer to grid electrodes and display
events recorded from the neocortex.

Strips were placed heading toward the mesiotemporal area
and their tip was assumed to sample the mesiotemporal
structures, e.g., hippocampus and entorhinal cortex.We classified
the first three bipolar channels of the strips (Str1-2, 2-3, and 3-4)
as “mesiotemporal,” representing a distinct channel category.

Statistical Analysis
We split the events among the appropriate group of channels
(“resected,” “edge,” “distant,” and “mesiotemporal”) for each
patient. We calculated the mean event rate per minute over
all channels with events (number of events/minute/channel
with events).

We calculated the rates in “resected” channels (RateRes),
the rates in “edge” channels (RateEdge), the rates in distant
channels (RateDist), the general rates on the whole neocortical
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FIGURE 1 | Example of patient 24, who underwent a left temporal lesionectomy to remove a cavernous hemangioma. Surgery was tailored with pre and post-ioECoG

and the seizure outcome is good. (A) pre-ioECoG photograph. The area that will be furtherly resected is delineated by a white dotted line. Bipolar channels are

highlighted with different colors based on the legenda on the right. (B1) Left hemisphere with a sketch of the neocortical grid. (B2) A schematic representation of

pre-ioECoG grid and strip with the display of spikes and HFOs distribution. Each square represents a bipolar channel. (C1) Ventral view of the brain with a sketch of

mesiotemporal strip. The three channels at the tip are the “mesiotemporal” ones and are highlighted in blue. (C2) A schematic representation of post-ioECoG grid and

strip, where no event has been recorded. (D) Spikes and HFOs in pre-ioECoG. Note that HFOs are observed only on strip channels. (E) Grid post-ioECoG recording.

(F) Strip post-ioECoG recording. Note that hippocampal spikes disappeared after the neocortical resection.

channels (RateNeo), and the rates in “mesiotemporal”
channels (RateMesio).

We calculated the rate resection ratio between pre-ioECoG
events of “resected” channels and the pre-ioECoG events of the
non-resected channels:

Rate resection ratio (ev) =
RateRes− (RateNonRes )

RateAll

where ev is the type of the event, RateRes is the rate in “resected”
channels, RateNonRes is the sum of RateEdge, RateDist and
RateMesio when a mesiotemporal strip was placed. RateAll is the
sum of rates in all channels.

Second, we performed a similar calculation based on the
number of channels with events (#CwE) to evaluate the extent
of resected channels regardless of the event rate.

Channel resection ratio (ev) =
#CwERes− (#CwENonRes )

#CwEAll

where #CwERes is the number of “resected” channels with events,
#CwENonRes is the sum of the number of “edge” channels
with events, “distant” channels with events, and “mesiotemporal”
channels with events when a mesiotemporal strip was placed.
#CwEAll is the sum of all channels with events. For both ratios, a
value close to+1 indicates that most events/channels with events
were resected, whereas a value close to −1 means that most of
them were untouched.

We tested rates and resection ratios for differences between

the recurrent-seizure and the seizure-free group. As our data

were not normally distributed (Kolmogorov-Smirnov test), we

used the Mann–Whitney U test for continuous variables.
Categorical variables were compared using the χ2 test or Fisher
exact test.

Last, a multiple logistic regression analysis was performed to
investigate predictors of seizure freedom. We decided to select as
covariates variables that could potentially influence both ioECoG
findings and surgical outcome (demographic characteristics,
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TABLE 1 | Patients and lesions characteristics.

Patient # Gender Age at epi

onset

Age at

surgery

Surgery

side

Pathology lesion Lateral neocortical lesion location (MRI) Engel

class

1 F 20 28 Right Ganglioglioma WHO grade 1 Betweensuperior temporal gyrus and gyrus

supramarginalis/gyrus angularis

1D

2 F 1 3 Left Ganglioglioma WHO grade 1 Inferior temporal gyrus, anterior part 1B

3 M 4 7 Right Encephaloclastic cyst Anterior temporal lobe 1A

4 F 16 20 Right Pleyomorphic xanthastocytoma Between operculum temporalis and superior temporal

gyrus

1A

5 M 23 28 Left Ganglioglioma WHO grade 1 Inferior temporal gyrus 1A

6 M 3 13 Left Oligoastrocytoma WHO grade 2 Basal temporal lobe 2A

7 M 10 19 Right DNET WHO grade 1 Middle and posterior right temporal lobe 1A

8 F 34 40 Left Oligoastrocytoma WHO grade 2 Basal temporal lobe 1A

9 M 3 4 Left Tuberous sclerosis Posterior temporal/anterior occipital lobe 2A

10 F 6 12 Left DNET WHO grade 1 Anterior basal temporal lobe 1B

11 F 4 10 Right FCD type 2B Medial and superior temporal gyrus 1A

12 F 7 16 Right Ganglioglioma WHO grade 1 Basal temporal lobe 1D

13 F 1 8 Right FCD type 2A Inferior temporal gyrus 2A

14 F 3 4 Left Ganglioglioma WHO grade 1 Anterior temporal lobe, extending close to

mesiotemporal areas

3A

15 M 11 12 Right Ganglioglioma WHO grade 1 Superior temporal gyrus 1A

16 M 9 9 Right DNET WHO grade 1 Temporal operculum 1A

17 M 13 16 Right FCD Type 2B Posterior temporal lobe 1A

18 F 11 16 Right Ganglioglioma WHO grade 1 Lateral neocortex next to the anterior hippocampus 1A

19 M 12 17 Left Ganglioglioma WHO grade 1 Inferior temporal gyrus, anterior part 1A

20 F 6 11 Right FCD Type 2B Superior temporal gyrus 1A

21 M 44 48 Left No abnormality MRI negative. PET shows hypometabolism in the entire

left temporal lobe, except for mesiotemporal structures

1A

22 F 17 22 Right FCD type 2B Medial temporal gyrus 4A

23 M 13 13 Left Ganglioglioma WHO grade 1 Inferior temporal gyrus 1B

24 M 35 39 Left Cavernous hemangioma Medial temporal gyrus 1A

Table 2) if their relatedness was confirmed by univariate analysis.
We also selected RateNeo and RateMesio since they were our
main objects of study. We selected RateNeo instead of RateRes,
RateEdge, and RateDist in order to enhance the differences
between the neocortex and mesiotemporal areas.

Since rates of events have an inter-dependency, we created a
distinct logistic model per event type. Independent variables that
reached statistical significance or showed a statistical trend were
included in the final model. As an estimate of effect, we report
adjusted odds ratios with 95% confidence intervals.

Since some patients did not have the mesiotemporal strip
placed during ioECoG, we performed multiple imputations by
chained equations with predictive mean matching to replace the
missing values in the regression model.

Statistical analysis was performed in IBM SPSS Statistic 25
(IMB Corp., Armonk, NY). We considered p ≤ 0.05 significant.

RESULTS

Patients
Between 2008 and 2017, 228 patients underwent ioECoG-tailored
TLE surgery at the University Medical Center in Utrecht, the
Netherlands. A total of 199 patients were excluded for various
reasons: 68 had been already included in other ongoing clinical

trials, 55 had ioECoG recorded at a sampling frequency lower
than 2048Hz, and 76 underwent a hippocampectomy. Out of the
remaining patients, four were excluded since they had chronic
ECoG recordings or SEEG before surgery, one patient was
excluded as they were since lost to follow-up a few months after
the operation and the known postsurgical seizure outcome was
<1 year. This resulted in a total of 24 patients (Table 1).

Surgery and Pathology
All patients were left-language dominant. Eleven patients
underwent left-sided surgery and, among them, four were
operated on while awake in a procedure incorporating language
mapping. Pathology revealed tumors with a glial component
in fifteen patients, FCD in five patients, other pathologies in
three patients, and no abnormality in one patient (#21). In this
last patient, MRI did not show any alteration, but PET showed
hypometabolism in the whole left temporal lobe, except for
mesiotemporal structures. Therefore, a left hippocampus-sparing
anterior temporal lobectomy was performed. The postsurgery
MRIs showed small residual tissue in four patients (#7, #8, #17,
and #20) who all had good outcomes. In all the other 20 patients,
no residual tissue was found. Patient characteristics can be found
in Table 1.
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TABLE 2 | Demographic characteristics of all patients.

Total Seizure freedom Recurrent seizures Effect size p

Engel 1A Engel 1B-4

No. 24 14 10

M/F 12/12 9/5 3/7 OR: 0.28 0.21a

Age at epilepsy onset, y, median (IQR) 10.00 (4.0–16.0) 11.50 (8.25–25.75) 3.00 (2.00–10.00) U: 48.50 0.01*b

Age at surgery, y, median (IQR) 14.50 (9.25–21.25) 16.50 (10.75–30.75) 12.50 (4.00–17.50) U: 98.00 0.11b

Duration, y, median (IQR) 5.00 (2.00–6.00) 4.50 (3.00–5.25) 5.00 (1.00–8.00) U: 59.00 0.83b

Follow-up period, mo, median (IQR) 39.00 (24.25–70.50) 33.50 (16.25–70.75) 56.00 (27.00–72.00) U: 48.50 0.21b

Left/Right 11/13 5/9 6/4 OR: 2.70 0.41a

Pathology, % and n 1.00a

LEAT 15 (62,5%) 8 7

FCD 5 (20,8%) 3 2

Others 3 (12,5%) 2 1

No abnormalities 1 (4,2%) 1 0

The last column shows the p-value for the difference between the good- and the poor-outcome group and the statistic test performed. We reported U and Odds Ratio (OR) as effect

size. LEAT, Low-grade and developmental epilepsy associated tumors; FCD, Focal Cortical Displasia.
aFisher exact test.
bMann-Whitney U test.

*Significant (p ≤ 0.05).

Postsurgical Outcome
The median (IQR) postoperative follow-up period was 39.0
(24.3–70.5) months. Ten out of 24 patients continued having
seizures or relapsed. Nine out of those ten patients experienced
a worthwhile improvement (Engel 1B-3C). Two patients
(#14 and #22) were reoperated with a complete amygdalo-
hippocampectomy, as already planned in case of poor outcome,
unfortunately their outcome did not improve. The recurrent-
seizure group had a significant younger age at seizure onset
(U 48.50, p 0.01) (Table 2).

Pre-ioECoG
We included 996 bipolar channels in the pre-ioECoG analysis,
with a median (IQR) of 36.5 (32.5–46.5) channels per patient.
We excluded 182 bipolar channels because of artifacts, a median
(IQR) of 6.0 (4.0–9.5) channels per patient. In total, 311 bipolar
channels were classified as “resected”, 156 as “on edge,” and 421 as
“distant”. In 17 patients, a sub-temporal strip was placed during
pre-ioECoG. A total of 108 bipolar channels were considered
“mesiotemporal.” One patient (#4) did not show any event.

All 23 other patients showed neocortical spikes, and among
them, 6 showed ictiform spike patterns, 23 patients showed
ripples, and 7 patients showed FRs on neocortical channels.

One patient showed no event on the mesiotemporal channels.
All 16 other patients with a subtemporal strip showed spikes
and ripples. In three patients, mesiotemporal FRs were recorded
too. No ictiform spike patterns were observed on mesiotemporal
channels (Figure 2).

Post-ioECoG
We included 528 bipolar channels in the post-ioECoG analysis,
with a median (IQR) of 17.5 (13.7–28.2) channels per patient.
We excluded 186 bipolar channels because of artifacts or position
above the cavity, a median (IQR) of 4.5 (3.2–11.2) channels per

patient. In 13 patients, a subtemporal strip was placed during
post-ioECoG. In total 100 bipolar channels were classified as “on
edge,” 372 as “distant,” and 56 were classified as “mesiotemporal.

Six patients did not show any residual events.
One patient showed an ictiform spike pattern and 14 patients

showed residual spikes on neocortical channels. Ripples were
recorded in 16 patients, FRs were observed on neocortical
channels in two patients.

In four patients, no event was found on the strip electrodes
over the mesiotemporal areas. Spikes were marked on
mesiotemporal channels in 7 out of the 13 patients with a
subtemporal strip. Mesiotemporal ripples were found in eight
patients. Three patients showed FRs on the post-ioECoG strip.
No ictiform spike patterns were observed on mesiotemporal
channels (Figure 2).

Descriptive Comparison of Pre- and
Post-ioECoG and Relation to Outcome
One patient did not show any events before and after the
resection and belongs to the seizure-free group. Twenty-three
patients had spikes and ripples in pre-ioECoG. Six of them did
not have any residual event in the post-ioECoG: five were seizure-
free and one, in whom the mesiotemporal structures were not
sampled with post-ioECoG, still had seizures.

The ictiform spike patterns were all on resected channels
except in one patient with a poor outcome, who displayed them
on the lateral neocortex in both the pre- and post-ioECoG.
The surgeon could not extend the resection as it would affect
eloquent areas.

Out of the eight patients with neocortical FRs in the pre-
ioECoG, none had residual FRs in the post-ioECoG, and three
of them belonged to the poor-outcome group. Two patients with
neocortical FRs in the post-ioECoG did not show FRs before the
resection and they both had a poor outcome.
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FIGURE 2 | Pre- and post-ioECoG rates of spikes, ripples, and FRs in all patients over neocortical channels (light blue) and mesiotemporal channels (red). Patients are

split based on the seizure outcome (“Poor” = Engel 1B-4; “Good” = Engel 1A). Black arrows indicate patients who had a mesiotemporal strip placed.

Two out of three patients with mesiotemporal FRs in the
pre-ioECoG did not show them in the post-ioECoG strip after
the neocortical resection. One is seizure-free, one had recurrent
seizures and underwent a complete amygdalo-hippocampectomy
3 months after the first surgery, but it did not show an improved
outcome. The third patient was seizure-free, but the strip was not
placed during post-ioECoG.

Three patients showed FRs on the post-ioECoG strip and they
all belonged to the poor-outcome group: in two of them no FR
was marked over the mesiotemporal areas before the resection.

In one of them, a complete amygdalo-hippocampectomy was
performed 2 months after the first surgery, but the outcome
did not improve. In the third one, the strip was not placed
during pre-ioECoG.

Statistical Comparison to Seizure Outcome
Neocortex
In pre-ioECoG, RateRes and RateEdge of all events were similar
between the two outcome groups. RateDist of spikes and FRs did
not show differences, while RateDist of ripples were higher in the
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recurrent seizure than in the seizure-free group (U 22.50, p 0.04;
Table 3).

In post-ioECoG, RateEdge of spikes and FRs were not different
between the two outcome groups, while RateEdge of ripples were
higher in patients with poor outcome than in patients with good
outcome (U 33.50, p 0.03). The recurrent-seizure group showed
higher RateDist of spikes and ripples than the seizure-free group
(spikes: U 36.50, p 0.05; ripples: U 36.50, p 0.05), but no difference
in the FRs rates (Table 3).

Mesiotemporal Areas
In pre-ioECoG, RatesMesio of all events did not differ between
patients with good and poor outcome. The same was true for
post-ioECoG (Table 3).

Resection Ratios
Rate resection ratios and channel resection ratios did not display
differences between good- and poor-outcome patients (Figure 3).

Multiple Logistic Regression
Besides RateNeo and RateMesio, age at epilepsy onset was selected
as covariate to the multiple logistic regression model because
of the potential relation with ioECoG findings (34) and of the
result of the univariate analysis. No significant predictors of
seizure outcome were found in the spikes- and the FRs-based-
model. In the ripple-based model, older age at epilepsy onset (OR
1.76, 95%CI 1.03–3.02, p 0.04) and low rates of mesiotemporal
events in post-ioECoG (OR 0.13, 95%CI 0.20–0.88, p 0.04) were
significant predictors of good seizure outcome (Table 4). The
sensitivity of this model was 78% and its specificity 80%.

DISCUSSION

The ioECoG of poor-outcome patients showed higher rates of
pre-resection ripples and residual spikes and ripples in channels
distant from the resection outline. Rates of mesiotemporal
events were similar among the two outcome groups. Residual
FRs and ictiform spike patterns were found only in poor-
outcome patients. In our cohort, low rates of mesiotemporal
post-ioECoG ripples and older age at epilepsy onset were
significant predictors of good seizure outcome. High rates of
lateral neocortical ripples in post-ioECoG were a trend predictor
(p= 0.06) of good seizure outcome. To conclude, HFOsmay help
inform the extent of successful surgical resection and chances of
favorable outcome following ioECoG-guided resection in lateral
neocortical temporal epilepsy.

In the Mann–Whitney U tests, higher rates of residual ripples
on the neocortex on edge and distant channels were linked to
poor outcome, while in the logistic regressionmodel a higher rate
of ripples over the neocortex seemed to predict good outcome.
To explain these seeming contradictions, we must realize that
both epileptic and physiological ripples may be age-dependent.
A previous study showed that ripples frequency significantly
decreases with age in relation to brain maturation and regardless
of the seizure control (34): in other words, the younger the
patient (at epilepsy onset), the more ripples may be found. Age
of epilepsy onset is thus related both to ripple rates and seizure T
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FIGURE 3 | Resection ratios. Each dot represents a patient: blue dots refer to patients with recurrent seizures (“poor”, Engel 1B-4), red dots indicate seizure-free

patients (“good”, Engel 1A). A ratio >0 indicates that the majority of events/channels with events were resected during surgery. No difference was observed between

the two outcome groups.

outcome. The regression model provides therefore a different
relation between neocortical ripples and seizure outcome when
adjusted for age of onset.

Besides, althoughwewere not able to distinguish physiological
from pathological ripples, we hypothesized that the presence
of physiological ripples could have impaired our analysis and
led to these challenging results. The coupling of ripples with
epileptic spikes has been studied as a marker that was able
to discriminate pathological from physiological ripples (28,
31). We had a too small of a cohort to perform meaningful
analysis on a multitude of variables such as HFOs co-occurrence
with or without spikes. We had a look to the side of TLE
as a confounder, since theoretically the dominant hemisphere
(in all of our patients it was the left) should include more
eloquent areas and show a higher rate of physiological HFOs.
No clear difference was observed between left- and right-sided

TLE groups, but it is suggested to investigate this issue in
future studies.

We took inspiration from the study of Jacobs et al. (2010)
(16) for the formulas of rate and channel resection ratios. In
their study, the rate resection ratio was significantly higher in
good-outcome patients, while in our study the percentage of
events/channel with events included in the resected areas was not
relevant in comparison to the presence of high rates of residual
events. We included in the “non-resected” events and channels
also the mesiotemporal ones, and this could partly explain the
difference in the results of the two studies.

Our study showed different results from Yu et al. (2021)
(32), who observed a good outcome in 90% of patients who
underwent a lesionectomy in TLE with intact mesial structures
and found that ioECoG did not add any useful information. In
our study, only the 67% of our cohort had good outcome after
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TABLE 4 | Multiple logistic regression analysis of potential predictors of seizure

freedom (n = 24).

RIPPLES Variables B S.E. OR 95% CI for OR p-value

Low Upper

Age at epilepsy onset 0.57 0.27 1.76 1.03 3.02 0.04*

RateNeo 1.30 0.68 3.68 0.97 13.9 0.06

RateMesio −2.02 0.96 0.13 0.02 0.88 0.04*

Constant −5.46 2.79 0.004 0.05*

The analysis here displayed is based on rates of ripples and shows only the independent

variables that reached statistical significance or a trend. Parameters (B), standard errors

(S.E.), odds ratios(OR) and 95% confidence intervals are presented.

General statistics about the model:−2 Log Likelihood: 17.16; R2 = 0.48 (Cox and Snell),

0.64 (Nagelkerke); Model χ2 = 15.45; model p-value: <0.01.

*Significant p-value ≤ 0.05.

the neocortical temporal resection, and post-ioECoG was useful
to predict postsurgical seizure outcome and to possibly lead the
neurosurgical team to extend the resection when necessary. The
difference between the Korean results and ours partly depends
on the different categorization of outcome groups: Yu et al.
(32) included in the seizure-free group patients belonging to
Engel 1A-1B, while we included the Engel 1As only. Also,
we performed intraoperative ECoG in patients in whom we
did not doubt the surgical plan and thus we anticipated a
good outcome.

Our original study idea was to investigate if spikes and
HFOs could help discriminate which patients with NTLE would
benefit from an amygdalo-hippocampectomy, but the number of
patients who underwent a secondary hippocampectomy proved
too small for proper analysis (only two patients); thus we
focused on the prediction of success chance in our cohort.
During the first surgeries of these two patients (#14 and
#22), ioECoG recorded many events in their mesiotemporal
structures both before and after the resection (FRs too). The
neurosurgical team decided to leave those structures in situ
and to reevaluate the condition in a few months. Seizures
were still very frequent and #14, in particular, had a seizure
semiology compatible with mesiotemporal epilepsy. The post-
MRI showed left hippocampal atrophy not observed in the MRIs
before the first operation and an EEG recorded the seizures
from the left temporal lobe. Subject #22’s post-MRI found gliosis
surrounding the cavity resulting from the first operation and
intact mesiotemporal areas. It was decided to reoperate those
two patients, and during the second surgeries, pre-ioECoG grids
and strips recorded clear mesiotemporal epileptic activity. A
resection extension plus an amygdalo-hippocampectomy was
performed in both patients, but the outcome did not improve in
either one of them. These two reoperated patients demonstrate
that the resection of mesiotemporal areas showing seeming
epileptic events does not always improve seizure outcome.
We hypothesized that maybe both mesiotemporal lobes of the
patients were involved in the epileptogenic network and that
the homolateral amygdalohippocampectomy was not sufficient
to decrease seizure frequency.

A positive aspect of our study is that we included a
very specific and unique population that underwent the same

presurgical and intraoperative workflow, avoiding many possible
biases. On the other side, this strict selection led to a low number
of patients studied. The mesiotemporal strip was not placed in all
patients, thus we had some missing information that we handled
with multiple imputation. For both research, as well as clinical
purpose, it is important to standardize the ioECoG-tailoring
approach of patients with TLE, placing a mesiotemporal strip
even if amygdala and hippocampus are not involved in the lesion
according to the MRI.

A limitation of our study is that our ioECoG recordings
are affected by artifacts generated by surgical equipment: in
particular, FRs marking was impaired by the presence of high
noise in some patients. We became aware that the 64 channels
LTM express headbox (Micromed, Treviso), which was used in
14 of our patients, produces more noise in the FR band than
other headboxes. This highlights the importance of the use and
development of the right equipment, e.g,. that reduces noise as
much as possible for a proper ioECoG recording and subsequent
HFOs marking. The recordings were also affected by end-stage
burst suppression due to propofol anesthesia. HFOs increase after
stopping propofol, but we do not know how this relates to the
occurrence of physiological and pathological events. An analysis
focused on HFOs occurring during BS could be of great interest
for the future of ioECoG interpretation and its clinical use.

IoECoG has a limited spatial sampling. We included in
our cohort only patients who had not been investigated with
chronic ECoG recording before surgery, thus we did not sample
either the contralateral temporal lobe or other areas of the
homolateral hemisphere. Therefore, it is possible that poor-
outcome patients might have had some distant epileptogenic
focus that was not recorded during ioECoG. For mesiotemporal
areas, direct sampling with depth electrodes may have been
more accurate. We also perform sEEG evaluation in our center,
but we use ioECoG in case of suspected unilateral epilepsy
with a single focus, and we commonly use strip electrodes to
sample mesiotemporal structures during these intra-operative
recordings. When placed correctly, a strip electrode directed
toward the mesio-temporal structures shows distinct spike-
activity in case the hippocampus is affected and in addition
allows for monitoring of involvement of the basal-lateral
neocortical tissue.

In conclusion, this study shows more evidence of the
prognostic role of post-ioECoG for seizure outcome in lateral
neocortical temporal epilepsy. To address how to discriminate
patients with NTLE who will benefit from an amygdalo-
hippocampectomy, a prospective study, including a control
group without ioECoG would be required. A more extensive
prediction model of ripples and FRs in the postresection
mesiotemporal structures should also take clinical parameters
like neuropsychological testing and MRI results into account.
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Surgical treatment of pharmacoresistant temporal lobe epilepsy (TLE) carries

risks for language function that can significantly a�ect the quality of life.

Predicting the risks of decline in language functions before surgery is,

consequently, just as important as predicting the chances of becoming

seizure-free. The intracarotid amobarbital test, generally known as the Wada

test (WT), has been traditionally used to determine language lateralization and

to estimate their potential decline after surgery. However, the test is invasive

and it does not localize the language functions. Therefore, other noninvasive

methods have been proposed, of which functional magnetic resonance (fMRI)

has the greatest potential. Functional MRI allows localization of language

areas. It has good concordance with the WT for language lateralization, and

it is of predictive value for postsurgical naming outcomes. Consequently,

fMRI has progressively replaced WT for presurgical language evaluation. The

objective of this manuscript is to review the most relevant aspects of language

functions in TLE and the current role of fMRI and WT in the presurgical

evaluation of language. First, we will provide context by revising the language

network distribution and the e�ects of TLE on them. Then, we will assess the

functional outcomes following various forms of TLE surgery and measures

to reduce postoperative language decline. Finally, we will discuss the current

indications for WT and fMRI and the potential usefulness of the resting-state

fMRI technique.

KEYWORDS

intracarotid amobarbital test, functional MRI, resting-state, epilepsy surgery, naming,

outcome

Introduction

Surgery for temporal lobe epilepsy (TLE) accounts for 60% to 80% of all surgeries

for pharmacoresistant epilepsies. It allows sustained seizure freedom to be achieved in

∼66% of the cases after more than 5 years (1). However, it may entail risks in terms of

language deficits that can be more detrimental to the patient’s quality of life than the
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seizures themselves (2). Therefore, it is important to predict the

risks of language deficits before surgery along with the odds of

becoming seizure-free afterward.

The intracarotid amobarbital test, generally known as the

Wada test (WT), has traditionally been used to determine

language lateralization to estimate the risks of decline after

surgery. It is, however, an invasive test that does not localize

language functions. Therefore, multiple noninvasive methods

have been devised to replace WT. Among these, functional

magnetic resonance (fMRI) has the greatest potential (3, 4), as

it permits localization and lateralization of all language regions.

Functional MRI has a good concordance with the WT for

language lateralization (5), and it has a good predictive value

for naming outcomes after surgery (6, 7). Therefore, fMRI has

replaced the WT for routine presurgical evaluation of language

functions in most comprehensive epilepsy centers (8).

The objective of the present manuscript is to review themost

relevant aspects of language functions in TLE and the role of

fMRI and WT in the presurgical evaluation of language. We

will first provide context by reviewing the distribution of the

language networks and the effect of TLE and epilepsy surgery

on them. Later on, we will discuss the principles of the WT

and fMRI techniques and compare their usefulness to predict

postsurgical language outcomes. Finally, we will discuss the

current role of theWT and fMRI in the presurgical assessment of

language, the surgical measures to prevent language decline, and

the potential role of the resting-state fMRI (rs-fMRI) technique.

Language

How are the neural networks for
language distributed?

At the end of the nineteenth century, Broca and Wernicke

recognized that lesions in the left triangular and opercular

parts of the inferior frontal gyrus (“Broca’s area”) caused

poorly articulated speech and lesions to the posterior part

of the left middle and superior temporal gyrus, angular and

supramarginal gyrus (“Wernicke’s area”) caused meaningless

speech (9). Lichtheim and Geschwind (10) subsequently added

the elements of conduction aphasia and cortical disconnection,

showing that damage to the fibers that connect different cortical

areas in the inferior parietal lobe can result in language

impairment (10, 11).

Knowledge regarding the language areas and their

interactions has evolved substantially in recent decades as

a result of the development of neuroimaging techniques

and electrocortical stimulation mapping (ESM) (9). These

techniques have revealed new areas in both hemispheres

activated during languages (12, 13), such as the inferior and

anterior temporal cortex (14) and a wide range of frontal

regions (11). The anatomic location and functions of Broca’s

(also known as anterior language area) and Wernicke’s (or

posterior language area) have also been called into question.

The classic Broca’s area can extend to the pars orbitalis of

the frontal operculum (15), and it appears to be composed

of two subregions, one specific for speech production and

another engaged in multiple cognitive tasks such as arithmetic

and spatial and verbal working memory (11). Language

comprehension in turn is supported by a widely distributed

bilateral temporal, parietal, and frontal network in which

the classic Wernicke’s area is mainly involved in the mental

representations of phoneme sequences and short-term memory

tasks (16).

Modern network-based models are composed of

interconnected streams, involving both cortical and subcortical

areas. Hickok and Poeppel proposed a “dual-stream model”

based on dorsal (motor) and ventral (semantic) white matter

streams traveling dorsally and ventrally to the Sylvian fissure.

The dorsal stream is strongly lateralized to the left cerebral

hemisphere, goes from the posterior superior temporal lobe

(TL) to the inferior frontal gyrus and premotor cortex, and

involves the arcuate and superior longitudinal fasciculi. The

ventral stream in turn connects the superior temporal gyrus to

the pars orbitalis and triangularis of the inferior frontal gyrus,

and includes the middle and inferior longitudinal fasciculi,

uncinate and inferior fronto-occipital fasciculi (11). For a

schematic representation of the fascicles involved in language

function see Figure 1.

The dorsal pathway is linked to the sensory-motor mapping

of sound for articulation and auditory feedback control. It

is, therefore, important in the repetition and combination of

speech elements (phonemes, words) into a sequence. The ventral

stream, on the other hand, is responsible for mapping the

auditory input onto conceptual and semantic representations

(17). It is mostly underpinned by the inferior fronto-occipital

fasciculus, which subserves language semantics. The inferior

longitudinal fasciculus, on the other hand, is involved in lexical

retrieval and reading, and the uncinate fasciculus controls

retrieval and selection of semantic knowledge during word

comprehension (18).

At a cortical level, the functions of the TL have been divided

as follows: (1) The superior temporal gyrus is associated with

phonological processing. Specifically, the acoustic processing

of linguistic stimuli is mediated by the auditory cortex in

the midportion of the superior temporal gyrus in both

hemispheres, with the left hemisphere specializing in acoustic

phonology (19). (2) The middle temporal gyrus is considered

an integration hub for semantics and phonology needed for

sentence comprehension (20, 21). (3) The inferior temporal

gyrus, angular gyrus, and anterior temporal pole are involved

in semantic storage and grammatical sentence discrimination

(22–27). (4) The fusiform gyrus is associated with visual

language and verbal word discrimination (28). Other functions

identified in the basal temporal area include auditory and

Frontiers inNeurology frontiersin.org

296

https://doi.org/10.3389/fneur.2022.884730
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Massot-Tarrús and Mirsattari 10.3389/fneur.2022.884730

FIGURE 1

Di�usion tensor tractography of the fascicles involved in language function (by Dr. Loxlan W. Kasa).

visual naming, as well as verbal comprehension (29). Essentially,

auditory naming is localized to the anterior TL cortex, while

visual naming primarily relies on the mid-posterior temporal

regions (30). However, there is an important interindividual

variability in the cortical temporal regions involved in each

language function, due to the higher degree of plasticity at the

cortical level.

At a cortical level, the eloquent language cortex can be

divided into indispensable eloquent cortex (whose resection

would be associated with permanent and significant deficit)

and dispensable eloquent cortex (whose resection would lead

mostly to minimal and reversible functional deficit) (15). Based

on ESM findings, discrete and limited patches of indispensable

language eloquent cortex had been located in the posterior

part of the inferior frontal gyrus (pars opercularis), posterior

part of the superior temporal gyrus, and angular gyrus (15,

31). In contrast, the basal temporal language area (composed

of the fusiform, inferior temporal and parahippocampal gyri,
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and lateral occipitotemporal sulcus) is considered a dispensable

eloquent cortex (15). Other dispensable eloquent cortexes

would be the anterior part of the superior temporal gyrus

(32, 33), the anterior temporal pole (34), middle temporal

gyrus (29, 35), and the hippocampus—which have also

been involved in the multi-modal naming network by some

authors (15).

The e�ects of TLE on language function

Epileptic activity disturbs the language networks and

promotes brain plasticity (36, 37). Atypical, that is, bilateral

or right-hemispheric language lateralization, is more frequently

seen in patients with left compared to right TLE (33–41 vs. 22%)

or healthy individuals (4–27%). This is particularly so if they

are left-handed (8, 38), the epilepsy is caused by a structural

etiology (39), started before 5 years of age (40), or seizures are

frequent (38, 41). Moreover, TLE can affect the reorganization

of temporal and frontal language areas differently (42). There

are, consequently, as many categorical patterns of language

lateralization as combinations of anterior and posterior language

regions in the left, right, or bilateral hemisphere (43).

There can also be a reorganization of language functions

within the same hemisphere due to epileptic foci, often to

an adjacent perisylvian region (44). This typically occurs in

patients with space-occupying lesions, although it has also been

observed in non-lesional TLE (34). For example, patients with

left TLE had reduced activation during a verbal fluency task

in the left superior temporal gyrus in fMRI, but increased

activation in the inferior, middle temporal, and fusiform gyri

(45). Additionally, a longer duration of left TLE causes weaker

activation of the anterior middle temporal gyrus and fusiform

gyrus during auditory and picture naming tasks (46), and

poorer functional connectivity of the left temporal pole (47).

Posterior displacement of visual and auditory naming areas or

reorganization of the tracts connecting language brain areas

within the left TL has also been reported in individuals with

hippocampal sclerosis (41). Such neuroplasticity implies that

surgery can be performed in brain areas previously considered

inoperable such as the Wernicke’s area involved in the epileptic

zone (middle and posterior temporal cortex corresponding to

scalp EEG electrodes T3-T5-A1) in left neocortical TLE (18).

The high variability of cortical eloquent areas for language

highlights the need for individualized approaches to each patient

and brain region.

About 39% of patients with long-lasting left TLE suffer

from language deficits (48). These usually consist of verb

generation fluency, visual and auditory naming, and word-

finding difficulties (41). Patients with non-dominant TLE also

perform worse in language function than healthy controls and

patients with extratemporal lobe epilepsy (48). The mechanism

underlying naming impairment in TLE involves lexical retrieval.

Thus, the patients can recognize and describe the objects or faces

presented but have difficulties retrieving their specific names,

producing the typical “tip of the tongue” phenomenon with

phonological paraphasia (34, 49, 50). This suggests that there is

a one-way disruption in the semantic-lexical pathway. That is to

say, information can still flow from lexical to semantic but not

the other way around. It may involve the ventral visual pathway

and possibly the inferior segment of the arcuate fasciculus, as

well as phonological processing areas such as the left superior

temporal gyrus and supramarginal gyrus (41).

In contrast, non-dominant TL dysfunction leads to

recognition deficits. These patients have difficulty recognizing

famous faces and landmarks. This dysfunction is thought to

result from damage to the ventral visual processing stream

(34). Deficits in category fluency are present in both dominant

and non-dominant TLE, as well as in frontal lobe epilepsy

(FLE), since this task requires the executive function mediated

by the frontal lobe and a semantic memory mediated by the

TL (34).

Functional outcome of language
following the various modalities of TLE
surgery

Left ATL causes some degree of worsening in naming and

reading in 34% to 40% of patients. In contrast, right ATL causes

a decline of these functions in only 5% of cases and even

some improvement in 4–32% (30, 34, 51). Semantic fluency

(e.g., generating animal names) declines following dominant,

and perhaps non-dominant, TL resections (34, 52). By contrast,

letter fluency tasks (e.g., generating words that start with a

specific letter) typically do not decline or can even improve

after successful left TL surgery (34, 53). The naming decline

following a dominant TL resection is typically characterized

by a lexical retrieval deficit (i.e., inability to recall names in a

variety of contexts with preserved semantic knowledge) (34),

particularly for human faces and animals (44). Non-dominant

ATL frequently leads to deficits in the recognition of people,

animals, or landmarks (34).

Anomia is the most common cognitive deficit after the

resection of the dominant basal temporal language area but it

usually recovers, at least partially, after a few months (15). There

is typically a greater impairment in visual compared to auditory

naming attributed to the posterior displacement of the auditory

naming network in TLE (30) and the resection of the visual

processing stream and the fusiform gyrus (34). Knowing the

hemispheric dominance for language, it is, therefore, necessary

to provide patients with an accurate estimation of the language

deficits they may suffer after TLE surgery in order to give

informed consent. Language function also needs to be evaluated

presurgically since a low performance implies that language
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structures are already impaired and consequently a lower risk

of a significant decline in case of surgery in the dominant

hemisphere (54).

Reversal of atypical hemispheric language lateralization

has been observed after successful epilepsy surgery in both

frontal perisylvian and temporal language regions. This indicates

that atypical dominance due to epileptic activity may be a

temporary adaptative response (44). Displacement of language

regions has also been observed following surgical excision

of gliomas infiltrating the posterior part of the left superior

temporal gyrus (classic Wernicke’s area). It involved the

recruitment of not only the immediately adjacent structures

(i.e., the supramarginal gyrus) but also remote sites within

the same hemisphere (i.e., the pars triangularis of the inferior

frontal gyrus) and contralateral sites thanks to transcallosal

disinhibition (18, 55). Activation of regions not specific for

language (i.e., the anterior cingulate cortex or the mesial

frontal gyrus) during verb generation tasks has also been

observed after right and left ATL, indicating an increased

reliance on a more cognitive control and response selection

(44, 56). Interestingly, Bonelli et al. (57) found that patients

with left TLE without postoperative naming decline recruited

the residual left posterior hippocampus for word retrieval,

while those with language decline relied on contralateral frontal

regions (57). These findings may indicate that interhemispheric

reorganization of naming to contralateral frontal regions is

less effective than the utilization of the remaining posterior

hippocampus. Thus, the circumstances under which intra- vs.

interhemispheric reorganization of language regions occur after

TLE surgery and the relative benefit of each of these patterns are

still unclear, but the preservation of the posterior hippocampus

may facilitate naming maintenance.

Wada test

The WT simulates the effects of brain surgery through the

temporary inactivation of one hemisphere. This involves the

use of short-acting barbiturates such as sodium amobarbital or

methohexital, or ultra-short-acting non-barbiturates anesthetics

such as etomidate (58–60). Intracarotid injection of sodium

amobarbital was originally used by JuhnWada in 1949 to treat a

case of status epilepticus. The resulting transient aphasia in the

patient led to the consideration that the procedure could be used

to determine the hemispheric lateralization for language (61).

Mechanism of WT

First, a cerebral arteriogram is conducted to rule out

abnormalities that can predispose to cross-flow between the two

cerebral hemispheres or to the basilar artery implying a risk of

respiratory and consciousness impairments following injection

of sodium amobarbital. Then, a bolus of 75–125mg (depending

on the weight of the patient) of sodium amobarbital is injected

over 5–10 s into the internal carotid artery with a catheter

placed via transfemoral approach, followed by incremental doses

of 12.5mg, as required, to produce contralateral hemiplegia

and development of a theta-delta EEG pattern in the studied

hemisphere. Alternatively, the procedure can be made using

methohexital (3mg bolus over 3–5 s, followed by additional

doses of 2mg if required) (60) or etomidate (2mg bolus,

followed by a continuous infusion of 0.003–0.004 mg/kg/minute

at a rate of 6 ml/h. The infusions may be switched to

a bolus-type procedure, if major patient reactions such as

reduced cooperation or obtundation warrant reduction of drug

effect) (62).

The procedure can be repeated on the contralateral side after

a minimum of 30min. Language testing begins immediately

after the contralateral arm paresis and EEG changes, and it

continues depending on the patient’s clinical response and drug

effects. The side ipsilateral to the epilepsy focus is tested first

in case the test needs to be terminated prematurely (5, 63).

Simultaneous continuous EEG recordings allow the exclusion of

epileptic seizures that could interfere with the evaluation.

WT for assessing language

Counting and naming the months of the year or different

objects are commonly used to evaluate expressive language

functions. On the other hand, responses to verbal commands,

repetition, and reading are used to assess receptive language.

The procedure usually consists of (1) testing for comprehension

of one- and two-step commands (the most complex being

commands involving inverted syntax); (2) naming of objects or

parts of objects presented visually; (3) reading of sentences; and

(4) repetition of simple phrases. The performance on each of

these tests is scored as either normal or mildly, moderately, or

severely deficient (19).

Language dominance is classified as left, right, or bilateral,

depending on the degree of impairment observed during the

right and left hemisphere injections. A laterality index (LI),

consisting of the percentage of correct answers during the right

minus the left injections, can be calculated. It usually ranges

from +100 to −100, with an arbitrary cut-off commonly of

±50 producing the following categories: left (LI ≥ +50), right

(LI ≤ −50), and bilateral (LI between −50 and +50) language

dominance (64).

Limitations of the WT

A serious complication occurs in 1.1–11% of IAT

procedures. These include stroke in 0.6% to 1.2% of cases,

carotid dissection in 0.7% (especially in older patients), bleeding
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from the catheter insertion site in 0.6%, and allergic reaction to

the contrast agent in 0.3% (65, 66).

The WT is not feasible in patients with an altered

vasculature that may cause cross-flow between hemispheres or

to the basilar artery (8, 67). Nor can it be used in patients

who are allergic to iodine-based contrast. Moreover, some

antiseizure medications such as carbonic anhydrase inhibitors

(e.g., acetazolamide, topiramate, and zonisamide) can inhibit

the effects of amobarbital (68). Furthermore, its validity relies

on good cooperation by the patient. It is, therefore, difficult to

complete reliably in children or mentally impaired individuals.

Finally, an optimal standardized protocol or clear definition

of test failure has not been established, and those used differ

broadly across epilepsy centers, thus limiting the comparison of

the results (69).

Functional magnetic resonance imaging
and its mechanism

Functional MRI is a non-invasive technique based on blood

oxygen level-dependent (BOLD) contrast created due to a

difference in the oxyhemoglobin and deoxyhemoglobin levels

in the activated areas of the brain. Compared to the WT,

this technique is much more cost-effective, safer, and produces

sedation-free results.

The most commonly used designs for fMRI studies

are block designs. These involve presenting a condition

continuously for an extended time interval (block) to maintain

cognitive engagement altered by rest blocks, irrespective of

performance. An event-related design, on the other hand,

consists of distinct and short-duration events that are time-

locked and can be presented randomly. The advantages of

employing a blocked design include its robustness as well as

increased statistical power and sensitivity. It consequently has

a good ability to differentiate between different conditions

(70). Event-related designs, on the other hand, allow the

separation of trials based on the participant’s performance (i.e.,

remembered vs. forgotten items). They are, therefore, more

focused on brain processes of clinical interest, but they may

not result in strong activation due to reduced statistical power.

Event-related designs show reliable activation of language

areas (71). However, block-design paradigms are used more

commonly in clinical settings to increase the sensitivity of

the test.

Functional MRI paradigms for language
lateralization

Different stimulation paradigms are used for language

lateralization. These comprise language production tasks—such

as object naming, verb generation, and so on—and language

comprehension tasks—such as sentence comprehension, rhyme

detection, and so on. Some studies employ passive listening to

speech, whereas others require participants to respond to the

speech sounds according to a particular criterion. Active tasks

focus the participant’s attention on a specific aspect of a stimulus,

such as its form or meaning. This is assumed to cause “top-

down” activation of the neural systems relevant for processing

the attended information (72).

With verb-generation tasks, the participants are instructed

to generate action verbs for given nouns (e.g., for the word

“apple” one might think of “to cut” or “to eat”). The control

task involves the presentation of nonsense collections of letters.

These language production tasks provide consistent activation

within the frontal language areas.

With rhyme detection tasks, the participants are asked

to determine whether two visually presented common

English words rhyme, such as dial-file, and then press the

corresponding button on a response pad. The control task may

involve participants looking at a cross sign. These language

comprehension tasks activate additional brain networks,

including the anterior and posterior language areas and areas

involved in memory functions (51, 73).

To activate the more anterior temporal region, Hamberger

et al. developed an auditory naming task that requires the

participants to name nouns in response to an auditory definition

(e.g., “The person who flies a plane?”) to activate auditory

naming sites (71).

Region of interest analysis and laterality
index in fMRI testing for language
functions

When analyzing the fMRI data for language testing,

the four regions of interest (ROI) most commonly focused

on are the frontotemporal (Broca’s area), temporoparietal

(Wernicke’s area), both Broca’s and Wernicke’s areas, and

the whole hemisphere. Using the whole hemisphere or the

combination of ROIs in each hemisphere is more sensitive

for language lateralization. It has also been reported that,

compared to the temporal-parietal ROI, the frontal lobe ROI

appears to be more sensitive and slightly more specific for

language lateralization (51). However, the temporal-parietal

ROI has more direct clinical relevance for preoperative

evaluation. This is especially so since patients with TLE may

occasionally present with dissociation between frontal and

temporal dominance (51).

The laterality index (LI) is utilized to measure hemispheric

dominance for language functions. The LI can be calculated

using the formula LI = [(VL – VR) / (VL + VR)] × 100,

where VL and VR are the activation volumes or the number

of active voxels for the left and right hemispheres, respectively

(71). This calculation yields a value ranging from +1 (or +100)
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for patients with pure left hemispheric lateralization to −1 (or

−100) for patients with pure right-hemispheric lateralization.

An arbitrary threshold of ± 0.2 (or ± 20) is generally used,

with values above +0.2 (or +0.2) considered to be indicative of

typical left-hemispheric dominance for language, values below

−0.2 (or −20) denoting right hemispheric dominance, and

intermediate values indicative of bilateral or mixed dominance.

However, some might argue that only an LI of 0 reflects true

mixed dominance, whereas others consider laterality to be better

reflected by an LI >0.75 (8). Some authors avoid an arbitrary LI

cut-off point and instead use visual analysis (8). This subjective

analysis appears to be less sensitive and specific, however, than

quantitative methods (51).

Limitations of fMRI studies for assessing
language

Functional MRI, though non-invasive, cannot be performed

in patients with a cardiac pacemaker, other implanted

ferromagneticmaterials, or who are claustrophobic. The patients

have to lie motionless and perform the tasks with the utmost

cooperation. This makes fMRI less suitable for younger children

and cognitively low-functioning patients. There are, however,

simplified protocols that have been adapted to overcome this

limitation (74). Further problems with fMRI include the lack of

a consensus on the optimal fMRI protocol for language testing

(75). The results also depend on the data analysis software and

image pre-processing pipeline, as well as the threshold and ROI

chosen. Functional MRI also fails to differentiate between areas

activated by the task or by epileptic activity, and no activation

is evident in the immediate postictal period. Other factors, such

as large structural lesions and cerebral vascular malformations,

may also disrupt fMRI activations (76, 77). Moreover, fMRI

results are likely to be compromised by the effects of anti-seizure

medications taken by the patients (54, 78).

Reliability and prognostic value of the
Wada test for language after TLE surgery

The prognostic value of the WT in TLE surgery is based

on the assumption that the risk for language decline after ATL

is greater when language lateralizes toward the hemisphere

to be operated on. However, the WT has been proven to

be reliable and consistent when it identifies left-hemispheric

dominance but not when it identifies right-hemispheric or

bilateral representation of language function (79–81). Actually,

only one study specifically examined the predictive value of

the WT in individuals with right-hemispheric dominance (82).

This study concluded that the WT provided some prognostic

information on naming outcomes after left ATL, albeit with

lower specificity and sensitivity than fMRI. With regard to

patients with bilateral language representation in the WT, the

data are contradictory: although the risk for language decline

after left ATL would conceivably be lower in this subgroup

of patients, Janecek et al. reported a similar greater decline in

naming function after left (50% decline) vs. right (only 10%)

ATL in individuals with a bilateral representation of language

in the WT (64). Kovac et al. described an even higher decline

in naming after surgery in such patients compared to those with

left-hemispheric dominance (83).

Therefore, left dominance by WT is strong evidence for

lateralization of language function in the left hemisphere and

those patients would not require further studies before extensive

right temporal lobectomy (80). Conversely, right-hemispheric

dominance and, especially, bilateral representation of language

function in the WT should be interpreted with caution. In

these situations, an additional assessment of the language

lateralization by fMRI would be recommended, plus extra or

intraoperative ESM for localization of language areas if an

extensive temporal or frontal resection is planned.

Functional MRI compared to the Wada
test for language lateralization

Taking the WT as the gold standard, numerous studies

have compared fMRI and WT concordance for language

lateralization. Most of them reported an excellent concordance

between both tests using fMRI verb generation or semantic

decision tasks (64, 84–89). In any case, the concordance was

higher in right than left TLE (64, 90) and for frontal than TL

activation (91). Furthermore, it was observed that to identify

bilateral language dominance, it was important to use combined

frontal/expressive and temporal/receptive language tasks (92).

Even several meta-analyses have been performed comparingWT

and fMRI for language lateralization in TLE. The largest and

most recent (2017) was designed by our group and included

30 studies plus a series of 23 cases from our own Epilepsy

Unit, for a total of 848 patients (5). The mean number

of patients per study was 27.4, with a wide range—from 4

(93) to 229 (94)—and the vast majority (77.2%) of the cases

had typical left-hemispheric lateralization for language in the

WT. The concordance with fMRI and WT was a remarkable

85.4% on average (95% CI 82.8–87.6%), but with a wide

variability (from 60.5% to a high of 100%). For further details,

see Figure 2.

It is worth mentioning that a previous meta-analysis

comprising 442 cases from 23 series (51) found a higher

specificity of fMRI compared to WT with fMRI use of word

generation compared to semantic decision tasks (95.6 vs.

69.5%) and in right-handed compared to ambidextrous or

left-handed individuals (51). They attributed the latter to the
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FIGURE 2

Forest plot indicating concordance between the Wada test and fMRI for language lateralization (as mean estimates and confidence bars) in each

of the 31 studies included in our meta-analysis, both separately and as the sum of all patients (as "Overall"). For further details, see Massot-Tarrús

et al., (5). Adopted with minor modifications from the original figure published in Massot-Tarrús et al. (5).

higher rate of atypical language lateralization in the non-right-

handed population (51). Supporting this, Bauer et al. observed

that the concordance between WT and fMRI was lower in

cases with atypical (bilateral or right) language lateralization

(51 vs. 94%, respectively) analyzing 22 studies. One-third

of the mismatched patients had typical left-hemispheric

dominance in the WT but bilateral representation in fMRI

(8). Likewise, studies in pediatric patients, a population with

a well-known higher rate of bilateral or atypical language

representation, have shown a lower concordance between both

tests (95). The WT has falsely classified atypical language

dominance as typical according to ESM and surgical outcomes

in previous reports where fMRI classification was correct

(96–98). Therefore, it is more likely that the discordant

cases are correctly classified as having atypical language

lateralization by fMRI and falsely classified as having typical

language lateralization by the WT. These findings indicate

that fMRI has a higher sensitivity for bilateral language
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representation than WT, which tends to overview this

feature (8).

Finally, the WT-fMRI concordance was higher in mTLE

compared to extratemporal epilepsies (87 vs. 81%, respectively)

in another meta-analysis performed by the American Academy

of Neurology, including exclusively class I and II studies (78).

In conclusion, fMRI can determine all the areas

that are involved, although not necessarily essential, for

language functions. In contrast, the WT only determines

the hemisphere where the main functions are using object

naming tasks. For these reasons, fMRI is more likely to detect

bilateral representations for language functions or crossed

dominance (expressive and receptive language functions

in different hemispheres), whereas the WT is more likely

to falsely classify atypical language dominance as typical

(5, 96). A combination of fMRI paradigms that activate

both the frontal/expressive language regions (e.g., verb

generations, antonym generations, or object naming tasks) and

temporal/receptive language areas (e.g., sentence completion

and passive story listening tasks) would be recommended for

this purpose (5, 68).

Reliability and prognostic value of the
fMRI for language after TLE surgery

The value of preoperative fMRI maps to predict the

postoperative decline in language function has been fairly

consistent (29, 52, 57, 82, 99). Specifically, Rosazza et al.

(52) found that preoperative language performance accounted

for 68% of the variance in postoperative language outcomes,

and fMRI language lateralization explained an additional 16%.

Stronger left-hemispheric activation during verbal fluency, verb

generation, semantic decision, or auditory or picture naming

tasks predicted naming decline 12 months after a left ATL

with good sensitivity (52, 57, 82). Naming tasks primarily

activate the part of the TL that is to be removed in ATL

and seem to be more specific to predict naming difficulties

than verbal fluency tasks—which mostly activate the inferior

frontal gyrus (52, 57). Precisely, stronger fMRI activation of

the left posterior inferior temporal area and fusiform gyrus

during auditory and picture naming tasks have a consistent

association with greater naming decline after left TL surgery,

with picture naming being even more specific (100, 101). Right-

sided lateralization of picture naming activations also appears

to correlate with a greater postsurgical naming decline in right

TLE (100). In another study, half of picture naming decline

after TL surgery was explained by damage to a cluster of voxels

in the fusiform gyrus approximately 4 to 6 cm posterior to

the temporal tip activated by semantic decision tasks (102).

Furthermore, You et al. reported that the most significant

contributor to the naming decline was the resection of the top

10% of fMRI-activated regions during a word-definition task.

Hence, such highly activated areas should be preserved from

resection (99).

Few series have compared the ability of fMRI and the WT

to predict postoperative naming decline (5). Sabsevitz et al. (82)

examined 24 patients with left TLE using an fMRI semantic

decision task. They found that language lateralization toward

the resected left TL by both fMRI and the WT exhibited

100% sensitivity to predict naming decline, although fMRI had

higher specificity (57 vs. 43%) (82). In the same line, Janecek

et al. (103) analyzed 10 patients with left mTLE and discordant

fMRI and the WT results. They found that fMRI was more

reliable at predicting post-ATL naming outcomes than WT.

Furthermore, as mentioned earlier, it has not been demonstrated

that patients with bilateral language representation in the WT

have a lower risk for language decline (64, 83), and fMRI

seems more accurate at predicting lower risk due to right-

hemispheric dominance (100). Therefore, fMRI seems more

suited to elucidate language outcomes after TLE surgery than

WT. Finally, patients with structural lesions or epileptogenic

zone involving an indispensable language region (such as

the Wernicke’s area) from an early age are more likely

to have a displacement of its functions to contiguous or

contralateral regions (28). A bilateral or contralateral fMRI

activation of the affected language region would support this

displacement, which should be confirmed with intra- or extra-

operative ESM.

Measures to reduce the postoperative
language decline in TLE

Resection of dispensable temporal language areas—such as

the anterior part of the superior temporal gyrus, basal temporal

region, and the long segment of the arcuate fasciculus in the

dominant hemisphere—is typically not a reason to defer surgery

because the visual naming impairment that it may produce

usually recovers, at least partially, after several months (32,

33). At the same time, using ESM to identify and avoid the

inclusion of the basal temporal area of language within the

limits of ATL may help to further prevent postoperative naming

decline (104, 105). For this reason, in the case of exploring

the dominant TLE with stereo-electroencephalography (sEEG),

implantation of deep electrodes targeting the anterior and

posterior ventral TL cortex for language mapping would be

recommendable (15).

Selective amygdala-hippocampectomy (SAH) is a more

restricted surgical procedure that largely preserves the cortical

areas. However, reduced language comprehension and fluency

have been observed after SAH on the dominant side as

well. This may be due to the deafferentation in cortical

areas, disruption of basal temporal language area pathways,
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or neocortical lesions secondary to the different surgical

approaches (106). Precisely, the transsylvian SAH approach

transects the temporal stem and may also damage the superior

temporal gyrus; the transcortical access transects the middle

or inferior temporal gyrus (107, 108); and the subtemporal

approach transects the parahippocampal and fusiform gyrus;

thus damaging the temporo-basal naming areas. Initial studies

reported that the transsylvian approach caused worse phonemic

fluency than transcortical SAH (107, 109), and noncomparative

series have suggested worse verbal learning, naming, and fluency

with subtemporal SAH (107–110). Regarding this, Park et al.

described a technical modification of the SAH subtemporal

approach via the parahippocampal gyrus which preserves the

fusiform gyrus, temporal stem, and the remaining temporal

gyri. Such a technique should favor a better postsurgical

language outcome, although this assumption has yet to be

confirmed (111).

MRI-guided stereotactic laser ablation (SLA) technology

also allows highly tailored resection, with minimal collateral

damage to functional tissue. All available data suggest that

SAH with SLA better preserves functions dependent on extra-

mesial TL structures such as category-related naming, verbal

fluency, and object and people recognition compared to open

ATL or transcortical SAH (112, 113). On the other hand, the

efficacy for seizure control appears to be slightly lower with SLA

than with open resection techniques, especially in non-lesional

surgeries (113–115).

The likelihood of long-term postoperative language deficit

seems to be correlated with the distance between the resection

margin and the indispensable cortical sites determined by

ESM. However, no such correlation has been found with

the distance from the language areas determined by fMRI

(116). Resections have generally been tolerated up to 1 cm

from these essential language sites, although some reports

suggest that equivalent rates of permanent deficits occur

when resections are performed without leaving a margin

from positive ESM positive sites (41, 117). It is important

to note, however, that this “no-margin technique” does

have higher rates of transient postoperative deficits (118). A

sufficient safety distance is presumed in standard ATL where

the posterior extent of resection is limited to 4.5 cm from

the temporal tip in the dominant TL (vs. 5.5 cm in the

nondominant TL) (119).

When indispensable areas for language functions located

within the epileptogenic zone aimed to be resected, the

surgical options are limited. However, it should be taken

into account that the traditional Broca’s and Wernicke areas

are no longer considered “unresectable” but rather nodes

within a wide circuit, capable of self-reorganization, thanks to

dynamical plasticity, especially in the presence of structural

lesions or epileptic foci. It has been demonstrated in low-

grade glioma awake surgery that the anterior language area

can be safely resected provided that a small portion of the

cortex located anterior to the left ventral premotor cortex

and contiguous to subcortical language tracts is spared. The

same holds true for the angular gyrus and posterior part of

the superior temporal gyrus in the posterior language area

(18, 120). The dynamical plasticity allows treatment strategies

based on multistep surgical approaches too. These can include

an evaluation by fMRI followed by intraoperative ESM before

the surgical resection (18). In this regard, functional MRI and

ESM may correspond but do not tend to overlap, with 60%

to 75% of fMRI language signals lying within 1 cm of ESM

demonstrated language areas (which can be up to 5mm in

the frontal language area) (29, 68, 121, 122). The concordance

between both techniques is better with extra-operative than

intra-operative ESM (123) and with the combination of language

tasks using both auditory and visual input. Functional MRI can

complement ESM for predicting postoperative language decline

since higher sensitivity and specificity are obtained in the brain

regions where both techniques overlap (124, 125). On the other

hand, Rutten et al. (126) observed in 13 patients with TLE

that only in 51% of cases, the temporoparietal language area in

the fMRI was confirmed by intraoperative ESM. In any case,

the absence of fMRI activity reliably predicted the absence of

critical language areas on ESM (123, 126). So, fMRI has poor

positive predictive value in determining indispensable areas for

the language but can be used as an adjunct for preoperative

planning (123).

Finally, multiple subpial transection is a palliative surgical

technique that has been utilized to preserve cognitive functions,

although long-term seizure control with this technique has been

disappointing when performed on eloquent neocortical regions

(127). Responsive neurostimulation is another treatment that

does not result in cognitive decline and may even modestly

improve the functions affected by the epileptic foci, like naming

in patients with neocortical TLE (128).

Indications for WT and fMRI use in
clinical scenarios

Presurgical assessment for language is indicated in cases of

potential atypical hemispheric dominance (right or bilateral) or

cortical reorganization for language areas. These include left-

handed or ambidextrous patients and left or bilateral TLE—

-especially in case of epilepsy onset before 5 years of age or

lesions involving the Wernicke area (19, 54). In other cases (i.e.,

right TLE in a left-handed individual), it would not be necessary

before a standard ATL resection that should limit the posterior

extent of resection to 4.5 cm in the left hemisphere (34, 119).

Functional MRI is the recommended test to evaluate

language outcomes. However, the WT is still required in cases

with inconclusive fMRI results, bilateral naming or language

comprehension representation on fMRI, or strongly opposing
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lateralizing results by other methods used to determine language

dominance (e.g., MEG, dichotic fused word listening test, etc.)

(5). The reliability of fMRI is also less clear in neocortical TLE

or lesional cases involving traditional language areas, especially

when vascular malformations are involved (129). In such cases,

the WT (130, 131) may also be indicated.

If the language dominance cannot ultimately be predicted

with confidence or is considered bilateral by both fMRI andWT,

the hemisphere to be resected should be treated as the dominant

hemisphere and traditional language areas avoided (132, 133).

In the latter case, fMRI can guide the extra or intraoperative

ESM (123), with higher sensitivity and specificity for language

areas where the findings of both techniques coincide (134). It

should be taken into account that fMRI detects all areas that are

involved in a given function, but not necessarily indispensable

regions. Therefore, while preoperative fMRI can serve as an

adjunct, it cannot yet replace cortical and subcortical ESMwhich

stands as the gold standard to individually delineate eloquent

cortex and fascicles in the anterior and posterior language areas

(15, 118).

In case of discrepancy between the fMRI and WT, it should

be taken into account the higher reliability of the fMRI to

detect bilateral or right hemisphere dominance, and it would

be also recommendable to confirm the results with extra- or

intra-operative ESM.

Another scenario in which the WT may still be needed is in

patients unable to cooperate or tolerate fMRI (metallic implants,

claustrophobic, mentally challenged, children, etc.). This

requires a minimal degree of collaboration, however, to confirm

the appearance of aphasia even with simplified protocols

(74). MEG, PET, or other tests less sensitive to movement

distortions—such as the dichotic fused word listening test,

functional near-infrared spectroscopy, or functional transcranial

Doppler—are alternatives to consider in these cases (94, 135).

A diagnostic algorithm for language evaluation in TLE is

presented in Figure 3.

Resting-state FMRI studies for language
assessments

Resting-state fMRI determines brain functional connectivity

(FC) in the absence of a task. Several networks have been

identified in resting-state studies, and they include motor, visual,

frontal, and default modes (136). Of particular interest is the

default mode network (DMN), as it shows increased activation

at rest compared to the activation seen during task performance.

The DMN functionally links the posterior cingulate cortex,

precuneus, mesial frontal region, inferior parietal area, and

hippocampus. It has been linked to various cognitive processes

(137) and consistently shows altered connectivity in multiple

types of epilepsy (138, 139). Widespread decreases in FC, more

significant in the hemisphere from which the seizures originate,

have been identified in patients with TLE and can occur early in

the disease process (136).

Regarding language function, Roger et al. (140) found that

increased FC between the left hippocampus, left inferior frontal

gyrus, and the supplementary motor area within the language-

memory network was related to better naming, phonological,

and semantic fluency, respectively. Also, Zhang et al. (141)

observed that decreased FC between the left frontoparietal

network and the visual network was associated with poor

naming ability. DeSalvo et al. (142) identified high concordance

between rs-fMRI—using independent component analysis

(ICA) to calculate the language LI—and the WT for language

(96% accuracy). However, the results were less consistent for

patients with atypical language laterality. Similarly, Smitha et al.

(143) obtained a high concordance of hemispheric language

dominance between rs-fMRI and task-fMRI. Finally, Rolinski

et al. (144) found moderate concordance between language LI

from task fMRI and rs-fMRI in TLE using two novel methods

for calculating resting-state language LI from Broca’s area.

Discussion and conclusion

Language functions of the brain are based on interconnected

streams involving cortical and subcortical areas. Specifically,

a left-lateralized white matter stream traveling dorsal to the

Sylvian fissure engaged in sensory-motor mapping of sound to

articulation; and a ventral stream, more bilaterally distributed

responsible for mapping the auditory input onto conceptual and

semantic representation (18). At the cortical level, there is a

high degree of interindividual variability, which make necessary

individualized approaches to each patient and brain region. The

main regions involved in the semantic system are the anterior

temporal pole (34), middle temporal gyrus (29, 35), inferior and

latero-posterior temporal cortex (36, 145), and angular gyrus

(37, 38, 40). The mid and posterior portions of the superior

temporal gyrus are engaged in phonological analysis and naming

production (29, 48).

Surgery on the TL of the dominant hemisphere for language

implies a higher risk for language deficits. It is therefore

mandatory to determine whether the TL to be operated is the

dominant one. This is particularly the case in left-handed or

ambidextrous patients and left or bilateral TLE—especially with

onset before 5 years of age or with lesions or the epileptic zone

involving the Wernicke area (19, 54, 100, 103). This is because

early lesions and early onset of TLE promote brain plasticity

and facilitate the reorganization of language tracts and areas

to contiguous regions or the contralateral hemisphere (40, 41).

At the same time, this adaptative neuroplasticity, together with

the paradigmatic shift from localizationism to connectomics,

implies that surgery can be performed in brain areas that were

previously considered inoperable, like Wernicke’s (18).
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FIGURE 3

Flowchart to guide clinical decision-making when using fMRI and WT for presurgical evaluation of language in TLE. ATL, anterior temporal

lobectomy; DFT, dichotic fused word listening test; Fmri, functional magnetic resonance imaging; Fnis, functional near-infrared spectroscopy;

Ftcd, functional transcranial doppler sonography; Intra/extra-op ESM, Intra/extra-operative electrocortical stimulation mapping; MEG,

magnetoencephalography; MST, multiple subpial transections; RNS, responsive neurostimulation; TLE, temporal lobe epilepsy; VNS, vagus nerve

stimulation; WT, wada test.

Functional MRI is the recommended test for the presurgical

evaluation of language. A stronger activation during verbal

fluency, verb generation, semantic decision, or auditory or

picture naming to the ipsilateral hemisphere predicts naming

decline after left and right ATL (52, 57, 82, 100). Naming tasks

primarily activate the part of the TL that is to be removed

in ATL and seem to be more specific to predicting naming

difficulties (52, 57). Actually, the resection of the top 10% of

fMRI-activated regions should be particularly avoided since it

significantly contributes to naming decline (99).

Functional MRI shows a high concordance with the WT

(5), which is still considered the gold standard for language

lateralization. The WT determines the hemisphere where

the key language structures lay and it is reliable to predict

left-hemispheric dominance. However, it entails a significant

risk of complications (65, 66), and its trustworthiness decreases

when predicting right-hemispheric or bilateral language

distribution (79–81). In this last respect, the fMRI lateralization

with the combined use of expressive and receptive language

tasks seems more reliable (92).

However, the WT is still necessary in some clinical

scenarios: (a) when fMRI is inconclusive or shows

bilateral language representations in any domain (naming,

comprehension, etc.); (b) when fMRI shows opposing

results to other studies to determine language dominance

(e.g., MEG, dichotic fused word listening test, etc.); (c) in

the patient unable to cooperate or tolerate fMRI; (d) and

possibly, in neocortical TLE or lesional cases involving
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language areas, because the fMRI could be less precise in

these situations.

Selective amygdala-hippocampectomy, especially with the

subtemporal approach via the parahippocampal gyrus, could

favor a better postsurgical language outcome in mTLE (111).

Even less collateral cortical and subcortical damage and better

functional outcome are obtained with SLA, which is indicated

preferably in lesional mTLE (113–115).

If a resection near indispensable language areas—the

posterior part of the inferior frontal gyrus, posterior part of

the superior temporal gyrus, and angular gyrus (15, 31)—is

planned, a minimum safety distance of 1 cm determined by ESM

would be recommended, although equivalent rates of permanent

deficits have been reported with “no-margin” techniques (41,

117). Functional MRI can complement ESM planification (124,

125) and a multistep surgical approach can be adopted (18).

In this regard, fMRI has shown a poor positive but good

negative predictive value to identify language regions (123, 126).

Such security distance is presumed in standard ATL where the

posterior extent of resection should be limited to 4.5 cm in the

dominant TL (119).

Finally, rs-fMRI is a task-free technique with great potential

that can detect altered connectivity in language networks

in TLE. It may help to predict language outcomes in

patients with limited cooperation due to disability or altered

consciousness (e.g., coma or anesthesia) (146, 147). However, its

specificity for determining language dominance requires further

evaluation (44).
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