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Brief introduction

Recent advances in neuroimaging and in
particular in the field of functional imag-
ing resulted in functional magnetic reso-
nance imaging (fMRI) being the method
of choice for noninvasively identifying
the eloquent cortex during the individ-
ual presurgical work-up of patients with
temporal lobe epilepsy (TLE). Primar-
ily, the assessment of cognitive functions
has high priority, in order to keep post-
surgical restrictions as minimal as pos-
sible. Moreover, functional connectivity
(FC) analysis and very recently connec-
tomeanalyses represent highly promising
imaging methods for identifying not only
activation patterns during cognitive tasks
but also underlying cognitive networks.

Background

Cognitive impairment is a frequent co-
morbidity in focal epilepsies and has
a major impact on quality of life. Cog-
nitive deficits either can result from the
underlying disease or can be caused
by adverse effects of antiepileptic drugs
(AEDs). In TLE, representing the most
common type of focal epilepsy, owing
to anatomical structures located in the
temporal lobe being affected, i.e., the hip-
pocampus, parahippocampal gyrus and
the amygdala, impairment of episodic
memory functions is commonly ob-
served. However, also impairment in
language functions, particularly naming
difficulties, have been reported [14].

In patients with medically refractory
TLE, anterior temporal lobe resection
(ATLR) is an effective and safe treat-
ment option, leading to seizure remis-
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sion in up to 50-70% of these patients
[9]. Comprehensive presurgical assess-
ment is performed to identify the epilep-
tic brain tissue that has to be removed
for the patient to become seizure-free,
and to predict the cognitive cost of this
approach [30]. Cognitive deficits such as
language and memory impairment have
to be avoided. In recent years, epilepsy
surgery has been carried out earlier in
the course of the disease, and the poten-
tial benefits must be carefully weighed
against the potential risks of decline. In
order to successfully identify brain ar-
eas that are responsible for motor, lan-
guage, and memory functions (eloquent
cortex) and guide resection, a range of
imaging techniques such as fMRI and dif-
fusion tensor imaging (DTI) have been
employed.

Functional MRI has proven a valid
and reliable tool to investigate cognitive
functions noninvasively during presurgi-
calassessment [20], and recentlyithasin-
creasingly replaced invasive procedures
such as the Wada test. Compared with
baseline neuropsychological assessment,
it further has the potential of providing
additional information regarding lateral-
ization and localization of cognitive func-
tions and particularly allows for the eval-
uation of functional reorganization pro-
cesses over time. There is an increasing
interest in its possible role for prediction
of postoperative cognitive changes.

Functional MRI, like most other non-
invasive imaging tools, is an activation-
based method. The rationale behind
this is that if a certain cognitive func-
tion is used, relevant brain areas will be
activated. Blood flow will increase in
these areas to compensate for the higher

demand of oxygen. In fMRI, this is
displayed by the BOLD (blood-oxygen-
level-dependent) contrast that represents
the regional changes in blood flow over
time. To obtain a reasonable temporal
resolution, echo planar imaging (EPI),
a fast MRI sequence, is used. Func-
tional MRI has a high spatial resolution
that, in principal, allows for very good
localization of areas in the brain that
are involved in certain tasks. However,
which areas will be activated depends
on the fMRI paradigm. Also, method-
ological limitations of fMRI techniques
especially in the temporal lobes, such as
lower MRI signal-to-noise ratio due to
susceptibility artifacts and signal loss in
areas that are close to larger blood vessels
and bone tissue, have to be taken into
account when interpreting the results.
In this review we discuss recent devel-
opments and future perspectives of fMRI
such as FC analysis and connectomics in
epilepsyand offer practical recommenda-
tions for clinical use of fMRI in assessing
language and memory functions in TLE.

Language

Assessing language functions
using fMRI in epilepsy

During evaluation for epilepsy surgery,
fMRI is the most frequently applied non-
invasive method for the visualization of
language functions and offers a reliable
alternative to the Wada test [13]. The
primary aims of preoperative language
fMRI are lateralization and localization
of language functions and to use this
information to predict postoperative
complications and advise patients ac-
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Table 1

Paradigm Primarily activated area
Sentence completion Wernicke > Broca

Word generation Broca > Wernicke
Rhyming Broca > Wernicke

Object naming Broca > Wernicke
Antonym generation Broca > Wernicke

Passive story listening Wernicke > Broca

°Highly recommended
°Complementary recommended

Recommended fMRI language paradigms (according to Black et al.2017 [1])

Recommended in

Adults®, Children®

Adults®

Adults®, Children’

Cognitively impaired®, Children®
Children®

Cognitively impaired®, Children®

cordingly. Clinically applied paradigms
focus on classic language areas such as
Broca’s area (inferior frontal gyrus[IFG])
and Wernicke’s area (superior tempo-
ral gyrus, supramarginal gyrus [SMG,
STG]). Studies comparinglanguage fMRI
with the classic invasive methods (Wada
test, electrocortical stimulation mapping
[ESM]) showed that fMRI was a valid
method for identifying the language-
dominant hemisphere [16, 44]. Since
language skills are composed of several
components, i.e., semantics, pragmatics,
and syntax, a single task is not enough
for thorough assessment [5]. Further-
more, a language paradigm needs to
tulfill specific criteria in order to provide
appropriate results [5]: The task should
be challenging without overtaxing the
patient. Secondly, a balance of specificity
and sensitivity for language-related ac-
tivation should be provided by the task.
Thirdly, the task should have the ability to
determine intrahemispheric localization
and interhemispheric lateralization of
receptive as well as expressive language
areas.

In clinical routine, block design
paradigms are usually applied as they
are robust and reliable compared with
event-related designs [35]. The American
Society of Functional Neuroradiology
(ASEN) proposes default task batteries
for adults and pediatric patients, and in
order to get optimal data for the presur-
gical evaluation, at least two language
paradigms should be used [5].

Language fMRI in adults

The Sentence Completion Task (SC),
Word Generation Task (WG) comple-
mented by the Rhyming Task are used. In
case of cognitively impaired patients, the
Object-Naming Task (ON) or the Pas-

sive Story-Listening Task (PSL) should
be applied. Instead of using a third
paradigm, SC or WG can be repeated.

Language fMRI in pediatric
patients

The SC, Rhyming Task, or PSL are used.
The Antonym Generation Task (AG)
should be selected as complementary
task. However, in pediatric patients, age
and the individual reading abilities need
to be considered. The SC and WG task
are considered the most frequently used
language fMRI paradigms, whereas the
other tasks are applied rather comple-
mentary.

DO Table 1 gives an overview of cur-
rently recommended fMRI language
paradigms.

About 90% of the healthy population
show left-hemispheric dominance for
language. About 10% are classified as
having atypical language representation
(right-hemispheric dominance, bilat-
eral). In TLE patients, the incidence
of atypical language representation is
higher (78% left-lateralized, 16% bilat-
eral, 6% right-lateralized). Frequently
occurring seizures in childhood appear
to severely affect the development of
language-related areas and underlying
networks. This interferes with reorga-
nization processes and leads to a poor
postsurgical outcome. Hence, early sur-
gical interventions may contribute to an
unimpaired development of language
functions and should be considered in
cases of intractable childhood epilepsy
[21].

Localization of language
function and prediction of
postoperative deficits

While language lateralization in TLE us-
ing fMRI is well established in many cen-
ters, reliable localization of language ar-
easwithfMRIisstill notapplicablein clin-
icalroutine testing [34]. Thisstill requires
invasive electrocortical stimulation map-
ping (ESM). First of all, test-retest series
have shown that the localization of areas
that were activated during a specific lan-
guage fMRI task was less reliable than
lateralization [11]. Furthermore, ESM
studies showed only imperfect overlap
with activation clusters of fMRI: In some
cases electric stimulation of fMRI-acti-
vated brain areas did not result in lan-
guage disturbances, while in others, cru-
cial areas were not displayed during fMRI
[17]. The differences may be related ei-
ther to the applied language paradigms
or to the statistical thresholds.

To date, language fMRI localization
is not yet suitable for resection decision
[12], but the use of combined fMRI
paradigms targeting both expressive
(WG, AG, ON) and receptive (SC, PSL)
language-related areas may be helpful in
planning electrode placement for ESM
[10].

After ATLR of the language-domi-
nant hemisphere, subtle word finding
and naming difficulties are observed in
approximately 50% of patients, whereas
aphasiaisrare [8]. Inleft TLE,a predictive
value of fMRI language lateralization for
naming decline 7, 31] could be shown.
A recentfMRI study showed thatauditory
and visual naming fMRI tasks reliably
activated posterior and basal temporal
lobe regions that were strongly related to
clinical naming performance [37]. Using
these specific naming paradigms, post-
operative naming deficits could be pre-
dicted with a positive predictive value of
91.6% (100% sensitivity and 92%; [38]).

However, prediction models on an in-
dividual level are not yet sufficient to be
applied in clinical routine.
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Memory

Assessing memory functions using
fMRI'in epilepsy

Memory impairment is common in pa-
tients with epilepsy. Working and long-
term memory (autobiographical, verbal,
visual memory) may become affected in
a material-specific way, based on the site
of lesion. Functional MRI can reveal
memory networks noninvasively and re-
liably, and also the effect of surgery on
these networks.

Lateralization and localization
of memory functions in TLE

Patients with unilateral TLE often present
with memory impairment that is specific
to certain materials (e.g., verbal and vi-
sual). After temporal lobe surgery of the
language-dominant hemisphere, more
often verbal memory decline can be
observed, while TL surgery in the non-
dominant hemisphere is more likely to
result in visual-spatial memory decline.
Many fMRI studies demonstrated ma-
terial-specific lateralization of memory
function in prefrontal but also medi-
al-temporal regions ([23]; @Fig. 1). For
clinical purposes, usually paradigms are
applied that show bilateral MTL activa-
tion in healthy controls [6, 25]. Previous
fMRI studies in patients reported re-
duced activation in the TL ipsilateral to
the seizure onset. The reduced activation
within the affected TL but the increased
contralateral MTL activation during
memory fMRI has provided further ev-
idence of the reorganization of memory
function in TLE [6, 25, 28, 32]. Still, it
is a matter of debate whether reorgani-
zation toward the healthy hemisphere is
effective, and whether it may be protec-
tive for memory decline after surgery.
By correlation of fMRI activation and
performance on standard neuropsycho-
logical memory tests it has been shown
that higher MTL activation ipsilateral to
the pathology was associated with better
memory performance while contralat-
eral, compensatory activation correlated
with poorer performance [6, 25].
Methodologically, memory fMRI
studies applying block designs have the
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Abstract

Epilepsy is frequently accompanied by
severe cognitive side effects. Temporal lobe
epilepsy (TLE), and even successful surgical
treatment, may affect cognitive function, in
particular language as well as verbal and
visual memory function. Epilepsy arising
from the temporal lobe can be controlled
surgically in up to 70% of patients. The goals
of epilepsy surgery are to remove the brain
areas generating the seizures without causing
or aggravating neuropsychological deficits.
This requires accurate localization of the brain
areas generating the seizures (“epileptogenic
zone") and the areas responsible for motor
and cognitive functions, such as language
and memory (“essential brain regions”)
during presurgical evaluation. In the past
decades, functional magnetic resonance
imaging (fMRI) has been increasingly used

to noninvasively lateralize and localize not
only primary motor and somatosensory areas,
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but also brain areas that are involved in
everyday language and memory processes.
The imaging modality also shows potential
for predicting the effects of temporal lobe
resection on language and memory function.
Together with other MRI modalities, cognitive
fMRI is a promising tool to improve surgical
strategies tailored to individual patients with
regard to functional outcome, by virtue of
definition of epileptic cerebral areas that need
to be resected and eloquent areas that need
to be spared.

The aim of this review is to provide an
overview of recent developments and
practical recommendations for the clinical use
of cognitive fMRI in TLE.

Keywords

Episodic memory - Language function -
Reorganization - Anterior temporal lobe
resection - Functional connectivity

Temporallappenepilepsie

Zusammenfassung

Epilepsie geht haufig mit schweren kognitiven
Stoérungen einher. Die Temporallappen-
epilepsie (TLE) und auch eine erfolgreiche
chirurgische Behandlung kann die kognitive
Funktion beeintrdchtigen, insbesondere
Sprach- sowie verbale und visuelle Gedacht-
nisfunktionen. Bei bis zu 70 % aller Patienten
mit TLE kann chirurgisch Anfallsfreiheit
erreicht werden. Ziel eines solchen Eingriffs
ist es, die Areale des Gehirns, von denen die
Anfélle ausgehen (,epileptogene Zone”),

zu entfernen, ohne neuropsychologische
Beeintrachtigungen zu verursachen oder zu
verstarken. Im Rahmen eines sorgfaltigen
prdoperativen Monitorings ist es notwendig,
sowohl die epileptogene Zone als auch die
Areale, die fiir motorische und kognitive
Funktionen verantwortlich sind (,essenzielle
Hirnareale”) méglichst genau zu lokalisieren.
Die funktionelle Magnetresonanztomogra-
phie (fMRT) wurde in den letzten Dekaden
zunehmend zur nichtinvasiven Lateralisation
und Lokalisation von primdren motorischen
und somatosensorischen Bereichen, aber

Aktuelle Entwicklungen in der kognitiven fMRT bei

auch von Hirnarealen mit Beteiligung an
Sprach- und Geddchtnisprozessen eingesetzt.
Die fMRT hat auch das Potenzial, die
Wirkungen der Temporallappenresektion

auf Sprach- und Gedachtnisfunktionen

zu prognostizieren. In Kombination mit
anderen MRT-Verfahren ist die kognitive
fMRT ein vielversprechendes Werkzeug fiir
die Verbesserung chirurgischer Strategien,
die in Bezug auf das funktionelle Ergebnis auf
den individuellen Patienten zugeschnitten
sind, indem zu resezierende epileptogene
Hirnareale sowie zu schonende Sprachareale
definiert werden. Ziel dieser Ubersichtsarbeit
ist es, jlingste Entwicklungen im Bereich der
kognitiven fMRT bei TLE zusammenzufassen
und praktische Empfehlungen fiir den
klinischen Einsatz zu geben.

Schliisselworter

Episodisches Gedachtnis - Sprachfunktion -
Reorganisation - Anteriore Temporallappenre-
sektion - Funktionelle Konnektivitat
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Fig. 1 A Material specificity of verbal and visual memory encoding in healthy controls.a, b Word
encoding, left hippocampal activation. ¢, d Face encoding, right hippocampal activation. Threshold
p < 0.01, uncorrected. Significant regions are superimposed onto an averaged normalized mean EP
image from 30 healthy controls. (Adapted from Bonelli et al. 2010 [6])

advantage that they are generally most
efficient in detecting differences between
two conditions but interpretation of their
contrasts does not allow one to account
for subsequent memory effects. Event-
related designs on the other hand are
less powerful than block designs at de-
tecting differences in two different brain
stages and also more vulnerable to al-
terations in the hemodynamic response
function; however, they have the main
advantage that brain regions showing
greater activation during encoding of
different items that were subsequently
remembered compared with items that
were subsequently forgotten can be iden-
tified, representing the neural correlates
of successful memory encoding [42].

Prediction of memory decline

Over the past years, many studies fo-
cused on the identification of prognostic
indicators for risk of memory loss after
ATLR. Besides the severity of hippocam-
palsclerosis (HS) on MRI, withless severe
HS increasing the risk of memory de-
cline [36], and preoperative performance
on neuropsychological tests, with higher

preoperative scores indicating a greater
risk for postoperative decline 2, 15], lan-
guage lateralization assessed by the IAP
or language fMRI has been found help-
ful for predicting memory outcome [1].
These risk factors reflect the functional
integrity of the resected temporal lobe
and suggest that patients with residual
memory function in the pathological hip-
pocampus are at greater risk of memory
impairment after ATLR. Other epilepsy-
related factors such as age of epilepsy
onset and duration of epilepsy have also
been identified as useful predictors of
postoperative outcome [3].

Several studies have investigated the
predictive value of fMRI for verbal mem-
ory decline [24, 27, 29]. Only a few fMRI
studies have investigated visual mem-
ory after ATLR [24]. In patients with
left HS, greater verbal memory encoding
activity in the left hippocampus prior
to surgery predicted the extent of ver-
bal memory decline following left ATLR
[24, 27-29]. These findings have since
been replicated and extended to patients
undergoing right ATLR [6, 24]. Us-
ing a material-specific memory-encod-
ing paradigm in a large cohort of pa-

tients with unilateral TLE, Bonelli et al.
demonstrated that relatively greater ipsi-
lateral anterior MTL activation was pre-
dictive of verbal and visual memory de-
cline after left or right ATLR, while rel-
atively greater posterior MTL activation
was associated with better verbal and vi-
sual memory outcome [6]. In this study,
memory asymmetry indices of anterior
MTL activation had the strongest predic-
tive value for verbal and visual memory
decline compared with other epilepsy-
related variables. A prediction model
comprising the aforementioned memory
asymmetry index in combination with
degree of language dominance and pre-
operative verbal memory performance
correctly predicted verbal memory de-
cline in all patients of the study. Predic-
tion of visual memory decline was less
accurate [6]. Taking these results fur-
ther, Sidhu et al. demonstrated that pre-
dominantly left-sided activations within
the frontal and medial temporal lobes
correlated with significant verbal mem-
ory decline after left ATLR. They found
a strong correlation between a memory
laterality index (LI) using a mask in the
left frontal and medial temporal lobes
and regression-adjusted change in abil-
ity to learn a supra-span word list over
serial presentations [33]. This demon-
strated involvement of frontal networks
in verbal learning processes that appear
useful in predicting postsurgical mem-
ory change emphasizing the role of the
networks involved in cognitive processes
rather than of single structures.

To date, according to the practical
guidelines provided by the American
Academy of Neurology, the use of fMRI
during presurgical evaluation may be
considered for lateralizing memory func-
tions in place of IAP in patients with
MTLE (Level C); fMRI of verbal memory
or language encoding should be con-
sidered for predicting verbal memory
outcome (Level B), while fMRI using
nonverbal memory encoding may be
considered for predicting visuospatial
memory outcomes (Level C; [34]).
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Fig. 2 A Reducedfunctional connectivity oflanguage-related areasisfoundin TLE patients compared
with healthy controls. (Image courtesy of Karl-Heinz Nenning, Medical University of Vienna)

Future perspectives: functional
connectivity and connectome
analyses

The possibility to analyze functional con-
nectivity (FC) in patients with epilepsy
has significantly improved our under-
standing of seizure generation and prop-
agation. The analysis of FC during cogni-
tive tasks allows us to study the neuronal
networks that sub-serve these tasks. In
the past few years it has been demon-
strated that FC alterations within the
epileptic network but also in networks
of cognitive functions such as language
and memory are commonly observed
(B Fig.2). Left-sided TLE was associated
with decreased FC within the expressive
language network [43]. Specifically, FC
was decreased in the left hemisphere ir-
respective of the epileptogenic focus [26]
and within the prefrontal and frontotem-
poral networks [39], which was asso-
ciated with impaired clinical language
performance [39]. Results of a recent
fMRI study using task-based (auditory
and picture naming) FC analysis found
that stronger FC of left posterior infe-
rior temporal regions to bilateral ante-
rior and posterior temporal lobe regions,
as well as of bilateral inferior precentral
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gyrus and contralateral occipital cortex,
was associated with better clinical nam-
ing performance in left and right TLE and
in healthy controls. In left TLE, FC in-
creased with later age of onset of epilepsy
and shorter disease duration leading to
a disrupted recruitment of temporal lobe
networks ipsilateral to the seizure focus,
which might account for naming deficits
in TLE [37].

Within memory-specific networks,
studies showed that in TLE, FC was
reduced between the posterior cingu-
late and the epileptogenic hippocampus
and increased between the posterior
cingulate and the contralateral hip-
pocampus [19, 22]. In another study
a visual scene-encoding task was used
to evaluate memory function in healthy
controls compared with patients with
TLE. In this study, patients with left
TLE demonstrated a significant decrease
in FC to the inferior temporal, occipi-
tal, cingulate, and parietal cortices and
the thalamus. In addition, the authors
showed that orbital frontal activity cor-
related with structural measures of tract
coherence in the fornix, which led to
the suggestion that this might be the
structural correlate of reduced FC [40].
Vollmar and colleagues reported similar

observations of increased connectivity of
motor and cognitive networks in patients
with juvenile myoclonic epilepsy [41].

Connectome analysis is a relatively
young and promising chapter in epilepsy
imaging, which has just evolved over the
past few years. In epilepsy patients, net-
work analyses have the potential to ex-
plain cognitive deficits extending beyond
seizure focus and to identify relevant re-
organization patterns in individual pa-
tients. A key to the quantitative mod-
eling of these relationships is capturing
the connectome and its changes on the
individual level. In TLE, studies investi-
gating alterations of the structural [4] and
functional [18] connectome are just be-
ginning to emerge, suggesting that TLE
has a widespread impact on structural
and functional connectivity.

Conclusion

Functional MRI serves as a reliable
method with which to visualize func-
tional brain areas noninvasively, which
allows us to study the effects of chronic
epilepsy and epilepsy surgery on cog-
nitive functions. Clinically, the method
represents an important component in
the presurgical work-up of TLE patients.
Primarily, fMRI is applied to lateral-
ize and localize language-related brain
areas prior to surgery. Furthermore,
the presurgical assessment of memory
function by fMRI is recommended in
patients suffering from a mesiotemporal
seizure origin. For this purpose, general
recommendations have been developed
by the AAN and the ASFN.

The use of fMRI for FC analysis is an-
other exciting area to study brain network
dynamics. Functional connectivity can
elicit neuronal networks that contribute
to various cognitive tasks. It has been
shown that cognitive impairment is often
accompanied by reduced FC. Whether
these methods may add to the predic-
tion of postoperative cognitive outcome
remains a topic of current research.

Itishoped that, in the near future, cog-
nitive fMRI may be able to provide reli-
able results in individual patients, which
when used in concert with other clini-
cal, electrophysiological, and imaging re-
sults will not only predict postoperative



cognitive decline in single patients but
ultimately help prevent them.

Practical conclusion

== In order to assess language lateraliza-
tion and localization by functional
magnetic resonance imaging (fMRI),
at least two tasks should be applied.

== Combining word generation and
sentence completion tasks is most
suitable for activating both expressive
and receptive language areas.

== Object-naming and passive story-
listening tasks represent alternative
tasks used in order to assess language
function in cognitively impaired or
pediatric patients.

== During presurgical evaluation of
patients with mesial temporal lobe
epilepsy, fMRI may be considered
to lateralize language and memory
function and to predict postoperative
language deficits; fMRI of verbal
memory or language encoding should
be applied to predict postsurgical
verbal memory outcome.

== Functional connectivity and con-
nectome analyses can elicit neuronal
networks that contribute to vari-
ous cognitive tasks. Whether these
methods may add to the prediction
of postoperative cognitive outcome
remains a topic of current research.
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