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Abstract
In this article, we provide an overview of our panel presentation at the American Epilepsy Society meeting in December2023.
Our presentation reviewed functional mapping methods for epilepsy surgery including well-established and newer methods,
focusing mostly on language and memory. Dr Leigh Sepeta (Chair) and Dr Jana Jones (Chair) organized the presentation,
which included 5 presenters. Dr Christopher Benjamin discussed the history and current and future mapping practices using func-
tional magnetic resonance imaging; Ms. Freya Prentice reviewed functional mapping of language and memory in pediatric epilepsy;
Dr Marla Hamberger compared pros and cons of functional mapping between subdural electrodes and stereoelectroencephalog-
raphy (SEEG); Dr Donald J. Bearden presented a brief how-to guide on cognitive mapping using SEEG; and Dr Alena Stasenko
discussed the complexities of functional mapping of bilingual patients. We have included references for more detailed information
on the content of our presentation.
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Introduction

Functional mapping provides critical information on lateraliza-
tion and localization of eloquent cortex supporting cognition,
which is used to guide epilepsy surgery for patients with
drug-resistant epilepsy.1–3 Neuropsychological testing served
this purpose prior to the advent of the Wada test and neuroim-
aging, but is an indirect measure of brain function.4 Though the
Wada test is more useful than neuropsychological testing for

language lateralization, functional magnetic resonance
imaging (fMRI) has become the preferred method for language
mapping due to its ability to noninvasively lateralize and local-
ize eloquent cortex.5 fMRI is also increasingly being used for
memory lateralization.6 Subdural electrodes (SDE) and
stereoelectroencephalography (SEEG) provide an opportunity
for functional mapping directly within cortex, each method
having pros and cons.7,8 Our review summarizes the current
state of cognitive mapping using fMRI, SDE, and SEEG,
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focusing primarily on language and memory, with an eye
toward the future.

Clinical Language fMRI in Epilepsy: Current Practices
and Opportunities

Neurosurgery may not be offered if hemispheric language lateral-
ization is unknown because most epilepsy programs consider
damage to language an unacceptable risk of surgery.
Historically, the language-critical hemisphere was identified
with the Wada protocol.5 The Wada remains an invaluable tool
in select cases, but it has largely been replaced by functional mag-
netic resonance imaging for language mapping (fMRI).2

Highly standardized language fMRI performed by a skilled
team lateralizes language and can predict postsurgical language
decline as well as most typical Wada protocols.9,10 In rare cases
where the Wada and language fMRI provide contradictory lan-
guage lateralization, good-quality fMRI may predict the risk of
language decline more accurately than Wada testing.11 A
remaining challenge is fMRI’s promise to locate areas of critical
language cortex which, if resected, would result in functional
language impairment (ie, language “localization”).12 Some
initial findings are impressive and promising.13

A fundamental and typically unvoiced assumption is that lan-
guage fMRI is indeed “highly standardized and performed by a
skilled team.” In practice, essentially all protocol aspects as well as
the skills of those completing fMRI vary by fMRI program.14,15 In
this context, different professions have issued unique clinical guide-
lines in efforts to standardize care,16,17 sometimes in domains outside
their expertise.18 This dramatic variation in protocols and skills is
very unlikely to impact language lateralization, but extremely
likely to impact language localization.14 If the fMRI approach
used follows a standardized, validated paradigm, it is typically able
to locate islands of language-critical cortex in surgical planning.
Whether fMRI has the ability to reliably identify specific margins
to guide resection, remains an open question.

This highlights a separate challenge for the field: establishing
a successful interdisciplinary model for clinical fMRI. Mapping
language cortex with language fMRI is a cognitive assessment
if we accept the brain and mind are linked. Changing only the
cognitive strategy a patient uses to solve an fMRI task—
while all else is held constant—changes the results.19 The
same is true for other forms of cognitive assessment, including
neuropsychological testing, direct cortical stimulation mapping,
and the Wada protocol. This is why neuropsychologists typi-
cally complete a 5-year doctorate to learn how to accurately
measure cognition, and why hospitals credential cognitive
assessment. Vitally, fMRI is also equally a radiological exam,
a complex image analysis, and a clinical assessment for plan-
ning neurosurgery. Expertise in all these areas in both
program design and the day-to-day imaging of patients is
required to ensure reliable, accurate data and patient care.16

Such collaboration is likely to involve experts from at least 2
complementary professions, such as a neuropsychologist and
radiologist, or an epileptologist and fMRI researcher.15

Functional Mapping of Memory Circuits in Pediatric
Epilepsy

Verbal memory deficits have been identified after left temporal
lobe resection (TLR) in adults, with evidence for similar, although
less prevalent deficits in children. Children who undergo a left
TLR including the mesial structures are at greater risk of decline
in verbal memory,20 compared to those with lateral resections
only. This is likely due to the critical role of the hippocampus in
delayed recall of episodic information.21 However, the lateraliza-
tion of thesemesialmemorycircuitsmaymediate this relationship,
with those who are left dominant for verbal memory and language
being most likely to decline after a left mesial TLR.20

Given widespread use of language fMRI, language laterali-
zation has been used as a proxy for lateralization of verbal
memory functions, and in turn, to predict postoperative verbal
memory. Adult studies have shown that left lateralization on
several different language tasks is predictive of greater declines
in delayed verbal memory.22–24 This likely reflects the
co-localization of language and verbal memory functions in
adults. However, such co-localization may occur over develop-
ment, as lateralization of frontotemporal language regions and
themesial temporal lobe are correlated in adults but not children.25

This sheds doubt onwhether language fMRI can serve as a reliable
predictor of postoperative verbal memory in children.

Consequently, there is a need for fMRI paradigms that spe-
cifically map memory functions in the mesial temporal lobe.
Left hippocampal activation on word encoding paradigms has
been associated with a greater risk of postoperative verbal
memory decline in adults.23,26 Overall, memory fMRI has
proven to be a stronger predictor than language fMRI of postop-
erative verbal memory in adults.24 A recent study using an auto-
biographical memory paradigm in children showed that overlap
between mesial activation and resection was associated with a
decline in delayed word-pair recall,6 suggesting memory
fMRI is feasible and clinically relevant in children.

Although these initial findings suggest that memory fMRI
may be predictive of postoperative verbal memory, limitations
still exist in the memory paradigms used. Most paradigms
rely on memory encoding, and measure later retrieval outside
of the scanner. Recent work suggests that including both encod-
ing and recall-based retrieval inside the scanner may produce
more consistent and robust hippocampal activation.27,28 Such
ongoing memory fMRI research serves to expand our under-
standing of the developmental trajectory of mesial memory cir-
cuits and improve the prediction of postoperative verbal
memory in both children and adults.

Farewell Subdural… Hello SEEG Language Mapping:
Pros, Cons, and Unknowns

The inherent challenge in epilepsy surgery is to remove a suffi-
cient volume of epileptogenic tissue to eliminate seizures, while
minimizing the amount of brain tissue removed to reduce risk of
functional decline. SDE recording has been the preferred
method for intracranial mapping in North America for
decades, with very few epilepsy surgery programs using
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stereotactically placed EEG electrodes (SEEG) due to its asso-
ciated risks. However, with the recent development of a robotic
arm, SEEG has become faster and more accurate, considerably
reducing risk of hemorrhage, and enabling electrode trajectories
that were not possible previously.29 Multiple studies have
shown that SEEG is now safer, better tolerated, and in some
cases, associated with better seizure outcome than SDE, render-
ing it the current preferred method for intracranial recording.7,8

Electrocortical stimulation mapping (ESM) is the gold stan-
dard for identification of essential language cortex. Both SDE
and SEEG use ESM to create a temporary lesion in the area
stimulated, enabling characterization of the deficit that would
result from removal of the area.1,30,31 Important differences
between SDE and SEEG include the location and density of
areas tested and stimulation parameters.32 SDE provides
dense coverage of the cortical surface without access to
deeper structures, whereas SEEG provides sparse coverage of
lateral cortex while allowing access to deeper targets.33

It remains unclear whether language mapping via SEEG
reduces the risk of postoperative language decline to the same
extent as SDE. Multiple observational studies examining post-
operative language outcome via SDE (or intraoperative cortical)
mapping have found that encroachment upon or removal of
language-positive tissue results in decline.34–38 The limited
available research on SEEG language mapping suggests that
language outcomes following SEEG mapping are comparable
to those with SDE39,40; however, more studies are needed.
Nevertheless, SEEG’s reduced safety risk, increased tolerabil-
ity, and access to sulci and deeper brain structures compared
to SDE have made it the preferred intracranial seizure
mapping tool in North America—despite its low electrode
density that leaves many brain regions untested.

Cognitive Mapping Using SEEG

The way in which cognitive mapping with SEEG is performed
varies by institution. At Children’s Healthcare of Atlanta
(CHOA), SEEG cognitive mapping begins with creation of a
hypothesis-driven map of patients’ brains that identifies areas
believed to be the epileptogenic zone (EZ) based on previously
gathered neuroimaging, EEG, and neuropsychological data,
which guides electrode placement. Figure 1 is an example of
the map we use to depict electrode placement. The lettered
dots represent electrodes and the suspected EZ is highlighted
in yellow.

After electrode implantation, our neurosurgeon creates a
table indicating electrode trajectories (Table 1). The neuropsy-
chologist uses this information to create a test battery that
includes tasks tapping into putative functions along each elec-
trode trajectory (Table 2). For example, Table 2 corresponds
with trajectories shown in Table 1. Table 3 provides additional
information on tasks we often use for SEEG cognitive mapping
at CHOA.

Next, the neuropsychologist conducts baseline testing at
bedside, removing test items that patients respond to incorrectly
to ensure that patient errors during mapping are caused by ESM
and not lack of familiarity. We also prepare patients/parents
regarding what to expect during ESM. With extremely young,
nonverbal, or low functioning patients, we gather information
about how they communicate to prepare the mapping team.
An interpreter is scheduled to join, if needed. After baseline
testing, we conduct SEEG cognitive mapping without electro-
cortical stimulation (“passive mapping” or “high frequency
mapping”) and share findings with the surgery team. Passive
mapping is less labor intensive and allows more extensive

Figure 1. Hypothesis-driven map to guide electrode placement.
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testing of cognitive functions than ESM and will not trigger a
seizure.3 Passive mapping and ESM can be used in a comple-
mentary fashion to shorten the duration of stimulation
mapping.41

Following passive mapping, and once sufficient habitual
seizure data have been collected via SEEG, ESM is conducted.
Team members involved in ESM include the epileptologist,
neuropsychologist, and nursing. Neuropsychology conducts
testing while reporting patients’ behavioral changes/interrup-
tions in function during ESM.

The neuropsychologist is ideally suited to play an important
role in cognitive mapping using SEEG based on our extensive
knowledge and training in neuroanatomy, cognitive function,
and brain-behavior relationships. In addition, prior to
mapping we have typically established a relationship with the
patient and family during the neuropsychological evaluation
process, which often involves spending a few hours with
patients. This time with patients also provides important infor-
mation regarding their functional level and ability to manage
stress. Further, because neuropsychologists are trained in clini-
cal psychology, we are skilled at aiding children and parents in
managing anxiety associated with these stressful procedures.
Going forward, standardization of SEEG cognitive mapping,
including personnel, materials, and procedures across institu-
tions will be important to conduct large-scale studies examining
its validity as a tool to prevent cognitive decline associated with
epilepsy surgery.

Language Mapping in the Bilingual Brain

Despite a rise in bi-/multilingualism in the United States,
limited research has addressed language mapping practices
for this population. This is especially problematic because
many of these individuals are in racially/ethnically marginal-
ized groups already at increased risk for healthcare disparities.
Bilingual patients considered for neurosurgery are vulnerable
to improper characterization of their language cortex due to
ambiguous neural organization of language(s) compared to
their monolingual counterparts. Specifically, languages may
reside within distinct brain regions,42–44 leaving them suscepti-
ble to postoperative decline if only one language is mapped.45

Functional MRI is a valuable tool for understanding lan-
guage lateralization patterns in the bilingual brain. Several
studies have demonstrated that bilingual patients tend to have
bilateral, widespread language lateralization,46,47 especially
for the second language.48 This may be due to neuroplasticity
associated with learning multiple languages early in life and/
or extra processing demands required in bilingual language pro-
cessing.49 Increased right hemisphere activation in bilingual
patients has been associated with later learning of a second lan-
guage (ie, after age 6),48 with a left hemisphere seizure focus,47

and with a character (vs alphabet) writing system (eg,
Mandarin).50 Additional research is needed to understand
how linguistic factors (proficiency, age of acquisition) and
seizure variables (age of onset) interact to affect language

Table 2. Cognitive Task List Corresponding to Table 1.

Electrode Electrode path/brain region Cognitive task

Left hemisphere
A Cuneus → Middle occipital gyrus Visual pattern matching
B Lingual gyrus → Inferior occipital gyrus Reading
C Temporal pole Picture naming

Right hemisphere
D Hippocampus → Collateral sulcus Picture naming/reading
E Fusiform → Inferior temporal gyrus Facial recognition, language comprehension
F Heterotopia → Parietal operculum Tactile discrimination

Table 3. Example of Tasks and Test Materials Used for SEEG Mapping.

Task list Example of materials used

Face recognition Face photos of close family members and friends sent by parent
Visual pattern recognition Hooper, TVPS-3, JOLO
Picture naming DAS-2 Naming Vocabulary
Tests of apraxia “Show me how you…” (eg, brush your teeth)
Comprehension Auditory naming/comprehension questions
List learning/recall 3-5 words read to patient during stimulation followed by immediate recall after stimulation ends
Reading Patient’s preferred reading brought from home; passages from book
Grasping 3 objects easily grasped/released (eg, block)
Pointing Point to objects in room/numbers on board
Tactile object recognition Bayley-3 blue bag with disc, peg, block, or other objects

Epilepsy Currents XX(X) 5



representation. Another unanswered question is whether right
hemisphere activation is essential for language function or
adjunctive (eg, compensatory) in bilingual patients.

A recent review of ESM studies found that the most common
pattern was a combination of completely distinct and overlap-
ping cortical sites (ie, areas shared across languages) in both
anterior and posterior language regions within the same
patient.44 Due to significant heterogeneity across ESM
studies, we currently lack a model to predict which brain
regions are critical for one language versus another. However,
research has shown that language proficiency, age at acquisition
of a second language, amount of exposure, and linguistic simi-
larity between languages spoken influence whether multiple
languages in an individual have shared or separate brain repre-
sentation.44 These factors can be used to guide the clinician’s
approach to mapping (eg, the decision to map one or multiple
languages).

Another challenge when mapping language in bilingual
patients is establishing a linguistically and culturally appropri-
ate set of mapping stimuli for all techniques. Ideally, items
are matched in difficulty and familiarity across languages.
Otherwise, it is difficult to determine whether, for example,
naming errors during ESM are due to these factors rather than
to the stimulation. This can lead to erroneous conclusions
about language representation and could explain some of the
heterogeneity observed in bilingual mapping studies.
Therefore, extensive premapping sessions and piloting of
stimuli are critical for obtaining valid data.49

Taken together, emerging evidence suggests that bilingual-
ism can affect the neural organization of languages. Thus, bilin-
gual status should be carefully considered in language mapping
methods (eg, selection of stimuli) and in conceptualization and
interpretation of results to improve clinical care of this growing
demographic group.

Conclusion

Functional mapping technology and methodology are advanc-
ing rapidly. However, there are many questions left unan-
swered, including: How useful is fMRI at reliably identifying
eloquent cortex in the developing brains of children? Should
fMRI be used to localize language function to guide surgical
tissue destruction? How can we adequately identify critical lan-
guage areas with SEEG considering its sparse density and
limited cortical coverage? How do we standardize SEEG cogni-
tive mapping across institutions in order to study its validity as a
tool to prevent cognitive decline associated with epilepsy
surgery? How can we improve our ability to predict risk for
postsurgical cognitive decline in bilingual patients, many of
whom are already vulnerable to major disparities in healthcare?
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