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Careful study of the clinical outcomes of temporal lobe epilepsy (TLE) surgery has greatly advanced our knowl-
edge of the neuroanatomy of human memory. After early cases resulted in profound amnesia, the critical role of
the hippocampus and associated medial temporal lobe (MTL) structures to declarative memory became evident.
Surgical approaches quickly changed to become unilateral and later, to be more precise, potentially reducing cog-
nitive morbidity. Neuropsychological studies following unilateral temporal lobe resection (TLR) have challenged
early models, which simplified the lateralization of verbal and visual memory function. Diagnostic tests, including
intracarotid sodium amobarbital procedure (WADA), structural magnetic resonance imaging (MRI), and func-
tional neuroimaging (functional MRI (fMRI), positron emission tomography (PET), and single-photon emission
computed tomography (SPECT)), can more accurately lateralize and localize epileptogenic cortex and predict
memory outcomes from surgery. Longitudinal studies have shown that memory may even improve in seizure-
free patients. From 70 years of experience with epilepsy surgery, we now have a richer understanding of the clin-
ical, neuroimaging, and surgical predictors of memory decline—and improvement—after TLR.
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1. Introduction

Memory dysfunction is the chief cognitive complaint in temporal
lobe epilepsy (TLE) [1] with some degree of impairment in most pa-
tients [2,3]. Refractory TLE is associated with progressive memory im-
pairment [4-11]. These patients may be outstanding candidates for
epilepsy surgery, which offers a potential cure for seizures and further
memory decline. Careful longitudinal studies of patients with TLE before
and after resective surgery have accelerated our understanding of the
neuroanatomy of human memory [1]. Neuropsychology has been
established as a fundamental tool for monitoring outcome and quality
measures after epilepsy surgery [12].

What kinds of memory decline do patients with TLE suffer? Patients
with TLE typically report problems with declarative memory (see
Box 1), which is memory that can consciously or explicitly communi-
cated to others [13] and includes episodic and semantic memory [14].
Episodic memory, a term coined by Endel Tulving, involves personal
events embedded in a spatiotemporal context [15]. Active retrieval of
an episodic memory includes using the content of the event to retrieve
specific details such as when and where the event occurred, its emo-
tional valence, and other individuals present. Episodic memories are
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autobiographical in nature and constitute a form of mental time travel
in which we can recover the associated context of the event [16]. Epi-
sodic memories can include the vivid recollection of the family mem-
bers, food, and atmosphere of a holiday celebration; what we
remember about yesterday's lecture and speaker; and where we placed
our keys this morning. Semantic memory concerns factual knowledge
about the world, which is accumulated over time but informs present
understanding. Examples include knowledge of public, historical
events; object concepts including sensory properties, names, and func-
tional uses; and scientific facts, numbers, and mathematical equations.
Semantic memory has been studied through probing recall of famous
public events or people to determine if a temporal gradient in retrospec-
tive memory decline exists [17,18].

Among patients with unilateral mesial TLE, patients with high sei-
zure burden demonstrated greater anterograde episodic memory im-
pairment. Both patients with high and low seizure burden had poorer
retrograde memory for autobiographical episodes and public events
memories compared with healthy controls [19]. The dissociation be-
tween these cognitive phenotypes suggests differing neuroanatomical
substrates for these memory categories. The structure-function rela-
tionships can be further tested by examining the cognitive outcomes
from this unique set of well-circumscribed surgical “lesions” [20].

This paper reviews TLE surgical cases and postoperative cognitive
outcomes, followed by presurgical diagnostic assessments to improve
lateralization and localization of the seizure onset zone, and predictors
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Box 1

Overview of Memory Types. Adapted from Markowitsch, H.J. Chapter 4: Memory and Amnesia. In Principles of Cognitive and Behavioral Neurology.

Second Edition. Ed. M. Marsel Mesulam.

Type of memory Definition

Dependent on the limbic system, until consolidated

are acquired over a lifetime
Shared knowledge

Episodic Memory
with an awareness of temporal and spatial context

Nondeclarative or
implicit memory

Can affect behavior
Inferred through better or faster performance

Declarative memory » Memories that consciously or explicitly encoded and retrieved

Semantic Memory * Knowledge of public events, concepts, and ideas that

Autobiographical memory for a personally experienced event * Knowledge of route to school or work * Word List Learning

Information that may be acquired or retrieved without conscious awareness

Priming * Information recognition based on prior exposure, in the
absence of conscious awareness
Skills/Habits * Learning or perceptual and motor skills

Everyday examples Neuropsychological tasks

Language learning
Knowledge of famous people,
places, and historical events

Visual (object) naming
Vocabulary
Famous Face Recall

Names of friends and colleagues
Memory for special occasions

Figure Copy

* Recognizing a child's cry Conceptual Priming

Perceptual Priming

¢ Learning to ride a bike or drive a car
* Typing on a keyboard

of memory decline after surgery. We review how surgical techniques
have become more precise, to potentially reduce postsurgical cognitive
deficits. Finally, we survey postoperative cognitive outcomes, with an
emphasis on what temporal lobe resection (TLR) has revealed about
the neuroanatomy of memory.

2.Early lessons on memory loss after medial temporal lobe resection

Insights into the neuropsychology of memory have been informed
by cognitive changes after surgery. The first epilepsy surgery was per-
formed in 1886 in the United Kingdom by Horsely and MacEwen in col-
laboration with Hughlings Jackson [21]. These pioneering surgeries
involved the identification and removal of lesions in 3 patients with ep-
ilepsy. The earliest surgeries for TLE, performed by Penfield and Jasper in
Montreal and Bailey and Gibbs in Chicago, avoided the medial temporal
lobe (MTL). Kluver and Bucy's monkey experiments showed significant
behavioral decline with bitemporal lobe resection [22]. After the role of
MTL in seizure networks was identified in the 1950s, surgeries often
included the MTL. At the time, the function of the hippocampus and as-
sociated structures was poorly understood.

The cognitive catastrophes suffered by several patients who
underwent MTL resection in the late 1950s revealed the essential role
of the hippocampus and neighboring cortical areas in memory [23].
These early disasters fostered the development of diagnostic tests to
better localize seizure focus and cognitive function, to improve surgical
outcomes, and to reduce memory impairment. In parallel, cognitive
neuroscience and experimental animal studies more precisely defined
the neuroanatomy of different memory systems.

Case H.M. revolutionized our understanding of human memory. In
1953, the neurosurgeon Scoville performed a bilateral MTL resection
on Henry Molaison (HM), a man with normal intelligence but with
medication-refractory seizures. The resection included “the anterior
two-thirds of the hippocampus and hippocampal gyrus bilaterally, as
well as the uncus and the amygdala.” Previously, Scoville performed
similar surgeries on patients with schizophrenia to reduce their psycho-
sis but did not adequately assess their postoperative memory. Careful
study of HM's cognitive function revealed that a significant reduction
in seizures cost him the ability to form new, stable memories [24,25].

While Scoville and neuropsychologist Milner initially thought that
this was a pure anterograde memory deficit [25], further study revealed
that episodic autobiographical memory was also impaired for events
occurring during the prior year to surgery [26]. H.M. had relatively pre-
served semantic memory for vocabulary, object, and factual knowledge
acquired before surgery. Episodic memory for public events before sur-
gery was also intact, as was recognition memory [27]. His personality,

social skills, and intelligence appeared unchanged [25]. Implicit learn-
ing, including priming and acquiring new motor skills, was also pre-
served [28].

Even after death and over 60 years after his surgery, H.IM.'s case still
generates new insights in the neuroanatomy of memory [24]. Immedi-
ately post mortem, several 3 Tesla (T) and 7 T magnetic resonance im-
agings (MRIs) revealed that H.M.'s lesion was not purely hippocampal
as once thought, but included the medial temporal cortex, piriform cor-
tex, entorhinal cortex, anterior parahippocampal gyrus, most of the
amygdala, perirhinal cortex, and subiculum; and only the anterior half
of the hippocampus [29]. Autopsy confirmed that H.M. retained a signif-
icant amount of hippocampal tissue. However, most of the entorhinal
cortex was removed bilaterally, thereby deafferenting the remaining
hippocampus. Thus, extensive bilateral medial TLR, not selective hippo-
campal damage, resulted in his significant episodic memory deficit [30].

Penfield's surgical cases in the 1950s demonstrated that even unilat-
eral TLR could severely harm memory. One patient who underwent left
anterior TLR, including the anterior half of the hippocampus, experi-
enced severe anterograde memory deficits similar to H.M. [31-33].
The patient had semiology, scalp electroencephalogram (EEG), electro-
corticography, and intraoperative cortical stimulation that supported
seizure onset from the left temporal lobe. However, autopsy later dem-
onstrated right-sided hippocampal sclerosis. Reevaluation of the preop-
erative EEGs showed one seizure with ictal spread from the right
temporal lobe to the left [33]. Thus, a unilateral temporal lobectomy
caused a near-global amnesia because of inadequate cognitive reserve
of his remaining temporal lobe [24,31].

Scoville and Penfield's surgical cases offered early lessons into the
importance of the hippocampus and related MTL structures for declara-
tive memory function. The ability to form new declarative memories
(both episodic and semantic) was affected, while sparing memory for
prior semantic knowledge. The ability to learn new motor sequences
remained intact. Penfield's case emphasized the need to assess the func-
tional reserve of the contralateral MTL [34]. Further, effective surgical
therapy depends on accurate lateralization and localization of the epi-
leptogenic cortex. Presurgical testing has evolved in response to these
early instructive cases to improve seizure focus localization and reduce
the risk of postoperative cognitive deficit.

3. Dominant temporal lobe resection produces a decline in verbal
memory, but there is significant variability in cognitive outcomes

Unilateral TLR is an effective therapy, resulting in seizure remission
in up to 80% of patients with refractory TLE [35]. However, surgery
risks further memory impairment. While not resulting in the profound
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amnesia that bilateral MTL resection produced, memory often declines
after surgery.

The material-specific model of memory, developed by Milner and
colleagues at the Montreal Neurological Institute [36], proposed that
left (or language-dominant) and right (or nondominant) temporal
lobes process verbal and nonverbal material differently [36]. Verbal
memory impairment is observed in patients with left TLE, which can
further decline with resection. Conversely, nonverbal memory declines
with nondominant TLR, although this finding has been inconsistent and
less robust [37]. Nevertheless, this simplistic model continues to influ-
ence presurgical decision-making and interpretation of postoperative
outcomes today [1,38,39].

The material-specific model's predictions for verbal memory decline
are generally supported by large, observational studies. In a meta-
analysis of neuropsychological outcomes after temporal lobe surgery,
Sherman et al. [40] reported that 44% of patients with a left TLR had ver-
bal memory decline, at twice the rates for patients with a right TLR
(20%). Rates of verbal memory decline have varied from 30 to 60% for
left (speech-dominant) Anterior temporal lobectomy (ATL) [41,42].

However, the material-specific model's predictions for nonverbal
memory decline have been variably supported by the evidence. In a
meta-analysis, visual memory declines after left- and right-sided sur-
geries at equal rates (21% and 23%, respectively) [40]. Visual memory
outcomes after right TLR depend on the cognitive task, demonstrate
small effect sizes, and are inconsistent [43]. Barr has proposed that vi-
sual memory must be conceptualized - and tested - as a dorsal
(where) stream and ventral (what) stream [37] to more precisely cap-
ture the memory deficits in nondominant TLE.

These heterogeneous findings led to a critical reappraisal of the ma-
terial-specific model of memory [39]. Saling proposed that verbal and
visual memory should not be considered to be unitary constructs and
strictly lateralized to dominant and nondominant lobe. Instead, perfor-
mance must be considered in light of the specific task demands. For ex-
ample, different tasks of verbal (episodic) memory (e.g., list learning,
prose recall) place differing demands on prior semantic knowledge.
Confrontation naming (i.e., Boston Naming Test) is a verbal naming
task, but objects are presented visually to the subject. The ability to
name the object likely depends on familiarity with its sensory and func-
tional properties. Thus, neuropsychological tests are not purely verbal
or visual tasks but entail complex demands on episodic memory, se-
mantic knowledge, and visual or auditory processing. These consider-
ations may explain why decline after unilateral TLR is highly variable
across patients, and why nondominant TLR produces inconsistent cog-
nitive outcomes. Saling argued that we must disambiguate the medial
versus lateral contributions to memory tasks [39].

Patient characteristics also contribute to variable cognitive out-
comes. The degree of existing neuronal loss in the left hippocampus pre-
dicts worse performance in a verbal episodic memory task of unrelated
word-pair associates [44-46]. A structurally intact hippocampus pre-
dicted greater functional decline after surgery [47,48]. In other words,
removal of an atrophic, sclerotic hippocampus is less likely to result in
significant memory decline, compared with a removal of a healthy,
functional hippocampus [1]. Patients with little or no hippocampal scle-
rosis undergoing left anterior temporal lobe resection (ATLR) demon-
strated approximately 35% decrease in long delay memory (as
measured by the California Verbal Learning Test or CVLT) after surgery.
In comparison, patients with sclerotic hippocampal tissue experienced
little decline after surgery [1]. Consistent with these imaging findings,
patients with better preoperative memory and language performance
experienced greater memory decline after left TLR compared with
those with worse preoperative performance [34].

Finally, some variability in the magnitude of decline likely results in
difference in surgical technique, which can differ by surgeon and center.
Overall, larger left TLRs result in worse verbal memory [49,50]. For ex-
ample, after accounting for baseline performance, the extent of left
parahippocampal resection accounted for 27% of the variance in short

delay free recall on a word list task, while the extent of left entorhinal
resection accounted for 37% of the variance in performance [20].

4. Modern presurgical assessments to localize seizure onset zone and
assess the risk of memory decline

Since scalp EEG, electrocorticography, and even intraoperative stim-
ulation could not always localize seizure foci or identify the risk of post-
operative cognitive impairments [33], other assessments were needed.
These assessments aimed to lateralize memory and language, and also
test the cognitive reserve of the cortex contralateral to the planned
resection.

4.1. Intracarotid sodium amobarbital procedure (WADA) test

In 1948, Wada performed an intracarotid artery (ICA) injection of so-
dium amytal (amobarbital) to study the epileptic discharges across
hemispheres. He serendipitously founded a test to lateralize speech
and memory as injecting via the dominant hemisphere's carotid artery
transiently impaired ipsilateral cerebral hemispheric function. In 1960,
he demonstrated that amobarbital injections accurately lateralized
speech and language function, by correlating with postsurgical
outcomes [51].

Milner, Rasmussen, and Branch [52] first used the amobarbital test
to assess hippocampal function contralateral to the probable temporal
resection. Patients were presented with drawings of objects before uni-
lateral ICA amobarbital injection. A few minutes later, if the patient
failed to spontaneously recall the objects, recognition memory was
probed [52]. Since the amobarbital procedure anesthetizes the brain re-
gions supplied by the middle and anterior cerebral artery ipsilateral to
the injection, failure to recall or recognize the presented items sug-
gested inadequate functional reserve of the contralateral MTL. Temporal
lobe resection ipsilateral to injection would likely impair postoperative
memory [53].

Routine intracarotid sodium amobarbital procedure (WADA) testing
has declined since the 1990s [38]. While the WADA obtained gold-
standard status in assessing lateralized material-specific memory out-
comes, recent studies demonstrated that baseline neuropsychological
evaluation, structural imaging, and neuropathology effectively predict
quantitative postoperative memory status [54], with the WADA making
little or no independent contribution [34,55-58]. Despite these criti-
cisms, the amobarbital test remains the only functional test to assess
each hemisphere's individual contribution to memory [59].

4.2. Structural neuroimaging

Brain MRI, developed in the 1980s, can identify structural lesions
causing epilepsy. Concordance of MRI lesion with ictal EEG onset pre-
dicts seizure freedom in most cases [60]. Early low-resolution MRI
scans were more sensitive than computed tomography (CT). Among
48 patients with TLE, 71% had abnormal 0.5 T MRI scans while only
17% had abnormal CT scans. The MRI at 0.5 T correctly identified all pa-
tients with large structural lesions, including arteriovenous
malformations, gliomas, hamartomas, and meningioangiomatosis [60].
High-field 3 T and 7 T MRI has further increased our ability to identify
epileptogenic lesions. Three Tesla MRI is more than twice as likely to
identify epileptogenic lesions than 1.5 T MRI [61] and provides greater
resolution of the gray-white junction. Seven Tesla MRI identified focal
cortical dysplasias and malformations of cortical development in 23%
of patients with epilepsy who were MRI “negative” on 1.5 Tor 3 T
scans or in those with suspected dual pathology (i.e., a structural lesion
in addition to mesial temporal sclerosis) [62].

Further, 0.5 T MRI can identify more than 75% of patients with severe
neuronal loss and gliosis of the mesial or lateral temporal lobe and half
of all patients with mild to moderate mesial or lateral temporal
lobe neuronal loss and gliosis [63]. Hippocampal atrophy and T2
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hyperintensity on 0.5 T MRI correlate with hippocampal sclerosis veri-
fied with pathology [64]. Identification of hippocampal sclerosis re-
mains an important biomarker for lateralization and localization of
epileptogenic networks, as well as predicting memory outcomes.

4.3. Functional neuroimaging

Since the 1990s, measurement of brain activity during cognitive and
motor tasks has supported presurgical planning. Functional MRI (fMRI)
maps cortical function by identifying regions of increased neuronal ac-
tivity and coupled blood flow during cognitive tasks, measured as the
blood-oxygen-level-dependent (BOLD) contrast between the task and
rest condition. Compared with the amobarbital test, fMRI is noninva-
sive, less expensive, and possesses finer spatial resolution. However, be-
cause regional blood flow changes happen over seconds, fMRI lags
behind the temporal resolution of EEG or magnetoencephalography
(MEG), which can detect changes occurring over milliseconds [65].

Compared with the amobarbital test, fMRI has concordance rates of
86-91% for language lateralization [66,67], with better sensitivity for
right hemispheric language function [67]. Discordant findings between
fMRI and WADA are a reflection of language lateralization by fMRI as a
continuous variable rather than as a binary function (left versus right
hemisphere) [68]. Functional MRI allows calculation of relative lan-
guage dominance expressed as the laterality index from — 1 for pure
right-sided dominance to + 1 for pure left-sided dominance [69)].

Functional MRI can also assess brain areas involved in memory tasks,
to predict memory outcomes following surgery [55,70,71]. Patients
with greater left frontal and anterior hippocampal activation, during a
word-encoding task, had greater verbal memory decline after left ante-
rior temporal lobectomy. Conversely, patients with left greater than
right posterior hippocampal activation had less verbal memory decline
[70,71]. Patients with right greater than left anterior hippocampal fMRI
activation during a face-encoding task had greater visual decline after
right-sided surgery, while posterior hippocampal activation predicted
better memory outcome [70]. Left-sided memory lateralization index
(LI) was also associated with significant postoperative verbal memory
decline [71]. On the other hand, Binder et al. [56] did not find hippocam-
pal Llin a word list learning and delayed recall task correlated with ver-
bal memory outcome; however, fMRI language LI was predictive of
decline in patients who received a left ATL. In a series of stepwise mul-
tiple regression analysis, Binder et al. found that clinical traits such as
preoperative memory score and age at epilepsy onset accounted for ap-
proximately 50% of the variance in list learning memory, while the fMRI
LI accounted for an additional 10% in list learning outcome. In their
model, WADA results did not improve the predictive power of the
model [56].

Positron emission tomography (PET) and single-photon emission
computed tomography (SPECT) are imaging techniques that can
improved localization of seizure onset zones. Positron emission tomog-
raphy and SPECT use radiolabeled probes whose emissions are detected
by the scanner. 18 F-2-deoxyglucose-PET (FDG-PET) uses radiolabeled
glucose or oxygen to assess areas of altered metabolism or blood flow
in the brain [72]. The PET glucose ligand has a half-life of 110 min and
assesses interictal blood flow patterns [73]. Gaillard et al. [74] used
interictal PET to show that patients with TLE have decreased interictal
glucose metabolism in the ictal onset temporal lobe. Positron emission
tomography was more sensitive in patients with MRI abnormalities,
correctly lateralizing seizure onset zone in 87% of cases with MRI lesions
and only 60% of cases without lesions [75].

The SPECT ligand technetium 99m hexamethylpropylene amine
oxime (99m Tc-HMPAO) is rapidly fixed in the brain, allowing the
study of cerebral blood flow at the time of injection [76,77]. The major-
ity of the SPECT ligand crosses the blood-brain barrier quickly and be-
comes trapped within the cell compartment [78]. Peak brain levels of
the SPECT ligand occur within 2 min after injection, with little redistri-
bution for at least 2 h, which makes it useful to study ictal blood flow

[73]. The SPECT subtraction method compares the ictal to interictal
SPECT blood flow patterns to determine the most likely ictal onset
zone. Among 35 patients with well-localized TLE, correct seizure onset
was lateralized correctly in 89% of patients with ictal SPECT versus
63% with interictal FDG-PET. However, using less strict criteria
(i.e., lower level of confidence) for lateralization, there was no signifi-
cant difference between ictal SPECT (94%) and interictal PET (83%) [75].

In summary, these diagnostic tools have been used to more accu-
rately pinpoint seizure onset zone and predict the risk of memory de-
cline. Regarding the latter, Stroup et al. have found that clinical and
imaging data, including (1) resection of the dominant hemisphere,
(2) MRI findings besides unilateral mesial temporal sclerosis, (3) intact
preoperative verbal memory performance, and (4) good WADA test
performance after injection of the hemisphere contralateral to the sei-
zure focus, predicted memory decline after surgery [58]. Together,
these risk factors suggest that the functional and structural integrity of
the to-be-resected temporal lobe anticipates postoperative memory im-
pairment [35].

5. Surgical methods have become more selective and less invasive,
reducing memory morbidity

Multimodal techniques to improve seizure localization and assess
MTL memory function have led to more restricted surgical resections.
Penfield and Baldwin [79] performed their anterior temporal lobectomy
including a sucker to extract the hippocampus and amygdala. They de-
scribed excisions extending beyond the anterior 5.5 cm causing contra-
lateral superior visual field defects. Falconer [80] modified this
procedure using en bloc resection, which enabled better pathological
characterization. In 1956, Morris proposed the standard temporal lobec-
tomy including the anterior 6.5 cm of the temporal lobe, the uncus,
amygdala, anterior 2-4 cm of the hippocampus, and lateral temporal
cortex [81]. The lateral temporal cortex would later be spared by modi-
fied temporal lobectomy and selective amygdalohippocampectomy.

In 1984, Spencer, Spencer, Mattson, Williamson, and Novelly [82]
found that 20% of patients with TLE had a seizure focus including poste-
rior hippocampus, beyond the limits of the standard anterior 6.5-cm lo-
bectomy but were hesitant to extend the posterior resection margin
further because of speech function typically residing in the lateral tem-
poral lobe. Instead, only the anterior 4.5 cm of lateral temporal lobe was
resected, which allowed better exposure to resect the amygdala, hippo-
campus, parahippocampus, uncus, and fusiform gyrus [82].

Selective amygdalohippocampectomy offered a strategy to limit
lateral temporal cortex resection. Niemeyer's transventricular
amygdalohippocampectomy involved an incision in the second tem-
poral gyrus to access the lateral ventricle and remove the hippocam-
pus and amygdala [83]. Limited data regarding seizure and cognitive
outcomes restricted widespread adoption. Later, Wieser and Yarsagil
developed the transylvian amygadalohippocampectomy aimed to
preserve more neocortex than Niemeyer's original transventricular
amygdalohippocampectomy [84]. Their small study observed that
amygdalohippocampectomy caused less verbal memory deficits
than anterior two-thirds temporal lobectomy.

Seizure outcomes in anterior temporal lobectomy and selective
amygdalohippocampectomy remain an area of active research. In ante-
rior temporal lobectomy, seizure outcomes depend on the extent of re-
section and preoperative pathology. Randomized and retrospective
studies reveal that anterior TLRs with more extensive hippocampal re-
moval result in twice the likelihood of achieving seizure freedom
[85,86]. Anterior temporal lobectomy is more likely to result in
seizure freedom if the MRI shows a concordant lesion, such as temporal
lobe atrophy, tumor, or mesial temporal lobe sclerosis [85]. Recent
studies favor anterior temporal lobectomy over selective
amygdalohippocampectomy. While initial studies demonstrated similar
rates of seizure freedom after anterior temporal lobectomy and selective
amygdalohippocampectomy [87,88], meta-analyses revealed that
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anterior temporal lobectomies were more likely to achieve seizure free-
dom [89,90].

The Responsive Neurostimulation System (RNS, NeuroPace) is an
United States Food and Drug Administration-approved (FDA-
approved) device to detect and treat refractory focal-onset epilepsy
using closed-loop electrical stimulation. Patients with refractory focal
epilepsy, who are poor candidates for resection due to an overlap be-
tween epileptogenic and eloquent cortex, and have one or two seizure
foci are ideal RNS candidates [91-93]. The system includes two four-
contact leads placed directly on the seizure focus, which record and
store changes in local field potentials. Clinicians customize the RNS to
detect patient-specific epileptiform activity. Median seizure reduction
was 53% 2 years after implantation [94] and 62% after 5 years [91].

Neuropsychological testing of RNS patients reveals no significant
cognitive decline at 2 years after implantation [95]. Patients with neo-
cortical seizure onsets were more likely to experience modest improve-
ments in naming, while those who had MTL onsets were more likely to
have improvements in verbal learning. The reason for these improve-
ments may reflect reduced seizures or interictal discharges or
neuromodulatory effects of electrical stimulation [95].

Laser interstitial thermal ablation (LITT) is a minimally invasive sur-
gery that can treat epilepsy caused by small lesions such as mesial tem-
poral sclerosis, cavernomas, or cortical dysplasias. The procedure
utilizes a stereotactically inserted catheter that is then heated with a
laser to thermally ablate the surrounding area. Laser interstitial thermal
ablation is less invasive, requires a shorter hospital stay, and permits a
faster return to normal activities compared with open surgery [96].

Seizure and cognitive outcomes after LITT remain limited by small
cohort studies. Among 23 patients with TLE who underwent LITT, 65%
remained free of disabling seizures at 1 year, with 73% of patients with
mesial temporal sclerosis attaining seizure freedom [97]. Laser intersti-
tial thermal ablation may result in better cognitive outcomes compared
with anterior temporal lobectomy, because of smaller volume of tissue
ablated. Among 19 patients with TLE who underwent LITT, there was
no decline in recognizing or naming famous faces or in naming common
nouns, in contrast to 39 who underwent open resection. Left ATLR re-
sulted in impaired naming of famous faces and common objects, while
right ATLR impaired face recognition [98]. However, two patients with
TLE who underwent LITT showed significant postoperative verbal and
visual memory decline with intact naming, visuospatial ability, and at-
tention [99]. Another report of five patients with left TLE who
underwent LITT had intact contextual (narrative) verbal memory post-
operatively, but three experienced significant noncontextual verbal
memory decline as measured by list learning [100]. Available data
show that LITT spares semantically loaded memory tasks and naming
compared with standard TLRs, but long-term seizure outcomes remain
poorly defined and may depend on identification of a single small lesion.

6. Nociferous cortex and possible functional recovery after surgery

The dynamic relationship between seizure burden and memory de-
cline and longitudinal clinical outcomes after surgery has yielded im-
portant information. Postoperative cognitive outcomes depend on
seizure outcomes. For patients with unilateral TLR, ongoing seizure bur-
den appears to worsen memory, causing a “double jeopardy” [101].
However, patients whose seizures are cured or significantly reduced
after surgery may have a long-term cognitive benefit from surgery.
These clinical observations illustrate the concept of the “nociferous cor-
tex” and the cognitive impact of ongoing seizures.

6.1. Concept of the nociferous cortex

Nociferous cortex refers to epileptogenic tissue that is dysfunctional
in three ways, it 1) is the origin or element in the epileptogenic network,
2) does not perform its normal functions, and 3) impairs the function of
other brain areas [ 102]. Nociferous is derived from Latin nocere, to harm.

The first reference to this concept in epilepsy surgery is from Krause
and Schum [103], who noted that in some cases of infantile hemiplegia,
strength improved after resection of the epileptogenic cortex. In 1950,
Welch and Penfield reported that after resection of cortical seizure foci
in three patients with hemiplegic cerebral palsy, spasticity was reduced
and motor function improved [104]. The first case involved a 22-year-
old pathologically left-handed woman who demonstrated right-sided
hemiplegia at age one month and developed focal epilepsy at age
11 years. After seizure focus resection involving primary sensorimotor
cortex,

“There was a remarkable change in the patient's hemiparesis. In-
stead of carrying the paretic upper extremity in a flexed and spastic
manner as she had done before, she now kept her arm extended by
her side... The muscles were plastic. She was beginning to use the
hand for eating which had never been possible before. In walking
she could swing her leg without the former spastic stiffness so that
her hemiplegic limp had actually disappeared. She had spent the
year doing satisfactory university work.”

Welch and Penfield concluded that the left postcentral and
precentral areas did not support voluntary motor control after the
injury and functional reorganization but could still pathologically influ-
ence spinal motor mechanisms. Ablation of these injured regions re-
duced spasticity.

Penfield and Jasper [105] first used the term nociferous to describe
the dramatic positive transformation of an aggressive boy after hemi-
spherectomy: “Among patients who have large areas of abnormality
in one hemisphere, abnormal behavior may appear, together with ad-
vancing mental retardation. The behavioral abnormality is often a
more important complaint than the seizures themselves. Radical com-
plete excision may correct the abnormal behavior, stop the seizures,
and allow improvement in the patient's mental state.”

The concept of nociferous cortex has quietly persisted in
epileptology, with subsequent studies primarily focusing on cognitive
and behavioral outcomes. Of the three tenets to establish cortex
nociferous, the first is the most straightforward, demonstrating that a
region is the seizure focus or key element in the epileptogenic network.
The second tenet, that the region does not function normally, is more
difficult to establish. This is supported by 1) neurological deficits con-
cordant with epileptogenic cortex (e.g., left hemiparesis with a right
central seizure focus, episodic memory deficit with left mesial temporal
sclerosis) or 2) abnormalities in structural (e.g., MRI) or functional test-
ing (e.g., EEG, PET, fMRI, magnetic resonance spectroscopy (MRS),
WADA test). Variable degrees of functional reorganization, most prom-
inent with early-life neurological insults or seizure onset, can further
confound localization of sensorimotor, cognitive, or behavioral func-
tions. Even with concordant localizing evidence of dysfunction on the
neurological examination, structural and functional assessments, resid-
ual function in the epileptogenic cortex cannot be excluded. Overall, the
greater the preoperative neurological deficit and concordance across
structural and functional measures that a candidate region is abnormal
and epileptogenic, the more likely that region has little or no function.

The third tenet of establishing nociferous cortex - improved func-
tion after resection of epileptogenic tissue - is complex and difficult to
quantify. Resection of epileptogenic tissue likely creates both negative
and positive functional outcomes. Improvements can occur in motor
(i.e., strength, tone, resolution of involuntary movements), cognitive
(e.g., attention, verbal memory, executive functions, social language),
and behavior (e.g., mood, irritability, anxiety).

Functional studies support that functional recovery can occur re-
moval of nociferous cortex. After successful TLRs, MRI spectroscopy
studies revealed that N-acetyl-aspartate levels increase in the contralat-
eral temporal lobe, consistent with improved neuronal function
[106-108]. Positron emission tomography studies reveal normalization
of glucose metabolism in the ipsilateral and contralateral temporal lobes
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[109,110]. Even when functional improvements follow resective surger-
ies, it can be difficult to disentangle the contributions of altered
interictal epileptiform activity, seizures, diaschisis, and antiseizure or
psychotropic medications.

6.2. Longitudinal studies demonstrate memory improvement over time in
some patients

Cognition after surgery is dynamic and highly variable between sub-
jects. Longer follow-up intervals reveal further decline in some patients
and improvement in others. The meta-analysis of postsurgical cognitive
status [40] reporting declines in verbal and visual memory also found
some gains in verbal memory (7% in left, 14% in right) and visual mem-
ory (15% for left-sided, 10% for right-sided). For example, verbal fluency
(generating items in a category) generally improved after surgery, with
27% patients with left TLR experiencing gains in verbal fluency com-
pared with 10% experiencing losses [40].

Long-term postsurgical memory outcomes may differ depending on
the timepoint of assessment after surgery. Studies investigating the
long-term follow-up followed patients from 2 to 10 years after surgery.
Early studies following patients from 2 to 5 years after surgery showed
ongoing memory decline in left TLR surgical patients [111,112], includ-
ing decreases in verbal memory and visual memory between the 1-year
and 9-year assessments [42]. Patients who underwent left TLR experi-
enced decline in the word-pairs delayed recall task, which is sensitive
to left hippocampal integrity [48,113]. Patients with right TLR and a
nonsurgical control group had verbal and visual memory declines.

Recent European longitudinal studies demonstrated cognitive stabil-
ity or even improvement after temporal lobectomy [114-116]. Immedi-
ate decline in verbal memory observed within 2 years after dominant
TLR was stable at 10 years [114,115]. By contrast, nondominant tempo-
ral lobectomy resulted in a positive trend in verbal memory after
2 years. A large European study found that improvements in memory
were more common in younger patients who were seizure-free or had
reduced drug load [116].

These differences in longitudinal outcomes have been attributed to
differences in patient populations (including age), differing surgical
techniques, and variable patient attrition (with patients who are doing
poorly more likely to continue to follow at a tertiary care center)
[116]. Further, if cognitive outcomes stabilize 1-2 years after surgery,
then measurement at 1 and 10 years may mistakenly suggest ongoing
cognitive decline.

While there are few pediatric studies with children, evidence sup-
ports favorable cognitive outcomes after surgery. Gains in language per-
formance and attention occur postoperatively regardless of the side of
surgery. Memory performance improved if surgery resulted in seizure
freedom [117]. After TLR, children may recover from postoperative im-
pairment within the first year of surgery [118]. Conversely, ongoing sei-
zures after TLR are associated with declines over time [116].

Together, longitudinal studies suggest that if nociferous cortex is re-
moved, cognitive gains are possible. These improvements in verbal and
visual memory are associated with seizure freedom after surgery and
suggest that functional recovery is possible. These positive effects may
be mediated by decreased deleterious impact of seizures, interictal dis-
charges, or antiseizure medications. Finally, functional recovery is more
common in younger patients [115,116].

7. Summary and conclusions

Careful study of the outcomes of TLE surgery has greatly advanced
our knowledge of the neuroanatomy of human memory. After the initial
devastating outcomes, the critical role of the hippocampus and associ-
ated MTL structures to declarative memory became evident. Surgical
approaches quickly changed to become unilateral and later, to be
more precise, potentially reducing cognitive morbidity. Neuropsycho-
logical studies following unilateral TLR have challenged early models,

which simplified the lateralization of verbal and visual memory func-
tion. Diagnostic tests can more accurately lateralize and localize epilep-
togenic cortex, and predict memory outcomes from surgery.
Longitudinal studies have shown that memory may improve in
seizure-free patients. Seventy years after HM, we now have a richer un-
derstanding of the clinical, neuroimaging, and surgical predictors of
memory decline—and improvement—after TLR.

Despite these advancements, we still lack reliable tools to accurately
predict an individual's long-term potential for functional improvement
or decline after resective surgery. Individual traits such as age, focality of
seizure onset zone, onset and duration of epilepsy, lifetime generalized
tonic-clonic seizures, functional status of the epileptogenic cortex, and
resection margins all contribute to seizure and cognitive outcomes,
but their relative contributions are not understood. Routine and long-
term follow-up after surgery is needed. A model incorporating the like-
lihood of seizure freedom, early cognitive deficits, and long-term
cognitive improvements, for an area of resected tissue would enor-
mously advance epilepsy surgery, as well as our understanding of
human memory.

Funding acknowledgments
Dr. Liu is supported by NIH K23NS104252.

Declaration of Competing Interest

The authors declare no competing interests.

References

[1] Bell B, Lin JJ, Seidenberg M, Hermann B. The neurobiology of cognitive disorders in
temporal lobe epilepsy. Nat Rev Neurol 2011;7(3):154-64. https://doi.org/10.
1038/nrneurol.2011.3.

[2] Fisher RS, Vickrey BG, Gibson P, Hermann B, Penovich P, Scherer A, et al. The impact
of epilepsy from the patient's perspective 1. Descriptions and subjective percep-
tions. Epilepsy Res 2000;41(1):39-51. https://doi.org/10.1016/s0920-1211(00)
00126-1.

[3] Hermann BP, Seidenberg M. Memory impairment and its cognitive context in epi-
lepsy. In: Schachter SC, Holmes GL, Trenité De Kasteleijn-Nolst, editors. Behavioral
aspects of epilepsy: principles and practice. New York: New York Demos; 2008.

[4] Dodrill CB. Neuropsychological effects of seizures. Epilepsy Behav 2004;5(Suppl.
1):521-4.

[5] Helmstaedter C, Elger CE. The phantom of progressive dementia in epilepsy. Lancet
1999;354(9196):2133-4. https://doi.org/10.1016/s0140-6736(99)03542-4.

[6] Hendriks MP, Aldenkamp AP, Alpherts WG, Ellis ], Vermeulen ], van der Vlugt H. Re-
lationships between epilepsy-related factors and memory impairment. Acta Neurol
Scand 2004;110(5):291-300. https://doi.org/10.1111/j.1600-0404.2004.00319.x.

[7] Hermann B, Seidenberg M, Sager M, Carlsson C, Gidal B, Sheth R, et al. Growing old
with epilepsy: the neglected issue of cognitive and brain health in aging and elder
persons with chronic epilepsy. Epilepsia 2008;49(5):731-40. https://doi.org/10.
1111/j.1528-1167.2007.01435.x.

[8] Hoppe C, Elger CE, Helmstaedter C. Long-term memory impairment in patients
with focal epilepsy. Epilepsia 2007;48(Suppl. 9):26-9. https://doi.org/10.1111/j.
1528-1167.2007.01397.x.

[9] Jokeit H, Ebner A. Long term effects of refractory temporal lobe epilepsy on cogni-
tive abilities: a cross sectional study. ] Neurol Neurosurg Psychiatry 1999;67(1):
44-50. https://doi.org/10.1136/jnnp.67.1.44.

[10] Pitkanen A, Sutula TP. Is epilepsy a progressive disorder? Prospects for new thera-
peutic approaches in temporal-lobe epilepsy. Lancet Neurol 2002;1(3):173-81.

[11] Seidenberg M, Pulsipher DT, Hermann B. Cognitive progression in epilepsy.
Neuropsychol Rev 2007;17(4):445-54. https://doi.org/10.1007/s11065-007-
9042-x.

[12] Helmstaedter C, Witt J-A. Chapter 28 — clinical neuropsychology in epilepsy: theo-
retical and practical issues. In: Stefan H, Theodore WH, editors. Handbook of clini-
cal neurology. Elsevier; 2012. p. 437-59.

[13] Cohen NJ, Squire LR. Preserved learning and retention of pattern-analyzing skill in
amnesia: dissociation of knowing how and knowing that. Science 1980;210(4466):
207-10. https://doi.org/10.1126/science.7414331.

[14] Squire LR. Memory and the hippocampus: a synthesis from findings with rats,
monkeys, and humans. Psychol Rev 1992;99(2):195-231.

[15] Tulving E. Episodic and semantic memory. In: Tulving E, Donaldson W, editors.
Organization of memory. New York: Academic Press; 1972. p. 381-403.

[16] Kahana M]J. Introduction. Foundations of human memory. (pp. 14). New York:
Oxford University Press; 2012.

[17] Barr WB, Goldberg E, Wasserstein ], Novelly RA. Retrograde amnesia following uni-
lateral temporal lobectomy. Neuropsychologia 1990;28(3):243-55. https://doi.org/
10.1016/0028-3932(90)90018-;.


https://doi.org/10.1038/nrneurol.2011.3
https://doi.org/10.1038/nrneurol.2011.3
https://doi.org/10.1016/s0920-1211(00)00126-1
https://doi.org/10.1016/s0920-1211(00)00126-1
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0015
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0015
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0015
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0020
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0020
mailto:anli.liu@nyumc.org
mailto:Anli.liu@nyulangone.org
https://doi.org/10.1111/j.1528-1167.2007.01435.x
https://doi.org/10.1111/j.1528-1167.2007.01435.x
https://doi.org/10.1111/j.1528-1167.2007.01397.x
https://doi.org/10.1111/j.1528-1167.2007.01397.x
https://doi.org/10.1136/jnnp.67.1.44
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0050
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0050
https://doi.org/10.1007/s11065-007-9042-x
https://doi.org/10.1007/s11065-007-9042-x
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0060
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0060
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0060
https://doi.org/10.1126/science.7414331
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0070
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0070
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0075
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0075
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0080
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0080
https://doi.org/10.1016/0028-3932(90)90018-j
https://doi.org/10.1016/0028-3932(90)90018-j

K. Bauman et al. / Epilepsy & Behavior 101 (2019) 106596 7

[18] Markowitsch HJ. Chapter 4: memory and amnesia. In: Mesulam MM, editor.
Principles of behavioral and cognitive neurology. New York: New York: Oxford
University Press; 2000.

[19] Voltzenlogel V, Vignal JP, Hirsch E, Manning L. The influence of seizure frequency
on anterograde and remote memory in mesial temporal lobe epilepsy. Seizure
2014;23(9):792-8. https://doi.org/10.1016/j.seizure.2014.06.013.

[20] Liu A, Thesen T, Barr W, Morrison C, Dugan P, Wang X, et al. Parahippocampal and en-
torhinal resection extent predicts verbal memory decline in an epilepsy surgery co-
hort. ] Cogn Neurosci 2017;29(5):869-80. https://doi.org/10.1162/jocn_a_01089.

[21] Taylor DC. One hundred years of epilepsy surgery: Sir Victor Horsley's contribution.
Surgical treatment of the epilepsies. New York: Raven Press; 1987.

[22] Hermann BP, Stone JL. A historical review of the epilepsy surgery program at the
University of Illinois Medical Center: the contributions of Bailey, Gibbs, and
Collaborators to the refinement of anterior temporal lobectomy. ] Epilepsy 1989;
2(3):155-63. https://doi.org/10.1016/0896-6974(89)90030-3.

[23] Xia C. Understanding the human brain: a lifetime of dedicated pursuit. Interview
with Dr. Brenda Milner. Interview. McGill. ] Med 2006;9(2):165-72.

[24] Dossani RH, Missios S, Nanda A. The legacy of Henry Molaison (1926-2008) and
the impact of his bilateral mesial temporal lobe surgery on the study of human
memory. World Neurosurg 2015;84(4):1127-35. https://doi.org/10.1016/j.wneu.
2015.04.031.

[25] Scoville WB, Milner B. Loss of recent memory after bilateral hippocampal lesions. ]
Neurol Neurosurg Psychiatry 1957;20(1):11-21. https://doi.org/10.1136/jnnp.20.1.11.

[26] Steinvorth S, Levine B, Corkin S. Medial temporal lobe structures are needed to re-
experience remote autobiographical memories: evidence from H.M. and W.R.
Neuropsychologia 2005;43(4):479-96. https://doi.org/10.1016/j.neuropsychologia.
2005.01.001.

[27] Freed DM, Corkin S. Rate of forgetting in H.M.: 6-month recognition. Behav
Neurosci 1988;102(6):823-7. https://doi.org/10.1037//0735-7044.102.6.823.

[28] Corkin S. Acquisition of motor skill after bilateral medial temporal-lobe excision.
Neuropsychologia 1968;6(3):255-65. https://doi.org/10.1016/0028-3932(68)
90024-9.

[29] Augustinack JC, van der Kouwe A], Salat DH, Benner T, Stevens AA, Annese ], et al.
H.M.'s contributions to neuroscience: a review and autopsy studies. Hippocampus
2014;24(11):1267-86. https://doi.org/10.1002/hipo.22354.

[30] Annese ], Schenker-Ahmed NM, Bartsch H, Maechler P, Sheh C, Thomas N, et al.
Postmortem examination of patient H.M.'s brain based on histological sectioning
and digital 3D reconstruction. Nat Commun 2014;5:3122. https://doi.org/10.
1038/ncomms4122.

[31] Corkin S, Amaral DG, Gonzalez RG, Johnson KA, Hyman BT. H. M.'s medial temporal
lobe lesion: findings from magnetic resonance imaging. ] Neurosci 1997;17(10):
3964-79.

[32] Milner B, Penfield W. The effect of hippocampal lesions on recent memory. Trans
Am Neurol Assoc (80th Meeting) 1955:42-8.

[33] Penfield W, Mathieson G. Memory. Autopsy findings and comments on the role of
hippocampus in experiential recall. Arch Neurol 1974;31(3):145-54. https://doi.
org/10.1001/archneur.1974.00490390027001.

[34] Chelune GJ, Naugle RI, Luders H, Awad IA. Prediction of cognitive change as a
function of preoperative ability status among temporal lobectomy patients seen
at 6-month follow-up. Neurology 1991;41(3):399-404. https://doi.org/10.1212/
wnl.41.3.399.

[35] de Tisi ], Bell GS, Peacock JL, McEvoy AW, Harkness WF, Sander JW, et al. The long-
term outcome of adult epilepsy surgery, patterns of seizure remission, and relapse:
a cohort study. Lancet 2011;378(9800):1388-95. https://doi.org/10.1016/s0140-
6736(11)60890-8.

[36] Milner B. Memory and the medial temporal regions of the brain. In: Pribram KH,
Broadbent DE, editors. Biology of memory. New York: Academic Press; 1970.
p. 29-50.

[37] Barr WB. Examining the right temporal lobe's role in nonverbal memory. Brain
Cogn 1997;35(1):26-41. https://doi.org/10.1006/brcg.1997.0925.

[38] Baxendale S. The impact of epilepsy surgery on cognition and behavior. Epilepsy
Behav 2008;12(4):592-9. https://doi.org/10.1016/j.yebeh.2007.12.015.

[39] Saling MM. Verbal memory in mesial temporal lobe epilepsy: beyond material
specificity. Brain 2009;132(Pt 3):570-82. https://doi.org/10.1093/brain/awp012.

[40] Sherman EM, Wiebe S, Fay-McClymont TB, Tellez-Zenteno ], Metcalfe A,
Hernandez-Ronquillo L, et al. Neuropsychological outcomes after epilepsy surgery:
systematic review and pooled estimates. Epilepsia 2011;52(5):857-69. https://doi.
org/10.1111/j.1528-1167.2011.03022.x.

[41] Milner B. Psychological aspects of focal epilepsy and its neurosurgical management.
Adv Neurol 1975;8:299-321.

[42] Rausch R, Kraemer S, Pietras CJ, Le M, Vickrey BG, Passaro EA. Early and late cogni-
tive changes following temporal lobe surgery for epilepsy. Neurology 2003;60(6):
951-9. https://doi.org/10.1212/01.wnl.0000048203.23766.a1.

[43] Vaz SA. Nonverbal memory functioning following right anterior temporal lobec-
tomy: a meta-analytic review. Seizure 2004;13(7):446-52. https://doi.org/10.
1016/j.seizure.2003.12.004.

[44] Rausch R. Anatomical substrates of interictal memory deficits in temporal lobe ep-
ileptics. Int J Neurol 1987;21-22:17-32.

[45] Saling MM, Berkovic SF, O'Shea MF, Kalnins RM, Darby DG, Bladin PF. Lateralization
of verbal memory and unilateral hippocampal sclerosis: evidence of task-specific
effects. ] Clin Exp Neuropsychol 1993;15(4):608-18. https://doi.org/10.1080/
01688639308402582.

[46] Sass K], Sass A, Westerveld M, Lencz T, Novelly RA, Kim JH, et al. Specificity in the
correlation of verbal memory and hippocampal neuron loss: dissociation of mem-
ory, language, and verbal intellectual ability. ] Clin Exp Neuropsychol 1992;14(5):
662-72. https://doi.org/10.1080/01688639208402854.

[47] Hermann BP, Wyler AR, Somes G, Berry 3rd AD, Dohan Jr FC. Pathological status of
the mesial temporal lobe predicts memory outcome from left anterior temporal lo-
bectomy. Neurosurgery 1992;31(4):652-6 discussion 656-657 https://doi.org/10.
1227/00006123-199210000-00006.

[48] Rausch R, Babb TL. Hippocampal neuron loss and memory scores before and after
temporal lobe surgery for epilepsy. Arch Neurol 1993;50(8):812-7. https://doi.
org/10.1001/archneur.1993.00540080023008.

[49] Helmstaedter C, Petzold I, Bien CG. The cognitive consequence of resecting
nonlesional tissues in epilepsy surgery—results from MRI- and histopathology-
negative patients with temporal lobe epilepsy. Epilepsia 2011;52(8):1402-8.
https://doi.org/10.1111/j.1528-1167.2011.03157.x.

[50] Helmstaedter C, Roeske S, Kaaden S, Elger CE, Schramm ]. Hippocampal resection
length and memory outcome in selective epilepsy surgery. ] Neurol Neurosurg
Psychiatry 2011;82(12):1375-81. https://doi.org/10.1136/jnnp.2010.240176.

[51] Wada J, Rasmussen T. Intracarotid injection of sodium amytal for the lateralization
of cerebral speech dominance. ] Neurosurg 1960;17(2):266-82. https://doi.org/10.
3171/jns.1960.17.2.0266.

[52] Milner B, Rasmussen T, Branch C. Study of short-term memory after intracarotid in-
jection of sodium amytal. Trans Am Neurol Assoc 1962;87:224-6.

[53] Loring DW, Meador K], Lee GP. Amobarbital effects and lateralized brain function:
the Wada test. New York: Springer-Verlag; 1992.

[54] Baxendale S, Thompson P, Harkness W, Duncan J. Predicting memory decline fol-
lowing epilepsy surgery: a multivariate approach. Epilepsia 2006;47(11):
1887-94. https://doi.org/10.1111/3.1528-1167.2006.00810.x.

[55] Binder JR. Functional MRI is a valid noninvasive alternative to Wada testing.
Epilepsy Behav 2011;20(2):214-22. https://doi.org/10.1016/j.yebeh.2010.08.004.

[56] Binder JR, Swanson SJ, Sabsevitz DS, Hammeke TA, Raghavan M, Mueller WM. A
comparison of two fMRI methods for predicting verbal memory decline after left
temporal lobectomy: language lateralization versus hippocampal activation asym-
metry. Epilepsia 2010;51(4):618-26. https://doi.org/10.1111/j.1528-1167.2009.
02340.x.

[57] Lineweaver TT, Morris HH, Naugle RI, Najm IM, Diehl B, Bingaman W. Evaluating
the contributions of state-of-the-art assessment techniques to predicting memory
outcome after unilateral anterior temporal lobectomy. Epilepsia 2006;47(11):
1895-903. https://doi.org/10.1111/j.1528-1167.2006.00807.x.

[58] Stroup E, Langfitt ], Berg M, McDermott M, Pilcher W, Como P. Predicting verbal
memory decline following anterior temporal lobectomy (ATL). Neurology 2003;
60(8):1266-73. https://doi.org/10.1212/01.wnl.0000058765.33878.0d.

[59] Loring DW, Barr W, Hamberger M, Helmstaedter C. Chapter 90: neuropsychology
evaluation — adults. In: Engel Jr ], Pedley TA, editors. Epilepsy: a comprehensive text-
book. 2nd ed. Philadelphia: Philadelphia Wolters Kluwer Health/Lippincott
Williams & Wilkins; 2008.

[60] Fish DR, Spencer SS. Clinical correlations: MRI and EEG. Magn Reson Imaging 1995;
13(8):1113-7. https://doi.org/10.1016/0730-725x(95)02020-t.

[61] Phal PM, Usmanov A, Nesbit GM, Anderson ]JC, Spencer D, Wang P, et al. Qualitative
comparison of 3-T and 1.5-T MRI in the evaluation of epilepsy. AJR Am ] Roentgenol
2008;191(3):890-5. https://doi.org/10.2214/ajr.07.3933.

[62] Veersema TJ, Ferrier CH, van Eijsden P, Gosselaar PH, Aronica E, Visser F, et al. Seven
tesla MRI improves detection of focal cortical dysplasia in patients with refractory
focal epilepsy. Epilepsia Open 2017;2(2):162-71. https://doi.org/10.1002/epi4.
12041.

[63] Kuzniecky R, de la Sayette V, Ethier R, Melanson D, Andermann F, Berkovic S, et al.
Magnetic resonance imaging in temporal lobe epilepsy: pathological correlations.
Ann Neurol 1987;22(3):341-7. https://doi.org/10.1002/ana.410220310.

[64] Berkovic SF, Andermann F, Olivier A, Ethier R, Melanson D, Robitaille Y, et al. Hip-
pocampal sclerosis in temporal lobe epilepsy demonstrated by magnetic resonance
imaging. Ann Neurol 1991;29(2):175-82. https://doi.org/10.1002/ana.410290210.

[65] Binder JR, Carlson C. Chapter 79: language and memory mapping. In: Wyllie E, ed-
itor. Wyllie's treatment of epilepsy: principles and practice. 5th ed. ed. Philadel-
phia: Wolters Kluwer/Lippincott Williams & Wilkins; 2011.

[66] Arora J, Pugh K, Westerveld M, Spencer S, Spencer DD, Todd Constable R. Language
lateralization in epilepsy patients: fMRI validated with the Wada procedure. Epilepsia
2009;50(10):2225-41. https://doi.org/10.1111/j.1528-1167.2009.02136.x.

[67] Janecek JK, Swanson SJ, Sabsevitz DS, Hammeke TA, Raghavan M, M ER, et al. Lan-
guage lateralization by fMRI and Wada testing in 229 patients with epilepsy: rates
and predictors of discordance. Epilepsia 2013;54(2):314-22. https://doi.org/10.
1111/epi.12068.

[68] Binder JR, Swanson SJ, Hammeke TA, Morris GL, Mueller WM, Fischer M, et al. De-
termination of language dominance using functional MRI: a comparison with the
Wada test. Neurology 1996;46(4):978-84. https://doi.org/10.1212/wnl.46.4.978.

[69] Seghier ML. Laterality index in functional MRI: methodological issues. Magn Reson
Imaging 2008;26(5):594-601. https://doi.org/10.1016/j.mri.2007.10.010.

[70] Bonelli SB, Powell RH, Yogarajah M, Samson RS, Symms MR, Thompson PJ, et al. Im-
aging memory in temporal lobe epilepsy: predicting the effects of temporal lobe re-
section. Brain 2010;133(Pt 4):1186-99. https://doi.org/10.1093/brain/awq006.

[71] Sidhu MK, Stretton J, Winston GP, Symms M, Thompson PJ, Koepp M], et al. Mem-
ory fMRI predicts verbal memory decline after anterior temporal lobe resection.
Neurology 2015;84(15):1512-9. https://doi.org/10.1212/wnl.0000000000001461.

[72] Gaillard WD. Chapter 75: nuclear imaging (PET, SPECT). In: Wyllie E, editor. Wyllie's
treatment of epilepsy: principles and practice. (5thed. Ed.). Philadelphia: Wolters
Kluwer/Lippincott Williams & Wilkins; 2011.

[73] la Fougere C, Rominger A, Forster S, Geisler ], Bartenstein P. PET and SPECT in epi-
lepsy: a critical review. Epilepsy Behav 2009;15(1):50-5. https://doi.org/10.1016/j.
yebeh.2009.02.025.

[74] Gaillard WD, Fazilat S, White S, Malow B, Sato S, Reeves P, et al. Interictal metabo-
lism and blood flow are uncoupled in temporal lobe cortex of patients with


http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0090
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0090
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0090
https://doi.org/10.1016/j.seizure.2014.06.013
https://doi.org/10.1162/jocn_a_01089
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0105
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0105
https://doi.org/10.1016/0896-6974(89)90030-3
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0115
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0115
https://doi.org/10.1016/j.wneu.2015.04.031
https://doi.org/10.1016/j.wneu.2015.04.031
https://doi.org/10.1136/jnnp.20.1.11
https://doi.org/10.1016/j.neuropsychologia.2005.01.001
https://doi.org/10.1016/j.neuropsychologia.2005.01.001
https://doi.org/10.1037//0735-7044.102.6.823
https://doi.org/10.1016/0028-3932(68)90024-9
https://doi.org/10.1016/0028-3932(68)90024-9
https://doi.org/10.1002/hipo.22354
https://doi.org/10.1038/ncomms4122
https://doi.org/10.1038/ncomms4122
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0155
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0155
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0155
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0160
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0160
https://doi.org/10.1001/archneur.1974.00490390027001
https://doi.org/10.1001/archneur.1974.00490390027001
https://doi.org/10.1212/wnl.41.3.399
https://doi.org/10.1212/wnl.41.3.399
https://doi.org/10.1016/s0140-6736(11)60890-8
https://doi.org/10.1016/s0140-6736(11)60890-8
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0180
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0180
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0180
https://doi.org/10.1006/brcg.1997.0925
https://doi.org/10.1016/j.yebeh.2007.12.015
https://doi.org/10.1093/brain/awp012
https://doi.org/10.1111/j.1528-1167.2011.03022.x
https://doi.org/10.1111/j.1528-1167.2011.03022.x
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0200
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0200
https://doi.org/10.1212/01.wnl.0000048203.23766.a1
https://doi.org/10.1016/j.seizure.2003.12.004
https://doi.org/10.1016/j.seizure.2003.12.004
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0215
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0215
https://doi.org/10.1080/01688639308402582
https://doi.org/10.1080/01688639308402582
https://doi.org/10.1080/01688639208402854
https://doi.org/10.1227/00006123-199210000-00006
https://doi.org/10.1227/00006123-199210000-00006
https://doi.org/10.1001/archneur.1993.00540080023008
https://doi.org/10.1001/archneur.1993.00540080023008
https://doi.org/10.1111/j.1528-1167.2011.03157.x
https://doi.org/10.1136/jnnp.2010.240176
https://doi.org/10.3171/jns.1960.17.2.0266
https://doi.org/10.3171/jns.1960.17.2.0266
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0255
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0255
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0260
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0260
https://doi.org/10.1111/j.1528-1167.2006.00810.x
https://doi.org/10.1016/j.yebeh.2010.08.004
https://doi.org/10.1111/j.1528-1167.2009.02340.x
https://doi.org/10.1111/j.1528-1167.2009.02340.x
https://doi.org/10.1111/j.1528-1167.2006.00807.x
https://doi.org/10.1212/01.wnl.0000058765.33878.0d
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0290
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0290
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0290
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0290
https://doi.org/10.1016/0730-725x(95)02020-t
https://doi.org/10.2214/ajr.07.3933
https://doi.org/10.1002/epi4.12041
https://doi.org/10.1002/epi4.12041
https://doi.org/10.1002/ana.410220310
https://doi.org/10.1002/ana.410290210
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0320
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0320
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0320
https://doi.org/10.1111/j.1528-1167.2009.02136.x
https://doi.org/10.1111/epi.12068
https://doi.org/10.1111/epi.12068
https://doi.org/10.1212/wnl.46.4.978
https://doi.org/10.1016/j.mri.2007.10.010
https://doi.org/10.1093/brain/awq006
https://doi.org/10.1212/wnl.0000000000001461
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0355
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0355
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0355
https://doi.org/10.1016/j.yebeh.2009.02.025
https://doi.org/10.1016/j.yebeh.2009.02.025

K. Bauman et al. / Epilepsy & Behavior 101 (2019) 106596

complex partial epilepsy. Neurology 1995;45(10):1841-7. https://doi.org/10.1212/
wnl45.10.1841.

[75] Ho SS, Berkovic SF, Berlangieri SU, Newton MR, Egan GF, Tochon-Danguy H]J, et al.
Comparison of ictal SPECT and interictal PET in the presurgical evaluation of
temporal lobe epilepsy. Ann Neurol 1995;37(6):738-45. https://doi.org/10.1002/
ana.410370607.

[76] Newton MR, Berkovic SF, Austin MC, Rowe CC, McKay WJ, Bladin PF. Ictal postictal
and interictal single-photon emission tomography in the lateralization of temporal
lobe epilepsy. Eur ] Nucl Med 1994;21(10):1067-71. https://doi.org/10.1007/
bf00181061.

[77] Rowe CC, Berkovic SF, Austin MC, McKay WJ, Bladin PF. Patterns of postictal cere-
bral blood flow in temporal lobe epilepsy: qualitative and quantitative analysis.
Neurology 1991;41(7):1096-103. https://doi.org/10.1212/wnl.41.7.1096.

[78] Kim S, Mountz JM. SPECT imaging of epilepsy: an overview and comparison
with F-18 FDG PET. Int ] Mol Imaging 2011;2011:813,028. https://doi.org/10.
1155/2011/813028.

[79] Penfield W, Baldwin M. Temporal lobe seizures and the technic of subtotal tempo-
ral lobectomy. Ann Surg 1952;136(4):625-34.

[80] Falconer MA. Discussion on the surgery of temporal lobe epilepsy: surgical and
pathological results. Proc R Soc Med 1953;46:971-4.

[81] Morris AA. Temporal lobectomy with removal of uncus, hippocampus, and amyg-
dala; results for psychomotor epilepsy three to nine years after operation. AMA
Arch Neurol Psychiatry 1956;76(5):479-96.

[82] Spencer DD, Spencer SS, Mattson RH, Williamson PD, Novelly RA. Access to the pos-
terior medial temporal lobe structures in the surgical treatment of temporal lobe
epilepsy. Neurosurgery 1984;15(5):667-71. https://doi.org/10.1227/00006123-
198,411,000-00005.

[83] Niemeyer P. The transventricular amygdala-hippocampectomy in the temporal
lobe epilepsy. In: Baldwin M, Bailey P, editors. The temporal lobe epilepsy. Spring-
field, IL: Charles C Thomas; 1958. p. 461-82.

[84] Wieser HG, Yasargil MG. Selective amygdalohippocampectomy as a surgical treat-
ment of mesiobasal limbic epilepsy. Surg Neurol 1982;17(6):445-57. https://doi.
0rg/10.1016/s0090-3019(82)80016-5.

[85] Stavem K, Bjornaes H, Langmoen IA. Predictors of seizure outcome after temporal
lobectomy for intractable epilepsy. Acta Neurol Scand 2004;109(4):244-9.
https://doi.org/10.1046/j.1600-0404.2003.00249.x.

[86] Wyler AR, Hermann BP, Somes G. Extent of medial temporal resection on outcome
from anterior temporal lobectomy: a randomized prospective study. Neurosurgery
1995;37(5):982-90 discussion 990-981 https://doi.org/10.1227/00006123-
199511000-00019.

[87] Clusmann H, Schramm J, Kral T, Helmstaedter C, Ostertun B, Fimmers R, et al. Prognos-
tic factors and outcome after different types of resection for temporal lobe epilepsy. |
Neurosurg 2002;97(5):1131-41. https://doi.org/10.3171/jns.2002.97.5.1131.

[88] Paglioli E, Palmini A, Portuguez M, Paglioli E, Azambuja N, da Costa JC, et al. Seizure
and memory outcome following temporal lobe surgery: selective compared with
nonselective approaches for hippocampal sclerosis. ] Neurosurg 2006;104(1):
70-8. https://doi.org/10.3171/jns.2006.104.1.70.

[89] Hu WH, Zhang C, Zhang K, Meng FG, Chen N, Zhang ]G. Selective
amygdalohippocampectomy versus anterior temporal lobectomy in the manage-
ment of mesial temporal lobe epilepsy: a meta-analysis of comparative studies. |
Neurosurg 2013;119(5):1089-97. https://doi.org/10.3171/2013.8.Jns121854.

[90] Josephson CB, Dykeman J, Fiest KM, Liu X, Sadler RM, Jette N, et al. Systematic review
and meta-analysis of standard vs selective temporal lobe epilepsy surgery. Neurology
2013;80(18):1669-76. https://doi.org/10.1212/WNL.0b013e3182904f82.

[91] Bergey GK, Morrell M], Mizrahi EM, Goldman A, King-Stephens D, Nair D, et al.
Long-term treatment with responsive brain stimulation in adults with refractory
partial seizures. Neurology 2015;84(8):810-7. https://doi.org/10.1212/wnl.
0000000000001280.

[92] Geller EB, Skarpaas TL, Gross RE, Goodman RR, Barkley GL, Bazil CW, et al. Brain-
responsive neurostimulation in patients with medically intractable mesial tempo-
ral lobe epilepsy. Epilepsia 2017;58(6):994-1004. https://doi.org/10.1111/epi.
13740.

[93] Morrell M]. Responsive cortical stimulation for the treatment of medically intracta-
ble partial epilepsy. Neurology 2011;77(13):1295-304. https://doi.org/10.1212/
WNL.0b013e3182302056.

[94] Heck CN, King-Stephens D, Massey AD, Nair DR, Jobst BC, Barkley GL, et al. Two-
year seizure reduction in adults with medically intractable partial onset epilepsy
treated with responsive neurostimulation: final results of the RNS System Pivotal
trial. Epilepsia 2014;55(3):432-41. https://doi.org/10.1111/epi.12534.

[95] Loring DW, Kapur R, Meador K], Morrell M]. Differential neuropsychological out-
comes following targeted responsive neurostimulation for partial-onset epilepsy.
Epilepsia 2015;56(11):1836-44. https://doi.org/10.1111/epi.13191.

[96] Kang JY, Sperling MR. Epileptologist's view: laser interstitial thermal ablation for
treatment of temporal lobe epilepsy. Epilepsy Res 2018;142:149-52. https://doi.
org/10.1016/j.eplepsyres.2017.07.007.

[97] Jermakowicz W], 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(5):801-10. https://doi.org/10.1111/epi.13715.

[98] Drane DL, Loring DW, Voets NL, Price M, Ojemann ]G, Willie T, et al. Better object
recognition and naming outcome with MRI-guided stereotactic laser
amygdalohippocampotomy for temporal lobe epilepsy. Epilepsia 2015;56(1):
101-13. https://doi.org/10.1111/epi.12860.

[99] Dredla BK, Lucas JA, Wharen RE, Tatum WO. Neurocognitive outcome following
stereotactic laser ablation in two patients with MRI—/PET+ mTLE. Epilepsy
Behav 2016;56:44-7. https://doi.org/10.1016/j.yebeh.2015.12.047.

[100] Kang JY, Wu C, Tracy ], Lorenzo M, Evans ], Nei M, et al. Laser interstitial thermal
therapy for medically intractable mesial temporal lobe epilepsy. Epilepsia 2016;
57(2):325-34. https://doi.org/10.1111/epi.13284.

[101] Helmstaedter C, Kurthen M, Lux S, Reuber M, Elger CE. Chronic epilepsy and cogni-
tion: a longitudinal study in temporal lobe epilepsy. Ann Neurol 2003;54(4):
425-32. https://doi.org/10.1002/ana.10692.

[102] Nearing K, Madhavan D, Devinsky O. Temporal lobe epilepsy: a progressive disor-
der? Rev Neurol Dis 2007;4(3):122-7.

[103] Krause F, Schum H. Spezielle Chirurgie der Gehirnkrankheiten. 3 Bande. Band II. Die
Epileptische Erkrankungen. ] Nerv Ment Dis 1932;75(5).

[104] Welch K, Penfield W. Paradoxical improvement in hemiplegia following cortical
excision. ] Neurosurg 1950;7(5):414-20. https://doi.org/10.3171/jns.1950.7.5.
0414.

[105] Penfield W, Jasper HH. Epilepsy and the functional anatomy of the human brain. .
1st ed.Boston: Little; 1954.

[106] Cendes F, Andermann F, Dubeau F, Matthews PM, Arnold DL. Normalization of neu-
ronal metabolic dysfunction after surgery for temporal lobe epilepsy. Evidence
from proton MR spectroscopic imaging. Neurology 1997;49(6):1525-33. https://
doi.org/10.1212/wnl.49.6.1525.

[107] Serles W, Li LM, Antel SB, Cendes F, Gotman J, Olivier A, et al. Time course of post-
operative recovery of N-acetyl-aspartate in temporal lobe epilepsy. Epilepsia 2001;
42(2):190-7. https://doi.org/10.1046/j.1528-1157.2001.01300.x.

[108] Vermathen P, Laxer KD, Schuff N, Matson GB, Weiner MW. Evidence of neuronal in-
jury outside the medial temporal lobe in temporal lobe epilepsy: N-acetylaspartate
concentration reductions detected with multisection proton MR spectroscopic im-
aging—initial experience. Radiology 2003;226(1):195-202. https://doi.org/10.
1148/radiol.2261011668.

[109] Hajek M, Wieser HG, Khan N, Antonini A, Schrott PR, Maguire P, et al. Preoperative
and postoperative glucose consumption in mesiobasal and lateral temporal lobe
epilepsy. Neurology 1994;44(11):2125-32. https://doi.org/10.1212/wnl.44.11.
2125.

[110] Takahashi M, Soma T, Kawai K, Koyama K, Ohtomo K, Momose T. Voxel-based com-
parison of preoperative FDG-PET between mesial temporal lobe epilepsy patients
with and without postoperative seizure-free outcomes. Ann Nucl Med 2012;26
(9):698-706. https://doi.org/10.1007/s12149-012-0629-9.

[111] Helmstaedter C, Kurthen M, Lux S, Johanson K, Quiske A, Schramm ], et al. Tempo-
ral lobe epilepsy: longitudinal clinical, neuropsychological and psychosocial follow-
up of surgically and conservatively managed patients. Nervenarzt 2000;71(8):
629-42.

[112] Milner B. Psychological defects produced by temporal lobe excision. Res Publ Assoc
Res Nerv Ment Dis 1958;36:244-57.

[113] Wood AG, Saling MM, O'Shea MF, Berkovic SF, Jackson GD. Components of verbal
learning and hippocampal damage assessed by T2 relaxometry. ] Int Neuropsychol
Soc 2000;6(5):529-38.

[114] Alpherts WC, Vermeulen ], van Rijen PC, da Silva FH, van Veelen CW. Verbal mem-
ory decline after temporal epilepsy surgery?: a 6-year multiple assessments
follow-up study. Neurology 2006;67(4):626-31. https://doi.org/10.1212/01.wnl.
0000230139.45304.eb.

[115] Andersson-Roswall L, Engman E, Samuelsson H, Malmgren K. Cognitive outcome
10 years after temporal lobe epilepsy surgery: a prospective controlled study. Neu-
rology 2010;74(24):1977-85. https://doi.org/10.1212/WNL.0b013e3181e39684.

[116] Helmstaedter C, Elger CE, Vogt VL. Cognitive outcomes more than 5 years after
temporal lobe epilepsy surgery: remarkable functional recovery when seizures
are controlled. Seizure 2018;62:116-23. https://doi.org/10.1016/j.seizure.2018.09.
023.

[117] Lendt M, Helmstaedter C, Elger CE. Pre- and postoperative neuropsychological pro-
files in children and adolescents with temporal lobe epilepsy. Epilepsia 1999;40
(11):1543-50. https://doi.org/10.1111/j.1528-1157.1999.tb02038.x.

[118] Gleissner U, Sassen R, Schramm J, Elger CE, Helmstaedter C. Greater functional re-
covery after temporal lobe epilepsy surgery in children. Brain 2005;128(Pt 12):
2822-9. https://doi.org/10.1093/brain/awh597.


https://doi.org/10.1212/wnl.45.10.1841
https://doi.org/10.1212/wnl.45.10.1841
https://doi.org/10.1002/ana.410370607
https://doi.org/10.1002/ana.410370607
https://doi.org/10.1007/bf00181061
https://doi.org/10.1007/bf00181061
https://doi.org/10.1212/wnl.41.7.1096
https://doi.org/10.1155/2011/813028
https://doi.org/10.1155/2011/813028
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0390
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0390
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0395
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0395
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0400
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0400
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0400
https://doi.org/10.1227/00006123-198,411,000-00005
https://doi.org/10.1227/00006123-198,411,000-00005
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0410
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0410
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0410
https://doi.org/10.1016/s0090-3019(82)80016-5
https://doi.org/10.1016/s0090-3019(82)80016-5
https://doi.org/10.1046/j.1600-0404.2003.00249.x
https://doi.org/10.1227/00006123-199511000-00019
https://doi.org/10.1227/00006123-199511000-00019
https://doi.org/10.3171/jns.2002.97.5.1131
https://doi.org/10.3171/jns.2006.104.1.70
https://doi.org/10.3171/2013.8.Jns121854
https://doi.org/10.1212/WNL.0b013e3182904f82
https://doi.org/10.1212/wnl.0000000000001280
https://doi.org/10.1212/wnl.0000000000001280
https://doi.org/10.1111/epi.13740
https://doi.org/10.1111/epi.13740
https://doi.org/10.1212/WNL.0b013e3182302056
https://doi.org/10.1212/WNL.0b013e3182302056
https://doi.org/10.1111/epi.12534
https://doi.org/10.1111/epi.13191
https://doi.org/10.1016/j.eplepsyres.2017.07.007
https://doi.org/10.1016/j.eplepsyres.2017.07.007
https://doi.org/10.1111/epi.13715
https://doi.org/10.1111/epi.12860
https://doi.org/10.1016/j.yebeh.2015.12.047
https://doi.org/10.1111/epi.13284
https://doi.org/10.1002/ana.10692
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0505
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0505
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0510
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0510
https://doi.org/10.3171/jns.1950.7.5.0414
https://doi.org/10.3171/jns.1950.7.5.0414
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0520
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0520
https://doi.org/10.1212/wnl.49.6.1525
https://doi.org/10.1212/wnl.49.6.1525
https://doi.org/10.1046/j.1528-1157.2001.01300.x
https://doi.org/10.1148/radiol.2261011668
https://doi.org/10.1148/radiol.2261011668
https://doi.org/10.1212/wnl.44.11.2125
https://doi.org/10.1212/wnl.44.11.2125
https://doi.org/10.1007/s12149-012-0629-9
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0550
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0550
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0550
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0550
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0555
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0555
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0560
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0560
http://refhub.elsevier.com/S1525-5050(19)31049-2/rf0560
https://doi.org/10.1212/01.wnl.0000230139.45304.eb
https://doi.org/10.1212/01.wnl.0000230139.45304.eb
https://doi.org/10.1212/WNL.0b013e3181e39684
https://doi.org/10.1016/j.seizure.2018.09.023
https://doi.org/10.1016/j.seizure.2018.09.023
https://doi.org/10.1111/j.1528-1157.1999.tb02038.x
https://doi.org/10.1093/brain/awh597

	Temporal lobe surgery and memory: Lessons, risks, and opportunities
	1. Introduction
	2. Early lessons on memory loss after medial temporal lobe resection
	3. Dominant temporal lobe resection produces a decline in verbal memory, but there is significant variability in cognitive ...
	4. Modern presurgical assessments to localize seizure onset zone and assess the risk of memory decline
	4.1. Intracarotid sodium amobarbital procedure (WADA) test
	4.2. Structural neuroimaging
	4.3. Functional neuroimaging

	5. Surgical methods have become more selective and less invasive, reducing memory morbidity
	6. Nociferous cortex and possible functional recovery after surgery
	6.1. Concept of the nociferous cortex
	6.2. Longitudinal studies demonstrate memory improvement over time in some patients

	7. Summary and conclusions
	Funding acknowledgments
	Declaration of Competing Interest
	References


