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1 |  INTRODUCTION

Resective brain surgery is the most effective treatment 
for drug- resistant focal epilepsy with seizure freedom 
rates ranging from 60% to 80% at one to two postopera-
tive years, and 40% to 50% at 10 postoperative years (1). 
Additional benefits of surgery include longer life expec-
tancy (2), lower risk of sudden death (3), better quality 
of life (4), improved mood (4), and recovered cognitive 
function/developmental trajectory (particularly in chil-
dren) (5). Altogether, these outcomes are far superior to 
the alternative options of neuromodulation, ablation, 
or ongoing medical therapy. It is, therefore, critical to 

understand outcome determinants so we can better per-
fect our treatment.

Interest in studying surgical outcomes is in fact grow-
ing: A PubMed search on “epilepsy surgery outcomes” 
resulted in 6125 peer- reviewed papers published from 
2000 to 2020, with two- third of these in the past decade. 
Dozens of surgical outcome predictors have been iden-
tified. All essentially converge on this central tenet: an 
epileptogenic zone, based on a structural lesion that 
is well- visualized and restricted in its extent offers the 
best chance of post- operative seizure freedom when 
completely resected. Research has, therefore, mainly fo-
cused on better localization of the epileptogenic lesion 
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Abstract

Multiple factors influence the outcomes of epilepsy surgery. Prognostic indica-

tors varying from clinical characteristics, imaging findings, ictal, and interic-

tal electrophysiological activity have been linked to surgical outcomes. In this 

review, we focus on the relatively under- studied role of the underlying epilepsy 

histopathology in driving post- surgical outcomes, specifically focusing on the 

broad categories of seizure outcomes and cognitive outcomes. For each of these 

two outcomes of interest, we answer two questions: 1)-  does etiology matter? 

and 2)-  how could it matter? The goal is to review the existing literature on the 

relationship between etiology and surgical outcomes to provide the best possi-

ble judgment as to whether a causal relationship exists between histopathology 

and the ultimate surgical outcome as an initial step. Then, we delve into the 

possible mechanisms via which such relationships can be explained. We con-

clude with a call to action to the epilepsy surgery and histopathology research 

community to push the mechanistic understanding of the pathology- outcome 

interaction and identify actionable knowledge and biomarkers that could in-

form patient care in a timely fashion.
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and zone, including finer imaging, sophisticated elec-
trophysiology, and tools that combine both imaging and 
electrophysiology (such as magneto- encephalography 
and EEG- fMRI). In contrast, research of the underlying 
histopathological epilepsy substrate— the etiology/root 
cause which drives the visualization and extent of the ep-
ileptogenic zone— is relatively sparse.

In this review, we evaluate the data on the relationship 
between etiology and surgical outcomes, focusing on the 
two major outcome categories of seizure- freedom, and 
cognitive/developmental outcomes, and highlight the 
possible mechanisms of those interactions.

2 |  SEIZU RE OUTCOM ES 
A N D ETIOLOGY

2.1 | Does etiology matter for seizure 
freedom?

Several studies have documented the correlation between 
the histopathological substrate and seizure- freedom 
after epilepsy surgery. The most recent and largest scale 
such study included 9147 patients from 18 European 
countries, of whom seizure outcomes were available for 
8191 (89·5%) participants at 2 years, and for 5577 (61·0%) 
at 5 years. The histopathological diagnoses of low- grade 
epilepsy- associated neuro- epithelial tumor (LEAT), vas-
cular malformation, and hippocampal sclerosis had the 
best seizure outcome at 2 postoperative years, with 77·5% 
of patients free from disabling seizures for LEAT, 74·0% 
for vascular malformation, and 71·5% for hippocampal 
sclerosis. The worst seizure outcomes at 2  years were 
seen for patients with focal cortical dysplasia type I or 
mild malformation of cortical development (50·0% free 
from disabling seizures), those with the malformation 
of cortical development- other (52·3% free from disabling 
seizures), and for those with no histopathological lesion 
(53·5% free from disabling seizures) (6). These findings 
reproduce extensive prior literature consistently demon-
strating the following:

1. Any specific histopathological abnormality on resected 
presumably epileptic tissue is better than no histopatho-
logical lesion or nonspecific gliosis. In a longitudinal 
study of 371 patients who had an anterior temporal 
lobectomy, 44% of cases who only had gliosis were 
seizure- free 8  years after surgery, compared to 64% 
if a specific pathologic diagnosis was identified (7). 
Similarly, a systematic review and meta- analysis of 
outcomes and their predictors after frontal lobe ep-
ilepsy surgery identified a lesional epilepsy origin 
as a significant predictor of long- term seizure free-
dom (relative risk [RR] 1.67, 95% CI 1.36– 28.6) (8). 
“Lesional epilepsy origin” in this context included 
histopathological findings of tumors, cortical dyspla-
sia, or other focal lesions (52.2%– 54.4% seizure- free), 

as well as those with post- traumatic epilepsy (60% 
seizure- free), whereas patients with post- infectious 
or other nonlesional/idiopathic epilepsies had less 
favorable outcomes (21.1%– 32.7% seizure- free) (8).

2. Once a specific pathologic abnormality is identified 
though, and save for few exceptions, it is not entirely 
clear that the nature of the pathologic abnormality is 
critically relevant for seizure outcomes. This is most ob-
vious in the context of temporal lobe epilepsy (TLE) 
surgery. Let us first consider lesional TLE. The pro-
spective multicenter Epilepsy Surgery study found in 
2005 that 75% of patients with unilateral hippocampal 
sclerosis (HS) and a mesial temporal resection were 
seizure- free, as opposed to 55% otherwise (including 
non- lesional cases), suggesting that HS offers a favora-
ble prognostic connotation (9). However, recent data 
suggest that such a favorable prognostic significance 
is actually conferred by any unilateral temporal MRI 
lesion, and not necessarily by HS, especially with con-
cordant ictal and interictal EEG findings (1). In fact, 
while using the new international consensus classifi-
cation for HS proposed by the International League 
against Epilepsy (10) demonstrated a differential influ-
ence of hippocampal subfields to memory formation 
(11), a credible parallel significance in a differential 
influence on seizure outcomes remains to be defined. 
Let us consider surgery in the context of a hippocam-
pus that appears normal on brain MRI. A recent study 
publishing a nomogram and an online risk calculator 
for individualized prediction of seizure and naming 
outcome found clear additional value in including sur-
gical histopathology in outcome calculation, but did 
not identify any incremental discriminatory value in 
classifying that histopathology beyond a distinction of 
“normal” to “abnormal” (12). In the context of frontal 
lobe surgery, seizure outcomes are similarly favora-
ble with LEATs, Type II focal cortical dysplasia, and 
other lesions (8, 13). No correlation was found between 
focal cortical dysplasia (FCD) subtype as defined by 
the revised ILAE histopathology classification (14) 
and seizure outcome in some studies (15), while others 
suggested poorer outcomes with FCD IIIa (16), FCD 
Type I (17), and mMCD (18).

2.2 | How could etiology matter for seizure 
outcome?

Pathology drives imaging findings that guide and influence 
the success of epilepsy surgery: Surgical histopathology 
routinely correlates with seizure outcomes on univariate 
analysis in outcome research studies, but rarely retains 
its significance after multivariate analysis, except when 
considered under the major classifications of “normal” 
versus “abnormal,” or when only a few con- founders 
are considered, as was the case in the recent European 
Epilepsy Brain Bank study (19). This suggests that with 
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our current understanding and classification of histopa-
thology, this variable exerts its prognostic value through 
another more obvious patient characteristic: the most 
likely candidate is neuroimaging. The most favorable 
histopathological substrates (tumors, hippocampal scle-
rosis, type IIb cortical dysplasia) typically produce MRI 
visible lesions that are easy to delineate and resect, while 
the most challenging histopathological substrates (FCD 
Type I, and non- specific gliosis) do not have an equally 
obvious imaging border, leading to more challenging 
definitions of the epileptogenic zone and thus poorer sei-
zure outcomes.

Histopathological abnormalities extend beyond the 
MRI- visible lesion, further influencing the odds of post-
operative seizure- freedom: The above attribution of all 
prognostic implications of pathology to its imaging sig-
nature would be an oversimplification— or at least an 
incomplete view— of the mechanisms by which histopa-
thology influences seizure outcomes. One simply needs 
to consider situations where the epileptogenic zone (and 
by inference, the epileptic substrate) is either smaller or 
larger than the MRI- visible lesion: the classical examples 
are multi- lobar polymicrogyrias for the former where 
subtotal resections within the large malformation can 
lead to seizure freedom (20), and temporal cavernous 
malformations for the latter where the odds of postop-
erative seizure- freedom are bolstered by including the 
hippocampus in addition to the cavernoma in the resec-
tion (21, 22). We would be remiss here not to mention the 
well- documented observations of microscopic abnormal 
histopathology beyond the borders of the MRI- visible le-
sion in the context of cortical dysplasia as another exam-
ple of how a pathological substrate can create seizures 
without being visible on imaging (23). Altogether, these 
observations reinforce the idea that the spatial extent of 
the epileptogenic substrate (histopathology) is not al-
ways equivalent to the MRI- visible lesion. On another 
less understood level, it is unclear whether different types 
of histopathological lesions in the same anatomical lo-
cation can differentially modulate an epileptic network 
and lead to different extent of epileptogenicity beyond 
the lesional site, thus leading to different outcomes. This 
is a hypothetical consideration with no empiric support 
at this point.

Molecular, genetically driven, biomarkers that may or 
may not be driven by histopathology are actually the out-
come determinants: The subgroup of patients with epi-
lepsy whose seizures recur after an initial surgery, and 
subsequently undergo one or more re- operations offer a 
unique window at understanding the role of pathology 
in driving seizure outcomes. The largest study of re- 
operations evaluated 898 patients, including 110 who had 
reoperations of whom 92 had a total of two resective sur-
geries and 18 patients had three or more (24). Two years 
after the index (most recent) surgery, 69% of patients with 
no prior surgeries had an Engel score of I, as opposed 
to only 42% of those with one prior surgery, and 33% 

of those with two or more prior resections (p < 0.001). 
Among surgical outcome predictors, the number of prior 
epilepsy surgeries, female sex, lesional initial magnetic 
resonance imaging, no prior history of generalization, 
and pathology correlated with better seizure outcomes 
on univariate analysis. However, only sex (p = 0.011), his-
tory of generalization (p = 0.016), and number of prior 
surgeries (p  =  0.002) remained statistically significant 
in the multivariate model. A detailed review of the 18 
patients with three or more resective surgeries showed 
that the histopathological classification either remained 
the same across all resections or evolved from specific 
findings initially (HS or FCD) into non- specific gli-
osis or “normal” classification with later resections 
(24). Ironically, the most refractory of patients— in the 
surgical sense— are those with no clear abnormalities 
on histopathology. This suggests a histopathology- 
independent, potentially genetic mechanism, increasing 
the susceptibility to seizure- recurrence in some individ-
uals with epilepsy.

3 |  COGN ITIVE OUTCOM ES 
A N D ETIOLOGY

3.1 | Does etiology matter for cognitive 
outcome?

Most studies on cognitive outcome in adults who under-
went epilepsy surgery address the risks and predictors 
of cognitive decline— in particular, memory after tem-
poral lobe surgery (25, 26). In contrast, pediatric surgi-
cal series tend to focus primarily on developmental and 
cognitive gains, because surgery in children often aims 
to not only stop seizures but also improve development 
and restore cognitive progress (27, 28). In general, cogni-
tive function and neurodevelopment of people with epi-
lepsy are determined by the complex interplay between 
genetic, environmental, epilepsy- , and treatment- related 
variables (29). Many children with epilepsy, particularly 
those uncontrolled by antiseizure medication (ASM), 
have cognitive impairments and developmental delay. 
Disentangling the influence of contextual variables, 
genetic background, the epileptogenic pathology, the 
seizure disorder itself— with status epilepticus, epilep-
tic encephalopathy, frequent seizures and interictal 
EEG discharges representing different degrees within a 
spectrum of severity— and the use of ASM, on eventual 
cognitive functioning of the child, is difficult, if not im-
possible (27). Epilepsy surgery stops the impact of sei-
zures, epileptiform discharges, and ASM use, and may 
allow a catch- up of the child's development, particularly 
so if there was a presurgical cognitive arrest or decline, 
in the context of epileptic encephalopathy (30).

The determinants of postoperative developmen-
tal outcome have been reviewed before (e.g: (30– 32)). 
Although many factors have been reported to influence 
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the cognitive outcome, results of associations were not 
unequivocal and multivariable analyses of sufficiently 
large cohorts are lacking (30). As an example; large hemi-
spheric malformations of development often cause an 
early onset severe epileptic encephalopathy, that would 
not only lead to early surgery, but also to a relatively 
poor cognitive outcome. Univariate analysis of associ-
ations of outcome in a heterogenous cohort could then 
falsely suggest that a shorter epilepsy duration relates to 
poorer outcome, whereas the opposite is probably true 
for that particular subgroup of patients.

In this context, there is controversy regarding the im-
portance of epileptogenic pathology for postoperative 
cognitive outcome. In adult studies, pathology was often 
not accounted for— or not identified— when assessing 
determinants of cognition, with only a few exceptions. 
For example, the absence of an MCD on preoperative 
MRI in frontal lobe surgery related to worsened perfor-
mance IQ and visual delayed memory (33). In temporal 
lobe surgery, patients with dual pathology had a better 
cognitive outcome than those with hippocampal scle-
rosis alone (34), and the absence of a histopathological 
lesion correlated with more severe memory loss (35). 
Nevertheless, pathology did not contribute to the decline 
of naming or verbal memory in two recently developed 
prediction models of cognitive outcome following tem-
poral lobe surgery (36, 37).

In children, only a few studies reported an indepen-
dent influence of pathology. Postoperative change of de-
velopmental quotient (DQ) in a cohort of 115 children 
who underwent hemispherectomy revealed more postop-
erative DQ improvement in children with a hemispheric 
cortical dysplasia than in those with vascular lesions 
or other/miscellaneous pathologies. This difference re-
mained significant after accounting for presurgical DQ. 
Eventual DQ, however, was not independently associ-
ated with pathology (38). Another single- center study, 
including 100 children who underwent resective surgery 
and completed pre-  and postoperative IQ assessment, 
found that pathology independently predicted outcome, 
with higher IQ in children with hippocampal sclerosis 
or tumors, compared to the malformations of cortical 
development. In this multivariable regression analysis, 
etiology was included next to age at onset, age at surgery, 
and extent of the epileptogenic focus (uni-  vs. multilo-
bar) (39). In one study, total IQ and language scores were 
reported to be lower after hemispherectomy in children 
with malformations of cortical development (MCD) 
than in vascular etiologies, but this was only tested using 
univariate analysis (40).

In the vast majority of studies, however, etiology 
was not identified as a predictor of cognitive outcome. 
Univariate analyses of children who underwent hemi-
spherectomy (29), and of infants in the first 3  years of 
life who underwent hemispheric or resective surgery (41, 
42), revealed no correlation between etiology and even-
tual cognitive outcome or change in IQ or DQ. Similarly; 

in a group of 42 children with FCD, subtypes were not 
related to eventual postoperative IQ (43). Multivariable 
analyses revealed that etiology was not independently 
related to postoperative IQ or DQ (38, 44, 45), to change 
in IQ/DQ (44, 45), or to postoperative verbal language 
outcome (46), after different types of epilepsy surgery.

Variables that did— independently and strongly— 
correlate with cognitive outcome were the duration of 
epilepsy (the shorter the better) (19, 38, 41, 43, 44, 47– 
50), age at surgery (the older the better) (39), lesion ex-
tent (hemispheric and multilobar poorer than unilobar) 
(39, 41), post- operative seizure control (see (30, 46)), con-
tralateral MRI abnormalities in hemispherectomy (29, 
46, 51), presence of epileptic encephalopathy (predict-
ing more increase in IQ but more severe developmental 
delay) (42, 43), parental education (the higher the more 
increase in IQ) (45), and ASM withdrawal (correlating 
with higher eventual IQ and more gain in IQ) (45, 51, 
52). Many of these factors also determined preoperative 
cognitive functioning, which is a known important and 
independent predictor of postoperative cognition (38, 41, 
42, 44, 45, 53).

3.2 | How could etiology matter for cognitive 
outcome?

From the studies reviewed above, it seems that epilepto-
genic pathology itself has little— if any— direct influence 
on cognitive outcome after pediatric epilepsy surgery. 
However, large individual participant data (IPD) meta- 
analyses that include all of the above predictors would 
be required to appreciate its true independent predictive 
relevance. In patients with discrete epileptogenic lesions, 
located in identical brain areas, who undergo a com-
plete resection after a similar epilepsy duration, and who 
reach both seizure-  and drug- freedom, the exact under-
lying pathology— for example, tumor versus cavernoma 
or type 2 FCD— may not be relevant for cognitive out-
come. More important is probably the relation between 
the reversibility of functional disturbances outside the 
epileptogenic zone, and the cognitive functions that may 
have resided in the resected epileptogenic zone (25, 31). 
We know, from animal and human studies, that focal 
seizures can cause widespread changes in brain connec-
tivity and networks, that may be irreversible and pro-
gressive with time and relate to cognitive functioning (for 
review, see (54)). Eventual outcome is determined by the 
structural integrity and the functional reserve of the “re-
maining brain” after surgery (25) and, thus, by the extent 
to which the brain has been exposed to seizures— that is, 
duration and severity of the active seizure disorder— and 
to drugs.

From this perspective, the underlying etiology can 
directly and independently relate to postoperative cogni-
tive outcome only if it affects the brain outside the ep-
ileptogenic lesion that is resected. This can be the case 
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in particular syndromes with multiple discrete lesions, 
such as tuberous sclerosis complex or multiple caverno-
mas. Similarly, seizure-  and cognitive outcomes after 
hemispherectomy are poorer in patients with contra-
lateral MRI abnormalities that are inherent to the epi-
leptogenic etiology, such as bilateral perinatal vascular 
damage or developmental abnormalities that extend 
outside one hemisphere, for example, a reduced con-
tralateral hemispheric volume in hemimegalencephaly. 
Finally, when resective epilepsy surgery is performed in 
the context of a monogenic disorder (55)— for example, 
FCD in DEPDC5 or other GATOR1- related mutations, 
or hippocampal sclerosis as dual pathology in Dravet 
syndrome— cognitive outcome hypothetically not only 
depends on the epilepsy- related variables, but also on the 
primary genetic defect.

Indirectly, epileptogenic pathology may affect cog-
nitive functioning if it is related to known other predic-
tors of outcome. As an example, patients with mMCD 
or FCD type 1 may have a longer duration of epilepsy 
before surgery is performed, because their lesions are 
more often invisible on conventional MRI. Longer 
duration of their active epilepsy could lead to poorer 
outcome. In addition, patients with less discrete le-
sions carry a higher risk of incomplete resection and 
not reaching seizure- freedom. This, and their ongo-
ing ASM dependency, will affect cognitive outcome as 
well. Finally, some lesions in early life may predispose 
to an epileptic encephalopathy— for example, electri-
cal status epilepticus in polymicrogyria— that, by it-
self, negatively influences the developmental outcome 
of the child.

4 |  CONCLUSION

At first sight, current literature suggests that pathol-
ogy matters a lot in driving seizure outcomes and less 
in cognitive outcomes. The close correlation between 
pathology and other epilepsy- related variables— for ex-
ample, age, duration or severity of active epilepsy, MRI- 
visibility— that largely contribute to surgical outcomes, 
complicates the interpretation of results of cohort stud-
ies that often included too little patients to appreciate 
independent predictive significance of pathology in 
multivariable analyses. The degree to which the brain 
is structurally and functionally affected outside the 
MRI- visible and resected lesion may be an important 
determinant of both seizure and cognitive outcomes, 
much more so than the pathological diagnosis itself. It 
is a challenge to define the true epileptogenic substrate: 
that requires a resolution beyond our current histo-
pathological classification. The prognostic value of 
pathology will remain in the academic and hypotheti-
cal frameworks until we identify molecular signatures 
that truly portend the equivalent of refractoriness to 

surgical therapy, or better still, markers that can offer 
direct actionable knowledge to drive treatment deci-
sions at the point of care, as is done for example in the 
field of oncology.
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