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Epilepsy surgery is the most eﬀective way to control seizures in patients with drug-resistant focal epilepsy, often
leading to improvements in cognition, behaviour, and quality of life. Risks of serious adverse events and deterioration
of clinical status can be minimised in carefully selected patients. Accordingly, guidelines recommend earlier and
more systematic assessment of patients’ eligibility for surgery than is seen at present. The eﬀectiveness of surgical
treatment depends on epilepsy type, underlying pathology, and accurate localisation of the epileptogenic brain region
by various clinical, neuroimaging, and neurophysiological investigations. Substantial progress has been made in the
methods of presurgical assessment, particularly in patients with normal features on MRI, but evidence is scarce for
the indication and eﬀect of most presurgical investigations, with no biomarker precisely delineating the epileptogenic
zone. A priority for the development of epilepsy surgery is the generation of high-level evidence to promote the
harmonisation and dissemination of best practices.

Introduction
Epilepsy surgery is now accepted for the management of
drug-resistant focal epilepsy. Seizure freedom is achieved
in a variable proportion of patients according to epilepsy
type, underlying pathology, duration of follow-up, and
series reported. In specific situations in which a surgical
cure is not possible, palliative epilepsy surgery might be
oﬀered with the main aim of minimising the frequency
and severity of seizures. Cognition, behaviour, and
quality of life can improve substantially after epilepsy
surgery, particularly in children. The risks of serious
adverse events and deterioration of clinical status should
not be neglected, but can be minimised in carefully
selected patients in whom surgical treatment oﬀers a
favourable risk–benefit balance. Epilepsy surgery has
consistently proved to be a cost-eﬀective strategy in both
adults and children.1–3
The location and volume of brain tissue to be surgically
targeted is identified during presurgical assessment, and
ranges from a few millimetres (eg, hypothalamic
hamartoma) to an entire hemisphere (eg, hemimegalencephaly; figure 1). Delineation of the so-called
epileptogenic zone (ie, the brain region for which
resection or destruction or disconnection is both
necessary and suﬃcient to ensure a surgical cure) is
complicated by the absence of a gold-standard biomarker
and paucity of evidence for the indications, methods of
acquisition, and data analysis for most presurgical
investigations.
In this Review, we focus on present indications for
epilepsy surgery, state-of-the-art presurgical investigations,
outcomes of epilepsy surgery, and postoperative management of antiepileptic drugs.

Indications and referral for epilepsy surgery
Current guidelines and recommendations

The first practice parameters for epilepsy surgery in adults
were published by the American Academy of Neurology
(AAN) in 2003 and have not since been revised.4 These
parameters were developed on the basis of a single class I
randomised controlled trial for temporal lobe surgery and
a further 24 class IV studies. For localised neocortical
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resections, eight class IV studies were considered. The
panel concluded that “Patients with disabling complex
partial seizures, with or without secondarily generalized
seizures, who have failed appropriate trials of first-line
antiepileptic drugs should be considered for referral to an
epilepsy surgery centre (level A)”. Although they outlined
evidence available to recommend temporal lobe resection
in individuals who met established criteria, it was accepted
that there was “insuﬃcient evidence at [that] time to make
a definitive recommendation as to whether patients with a
localized neocortical epileptogenic region will benefit or
not benefit from surgical resection (level U)”. The panel
acknowledged limited applicability to children since
paediatric series were excluded from the analysis of
evidence. This restricted applicability was addressed by
the International League Against Epilepsy (ILAE) Subcommission for Paediatric Epilepsy Surgery, who declined
to recommend practice guidelines because of the absence
of class I evidence in this age group, but did produce
consensus recommendations.5 Specifically, the ILAE
recognised that the diversity of childhood epilepsy
syndromes and the eﬀect of uncontrolled seizures on
cognitive and behavioural development should prompt
timely assessment of children with drug-resistant epilepsy
by paediatric specialty centers.5

Current trends in indications and referral patterns
Since the 2003 guidelines were published,4 eﬀorts have
been made to promote and monitor increased and earlier
access to epilepsy surgery. One important move forward
has been the proposal of a working definition of drug
resistance by the ILAE as “failure of adequate trials of
two tolerated, appropriately chosen and used antiepileptic
drug schedules (whether as monotherapies or in
combination) to achieve sustained seizure freedom”.6
The Early Randomized Surgical Epilepsy Trial7 compared
early surgical with continued medical treatment in patients
with mesial temporal lobe epilepsy, hippocampal sclerosis,
and disabling drug-resistant seizures for less than
2 consecutive years. Despite a much lower enrolment rate
than initially planned, the benefits of early surgery were
shown: none of the 23 patients in the medical group and
www.thelancet.com/neurology Vol 13 November 2014
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Figure 1: Indications for the various forms of epilepsy surgery
Indications are shown according to the cause of epilepsy, size of the MRI lesion, and size of the epileptogenic zone. Dotted arrows represent surgical indications that
remain exceptions compared with those delineated by solid arrows. FCD=focal cortical dysplasia. MR=magnetic resonance. TLE=temporal lobe epilepsy, FCD=focal
cortical dysplasia. *Can additionally be treated with surgical disconnection or resection, with or without an intraventricular endoscopic approach.

11 of the 15 in the surgical group were seizure free during
the 2 years of follow-up (odds ratio ∞, 95% CI 11·8 to ∞,
p<0·001). Greater improvement in quality of life was also
seen in operated patients. In terms of serious adverse
events, surgery caused a verbal memory decrease in 36% of
operated patients and transient neurological deficit due to
postoperative stroke for one patient, whereas three patients
from the medical group had status epilepticus.
The diﬃculty in recruitment of individuals to this
study echoes the fact that the duration from diagnosis of
epilepsy to referral for surgery remains steadily high. At
Columbia University (New York, NY, USA), this duration
was a mean of 22·6 (SD 12·7) years from 1996 to 1999
and 21·1 (14·2) years from 2004 to 2007,8 which are the
respective periods before and after the publication of the
2003 AAN practice parameters on epilepsy surgery.4
Similarly, at the University of California, Los Angeles
(CA, USA), the mean duration was 17·1 (SD 10·0) years
from 1995 to 1998 and 18·6 (12·6) from 2005 to 2008.9
However, this apparent stability might mask dual
changes that associate earlier referral of straightforward
temporal lobe epilepsy together with more delayed
assessment of complex cases previously deemed to be
www.thelancet.com/neurology Vol 13 November 2014

non-operable.9 In the paediatric population, an
international survey of epilepsy surgery centres10 showed
that only a third of children had proceeded to surgery
within 2 years of epilepsy onset, despite this onset having
occurred at less than 2 years of age in 60% of the children.
These findings do not seem to be because of restricted
access to epilepsy centres. On the contrary, findings from a
survey of the Nationwide Inpatient Sample of non-federal
US hospitals11 showed that admissions for medically
refractory focal epilepsy doubled between 1990 and 2008,
although admissions at the highest-volume epilepsy
centres have decreased by 50% during the same period.
Furthermore, the overall number of surgical procedures
remained stable, possibly because of the fact that lowvolume and less experienced centres are less inclined to
proceed to surgery after presurgical assessment.11
Other data even suggest that what might be regarded as
classic epilepsy surgery disorders are less common,
particularly mesial temporal lobe epilepsy. The Rochester
Epidemiology Project12 based in Olmsted County (MN,
USA) reported that referral for anterior temporal lobectomy
decreased from 1·9 to 0·7 per 100 000 person-years
between 1993–2000 and 2001–09. Similarly, nationwide
1115
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Panel 1: Specific epilepsy surgery issues in children
General considerations
• Children should be assessed in a paediatric specialist epilepsy unit5,18
• Presurgical assessment should be done as early as possible in appropriate surgical
candidates5,18
• Shortening the duration of epilepsy might result in improved long-term seizure
outcome5,19
• Early surgery might improve cognitive development and quality of life in children5,19–21
• Developmental delay or psychiatric morbidity do not contraindicate paediatric
epilepsy surgery19,22–26
• Optimised MRI and review is essential in young children to detect epileptogenic
lesions5,18
• Diﬀuse electroencephalogram abnormalities, including early-onset catastrophic
epilepsy, can be seen in children with resectable focal brain lesions5,26–28
Specific indications
Focal epileptogenic lesions can be associated with developmental regression5,19
• Hypothalamic hamartoma
• Glioneuronal tumours
Tailored resection of the epileptogenic lesion can be eﬀective in multifocal or multilobar
lesions5,26,29–31
• Tuberous sclerosis
• Sturge-Weber syndrome
• Multifocal cortical dysplasia
Hemidisconnection can control seizures and prevent severe comorbidity, especially
cognitive deficits5,24–26,30
• Unilateral congenital ischaemic lesions
• Hemimegalencephaly
• Hemipolymicrogyria
• Sturge-Weber syndrome
• Rassmussen’s syndrome
Surgical treatment of an epileptogenic lesion can be oﬀered with the main aim of
cognitive progress restoration in specific situations such as electrical status epilepticus of
slow-wave sleep and related regression of cognitive development32,33

prospective surveys of British epilepsy neurosurgeons
showed a decrease in annual adult temporal lobe epilepsy
surgery from 0·71 per 100 000 person-years in 2000 to 0·37
per 100 000 in 2011.13 A similar decrease, from 0·22 to 0·12
per 100 000 person-years, was seen for extratemporal
resections.13 Since most of these surgical procedures are
done in patients with childhood-onset epilepsy, the
downward trend might partly be due to the development of
paediatric epilepsy surgery, leaving fewer adults with
refractory epilepsy later in life.
In children, the incidence of childhood-onset drugresistant focal epilepsy estimated from a US communitybased cohort was 11·3 per 100 000 per year, whereas that
of epilepsy-related surgical procedures in the same
population, excluding vagus nerve stimulation, was
1·3 per 100 000 per year.14 Accordingly, a 2011 British
survey reported 1·0 per 100 000 epilepsy surgery
procedures in children in the assessment period, again
excluding vagus nerve stimulation.13 The ninefold
diﬀerence between the incidence of refractory focal
1116

epilepsy and annual number of epilepsy surgeries might
be due partly to suboptimum access to comprehensive
assessment, which is oﬀered to only 45% of children with
drug-resistant epilepsy.14
By contrast with the trends seen in the UK and the USA,
epilepsy surgery has undergone rapid development in
countries with restricted resources, but with substantial
variability between countries and specific challenges in
terms of access to expensive presurgical investigations.15,16
In adults, most procedures are temporal lobe resections,
with lower numbers of extratemporal resections and very
few multilobar procedures or hemispherectomies.13,17 By
contrast, a survey of epilepsy surgery done in children in
the USA, Europe, or Australia showed most procedures to
be multilobar or hemispherotomies, with temporal lobe
resections accounting for only 23%. The three leading
pathologies were cortical dysplasia (42%), tumours (19%),
and stroke or atrophic lesions (10%).10 Panel 1 summarises
specific issues relating to epilepsy surgery in children.

Novel concepts in epilepsy surgery
Novel epilepsy surgery indications or approaches have
emerged during the past 5 years, prompted by progress in
our understanding of some epileptic disorders or in
surgical methods. One growing concept is that successful
epilepsy surgery outcome can be achieved in some
patients with electroencephalography (EEG) or MRI
abnormalities that are more widespread than the region
that can be safely resected. This concept is shown by
early-onset catastrophic epilepsies in which generalised
semiology and EEG abnormalities can manifest in the
presence of a definitive localised or lateralised brain
lesion;26 by tuberous sclerosis with many lesions or
multifocal cortical dysplasia, in which resection of the
most epileptogenic lesion can lead to seizure control;27
and by unilateral or bilateral polymicrogyria, in which
partial lesionectomy, guided by intracerebral EEG, often
leads to seizure freedom.28 However, the specific nature of
the above disorders and the general rule that completeness
of lesionectomy is associated with better seizure outcome
in most circumstances should be acknowledged.
The substantial proportion of failed temporal lobe
epilepsy surgeries remains a challenge, showing indirectly
the many epileptogenic networks and disorders underlying
or mimicking mesial temporal lobe epilepsy.34,35 One such
proposed disorder has been termed temporal plus epilepsy
to account for the epileptogenic zone mainly including
temporal lobe structures, but extending outside the
boundaries of the anterior temporal lobe, up to the
temporo–parieto–occipital junction, the insula and
suprasylvian operculum, and orbitofrontal cortex.36
The development of stereotactic thermoablation, done
at the end of a stereoelectroencephalography (SEEG)
procedure, has allowed safe and eﬀective treatment of
patients with a single periventricular heterotopic
nodule.37 Although promising in this indication, thermoablation remains limited by the shape and size of the
www.thelancet.com/neurology Vol 13 November 2014
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Figure 2: Role of and indications for available presurgical investigations
Phase 1 investigations are undertaken to localise the EZ and to assess the suitability of the patient for surgery. Phase 2 investigations are recommended to more clearly
delineate the EZ if the risk:benefit ratio is acceptable. EEG=electroencephalography. EZ=epileptogenic zone. ¹⁸F-FDG=¹⁸F-fluorodeoxyglucose. fMRI=functional MRI.
MEG=magnetoencephalography. SISCOM=subtraction ictal SPECT coregistered with MRI. SPECT=single-photon emission CT. SPM=statistical parametric mapping.

resulting spherical lesion, 5–7 mm in diameter, between
the heated bipolar contacts.38 Conversely, the development
of magnetic resonance-guided stereotactic laser ablation
oﬀers the potential to target larger epileptogenic foci of
various shapes.39
This approach was tested in five children with refractory
epilepsy that resulted from hypothalamic hamartoma,
focal cortical dysplasia, tuberous sclerosis, or hippocampal
sclerosis, leading to seizure freedom in all cases;40 in two
adults with periventricular nodular heterotopias who also
achieved seizure freedom;41 and in 13 adults with mesial
temporal lobe epilepsy, including nine with hippocampal
sclerosis.42 In the last series, a mean 60% of the volume
of the amygdalohippocampal complex was ablated,
resulting in seizure freedom in 54% of cases.42

Presurgical investigations
General issues

The general concept of presurgical investigation has
remained unchanged for decades, and is summarised in
figure 2. The main objective is to identify the brain
regions that need to be resected, destroyed, or disconnected to oﬀer the optimum chance of seizure
freedom, and to minimise the risk of postoperative
neurological or cognitive deficit.
As previously mentioned, no one biomarker allows
this issue to be comprehensively addressed. Rather,
complementary investigations need to be done to assess
the diﬀerent dimensions of the epileptogenic zone.
www.thelancet.com/neurology Vol 13 November 2014

These include the presence of an underlying lesion,
usually delineated by MRI and viewed as the cause of the
seizure disorder, and the areas of ictal onset, typically
defined by seizure phenomenology, scalp EEG or, to
some degree, ictal single-photon emission CT (SPECT),
and, ultimately, intracranial EEG. Areas of interictal
brain dysfunction should be established by neuropsychology, scalp EEG, magnetoencephalography
(MEG), functional MRI (fMRI) coupled with EEG, PET
using ¹⁸F-fluorodeoxyglucose (¹⁸F-FDG) or other tracers,
or, ultimately, intracranial EEG. Finally, the functional
role of all above regions can be assessed by neuropsychology, fMRI, diﬀusion tensor imaging, MEG, Wada
test, and electrical brain stimulation.
The epileptogenic zone cannot be defined solely by the
areas of ictal onset seen in such investigations because of
the restricted temporal or spatial resolution of available
methods, and the possibility that part of an epileptogenic
brain lesion, not implicated at the onset of preoperatively
recorded seizures, might generate seizures postoperatively,
if spared by surgery. Structural and functional interictal
abnormalities therefore serve as surrogate markers of the
epileptogenic zone.
However, the level of evidence for the use of each of
the above techniques remains low.4 A comprehensive
and well designed systematic review of non-invasive
presurgical investigations other than standard EEG and
MRI43 identified no randomised controlled trial
assessing the clinical eﬀectiveness or diagnostic
1117
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accuracy of these methods, no cohort study comparing
outcomes between patients who received diﬀerent
combinations of imaging techniques, and only one
study reporting the eﬀect of ¹⁸F-FDG-PET on the
decision-making process.
With these limitations in mind, the 2006 recommendations of the ILAE Subcommission for Pediatric
Epilepsy Surgery5 concluded that: interictal scalp EEG
(including sleep-EEG), a dedicated MRI protocol for
epilepsy, and neuropsychological assessment, are
mandatory; video scalp EEG recording of seizures is
strongly recommended; and access to functional
imaging should be possible when judged necessary.
They have also assessed the relative role of additional
investigations for specific disorders in children.18
These pragmatic recommendations reflect the practice
of most epilepsy surgery centres at present, which do a
phase 1 assessment, including MRI, long-term video
scalp EEG monitoring to capture interictal abnormalities
and seizures, and neuropsychological assessment in
every surgical candidate, whereas other investigations
are either patient or centre selective (figure 2). In
particular, intracranial EEG recording, referred to as
phase 2, should only be done in patients if the conclusion
of non-invasive data does not allow them to proceed
directly to surgery, but provides reasonable hypotheses
for the localisation of the epileptogenic region to be
tested with depth or subdural electrodes.

Recent progress in presurgical investigations
We will only briefly review the most relevant data
published during the past 5 years in this section, with the
understanding that no recommendation is available for
the use of these techniques.
The detection of focal cortical dysplasia not seen on
standard visual analysis of MRI (MR-occult focal cortical
dysplasia) can be substantially improved by optimum
fluid-attenuated inversion recovery (FLAIR) imaging
using 3T MRI and various postprocessing methods,
including curvilinear reformatting and morphometric
analysis of FLAIR or T1-weighted images.44–47 Additionally,
tractography of the Meyer’s loop can be used to reduce
the risk of superior quadrantic visual field deficit,48 a
frequent complication of anterior temporal lobectomy
that can be severe enough to preclude driving.49 Indeed,
the two main predictors of postoperative visual field
defect are preoperative distance from the tip of Meyer’s
loop to the temporal pole, which is reported to range
from 24 to 43 mm, and size of resection.50
Several techniques have been developed to map the
source of interictal epileptiform discharges (IEDs),
including high-resolution EEG coupled with electrical
source imaging, MEG with magnetic source imaging, and
EEG-fMRI. All these methods underwent validation
studies showing that IED-related abnormalities had high
spatial concordance with the epileptogenic zone, as defined
by other methods, or with IEDs recorded with intracranial
1118

EEG;51–54 and that the greater the overlap between the area
of IED-related abnormalities and the resected brain region,
the better the seizure outcome.52,53,55
For electrical source imaging, the number of recorded
EEG channels is reported to be instrumental, with much
higher sensitivity for recordings with 128 or more
channels than for those with 32 or fewer channels (ie,
84% vs 58%).52 MEG was more sensitive for the detection
of interhemispheric and frontal orbital IEDs (≥90%
sensitivity) than for the capture of mesial temporal spikes
(25% sensitivity).51 Progress in the discipline of EEGfMRI includes the development of methods to overcome
the absence of visually detectable IEDs during the fMRI
session using voltage maps previously built from the
average of many IEDs as the regressor of haemodynamic
changes.56
¹⁸F-FDG-PET assesses aspects of interictal brain
dysfunction distinct from those assessed by IEDs, and
has proved to be particularly useful in MRI-negative
patients by often showing hypometabolism predominating in the epileptogenic lobe. In those with
presumed temporal lobe epilepsy, the presence of
temporal hypometabolism ipsilateral to the suspected
seizure onset zone is associated with better outcome57
and rates of seizure freedom are similar to those of
patients with hippocampal sclerosis on MRI.58 In patients
with MRI-negative neocortical epilepsies, ¹⁸F-FDG-PET
coregistered on MRI helps to detect occult focal cortical
dysplasia,59 reducing the proportion of patients needing
intracranial EEG investigation (figure 3). Accordingly,
¹⁸F-FDG-PET has been reported to substantially aﬀect
surgical decision-making.43,60
Ictal SPECT can show focal hyperperfusion at the
seizure focus. The main advance in the discipline is the
development of more eﬀective postprocessing analysis
than the standard subtraction of ictal and interictal
SPECT from the same patient coregistered with MRI
(SISCOM). For example, in one study, individual
SISCOM patients’ data were compared with the random
variation from one SPECT study to another in healthy
volunteers, improving interobserver agreement, sensitivity, and rate of correct identification of temporal lobe
epilepsy subtypes.61 In patients with MRI-negative
temporal lobe epilepsy, resection of the hyperperfused
brain region delineated by this method was associated
with an excellent postoperative seizure outcome
(p=0·005), whereas this association was not true for
standard SISCOM findings.62
The question of which hemisphere is dominant for
language is often raised during presurgical assessment,
and is now routinely assessed with fMRI rather than the
invasive Wada test. The reliability of language fMRI has
been assessed in many studies, including a metaanalysis of 22 series that included 504 patients with
epilepsy who also underwent a Wada test.63 This study
confirmed that fMRI is highly reliable when showing
clearcut dominance for language within the left
www.thelancet.com/neurology Vol 13 November 2014
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Figure 3: Presurgical investigations in a patient with refractory epilepsy symptomatic of an MRI-occult type 2 focal cortical dysplasia in the frontal operculum
on the side dominant for language.
(A) 3T MRI with axial FLAIR sequence with no detectable abnormality over the left perisylvian region; (B) ¹⁸F-FDG-PET coregistered on MRI, showing marked glucose
hypometabolism over the left perisylvian region, with well delineated borders; (C) SPM-¹⁸F-FDG-PET findings compared with healthy controls, indicating that
maximum hypometabolism aﬀects the superior and posterior aspect of the perisylvian region, including the insula; and (D) MSI deriving from
magnetoencephalography recording with synthetic aperture magnetometry coregistered on MRI, showing a focus of interictal discharges over the same region.
(E) and (F) SEEG procedure and findings. (E) The 12 intracerebral electrodes implanted in the left hemisphere appear as black dots (susceptibility artefacts) on a sagittal
T1-weighted MRI. Anatomical targets were the following: (1) posterior frontobasal cortex; (2) pars opercularis of inferior frontal gyrus; (3) anterior portion of frontal
operculum (red); (4) posterior portion of frontal operculum; (5) parietal operculum; (6) and (7) midportion of temporal operculum; (8) posterior portion of temporal
operculum; (9) temporal pole; (10) and (11) anterior portion of midtemporal gyrus; (12) posterior portion of midtemporal gyrus. Note that the deepest contacts of
electrodes 2–8 sample the insula, whereas those of electrodes 10–12 sample the amygdala and hippocampus. (F) Interictal recording from the 12 implanted electrodes,
displaying a permanent focus of high-voltage spikes selectively over the anterior portion of the frontal operculum (electrode 3). This region was resected, leading to the
diagnosis of MRI-occult type 2 focal cortical dysplasia and long-term seizure freedom without language deficit. ¹⁸F-FDG=¹⁸F-fluorodeoxyglucose. FLAIR=fluid-attenuated
inversion recovery. MSI=magnetic source imaging. SEEG=stereoelectroencephalography. SPM=statistical parametric mapping.

hemisphere. However, in patients with atypical
dominance for language or severe developmental delay,
a Wada test can be useful to ascertain lateralisation of
language functions.63,64 Functional transcranial doppler
sonography and MEG are being developed to lateralise
dominance for language using various stimuli,
including passive verbal auditory tasks not requiring
participation from the subject.65,66
In patients with mesial temporal lobe epilepsy, fMRI is
being developed to predict risk of postoperative memory
decline. Currently available data suggest that postoperative
memory decline is associated with the extent of
preoperative asymmetry in hippocampal activation after
an encoding task. 67 At the individual level, asymmetry of
hippocampal activation coupled with neuropsychological
www.thelancet.com/neurology Vol 13 November 2014

data has been shown to predict clinically significant
verbal memory decline in all patients undergoing
resection of their left dominant temporal lobe. By contrast,
such prediction could not be achieved for visual memory
decline after right temporal lobe epilepsy surgery. 67
Similar findings were reported with an equation
integrating the side of EEG focus, left mesial temporal
fMRI activation during a delayed recognition task, and
preoperative global verbal memory score. 68
Several methods have been developed to enrich the
information derived from intracranial EEG recordings.
These include the following: detection of interictal bursts
of abnormal high-frequency oscillations, defined as
ripples (80–250 Hz) and fast ripples (250–500 Hz), which
have proved to be more reliable as markers of the
1119
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epileptogenic zone than IEDs;69–71 quantification of a socalled epileptogenicity index, indicating the propensity of
sampled brain regions to generate fast EEG discharge
and their time of involvement during seizures;72 and
single-pulse electrical stimulations that might allow
generation of abnormal evoked potentials or highfrequency oscillations when the epileptogenic zone is
stimulated or recorded.73,74
Overall, substantial methodological developments have
occurred during the past 5 years. However, most of these
advances need noncommercial postprocessing methods
and substantial time and eﬀort of dedicated staﬀ with
high-level expertise. These developments foster technical
progress in the epilepsy discipline, but they also aggravate
the heterogeneity of practices across centres and further
complicate attempts to harmonise these practices.75

Epilepsy surgery outcome and its predictors
A 2005 meta-analysis of epilepsy surgery76 reported that
the median proportion of long-term seizure-free patients
was 66% with temporal lobe resections, 46% with
occipital and parietal resections, and 27% with frontal
lobe resections. Spencer and Huh30 concluded in their
2008 Review of epilepsy surgery outcome that the rate of
postoperative seizure freedom after at least 1 year of
follow-up was 53–84% in patients with mesial temporal
lobe epilepsy, 36–76% in patients with localised neocortical epilepsy, and 43–79% in patients undergoing
hemispherotomy. We will emphasise knowledge
accumulated since 2008 in this section. If not otherwise
specified, seizure freedom will refer to the absence of
disabling seizures with or without non-disabling simple
focal seizures since surgery.

Seizure outcome in temporal lobe epilepsy surgery
Studies of outcome after temporal lobe epilepsy surgery
have recently concentrated on long-term follow-up and
on MRI-negative patients; these studies have confirmed
the large range of outcomes noted in 2008, which is still
unexplained.30 In a series of 497 anterior temporal
resections, the estimated seizure-free rate 10 years after
surgery was 49% (95% CI 44–54),17 whereas a smaller
study reported an 83% rate of seizure freedom at a mean
follow-up of 9·6 years.77 Outcomes were similar in
patients younger or older than 50 years.77
In patients with MRI-negative temporal lobe epilepsy,
long-term postoperative seizure-free rates vary from
40% to 60%.57,58,78,79 In one study,58 seizure-free rates at
5 years of follow-up were similar in patients with mesial
temporal lobe epilepsy with or without MRI signs of
hippocampal sclerosis. Predictors of successful
outcome in MRI-negative patients include positive
histology,80 absence of contralateral or extratemporal
IEDs and concordant SISCOM,78 congruent temporal
hypometabolism on ¹⁸F-FDG-PET,57,58 low baseline
seizure frequency, and absence of preoperative generalised tonic-clonic seizures (panel 2).79
1120

The absence of psychiatric history has been reported as
an independent predictor of favourable outcome after
temporal lobe epilepsy surgery,82 but this remains
disputed.91 Younger age at surgery might also be associated
with a more favourable outcome. The authors of a study of
children who underwent temporal lobe resection and
were followed to adulthood81 suggested seizure-free rates
of 85%. Type of temporal lobe epilepsy surgery also seems
to aﬀect outcome. Two meta-analyses showed that anterior
temporal lobectomy might be more eﬀective than selective
amygdalohippocampectomy, with a risk ratio of 1·32
(95% CI 1·12–1·57, p<0·01)83 and an odds ratio of 0·65
(95% CI 0·51–0·82, p=0·0005),92 respectively.

Seizure outcome in extratemporal lobe surgery and
malformations of cortical development
Extratemporal resections remain less eﬀective than
temporal lobe epilepsy surgery, and are characterised by
large diﬀerences in outcome between series. In a study
of 81 patients,93 the seizure-free rate 5 years after surgery
was 14·7% (95% CI 8–23). By contrast, the estimated
chance of seizure freedom without aura at 5 years of
follow-up and beyond was 44% (95% CI 39–49) in a series
of 158 patients who underwent frontal lobe surgery.86
Two other series of frontal lobe surgery reported seizurefree rates of 41%90 and 38%87 at 9 years of follow-up, one
of which included only MRI-negative patients.87 For
epilepsy surgery in the posterior cortex, postoperative
seizure-free outcome at 5 years of follow-up has been
reported at 65·8%, but with important diﬀerences
between parietal resections (52%) and occipital (89%) or
parietooccipital (93%) surgery.94
Predictors of poor outcome were the presence of focal
cortical dysplasia type 1 and incomplete resection of
the epileptogenic zone,93 absence of focal IEDs on
scalp EEG,87 and longer epilepsy duration (panel 2).86
Conversely, the presence of a focal MRI abnormality has
not been significantly associated with outcome.90
Multilobar resection and hemidisconnection procedures
are more common in children, and seem to have
substantial benefit in selected individuals, even in the
presence of progressive pathological changes (eg, Rasmussen’s syndrome), both in the short25 and long24 term.
Although most malformations of cortical development
lie in extratemporal brain regions, the chance of a
favourable outcome after their resection seems higher
than that of extratemporal lobe surgery in general. In a
series of 143 resected malformations of cortical
development,95 seizure-free rate at 10 years of follow-up
was 67% according to the ILAE classification. Even better
results were reported in a study of focal cortical dysplasia
type 2B,88 with up to 92% of patients achieving seizure
freedom after a mean follow-up of 4 years, and no
diﬀerence between MRI-positive and MRI-negative
patients. The main predictor of surgical success has been
shown to be complete resection of both the focal cortical
dysplasia and associated epileptogenic zone.89,95,96
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Seizure outcome in glioneuronal tumours and
tuberous sclerosis
Seizure-free rates were 83% in a series of 78 patients with
dysembryoplastic neuroepithelial tumours97 and 80% in a
meta-analysis of 39 studies of 910 patients with
either dysembryoplastic neuroepithelial tumours or
ganglioglioma.98 These two types of glioneuronal tumour
shared similar prognosis.98 Both studies showed
completeness of tumour resection and short duration of
epilepsy to predict favourable seizure outcome.97,98
A meta-analysis of epilepsy surgery for tuberous
sclerosis29 analysed 20 articles reporting on
181 participants. Seizure freedom was achieved in 56% of
patients and predicted by the absence of generalised
seizures, the absence or mild presence of developmental
delay, and the presence of unifocal ictal scalp EEG onset
concordant with MRI findings. Similar findings (67%
seizure free) were reported in a series of 28 children with
tuberous sclerosis operated on the basis of non-invasive
investigations only, including magnetic source imaging
and ¹⁸F-FDG-PET.31

Seizure outcome after radiosurgery
The role and eﬀectiveness of epilepsy radiosurgery are
disputed, despite experimental and clinical evidence of its
antiepileptic properties.99 A multicentre prospective
randomised study assessed 20 Gy and 24 Gy 50% isodose
radiosurgery centred on the amygdala, 2 cm of the anterior
hippocampus, and the parahippocampal gyrus, in
30 patients with mesial temporal lobe epilepsy.100 At 3 years
of follow-up, 77% of patients allocated the highest dose
had been seizure free for the past 12 months versus 59%
of those who received the low dose. The intensity and time
of appearance of vasogenic oedema varied as a function of
dose, but also within groups, and was associated with
onset of seizure remission.101 These MRI and clinical
changes typically occurred between 9 and 12 months after
radiosurgery, and could be deferred to 2–3 years.100,101
Whereas radiosurgery oﬀers a safer alternative to surgical
resection, it is still associated with side-eﬀects, including
superior quadrantanopsia in 50% of cases, verbal memory
impairment in 25% of dominant hemisphere radiosurgery
cases, new types of headache in 70% of cases, and severe
oedema of the targeted temporal lobe that might need
temporal lobectomy in 3% of cases.100

Morbidity and mortality of presurgical assessment and
epilepsy surgery
Presurgical assessment carries the risk of serious adverse
events associated with video EEG monitoring, Wada
testing, and invasive EEG investigations. The risk of
seizure-related cardiorespiratory arrest and sudden
unexpected death in epilepsy (SUDEP) during video EEG
was recently emphasised by the Mortality in Epilepsy
Monitoring Unit Study, which showed that the incidence
of SUDEP in epilepsy monitoring units was similar to
that seen outside hospital settings in adult patients with
www.thelancet.com/neurology Vol 13 November 2014

Panel 2: Predictors of postoperative outcomes
Predictors of favourable postoperative seizure outcome in TLE
Clinical characteristics
• History of febrile convulsions in childhood30
• Younger age at surgery or onset of epilepsy30,81
• Low baseline seizure frequency79
• Absence of preoperative generalized tonic-clonic seizures30,79
• Absence of psychiatric history82
Results of presurgical investigations
• MRI lesion,* including unilateral hippocampal sclerosis30
• Absence of contralateral or extratemporal IEDs30,78
• Concordant SISCOM78
• Congruent temporal hypometabolism on ¹⁸F-FDG-PET56,57
Surgical approach
• Anterior temporal lobectomy (vs selective amygdalohippocampectomy)83
Pathological findings
• Abnormality at pathological examination of resected tissue in MRI-negative patients80
Predictors of verbal memory preservation after TLE surgery over the side dominant
for language
• Low preoperative verbal memory performance30,84
• Hippocampal atrophy on side dominant for language30,85
• Lower ipsilateral than contralateral fMRI activation in anterior hippocampus during
encoding67
• Altered memory performance on Wada test contralateral to seizure focus30
• Abnormality at pathological examination of resected hippocampus30,85
Predictors of favourable postoperative seizure outcome in extraTLE
Clinical characteristics
• Short epilepsy duration86
Results of presurgical investigations
• MRI lesion*30
• Focal IEDs30,87
• Concordant hypometabolism on ¹⁸F-FDG-PET30
Surgical approach
• Complete resection of epileptogenic zone24,30,83,88,89
Pathological findings
• Focal cortical dysplasia type 288
¹⁸F-FDG=¹⁸F-fluorodeoxyglucose. fMRI=functional MRI. IED=interictal epileptiform discharge. SISCOM=subtraction ictal SPECT
coregistered with MRI. TLE=temporal lobe epilepsy. *This classic predictor is now disputed by several series.80,88,90

refractory epilepsy.102 Although SUDEP in monitoring
units remains a very rare event, eﬀorts should be made to
increase the safety of these units because seizure-related
serious adverse events, such as status epilepticus, bone
fracture, or postictal psychosis, seem to occur in up to
10% of patients undergoing video EEG.103
Neurological complications of epilepsy surgery decreased substantially between the periods 1980–1995
and 1996–2012.104 Persistent neurological deficits after
temporal lobe resection decreased from 9·7% to 0·8%,
whereas those seen after extratemporal or multifocal
resections decreased from 9·0% to 3·2%. Wound
infections or meningitis decreased from 2·5% to 1·1%
1121
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after temporal lobe resection and from 5·3% to 1·9%
after extratemporal or multifocal resections. By contrast,
after placement of intracranial electrodes, wound
infections or meningitis increased from 2·3% to 4·3%
and haemorrhage or haematoma increased from 1·9% to
4·2%. These surprising findings might indicate the
greater proportion of subdural versus depth electrodes
used during the 1996–2012 period compared with the
1980–1995 period,104 a trend that more recently reversed
with the dissemination of SEEG.105 Permanent
neurological deficit after invasive EEG was shown to be
equally rare before and after 1995, with an overall risk of
0·5%.104 This risk was confirmed by another systematic
review of complications associated with invasive
monitoring,106 which reported a 7% rate of minor
complications (defined as those resolving completely
within 3 months) and a 0·6% rate of major complications (not resolving within 3 months). In a series of
242 patients undergoing invasive monitoring,107 the rate
of adverse events was 23%, but without permanent
morbidity or mortality. Implantation of grids was
associated with a significantly higher risk of major
complications than that of depth electrodes. In a large
series of 500 consecutive SEEG procedures,108 the rate of
major complications was 2·4%, including 1·0% of
intracranial haemorrhages and one death. Another
series of 100 SEEG procedures105 reported a 3% rate of
haemorrhagic complications without permanent deficit.
After
resective
surgery,
major
neurological
complications, not wholly resolving within 3 months,
have been reported in 4·7% of patients, with the most
common being major visual field defects, whereas
perioperative mortality has been shown to occur in 0·4%
of temporal lobe epilepsy surgeries and 1·2% of
extratemporal surgeries106 Cerebral vasospasm is the most
likely mechanism underlying perioperative stroke, which
is a rare complication of temporal lobe epilepsy surgery.
To further explore this issue, a systematic transcranial
doppler sonography assessment was done in 107 patients
undergoing either anterior temporal lobectomy or
selective amygdalohippocampectomy.109 35 of these
patients (33%) showed postoperative cerebral vasospasm,
with similar results for the two surgical procedures.
Similar findings were reported in another series of
48 transsylvian selective amygdalohippocampectomies,110
in which systematic postoperative MRI detected infarction
in 58% of patients, none of which was associated with a
clinically overt neurological deficit. However, the presence
of postoperative infarction in the dominant temporal lobe
was associated with worse verbal memory outcome
(p=0·011), whereas temporal lobe infarction in general
was associated with better seizure outcome (p=0·046).
In a series of 161 children who collectively underwent
200 admissions for invasive monitoring followed by
resection (n=159) or invasive monitoring only (n=41),111
complication rates per admission were 2·0% for
permanent hemiparesis, 1·5% for active infections of
1122

the CNS and 1·5% for other infections, 3·0% for
hydrocephalus, 3·0% for wound complications, and
5% for bone absorption. Overall, 15·0% of admissions
were associated with a complication necessitating
additional surgery.

Cognitive, behavioural, and psychosocial outcomes of
epilepsy surgery
Cognitive, behavioural, and psychosocial outcomes of
epilepsy surgery are complex and important issues, as
discussed in the 2008 Review,30 and the knowledge
accumulated since then has largely supported its main
findings, as summarised below.
As a rule and at a group level, epilepsy surgery, when
achieving seizure freedom, is associated with improved
cognitive abilities (especially in children),19,23,81 psychiatric
status,112,113 social function,114 and quality of life.115,116
However, any of these outcomes can deteriorate at the
individual level.
Pronounced neurodevelopmental gains are more likely
to be seen with a short duration of epilepsy,20,21 a history
of infantile spasms,117,118 long postoperative follow-up,20,81
and when antiepileptic drugs have been weaned.81
One exception to the positive cognitive outcome
associated with epilepsy surgery is verbal memory, which
tends to decrease after temporal lobe epilepsy surgery over
the side dominant for language.84,85,119–123 In addition to the
predictive value of fMRI assessments of memory,
previously discussed,67 the risk of a clinically significant
decrease in verbal memory is increased when preoperative
performance is high,84 hippocampal volume is normal and
its pathology unremarkable,85 and seizures are not
controlled postoperatively.122 Children seem to show a
greater likelihood of recovery 1 year from surgery than do
adults.124 Although this has long been debated, two
series125,126 provided evidence that when the side dominant
for language was operated on, resection of the temporal
pole, together with the mesial temporal structures, was
associated with less verbal memory decrease than was
selective amygdalohippocampectomy. The opposite finding
was seen for non-verbal memory performance when the
non-dominant side was operated on (ie, smaller decrease
with selective amygdalohippocampectomy). Several types
of selective amygdalohippocampectomy, using transsylvian,
transcortical, and subtemporal approaches, have been
compared, but no significant diﬀerence has been shown in
terms of cognitive outcome.127,128
Neuropsychological investigations of patients with
temporal lobe epilepsy have delineated specific changes
in semantic memory after dominant temporal lobe
surgery129 and long-term accelerated forgetting for both
verbal and non-verbal material.130 This forgetfulness
seems to be driven mainly by seizures, and seems to be
reduced by successful epilepsy surgery.131
The risk of postoperative psychiatric disorders is largely
predicted by the presence of preoperative psychiatric
morbidity.30 However, the occurrence of postoperative
www.thelancet.com/neurology Vol 13 November 2014
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de-novo psychiatric disorders is reported in 1·1–18·2% of
series.113 In children with surgically remediable epilepsy,
rates of psychiatric disorder are particularly high, both
preoperatively and postoperatively.22,132,133 Many psychiatric
disorders can be diagnosed in one patient, and diagnoses
can be lost or can evolve after surgery. Although a relation
between improvement in psychiatric manifestations and
seizure freedom has been suggested,132 it generally
cannot be predicted or guaranteed after surgery.22,133 The
presence of postoperative mood and anxiety disorders,
and postoperative seizures, strongly and independently
predict poor quality of life.134

Postoperative withdrawal of antiepileptic drugs
Antiepileptic drugs can be gradually withdrawn in
patients who are postoperatively seizure free. In a longterm prospective study of epilepsy surgery,135 86% of
children and 43% of adults who achieved sustained
postoperative seizure freedom were free of antiepileptic
drugs 10 years after surgery versus none of 93 nonoperated patients with refractory focal epilepsy included
in the same cohort. The risk of seizure recurrence after
treatment discontinuation varies: 12% in a large
paediatric series,136 25% after mesial temporal lobe
epilepsy surgery,137 and 46% in neocortical epilepsy.138,139
Chances to regain seizure freedom after seizure
recurrence and adjusted antiepileptic drug regimen
varied: 88% in mesial temporal lobe epilepsy,137 70% in
children,136 and 68%138 and 46%139 in neocortical epilepsy
according to two diﬀerent studies. Although early drug
tapering was associated with an increased risk of shortterm seizure relapse, it did not aﬀect long-term seizure
outcome or cure in children.136

Conclusion
Epilepsy surgery remains the most eﬀective way to achieve
long-term seizure freedom in patients with drug-resistant
focal seizures. Advances in neuroimaging, neurophysiological investigations, and development of methods
for data postprocessing have increased the possibility of
accurately localizing the epileptogenic zone to be resected,
particularly in patients with normal MRI. However, despite
this progress, the development of guidelines, and an
increased number of epilepsy surgery centres, epilepsy
surgery has failed to expand during the past decade,
especially in adults and in western countries where referral
of patients with mesial temporal lobe epilepsy and
hippocampal sclerosis has tended to decrease. Although
this trend could be due partly to previous overestimation of
the incidence and prevalence of surgically remediable
epilepsies, a gap in knowledge among physicians is also
likely to preclude many patients from surgery.140 This
knowledge gap has led to the development of web-based
tools to assess patients’ suitability for presurgical
assessment141 and an EU-funded network of cooperation
for dissemination of knowledge about the surgical
treatment of epilepsy,142 with the main objective to promote
www.thelancet.com/neurology Vol 13 November 2014

Search strategy and selection criteria
We identified references for this Review by searches of
PubMed according to the following queries: original research
articles and reviews between Jan 1, 2009 and May 11, 2014,
with the search term “epilepsy surgery” and filter “Abstract
available”; and randomised controlled trials, guidelines, and
practice parameters between Jan 1, 1969 and May 11, 2014,
with the search terms “epilepsy surgery” AND (“practice
parameter” in title OR “guideline” in title OR “randomised” in
title OR “randomized” in title). We imposed no language
restrictions. This search resulted in 4155 references, 893 of
which we further assessed by reading the abstract or full text.
We further assessed the references of all selected
publications. We generated the final reference list on the basis
of relevance to the topics covered in this Review.

the systematic assessment of patients with refractory
epilepsy at comprehensive epilepsy centres. Although
web-based tools might prove useful to inform patients and
caregivers about eligibility criteria for epilepsy surgery,
these criteria still need to be assessed at a specialised
epilepsy surgery centre in all patients with drug-resistant
seizures. These initiatives, together with the development
of minimally invasive surgical techniques, should allow
harmonisation of best practices and translate into safer
and more eﬀective epilepsy surgery.
Contributors
All authors contributed equally to the literature search, selection of
relevant references, and writing of the Review.
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