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a b s t r a c t

There is a paucity of data on longitudinal seizure outcome of children undergoing epilepsy surgery. All
children (n = 132) who underwent resective epilepsy surgery from January 1998 to December 2015 were
identified. Relevant clinical, neurophysiological, imaging, surgical and seizure outcome data were
extracted. Multivariable logistic regression analysis and Kaplan-Meier survival with Cox proportional
hazard modelling were performed. The mean age at surgery was 7.8 years (range 0.2–17.9). 71% were
seizure-free at a mean follow up of 5.3 ± 2.7 years. Of those who were seizure-free, 65 patients were able
to completely wean off anti- seizure medications successfully. Using survival analysis, the probability of
Engel Class I outcome at one year after surgery was 81% (95% confidence interval [CI] 87%–75%). This
dropped to 73% at two years (95% CI 81%–65%), 58% at five years (95% CI 67.8%–48%), and 47% at ten years.
Proportional hazard modelling showed that the presence of moderate to severe developmental disability
(HR 6.5; p = 0.02) and lack of complete resection (HR 0.4; p = 0.02) maintain association as negative pre-
dictors of seizure-free outcome. Our study demonstrates favorable long-term seizure control following
pediatric epilepsy surgery and highlights important predictors of seizure outcome guiding case selection
and counseling of expectations prior to surgery.
� 2022 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction cortical dysplasia (FCD), presence of tumor or mesial temporal
Up to one third of children with epilepsy will have seizures that
are drug-resisatnt, defined as failing proper trials of at least two
appropriate anti-seizure medications (ASMs) [1]. A 2019 Cochrane
review on epilepsy surgery examined 182 studies and found that
among 16,756 adults and children who underwent epilepsy
surgery, 64% achieved seizure freedom [2]. An abnormal
pre-operative MRI, complete surgical resection, absence of focal
sclerosis and right-sided resection were factors associated with
better postsurgical seizure outcomes [2]. Most studies on epilepsy
surgery have been performed in adults or mixed adult/pediatric
populations or focused on individual types of surgeries or
histopathology. This is further compounded by a wide range of fol-
low up with limited information on longitudinal outcomes follow-
ing epilepsy surgery.. This has hindered the analysis of the
presurgical factors that influence the surgical outcome in child-
hood epilepsies.

In 7–35% of children, seizures recur with a longer duration of
follow-up after epilepsy surgery (Suppl Table) [3–6]. Hence, it is
essential to understand long-term seizure outcomes in order to
counsel parents to guide preoperative expectations, follow-up,
and ASM withdrawal. Unfortunately, there is a paucity of data on
longitudinal seizure outcome beyond 2 years and its predictors
in children [7]. Supplementary Table 1 summarizes studies which
reported seizure outcomes with a mean or median follow up of
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more than three years. It is important to note that most of these
studies were cross-sectional and applied limited statistical meth-
ods, such as survival analysis and hazard modeling, to account
for variable follow-up durations. Only nine studies performed
logistic regression analysis (that would allow an analysis of the
relationship between variables), and only three performed Cox
proportional hazard modeling using a selected groups of patients
for surgeries such as temporal/extratemporal resection and hemi-
spherectomy [3,8,9]. There is also significant heterogeneity in the
predictive factors depending on the patient population selected
in the individual study. For example, the proportion of patients
in Engel class I at 5 year follow up varied widely from 33% to
87.5%, with seizure freedom being highest in studies reporting a
larger proportion of patients with tumors and mesial temporal
sclerosis [5,10,11] and the lowest in FCD [3,4,12 13].

In this study, we evaluated the longitudinal seizure outcomes of
children and adolescents who had a resective epilepsy surgery over
a 17-year period and analyzed presurgical or surgical factors pre-
dictive of seizure outcome.We used the statistical methods involv-
ing survival analysis and proportional hazard modeling to evaluate
the rate, stability, and predictors of seizure freedomwhile account-
ing for variation in the duration of follow-up among patients.
Patients and methods

This study was approved by the HREC of Sydney Children’s
Hospital Network (LNRSSA/14/SCHN/283). All children and adoles-
cents (under 18yrs) who underwent resective epilepsy surgery at
the Children’s Hospital at Westmead between January 1998 to
December 2015 were identified using an institutional database.
The patients who underwent palliative procedures such as corpus
callosotomy were excluded. All patients underwent detailed
presurgical evaluation, including video-EEG monitoring and MRI
using an epilepsy protocol (high resolution with 3D, T1, and 3D
FLAIR sequences). In addition, functional imaging, including Fluo-
rodeoxyglucose positron emission tomography (PET) and subtrac-
tion ictal single photon emission computed tomography (SPECT),
was performed when EEG and MRI results were non-localized or
non-lesional. The epilepsy multimodal data, including clinical
characteristics of epilepsy, electrophysiology, MRI, functional
imaging and MRI co-registration data such as subtraction ictal
SPECT coregistered on MRI and MRI-PET. These, were discussed
in the comprehensive multidisciplinary epilepsy surgery meeting,
and a consensus was reached regarding concordance and surgical
candidacy. In patients where the electroclinical syndrome was con-
sistent with a focal etiology and MRI was unrevaling, invasive
monitoring (stereo EEG and subdural grid/depth electrodes) was
used to determine the epileptogenic zone. Electrocorticography
(ECoG) was used in selected cases where the lesion had ill-
defined margins or was close to eloquent cortex (combined with
evoked potentials) or where the lesion was known to be associated
with FCD. Only those who had at least 12 months of follow-up after
surgery were included. One hundred and fifty-eight patients ful-
filled the inclusion criteria. Four patients were excluded because
there was no presurgical information available. Three were
excluded as they had aggressive tumors for which surgery was per-
formed as a palliative procedure. A further 19 patients did not have
follow-up information available beyond 12 months. The final
cohort consisted of 132 children and adolescents comprising 69
males and 63 females.

A retrospective review of each patient’s medical record was
performed to obtain demographic information, including gender,
neurodevelopmental status and other relevant medical history,
including perinatal adverse events, brain infections, febrile
convulsions and family history of epilepsy. Presurgical
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neurodevelopmental status was based on the results of formal
neuropsychological assessment when these were available and
from medical records. Patients were classified based on their
developmental quotient (developmental age/chronological age)
as either: normal (>85), mild (75–85), moderate (55–75) or severe
disability (<55). Age at seizure onset, seizure type, frequency and
duration, presence of developmental and epileptic encephalopathy
(DEE) [14], and the number of ASMs trialled was recorded. Reports
from presurgical scalp EEG, MRI, FDG-PET and ictal SPECT were
reviewed, and findings were classified based on the focality of
abnormalities using a standardised template (focal, multifocal,
hemispheric or normal).

Surgical details collected included the type of surgery per-
formed, completeness of resection, and use of invasive monitoring.
We defined completeness of resection as the complete removal of
the epileptogenic zone defined by intraoperative EEG and removal
of the lesion based on the postoperative MRI. Acute postoperative
seizures were defined as seizures occurring in the first week post-
operative period. Information about histopathology was gained
from formal histopathology reports. Follow-up information was
obtained from outpatient clinic visits. The usual follow-up sched-
ule consisted of outpatient clinic visits at three postoperative
months, six months, one year, and then yearly or as needed. The
seizure outcome at the time of the last follow up was assessed
based on the Engel Classification System [4]. For the purpose of
the study, we considered the primary outcome as seizure freedom
since surgery at the longest follow-up appointment available for
each patient.
Statistical analysis

The data were summarized with descriptive statistics for each
variable, including frequency for categorical variables, and mean,
median and standard deviations for continuous variables. The sei-
zure outcome at the time of the last follow up was classified as
either seizure-free (Engel 1a) or not seizure-free. Each of the
presurgical and surgical variables was tested for association with
the seizure-free and not seizure-free groups. Univariable analysis
was performed using the chi-square test for categorical predictors
and logistic regression analysis for continuous predictors of binary
outcome of seizure freedom. All presurgical variables with p-value
of <0.1 in univariable analysis were included in a multivariable
logistic regression model using backward elimination. No adjust-
ment was made for multiple group statistical comparisons, as this
study was largely exploratory with an intention to study the pre-
dictors of seizure outcome.

In addition, we have performed a time to event analysis to
account for the variable follow-up duration after epilepsy surgery.
Kaplan- Meier survival analysis was used first to describe the prob-
ability of Engel class 1 outcome in the overall group and later by
considering each of the risk factors. Predictors of seizure outcomes
were explored using the log-rank test, which allowed the identifi-
cation of potential prognostic indicators. Variables with a p-value
of <0.1 on the log rank test were then tested in a multivariable
Cox proportional hazards regression model. SAS statistical soft-
ware version 9.4 was used for analysis.
Results

Medical history

Table 1 summarizes the clinical characteristics of the overall
group, as well as the seizure outcome for each presurgical and sur-
gical variable studied. The mean age at seizure onset was 3.5 years
(range 1 day-15.7yrs), and the average number of ASM trials



Table 1
Demographic and clinical characteristics of the children according to seizure freedom after their epilepsy surgery.

a) Presurgical Characteristics

OUTCOME

Overall group n = 132 (except where specified) Seizure-free Not seizure-free p-value
(n = 94) (n = 38)

Gender (males) 69 (52) 47 (50) 22 (58) 0.41
Mean age at seizure onset (years) 3.5 (range 0.003–15.7) 3.9 (0–15.7) 2.4 (0–14) 0.04*
Mean number ASM’s trialled 4.0 (range 1–14) 4 (1–14) 5 (1–9) 0.03*

Seizure frequency and duration
Seizure frequency >1/day 103 (78) 73 (78) 30 (79) 0.87
Seizure duration >1 min 51 (39) 33 (35) 18 (47) 0.19

Seizure characteristics (categories not exclusive)
Focal 58 (44) 46 (49) 12 (32) 0.07
Focal impaired awareness 79 (60) 63 (67) 16 (42) 0.008*
Generalized seizures 46 (35) 28 (30) 18 (47) 0.055
Focal to bilateral tonic clonic 50 (38) 34 (36) 16 (42) 0.52
History of status epilepticus 33 (25) 21 (22) 12 (32) 0.27

Presence of DEE
Yes 39 (29.5) 20 (51) 19 (48.7) 0.001*
No 93 (70.5) 74 (79.5) 19 (20.5)

MRI findings
Focal lesion 82 (62) 61 (74) 21 (26) 0.66
Multifocal lesion 29 (22) 18 (62) 11 (38)
Hemispheric lesion 11 (8) 8 (73) 3 (27)
Normal 10 (8) 7 (70) 3 (30)

Interictal EEG findings (n = 130)
Regional discharges 63 (48) 50 (79) 13 (21) 0.1
Multiregional discharges 51 (39) 31 (60) 20 (39)
Hemispheric discharges 8 (6) 5 (63) 3 (38)
Normal 8 (6) 7 (88) 1 (13)

Ictal EEG findings (n = 120)
Regional discharges 73 (61) 54 (74) 19 (26) 0.46
Multiregional discharges 34 (27) 21 (62) 13 (34)
Hemispheric discharges 10 (8) 6 (60) 4 (40)
Normal 3 (3) 2 (67) 1 (33)

FDG-PET findings (n = 86)
Focal hypometabolism 58 (67) 43 (74) 15 (25) 0.03*
Multifocal hypometabolism 15 (17) 6 (40) 9 (60) 0.016*
Hemispheric hypometabolism 3 (3) 3 (100) 0 (0) 0.98
No localising metabolic focus 10 (12) 8 (80) 2 (20) 0.69

SPECT findings (n = 67)
Focal hyperperfusion 41 (62) 31 (76) 10 (24) 0.1
Multifocal hyperperfusion 12 (18) 5 (42) 7 (58)
Hemispheric hyperperfusion 2 (3) 1 (50) 1 (50)
No perfusion abnormality 12 (18) 6 (50) 6 (50)

b) Surgery and histopathology characterstics

OUTCOME

Overall group n=132 (except where specified) Seizure-free Not seizure-free p-value
(n=94) (n=38)

Mean age at surgery (years) 7.8 (0.2–17.9) 8.3 (0.5–17.9) 6.6 (0.2–17.9 0.66
Mean duration epilepsy to surgery 4.2 (0.1–15) 4.3 (0.1–14.6) 4.2 (0.1–13.4) 0.83
Surgery side (Left) 70 (53) 52 (55) 18 (47) 0.79

Surgery location
Frontal 45 (34) 33 (73) 12 (27) 0.89
Temporal 38 (29) 27 (71) 11 (29)
Parietal 9 (7) 5 (56) 4 (44)
Occipital 5 (4) 3 (60) 2 (40)
Insular 2 (2) 2 (100) 0 (0)
Hypothalamic 1 (0.8) 1 (100) 0 (0)
Hemispheric 13 (10) 10 (77) 3 (23)
Multi-lobar 19 (14) 13 (68) 6 (32)

Extent of surgical resection
Focal (lesionectomy) 81 (61) 63 (78) 18 (22) 0.06
Unilobar Lobectomy 33 (25) 19 (58) 14 (42)
Multilobar Lobectomy 5 (4) 2 (40) 3 (60)
Hemispherectomy 13 (10) 10 (77) 3 (23)
Use of invasive monitoring 23 (17) 18 (19) 5 (22) 0.41
Use of ECoG 74 (56) 52 (55) 22 (58) 0.79
Complete resection 116 (88) 86 (91) 30 (79) 0.046*
Acute postoperative seizures 25 (20) 14 (15) 11 (29) 0.06

(continued on next page)
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Table 1 (continued)

b) Surgery and histopathology characterstics

OUTCOME

Overall group n=132 (except where specified) Seizure-free Not seizure-free p-value
(n=94) (n=38)

Histopathology
FCD1 19 9 (47%) 10 (53) 0.045*
FCD2 34 26 (77%) 8 (23%)
FCD3 15 11 (73%) 4 (27)
Other cortical malformations
-Hemimegalencephaly 2 1 (50%) 1 (50%)
- Tuberous sclerosis 7 3 (43%) 4 (57%)
- Heterotopia 10 6 (60%) 4 (40%)
- Polymicrogyria 2 2 (100%) 0 (0%)
Tumours 25 23 (92%) 2 (8%)
Vascular
- Previous stroke 3 3 (100%) (0%)
Vascular malformation 7 5 (71%) 2 (29%)
Postencephalitis
- Rasmussens 3 3 (100%) 0 (0%)
- Other encephalitis 1 0 (0%) 1 (100%)
Others 4 2 (50%) 2 (50%)

Abbreviations: OR, Odd Ratio; ASM, Anti seizure medication; GTCS, Generalized tonic clonic seizures; DEE, developmental and epileptic encephalopathy; MRI, Magnetic
resonance imaging; EEG, Electroencephalogram; FDG-PET, Fluorodeoxyglucose positron emission tomography; SPECT, Single-photon emission computed tomography; FCD,
Focal cortical dysplasia;
*See Results section for more details.
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preoperatively was 4 (range 1–14). Most patients (78%) had daily
seizures, some of which lasted >60 s (39%) prior to surgery. Fifty-
one children (39%) had one or more of the etiological factors stud-
ied: perinatal adverse event in 19 (14%), history of febrile seizures
in 11 (8%), history of CNS infection in 3 (2%) and family history of
epilepsy in 18 (14%). At the time of surgery, 97 patients (73%) had
normal neurodevelopment or mild disability, while 29 (22%) had a
moderate developmental disability and 6 (5%) had a severe devel-
opmental disability. Of 43 patients, 39 had DEE, whereas four
patients did not have preexisting cognitive difficulties prior to
the onset of epilepsy.
Fig. 1. a) Histopathology results and b) surgical outcome using Engel outcome, at last fol
cortical dysplasia; Enceph, Encephalitis; Malf, Malformations.

4

Presurgical EEG and imaging findings
Interictal and ictal scalp EEG results are presented in Table 1a.

Invasive monitoring, either using subdural or stereo-EEG elec-
trodes, was used to define the lesion in 23 patients (17%). ECoG
at the time of surgery was used in 74 (56%) of patients. All patients
had presurgical MRI, and lesions were classified according to their
extent (Table 1). Sixty-one cases (46%) were radiologically classi-
fied as FCD, 10 (8%) as malformations of the cortex (hemimegalen-
cephaly, polymicrogyria, Tuberous sclerosis) and 26 as tumors
(20%). Other radiological diagnoses included vascular lesions (in-
cluding stroke, encephalomalacia, Sturge Weber syndrome in 13
low up (Mean 5.3 ± 2.7 years).* See results for more details. Abbreviation FCD, Focal
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(10%), post-encephalitic changes (including Rasmussen’s syn-
drome) in 4 (3%) and 8 patients (6%) with other findings (mesial
temporal sclerosis, hypothalamic hamartoma, uncertain but defi-
nite signal abnormality). Ten patients (8%) had no lesion identified
on MRI. Of 86 patients who had FDG-PET, a focal area of hypome-
tabolism was demonstrated in 58 patients (67%). SPECT scan was
performed in 67 patients and showed concordant focal hyperperfu-
sion in 41 patients (61%).

Surgical procedures and histopathology
The mean age at surgery was 7.8 years (range 0.2–17.9). The

details of resective surgical procedures are presented in Table 1.
The types of surgery included extra temporal (n = 61, 46%)), tempo-
ral (n = 38, 28.7%), multilobar (n = 19, 14.3%), hemispheric (n = 13,
10%) and hypothalamic (n = 1). Acute postoperative seizures
Fig. 2. Comparison of seizure outcome by age at seizure onset (A), number of pre-op
underlying histopathological diagnosis (D).

5

occurred in 25 patients (20%). Eighteen patients (14%) required
repeat surgery, with 4 of these patients requiring 3 surgeries in
total. Nine patients had an extension of the original resection area,
three had lobectomy after failed focal resection and 4 patients pro-
ceeded to hemispherectomy. Two patients with Tuberous Sclerosis
required resection of additional tubers. One patient had a hypotha-
lamic tumor which required debulking on 3 occasions before she
was rendered seizure-free. Two patients went on to have corpus
callosotomy due to ongoing drug-resistant seizures. 10 out of 18
patients (55%) became seizure-free after repeat surgery.

Histopathology details are presented in Fig. 1a and Table 1b.
FCD was the most frequent diagnosis occurring in 68 (52%)
patients in total. Tumors included dysembryoplastic neuroepithe-
lial tumor in 13 (10%), ganglioglioma in six (5%) and other tumors
in a further six patients (5%). One patient had hypothalamic
erative ASMs trialled (B), level of pre-operative developmental disability (C) and
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hamartoma, two patients had nonspecific gliotic changes, and a
histopathological diagnosis was not available for one patient. Of
the patients who had a negative pre-operative MRI, 7 were found
to have FCD and 3 had heterotopia.
Seizure outcomes and their predictors
The mean duration of postoperative follow-up was 5.3 ± 2.7 ye

ars (range 1–16.9 years). Of all patients, 76 had follow up between
1 and 5 years. Forty patients had follow up for >5 yrs, whereas 14
patients were followed up for longer than 14 years. At last follow
up, ninety-four patients (71%) were Engel class I (Fig. 1b). This
included 10 patients who had required repeat surgery to render
them seizure-free. A further 10 patients (8%) were Engel class 2,
17 (13%) were Engel class 3, and 9 (7%) were Engel class 4. Two
patients died due to drug-resistant uncontrolled seizures 3 and
7 years after the epilepsy surgery respectively; both had severe
DEE. Out of the 94 patients in the Engel class 1 category, 65
(69%) were completely off ASMs at the time of the last follow-up.
Of these patients, sixteen patients remained seizure-free for more
than five years off ASM and eight patients for more than ten years,
latter group fulfilling the ILAE definition of epilepsy cure or resolu-
tion. Of 38 patients who had seizure recurrence in follow up,
thirty-three patients were still on ASMs.
Fig. 3. Kaplan-Meier survival curves illustrating the cumulative probability of Engel Clas
developmental disability (B)(p = 0.01), completeness of resection (C)(p = 0.01), and histo
predictors of seizure freedom on Cox proportional hazard modelling*. Abbreviation: exc

6

Comparison of presurgical and surgical variables based on seizure
freedom

Table 1 and Fig. 2 show the results of univariable analysis based
on seizure freedom. Those who had seizure recurrence were more
likely to have had earlier onset of seizures, tried more ASMs, and
had moderate to severe developmental disability. The presence of
focal impaired awareness seizures, unifocal PET, and complete sur-
gical resection were associated with a greater chance of seizure
freedom. Children with developmental tumors had lower seizure
recurrence compared to those with FCD or other cortical malfor-
mations. Further analysis comparing different subtypes of FCD
showed that FCD Type 2b had a favorable prognosis compared to
those with other subtypes of FCD. Duration of epilepsy, age at sur-
gery, seizure frequency, presence of secondary generalized tonic-
clonic seizures, EEG abnormalities, the extent of lesion on MRI,
location of surgery, use of ECoG or invasive monitoring and acute
postoperative seizures did not influence the surgical outcome.

On multivariable regression analysis, children with focal
impaired awareness seizures were less likely to have seizure recur-
rence after surgery (Odd’s ratio [OR] 0.31, 95% confidence inter-
val [CI] 0.13–0.72, p = 0.007), while children with a moderate or
severe developmental disability were more likely to have seizure
recurrence compared to those with normal or mild disability
s 1 outcome at last follow-up for all patients (A) and depending on presurgical level
pathological diagnosis (D)) (p = 0.05). B-D variables were identified as independent
l: Excluding.



Table 2
Cox proportional hazard models* for postsurgical seizure freedom at last available
follow-up. Covariate p-value, adjusted hazard ratio, and 95% CI for hazard ratio are
reported.

Characteristic p-value hazard ratio 95% CI of
hazard ratio

Complete Resection 0.017 0.428 0.214–0.858
Age of seizure onset 0.634 1.002 0.993–1.011
Developmental disability 0.018
Mild 0.931 1.041 0.418–2.59
Mod 0.211 1.794 0.718–4.48
Severe 0.005 6.471 1.765–23.728
PET abnormalities 0.305
Multiregional 0.333 1.509 0.657–3.467
Hemispheric 0.986 0.000 0.000
Normal 0.187 0.344 0.071–1.676
Histopathology 0.049
FCD other than Type2b 0.121 2.451 0.789–7.614
Tumour 0.318 0.408 0.070–2.368
Other etiology 0.092 2.680 0.852–8.427

*Normal development, focal PET abnormalities, and FCD type 2b (focal cortical
dysplasia) have been used as reference categories for development, PET and
histopathology categories. CI, confidence interval.
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(moderate developmental disability: OR 5.37, 95% CI 1.88–15.28,
p = 0.002, severe developmental disability: OR 27.9, 95% CI 2.76–
28.2, p = 0.005).
Longitudinal seizure outcome
Fig. 3a shows the longitudinal Engel 1 outcomes for all patients

using Kaplan-Meier survival curves. At 1 year, the estimated sei-
zure freedom based on Engel I was 81% (95%CI (87%–75%). This
dropped to 73.4% at 2 years (95% CI 81%–65%) and further declined
with a longer follow-up: 58% at 5 years (95% CI 67.8%–48%) and
47.3% at 10 years. Fifty percent of seizure recurrences occurred
within 12 months of surgery. Seizure freedom remained relatively
stable after 4 years postoperatively. Upon applying proportional
hazard modelling, the presence of moderate to severe develop-
mental disability (p = 0.01), complete resection (p = 0.01), and
histopathology of FCD (p = 0.05) were predictors of a seizure-free
outcome. (Fig. 3b-d) (Table 2). On subgroup analysis, the presence
of moderate to severe developmental disability (HR 6.5 relative to
no disability; CI 1.8–23.7; p = 0.018) and absence of complete
resection (HR 0.4; CI 0.2–0.8; p = 0.017) maintain association as
negative predictors of seizure-free outcome.
Discussion

In this study, we describe the long-term seizure outcome in 132
children and adolescents who underwent resective epilepsy sur-
gery at a large tertiary children’s hospital. Our study shows favor-
able long term seizure outcomes for the majority of patients: 71%
of patients were seizure-free with a mean follow up of 5.3 years.
Of those patients who were seizure-free, 65 patients were able to
completely withdraw ASM treatment successfully. These results
are comparable to other studies on children undergoing any type
of resective epilepsy surgery [11,15–19]. Similarly, long term
seizure-free outcome in our study is comparable to adults at 5
yrs (36–79%) and 10 yrs (41%–56%) [18,20,21] despite higher num-
bers of cortical malformations and extratemporal surgeries and
lower numbers of mesial temporal sclerosis. However, 49% of the
children in our study were seizure- and medication-free compared
to 10–40% of adults suggesting children are more likely to achieve
seizure freedom with the ability to successfully wean ASMs post-
operatively [18,22].
7

In our study, we have reported seizure freedom after adjusting
for length of follow-up using Kaplan-Meier survival curves in all
types of surgeries. It is apparent from our study that, as time
passes, the seizure freedom rate declines: 73.4% at 2 years, 58%
at 5 years and 47.3% at 10 years. This contradicts the notion that
has previously been suggested that outcome at 2 years is predictive
of long-term outcome [23–25]. In our study, Engel 1 status
remained relatively stable after 4 years, after which only 3 patients
had seizure recurrence. Previous studies showed that early recur-
rence is more likely to be due to incomplete resection as evident
by seizure freedom in up to half of cases after re-operation in our
study [26]. The reason for recurrence in patients with complete
resection remains unclear, although it may involve genetic factors,
specific patient characteristics, or secondary epileptogenesis
[27,28].

For our cohort of patients, seizure recurrence was associated
with younger age at seizure onset, comorbid developmental
epileptic encephalopathy, and/or a higher number of failed ASMs.
It is likely there is a confounding effect amongst these variables
reflecting a subgroup of patients who present in early life with
catastrophic epileptic syndromes secondary to widespread epilep-
togenic networks that are established prenatally or in early postna-
tal life, and subsequent severe drug resistant epilepsy that is less
amenable to surgical intervention [29]. This was further supported
by a subgroup analysis comparing children with seizure onset
before 3 years of age with those after 3 years of age (supplemen-
tary Fig. 1). Those who had seizure onset prior to 3 years of age
were more likely to have moderate to severe developmental dis-
ability and DEE, whereas older children were more likely to have
focal seizures. Children with seizure onset before 3 years of age
had a higher prevalence of FCD or other cortical malformations
in contrast to older children who had tumors, vascular lesions, pos-
tencephalitic lesions or nonlesional etiology.

Moderate to severe developmental disability was strongly pre-
dictive of postsurgery seizure recurrence when compared to
patients with a normal or mild developmental disability. Further-
more, the rate of seizure freedom decline was greater in children
with moderate to severe developmental disabilities. The presence
of a developmental disability may explain the severity of underly-
ing brain involvement and epileptic encephalopathy, with exten-
sive epileptogenic networks accounting for decreased seizure
freedom. However, it is important not to disregard this group as
potential surgical candidates. In fact, 20/39 achieved seizure free-
dom and a further 12/39 achieved some reduction in seizure fre-
quency (Engel class 2 or 3). This can represent a significant
alleviation of the burden of care for these patients, as most had
severe drug-resistant epilepsies prior to surgery.

The finding that focal impaired awareness seizure were associ-
ated with seizure freedom is not a new finding. This has previously
been demonstrated and corresponds to the theory that patients
with focal epileptogenic zones, as represented by focal seizure
semiologies, are likely to have a clearly defined lesion which can
be siccessfully resected, as opposed to those with more diffuse
underlying pathology. In our study, age at surgery and duration
of epilepsy were not associated with the seizure outcome, similar
to other pediatric studies [9,18].

There was a smaller number of nonlesional cases compared to
the published series, possibly due to the advances in MRI technol-
ogy and use of multimodal imaging [7,30]. An important negative
finding from our study is that the presence of focality of a lesion
on MRI did not necessarily correlate with outcome, unlike other
studies [31,2,32]. We speculate that this may be because of the
high use of multimodal investigations and invasive monitoring,
which helped to delineate the lesion and lead to a higher chance
of complete surgical resection despite nonspecific MRI findings.
In our study, 65% of patients underwent PET, and 50% underwent
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ictal SPECT. This represents a significantly higher use of these
investigations compared to that found by Harvey et al. in a survey
of 20 pediatric epilepsy centers around the world [33]. Looking
specifically at those patients who were MRI negative in our study,
9 out of 10 had invasive monitoring, and the remaining patient had
a clear temporal abnormality demonstrated on PET and SPECT and
proceeded to a temporal lobectomy. In our study, findings on
presurgical FDG-PET scan was found to be associated with seizure
recurrence, with those who had multifocal abnormalities having
worse long-term seizure outcomes. This finding has not been pre-
viously shown in other pediatric studies, but there have been a
handful of studies showing the utility of PET in predicting seizure
outcome in adult patients where MRI has failed to show a lesion
[3,34,35]. Taken together, our findings would suggest that all
patients presenting with drug-resistant focal seizures should be
considered for referral to a pediatric epilepsy surgical centre, even
if they initially present with non-focal or nonlesional MRI findings
as multimodal investigations, including PET and invasive EEGmon-
itoring, may identify some of these patients as appropriate candi-
dates for successful epilepsy surgery.

As described in our study, completeness of resection is the pri-
mary determinant of postoperative seizure freedom as shown by
seizure freedom in up to half of the cases after re-operation
extending surgical resection [36,37], In children, temporal resec-
tions have consistently been shown to have better outcomes com-
pared to extratemporal resections [2,15,31]. Our study did not
show any difference in outcomes when comparing the site of sur-
gical resection, either by individual lobe or when temporal resec-
tions were compared with extratemporal lesions. Our study
demonstrates that the underlying histopathology of the lesion is
a more important predictor of long-term seizure outcome, with
seizure recurrence higher in FCD and other cortical malformation
compared to tumours, similar to previous studies [3,12,13,38,39].
The rate of seizure freedom remained relatively stable in those
with FCD2b and developmental tumors, whereas it declined with
time in other FCDs and cortical malformations, highlighting the
importance of histopathology in determining the long term seizure
outcome [18] (Fig. 3D). It is also interesting to note that even in
some children who had extensive lesions, including Rasmussen’s
syndrome and hemimegalencephaly, seizure freedom was
achieved. This is likely because the extensive nature of these
lesions meant that these patients were more likely to undergo
hemispherectomy (7 out of 14, 50%), and hence while they attained
good seizure outcome, this was also at the cost of permanent post-
operative neurological deficit.
Limitations and future directions

The main limitations of this study relate to its retrospective, sin-
gle center design, making it prone to selection bias, misclassifica-
tion bias and confounders. While randomized controlled trials
would be the gold standard, they are difficult to perform when sur-
gery is the intervention. They would also be limited in ability to
define long term outcomes. Realistically, future studies should be
of a prospective nature with clearly devised protocols for investiga-
tions and follow up. The cohort we have examined is a heteroge-
neous population with regards to underlying histopathological
diagnosis. It is clear that those with simple developmental tumors
amenable to surgical resection follow a very different trajectory
compared to those with more resistant early onset epileptic ence-
phalopathies. Stratification of patients by different etiologies with
separate subgroup analysis may be more useful to prognosticate
for an individual patient. However, statistical analysis would be
difficult for rare conditions with only a handful of patients (e.g.
Rasmussen encephalitis). A further limitation of this study is that
8

we focused on seizure outcomes and did not report on long term
quality of life, neuropsychological or educational outcomes. It is
known that seizure-freedom is an important determinant of devel-
opmental, psychological and quality of life outcomes [40], but it
would nevertheless be important to assess these long term out-
comes in future studies.
Conclusion

Our study demonstrates favorable long-term seizure control
following epilepsy surgery in children with epilepsy and highlights
important predictors of outcome. Epilepsy surgery offers a chance
to obtain seizure freedom and taper off of chronic ASM in a high
proportion of suitable surgical candidates, and our study adds sim-
ilar results to previous studies on long term surgical outcome in
children. Several presurgical and surgical clinical factors serve as
predictors of seizure outcome after surgery and can aid optimal
patient selection and guide counseling about expectations for long
term outcomes. Children with moderate to severe developmental
disability, younger age of onset and FCDs (other than FCD type
2b) have higher rates of seizure recurrence, possibly reflecting a
more widespread epileptic network. Further prospective studies
consisting of national and international, large, homogeneous
cohorts are required for accurate data to be collected about long-
term seizure outcome and its true relationship to other outcome
measures in children after epilepsy surgery.
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