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Abstract

Introduction Drug-resistant epilepsy occurs in up to 30% of children suffering from seizures and about 10% qualify for
surgical treatment. The aim of this systematic review and meta-analysis is to analyze the potential benefit of early epilepsy
surgery in children concerning primarily seizure and developmental outcome.

Methods PubMed and Embase databases were searched using a systematic search strategy to identify studies on pediatric
epilepsy surgery under 3 years from their inception up to 2022. Outcome measures were seizure outcome, postoperative
complications, seizure onset, and reduction rate of antiepileptic drugs. A meta-analysis was thereafter performed for all
included cohort studies. A p-value of < 0.05 was considered as statistically significant.

Results A total of 532 patients were analyzed with 401 patients (75%) receiving resective or disconnective surgery under
the age of 3 years and 80 patients (15%) receiving surgery older than 3 years. The remaining 51 patients (9%) underwent
VNS implantation. Pooled outcome analysis for resective/disconnective surgery showed favorable outcome in 68% (95%
CI [0.63; 0.73]), while comparative analysis between the age groups showed no significant difference (77% early group and
75% late group; RR 1.03, 95% CI [0.73; 1.46] p=0.75). Favorable outcome for the VNS cohort was seen in 52%, 65% in the
early and 45.1% in the late group (RR 1.4393,95% CI [0.87; 2.4] z=1.42, p=0.16). Developmental outcome was improved
in 26%. Morbidity rate was moderate and showed no significant difference comparing the age groups, and overall surgical
mortality rate was very low (0.1%).

Conclusion Epilepsy surgery in pediatric age, especially under the age of 3 years, is a feasible and safe way to treat intractable
epilepsy. Further comparative studies of prospective nature, analyzing not only seizure but also developmental outcome,
should be the focus of future studies.
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Introduction

In pediatric patients, seizure can occur at any age and has
a devastating impact on cognitive development and qual-
ity of life [1]. Even after a short duration of uncontrolled
seizures, morbidity is significantly increased [2]. About a
third of this pediatric population does not respond to antie-
pileptic drug medication (AED) and traditionally, about
10% qualify for epilepsy surgery [3]. Over the last dec-
ades, the advances in epilepsy surgery, including resective
procedures and modulating surgical approaches, led to an
increase in usage, with mostly positive results [4]. Indica-
tions for epilepsy surgery in case of intractable epilepsy
are hemimegalencephaly (HME), cortical dysplasia (CD),
tuberous sclerosis (TS), vascular lesions, Sturge-Weber
syndrome (SWS) or tumors, and ischemic pathologies. For
clearly demarcated epileptogenic lesions, resective surgery
with uni- or multilobar lesionectomy is recommended,
while for anatomically widespread lesions or electro-
physiologically not completely allocated epileptogenic
foci, functional or anatomical disconnecting procedures
as well as lobectomies are warranted [5]. Neurostimulative
procedures such as vagus nerve stimulation (VNS), deep
brain stimulation (DBS), and responsive neurostimulation
(RNS) are usually used as alternative surgical approaches
in case of widespread epileptogenic foci that are often not
amendable for resective or disconnective surgery [6-9].
Randomized controlled trials (RCTs) in adult cohorts
proved benefit and favorable outcome with DBS, VNS,
and RNS, but there is a lack of RCT and prospective trials
for pediatric cohort [7].

In the literature, no consensus exists about the optimal
timing for epilepsy surgery in children with drug-resistant
epilepsy (DRE). However, some reports suggest that early
epilepsy surgery leads to better response with improved cog-
nitive outcome and better seizure control [10]. In addition,
the risk profile for surgical procedures in younger children
is different than in older patients, due to the more friable
tissue in infants and higher risk for blood transfusion [11].

The aim of this systematic review and meta-analysis is
to analyze the potential benefit of early epilepsy surgery in
children concerning primarily seizure and developmental
outcome.

Methods

For this systematic review, two databases (PubMed and
Embase) were systematically searched and reports pub-
lished in English from the inception of the databases until
January 2022 were included. Our systematic search string

@ Springer

included a combination of the terms “epilepsy surgery”
and “pediatric” and “early.”

For resective surgery, “early” was defined as surgery < the
age of 3 years, since most of the reviewed literature sug-
gested this age cutoff. For VNS treatment, “early” was
defined <the age 5 of years since most comparative studies
set the limit for early treatment at this age. We included ran-
domized trials (RCT), prospective and retrospective cohort
studies, comparing early and late surgical treatment of epi-
lepsy, as well as descriptive case series including more than
5 pediatric patients receiving early epilepsy surgery. Techni-
cal reports, case reports, comments, editorial letters, poster
abstracts, and reviews were excluded from this review.

Removal of duplicates and screening of the results were
carried out with the help of the web-based software Rayyan
[12]. Initially, two authors (N.F. and L.G.) independently
screened the reports according to their title and then their
abstract. Thereafter, a final list was compiled which under-
went full-text review, while the reference list of included
articles was screened as well (other sources). In case of disa-
greement concerning the in- or exclusion of an article, the
senior author (J.S.) took the final decision.

We extracted the following information from eligible
reports: study details (author, year of publication, design);
study population (number of participants, median/mean age,
mean/median follow-up); treatment characteristics (pathol-
ogy, interval of seizure onset to surgical treatment, type of
surgery); and outcome measures (seizure outcome, devel-
opmental outcome).

Primary outcome was favorable seizure outcome defined
as Engel I and I1 [13] or ILAE score of 1 or 2 [14]. Secondary
outcomes were developmental outcome, reduction of anti-
seizure medication, morbidity, and mortality. Total number
of patients of each study and subgroup distribution was docu-
mented as well. If datasets for analysis were missing, a note
“NA” was placed in the according table (Tables 1, 2, and 3).
Since some included reports were composed of data for chil-
dren under and above 3 years of age, we collected the data of
these reports to analyze the primary and secondary outcome
and to compare them to the results of the target group.

Qualitative assessment

Quality assessment of the retrospective cohort studies was
carried out using the Newcastle-Ottawa scale (NOS) [15]
and was initially conducted by two authors independently
(N.F., L.G.) and then compared.

Statistical analysis

Risk ratio (RR) was used as an effect measure for the pooled
outcomes. Depending on the heterogeneity (1> < 50%) of the
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Table 1 Distribution of Age HME TS CD SWS LEAT/tumor HM IS EC VS SY IVH CP I NA

pathologies among age groups

and surgical/functional group <3yrs 66 60 117 25 44 10 2 11 2 5 2 0 0 38
>3yrs 2 9 16 0 21 1m 1 3 0 0 1 0 0 17
Total 68 69 133 25 65 20 21 14 2 5 3 0 0 55
VNS
<3yrs 1 1 0 0 0 0 1 3 0 4 2 37 0
>3yrs 0 0 0 0 0 0 0 4 0 2 20 0
Total 1 1 0 0 0 0o 1 7 0 6 3 5 2710

EC encephalitis, / idiopathic, HME hemimegaencephalie, CD cortical dysplasia, SWS Sturge-Weber
syndrome, VS vascular malformation, 7S tuberous sclerosis, LEAT low-grade epilepsy associated
tumors, IS ischemic stroke, HM hippocampal malformation, /VH intraventricular hemorrhage, SY syndro-
mal, CP cerebral palsy, NA not applicable

studies, either the fixed-effect or random-effects model was
applied. Forest plots were generated for primary outcome.
All analyses were done using the R statistical software (ver-
sion 4.0.3, 2020) with the help of the dmetar package [16].
A p-value of <0.05 was considered as statistically signifi-
cant. No sensitivity analysis (“leave one out method”) was
performed due to the limited number of comparative studies.

This systematic review and meta-analysis was performed
in accordance with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines
(Fig. 1).

Results

We initially identified 1038 reports. After title screening,
70 report abstracts were further assessed. Of these, 49 arti-
cles underwent full-text evaluation whereof 12 articles were
included in qualitative analysis, and two reports were added
through screening of references (Fig. 1) leading to a cohort
of 532 patients. Ten reports (481 patients) analyzed the out-
come of early resective or disconnective epilepsy surgery
[11, 17-25]. Of these, four reports (80 patients) compared
the outcome to late epilepsy surgery [20-22, 24]. Early
VNS surgery was analyzed in 2 reports (51 patients). One
report analyzed the outcome after early VNS surgery (6
patients), while one report compared the outcome of early
(14 patients) and late (31 patients) VNS surgery [22]. All
included reports were of retrospective nature. Mean NOS
was 6.25 points (+0.25).

Comparison of early and late epilepsy surgery

Of the included 532 patients, 401 (75%) received early epi-
lepsy surgery. The distribution of treated diseases within the
whole cohort and for the early and late group is presented
in Table 1 showing a rather heterogeneous distribution. The
early surgery group presented with more hemispheric, wide-
spread lesions or syndromic pathologies, whereas the late
surgery group presents with more depicted lesions such as
tumors in relation to cohort size.

Age distribution at surgery was available for all studies.
Mean age at surgery of the cohort was 25.7 months (95% CI
[4.6; 46.7], range 72 days and 107 months), while the mean
age of the early group was 14.2 months (95% CI [10.1; 18.4],
range 2.4-20.0 months) and of the late group was 66.0 months
(95% CI [53.0; 84.5], range 49.6—107.0 months). Jenny et al.
did not declare an age distribution in their cohort [21]. Mean
age at seizure onset was 2.9 months (95% CI [0.7; 5.3], range
6 days to 24 months) and 0.6 months for the early group and
10.1 months for the late group (p=0.03).

The distribution of the surgical approach for the whole
cohort and the early and late group is presented in Table 2.
One report did not present detailed information on surgical
technique [22].

Overall favorable outcome was 0.68 (95% CI[0.63; 0.73])
(Fig. 2a). Favorable outcome was comparable in both groups
with 77% in the < 3 years group and 75% in the >3 years
group with a higher rate of seizure-free outcome of 91%
(n=270) in the <3 years group and 88% (n=70) in
the > 3 years group.

Table 2 Distribution of surgical

Age HE HO MLD LO LE VNS
procedures among age groups

<3 yrs 64 104 24 36 137 14

>3 yrs 5 10 1 24 29 31

Total 69 124 25 60 166 45

HO hemispherotomy, HE hemispherectomy, LO lobectomy, LE lesionectomy, MLD multilobar disconnec-

tion, VNS vagus nerve stimulation
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Fig. 1 Flow chart according to
PRISMA guidelines for system- [ Identification of studies via databases and registers ]
atic review and meta-analysis
_S Records removed before
‘é Records identified from: screening:
= Databases (n = 1480) ————» Duplicate records removed
3:'; Others (n =2) (n=444)
1/
y
~—\
Records screened » | Records excluded (title)
(n=1038) (n =968)
4
Reports sought for retrieval »| Reports not retrieved (Abstract)
2 (n=70) (n=21)
‘e
o
%
@ \4
Reports assessed for eligibility
(Fulltext) 3| Reports excluded:
(n=49) Reason language (n = 3)
Reason no fulltext (n = 14)
Case reports (n = 6)
Wrong outcome (n= 6)
<3yrs n<5 (n=8)
——/
\4
o L . .
o Studies included in review
3 (n=12)
3]
=

There was no significant difference in the outcome ana-
lyzing the comparative studies only (RR 1.03, 95% CI[0.73;
1.46] p=0.75) (Fig. 2b).

Reduction rate of AED after epilepsy surgery of the
whole cohort was mean 1.21 drugs (+0.55) based on 4 stud-
ies [11, 17, 21, 22], while 22% (110/481) of the patients
were off medication during follow-up. Reduction rate of
AED for the early group was 1.15 (+0.63) compared to 0.95
(£0.07) in the late group.

Information about developmental outcome was described
in 8 reports [17-19, 22-25]. Out of these, 106 patients
showed an improvement (26.4%), while 33 patients (8.2%)
remained stable. Comparison of developmental outcome
between the groups was not possible due to the lack of
details and consistency within the reports. Overall morbid-
ity was seen in 29.5% (n=142), while morbidity rate in the
early group was 34.1% (n=137) compared to 6.25% in the
late group (n=5; RR 5.4 95% CI [2.3; 12.9] p<0.001) [11,

17-21, 23-25]. No significant difference between the groups
was detected analyzing the comparative studies only (RR
0.8, 95% CI [0.3; 2.4] z= —0.24, p=0.8, Fig. 2c¢). Surgi-
cal mortality occurred in 1 patient within the early group
(Table 2).

Comparison of early and late VNS surgery

VNS stimulator was implanted in 51 patients, 20 (39.2%)
early and 31 (60.8%) late. None of the reports describ-
ing disconnective or resective procedures presented VNS
implantation or other neuromodulative approaches in their
cohorts. The mean age at surgery was 76 months (+81),
28 (£ 11.6) in the early group and 177.7 (£208.5) months
in the late group. The underlying pathology of the whole
group and the early and late group is presented in Table 1.
Favorable outcome was seen in 52% (n=27) of the patients,
65% (n=13) in the early and 45.1% (n=14) in the late group
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Fig.2 a Pooled analysis of the
overall outcome after epilepsy

a study

surgery from the surgical Roth et al. 2021™ 43
cohort. Overall favorable I(\a/vasaki et taLI 23521(;718 ‘1“2‘
rayson et al.

outcome was 68%. b Forest. Kad}ilsh ot al. 2018 1 09
plot of the comparative studies Fohlen et al. 2018 20 13
for favorable outcome. No sig- Jenny et al. 2016 21 .
nificant difference was detected Villarejo et al. 2013 22 10
(p=0.75). ¢ Forest plot assess- Ramantani et al. 201323 24
ing the morbidity rate of the Lettori et al. 2008 2 16

Steinbok et al. 2009 25 87

comparative studies showing no
significant difference between
the age groups

Fixed effect model

Events Total

Proportion 95%-Cl Weight
64 —a8— 0.67 [0.54;0.78] 17.0%
75 —_— 0.59 [0.47;0.70] 21.9%
19 — 1+ 0.63 [0.38;0.84] 5.3%
48 _ 0.60 [0.45;0.74] 13.8%
15 —_— 0.87 [0.60;0.98] 2.1%
78 ; 0.0%
17 : 0.59 [0.33;0.82] 5.0%
30 _— 0.80 [0.61;0.92] 5.8%
19 _— 0.84 [0.60;0.97] 3.0%
116 i 0.75 [0.66;0.83] 26.2%
481 e 0.68 [0.63; 0.73] 100.0%

Heterogeneity: /2 = 42%, 12 = 0.0860, p = 0.08

I I T I 1
04 05 0.6 0.7 0.8 0.9

b Experimental Control
Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
Fohlen et al. 2018 20 9 10 4 5 — 1.12 [0.69; 1.83] 33.0%
Villarejo et al. 2013 22 3 6 7 M —~—~— 0.79 [0.31;1.96] 30.6%
Lettori et al. 2008 24 13 14 4 5 — 1.16 [0.73;1.84] 36.5%
Fixed effect model 30 21 §> 1.03 [0.73; 1.46] 100.0%
Prediction interval T [0.22; 5.30]
Heterogeneity: /% = 0%, 12 = 0.0076, p = 0.75 f T f T I
Test for overall effect: t, = 0.97 (p = 0.43) 0.2 0.5 1 2 5

c Early Late
Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
Roth et al. 2021 ™ 31 64 0.0%
lwasaki et al. 2021 17 19 75 0.0%
Grayson et al. 2020 18 11 19 0.0%
Kadish et al. 2018 19 10 48 . . 0.0%
Fohlen et al. 2018 20 0o 10 1 5 0.05 [0.00; 27.23] 27.1%
Jenny et al. 2016 21 1 19 2 59 - 1.55 [0.15; 16.18] 18.1%
Villarejo et al. 2013 22 . 6 11 0.0%
Ramantani et al. 2013 23 5 30 0.0%
Steinbok et al. 2009 25 54 116 . . 0.0%
Lettori et al. 2008 24 6 14 2 5 L 1.07 [0.31; 3.67] 54.8%
Fixed effect model 401 80 <1f 0.88 [0.32; 2.43] 100.0%

Prediction interval

Heterogeneity: /2 = 0%, t° = 0.9491, p = 0.60
Test for overall effect: z=-0.24 (p = 0.81)

(RR 1.4393,95% CI[0.87; 2.4] z=1.42, p=0.16). Improved
developmental outcome was seen in 27% of the patients, in
the cohort of Soleman et al. with significance for the early
treatment group [26]. No mortality occurred and complica-
tion rate was 28% (n=13), 21% (n=3), and 32% (n=10) for
the whole cohort, the early, and the late group, respectively
(Table 4).

Discussion

To our knowledge, this is the first systematic review and meta-
analysis regarding early epilepsy surgery in children with
focus of young children under 3 years of age. We identified a
total of 12 articles with a total of 532 patients, 481 undergo-
ing resective surgery and 51 undergoing VNS implantation.
Hemispherotomy was the most common used surgical
approach in children < 3 years, while children > 3 years were
mostly treated with lesionectomies. Favorable outcome was

@ Springer

[0.00; 2031230.12]
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comparable in both groups with 77% in the < 3 years group
and 75% in the > 3 years group. Seizure freedom was more
frequently in the <3 years group. Overall morbidity rate
was 29%, while 34% of the early group suffered complica-
tions such as the need for blood transfusion, hypothermia,
and hydrocephalus. This difference is probably due to the
higher amount of hemispheric surgical approaches in the
early group. Developmental improvement was seen in 26.4%
of all patients. Overall surgical mortality rate was very low
at 0.2%. Two of the included studies described the outcome
of VNS treatment, which has a lower rate of favorable out-
come (52%), with a higher rate of favorable outcome in the
early treatment group (65%) than in the late treatment group
(45%) but a higher described developmental improvement
in the <3 years cohort. Overall, morbidity rate was 25%
(n=133), a distinction between the age group was not pos-
sible due to missing baseline data. Mean reduction rate of
AED after surgery was 1.21 drugs and 22% of the surgical
patients came off medication.
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Table 4 Functional surgery

NOS

Surgical

Developmental Morbidity

improvement

Seizure
free

Favorable

outcome

Seizure

Age at seizure Age at seizure

n<3 n>3years Ageat Age at Age at Age at

n

Author

mortality

early | late |
total

duration
months
(mean;
(SD))

onset months

(mean;

seizure onset onset months

months
(mean;
(SD))

surgery
months

surgery
months
(mean;

surgery
months
(mean;
(SD))

years

(total)

Engel
Ia

Engel I/II

(mean;

early | late Il
total

(SD)) >3 years

(SD))<3
years

(mean;

(SD))>3
years

(SD)) <3
years

0

Improvementin 3110113

early group
compared to
late group

NA

91141123

24.5 (+36)

37 (x17.7) 177 (£208) 18.4(+31.7) 5.4 (x12.5)

1339

45 14 31

Soleman

(+184)

et al.
2012

[26]
Zamponi

NA

5 improved

NA

NA 4(£3.4) 4(+£3.4) NA

17.2

17.2

6

(+£6.7)

(+6.7)

etal.

2008

[31]

Total

0

Improvement 3110113

1

11.2 (+=10) 4.7(x£0.9) 24.5 (+36) NA 27 (52%)

27.1 (x14) 177 (£208)

76 (+81)

20

51

total; 13

(65%) early

NA not applicable

Etiology and outcome

To date, studies focusing on the surgical and developmental
outcome after early epilepsy surgery in children are solely of
descriptive nature, while only few retrospective studies com-
paring early and late epilepsy surgery exist. It is assumed
that early surgery in children leads to better seizure and
developmental outcome in comparison to late surgery [17].
The developing brain provides greater neuroplasticity, which
gives better chances for recovery and therefore compensat-
ing transient deficits after resective surgery than in older
patients [10]. However, apart from age, factors such as time
to surgery, the underlying disease, and seizure semiology
seem to influence outcome as well [22]. Vascular CD fol-
lowed by children with vascular pathologies leading to epi-
lepsy show worst epilepsy outcome after surgical treatment
that other pathologies [22]. This is partly due to the fact that
patients with vascular CD or vascular lesions are prone to
severe developmental delays due to structural abnormali-
ties of the disease itself. Therefore, for these pathologies,
epilepsy surgery should be discussed at an early phase of the
disease, with the aim to reduce the progression of the disease
itself. In our pooled outcome analysis, CD (n=117) was the
most common etiology followed by HME (n = 66) in chil-
dren < 3 years, while in older children, the most common eti-
ology was LEAT (n=21). When analyzing the type of surgi-
cal approach in relation to the different etiologies, a greater
number of hemispherotomies and hemispherectomies were
performed for widespread lesions and were more common
in the group < 3 years. However, we did not detect any bias
due to a higher number of published articles reporting about
these procedures in younger children [27]. This leads to the
suggestion that younger children suffer mostly from con-
genital or genetic pathologies whereas tumor lesions mostly
predispose for epilepsy in children older than 3 years. When
regarding the distribution of applied surgical procedures,
lesionectomy or lobectomy was in relation to treated patients
mostly used in children over 3 years.

Timing of seizure onset was early with 0.6 months in
the < 3 years cohort and 10.1 months in the > 3 years cohort.
The interval of seizure before surgery could not be assessed
due to missing baseline data. Some studies showed that
shorter seizure duration before surgery is associated with
better seizure and developmental outcome [27]. Ramatani
et al. found in their work that developmental impairment is
less severe with a shorter duration of epilepsy [23]. Iwasaki
et al. postulated to evaluate surgery even in patients that are
diagnosed with an appropriate pathology, such as HME, CD,
TS, or SWS before DRE is diagnosed. Existing reviews pos-
tulate a shorter interval between seizure onset and surgery to
be important for favorable outcome for all age groups includ-
ing adult patients but no subgroup description for very young
children was made [27]. Therefore, it would be interesting
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to investigate if the outcome varies in young children under
3 years, depending on the time interval between onset and
surgery and age of surgery; however, the available data was
too heterogeneous; therefore, this question cannot be deci-
sively answered by our cohort of patients.

Developmental outcome showed an overall improvement
in 31% of all cases. Distribution between the age groups
was not possible. Previous studies suggested that a high
frequency of seizures during infancy causes severe struc-
tural damage to the developing brain and therefore results in
severe cognitive deterioration [1]. Furthermore, early onset
and longer duration of epilepsy is directly correlated with
preoperative cognitive development and therefore influ-
ences the cognitive outcome after surgery as well [1, 19,
23, 25]. Clearly, the underlying seizure pathology affects
developmental outcome after seizure surgery. Focal and
well-defined lesions show better developmental outcomes
than hemispheric pathologies or genetic diseases leading to
epilepsy [25].

The possibility to discontinue or reduce AED after suc-
cessful surgery also shows beneficial effect on postoperative
development [28, 29]. In our analysis, 110 patients came
off medication after resective or disconnective procedures
[19-21, 23-25]. A previous retrospective analysis revealed
that rapid reduction or discontinuation of AED does not lead
to higher seizure relapse [30]. Therefore, developmental out-
come could be improved in faster reduction of AED after
surgery.

Morbidity and mortality

Despite the high percentage of favorable outcomes reported
and low complication rate, epilepsy surgery in young chil-
dren is challenging and should not be underestimated [11,
21]. Especially in infants, the cortex is more friable, and
due to the small circulating blood volume, the high rate
of blood transfusion and risk of coagulopathy cannot be
underestimated [11]. Roth et al. who focused on surgery
in infants (< 3 months) had the highest rate of administered
blood products with 96%. However, also in other stud-
ies including older children, a transfusion rate of 87% was
reported [23]. The high rate of administered blood prod-
ucts is probably not only due to small circulating blood
volume but also due to the fact that in younger children,
hemispherotomies are more common that in older chil-
dren, where lesionectomies are the most frequent surgery
[11]. Roth et al. could show that preoperative EEG activity
correlated with the need for more intra- and postoperative
blood productive administration [11].

Apart from hemorrhage, other reported complications
were hydrocephalus, infection, and transient hemiparesis
[11, 17-26]. Some studies showed that hydrocephalus
occurred significantly more often in hemispheric rather
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than focal surgeries [11, 19], ranging from 5.8 to 25% [11,
17, 19, 23]. Younger age predisposes for hydrocephalus
complication due to the large exposure of the lateral ven-
tricle in hemispherectomies that are more often required in
the young cohort [17]. Bleeding complication more often
occurs in large hemispherical surgeries such as hemi-
spherectomies [17, 24, 25]. Complications were reported
heterogeneously amongst the publications, which makes
a uniform analysis difficult; nevertheless, no significant
difference between the two age groups regarding compli-
cation rates and severity was described which led to the
conclusion that epilepsy surgery even in young children
seems safe and feasible.

VNS

VNS is mostly indicated in patients with catastrophic
epilepsy as a palliative treatment. The patients often suf-
fer from global cerebral pathologies such as encephalitis
or intraventricular hemorrhage of prematurity [26, 31].
To our knowledge, there is no existing review literature
focusing on neuromodulative treatment for DRE in very
young pediatric patients under the specific age cutoff of
3, respectively 5 years since this approach is rather new
and constantly developing [4, 7, 8]. VNS could achieve
a seizure reduction in 41.8-66%. The outcome of VNS
is inferior to disconnective or resective surgery, however,
given that the patient collective is different with more
widespread pathologies for VNS. Complication rate of
VNS was reported to be rather low with an infection rate
of 6.7% and disconnection of the electrodes in 2.2% with-
out causing any permanent morbidity [26, 31]. Hence,
VNS is a relatively effective, low-risk treatment option
for catastrophic epilepsy even in young children.

DBS is an approved method for treatment of DRE in
adults as palliative treatment with high rates of favorable
outcome. A systematic review focusing on neuromodula-
tive treatment options with DBS and VNS reported suc-
cessful results for pediatric patients of all age groups suf-
fering from DRE with moderate complication rates [7].
Neuromodulation seems to be a promising way of alterna-
tive seizure treatment with good outcomes and acceptable
complication profile [7, 8, 26]. Therefore, neuromodula-
tion should be taken into account when evaluating surgical
treatment steps in cases of DRE and not only as a palliative
option.

Limitations
Despite conducting a systematic review and meta-analysis,

several limitations are present in this study. First, we only
searched two databases (PubMed and Embase) and only
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searched for English literature, which carries a risk of omit-
ting important data published elsewhere. Second, for the
quantitative meta-analysis, data were very heterogenous and
only retrospective cohort studies could be included. Espe-
cially the tailored search limited the number of patients for
the comparative group. Although the quality of the studies
according to the Newcastle-Ottawa scale was overall fair-
good, the small number of studies and the small number of
patients and heterogeneity of data within the studies possibly
limit the results. Especially, the number for neuromodula-
tive treatment remained low in our search. Third, different
descriptions and classifications of surgery and outcome and
different techniques such as VNS were available for quali-
tative analysis, leading to a rather heterogenous group of
patients. Fourth, even though we assessed for publication
bias, we cannot exclude a general publication bias, due to
unpublished negative studies, which are not included. Lastly,
we tailored our screening parameters to studies describing
a cohort of at least 5 patients under 3 years of age. There-
fore, studies addressing pediatric patients older than 3 years
were excluded. For VNS, the age was expanded to 5 years
to be able to give adequate review. This results in a limited
number of patients in the comparative group from only 5
included studies. A selection bias for the comparative cohort
must be mentioned.

Conclusion

Epilepsy surgery in pediatric age, especially under the age
of 3 years, is a feasible and safe way to treat intractable
epilepsy and therefore to potentially prevent severe devel-
opmental and cognitive deterioration. Overall seizure out-
come is favorable, with slightly more favorable outcomes
in the early surgery group. Developmental outcome mostly
improves after successful seizure control and reduction of
AED is often possible. Overall mortality remained very
low while morbidity rates are depended on the underlying
pathology and chosen type of surgery; nevertheless, no ten-
dency to more severe complications for younger children
could be detected. VNS presents good results and should
be more often evaluated as a treatment option not only in
palliative situations.

Further comparative studies of prospective nature, ana-
lyzing not only seizure but also developmental outcome,
should be the focus of future studies.
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