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Abstract

Lennox—Gastaut syndrome (LGS) is a severe form of childhood onset epilepsy in
which patients require multiple medications and may be candidates for palliative sur-
gical intervention. In this meta-analysis, we sought to evaluate the impact of palliative
vagus nerve stimulation (VNS), corpus callosotomy (CC), and resective surgery (RS)
by analyzing their impact on seizure control, antiepileptic drug (AED) usage, quality
of life (QOL), behavior, cognition, prognostic factors, and complications. A system-
atic search of PubMed MEDLINE, Scopus, and Cochrane Database of Systematic
Reviews was performed to find articles that met the following criteria: (1) prospec-
tive/retrospective study with original data, (2) at least one LGS surgery patient aged
less than 18 years, and (3) information on seizure frequency reduction (measured as
percentage, Engel class, or qualitative comment). Seizures were analyzed quantita-
tively in a meta-analysis of proportions and a random-effects model, whereas other
outcomes were analyzed qualitatively. Forty studies with 892 LGS patients met the
selection criteria, with 19 reporting on CC, 17 on VNS, four on RS, two on RS +
CC, one on CC + VNS, and one on deep brain stimulation. CC seizure reduction
rate was 74.1% (95% confidence interval [CI] = 64.5%—-83.7%), and VNS was 54.6%
(95% CI = 42.9%—66.3%), which was significantly different (p < .001). RS seizure
reduction was 88.9% (95% CI = 66.1%-99.7%). Many VNS patients reported alert-
ness improvements, and most had no major complications. VNS was most effective
for atonic/tonic seizures; higher stimulation settings correlated with better outcomes.
CC patients reported moderate cognitive and QOL improvements; disconnection syn-
drome, transient weakness, and respiratory complications were noted. Greater callo-
sotomy extent correlated with better outcomes. AED usage most often did not change
after surgery. RS showed considerable QOL improvements for patients with localized
seizure foci. In the reported literature, CC appeared to be more effective than VNS for
seizure reduction. VNS may provide a similar or higher level of QOL improvement
with lower aggregate risk of complications. Patient selection, anatomy, and seizure
type will inform decision-making.
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1 | INTRODUCTION
Lennox—Gastaut syndrome (LGS) is a severe form of epi-
lepsy that typically presents during early childhood and is
estimated to encompass 1%—10% of all childhood epilepsy
cases.'® Complete seizure control in LGS is unfortunately
not possible, and all patients experience intellectual and
psychosocial dysfunction as a result."”® Behavioral prob-
lems may also result from epilepsy, with patients exhib-
iting attention deficit disorder and aggression."’ Seizure
reduction is a priority in the treatment of LGS due to the
potential to improve symptoms, cognitive problems, be-
havioral issues, and overall quality of life (QOL).lo The
major goal for seizure control has been to reduce the fre-
quency and intensity of seizures overall, with special focus
on the most injurious seizures such as drop attacks and
tonic—clonic seizures.''

Various treatment strategies have been employed to re-
duce seizures in LGS patients. Antiseizure medications
(ASMs) have some efficacy in reducing although rarely elim-
inating seizures.''™"® LGS is inevitably drug-resistant, and
the chronic use of ASMs has been associated with poor prog-
nosis.!” Because medical treatment typically fails to control
seizures in LGS patients, a surgical workup should be consid-
ered early in the management of disease.'” For patients with
identifiable seizure foci on imaging, resective surgery (e.g.,
lobar resection or hemispherectomy) has been shown to suc-
cessfully control seizures.'® There have also been reports of
favorable resective surgery outcomes even when epileptiform
discharges originated from more than one brain area.'”™° Of
note, there have been descriptions of lower efficacy for resec-
tive surgery for long-term seizure control,” but other studies
appear to be more promising.m’25

Whereas resective surgery is thought of as possibly “cu-
rative,” two other “palliative” surgical options, corpus cal-
losotomy (CC) and vagus nerve stimulation (VNS), are also
considered for LGS patients, especially when epileptiform
discharges are not easily localized.!” CC has been shown to
reduce tonic, atonic, and tonic—clonic seizure types in LGS,26
but poses risks of disconnection syndrome, venous infarction,
bleeding, and neuropsychological deficits.”” VNS, as a less
invasive approach, has generally been considered not to be as
risky as CC,”® with documented complications such as voice
alteration, drooling, coughing, and dyspnea.zg’29 However,
one meta-analysis found that VNS was less effective for
atonic seizure reduction in LGS patients in comparison to
CC.*" The relative risks and benefits of these interventions
need to be further elucidated.

Key Points

e LGS patients with localized seizure foci may ben-
efit greatly from resective surgery

e Seizures in LGS may be better controlled by CC
than VNS, but VNS may provide similar QOL
benefits with lower risk of adverse events

e Combination surgeries have varying levels of ef-
ficacy, with resective surgery + CC showing the
most promise for a subset of LGS patients

Previous reviews/meta-analyses that have investigated sur-
gical interventions in LGS have quantitatively compared the
relative efficacy of VNS and CC for seizure reduction® and
commentated broadly on the qualitative risks and benefits of
various surgical procedures.”’3 32 In this meta-analysis, we
sought to evaluate the role of epilepsy surgery in manage-
ment of LGS by (1) evaluating the clinical impact of surgery,
(2) summarizing prognostic factors, and (3) quantitatively
analyzing the efficacy of surgical procedures.

2 | MATERIALS AND METHODS

2.1 | Search strategy

A systematic review following the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses)33 guidelines was conducted to investigate the
different surgical treatments for LGS patients. PubMed
MEDLINE and Scopus were systematically searched for
English-language studies with no date limits applied. The
PICO framework was used to search for articles. The search
terms encompassed all combinations of (1) Lennox—Gastaut
syndrome, Lennox—Gastaut, LGS, and Lennox; and (2)
corpus callosotomy, callosotomy, commissurotomy, vagus
nerve stimulation, vagal nerve stimulation, VNS, epilepsy
surgery, resective surgery, and neuromodulation.

2.2 | Selection criteria

Inclusion criteria included (1) prospective or retrospec-
tive study with original data, (2) at least one pediatric
(<18 years of age) LGS patient treated with surgery, (3)
mean age of surgically treated LGS patients less than



THIRUNAVU ET AL.

18 years, and (4) information on reduction of seizure fre-
quency (measured as percent seizure reduction, Engel
class, or qualitative comment). Exclusion criteria included
(1) singular case studies/reports, traditional literature re-
views, and theoretical papers; (2) lack of original data; (3)
lack of pediatric LGS patients; (4) mean age of LGS pa-
tients greater than 18 years and inability to isolate man-
agement/outcomes of pediatric LGS patients; (5) lack of
any surgical interventions; and (6) lack of information
on seizure frequency reduction after intervention. Article
relevance, suitability, and quality were evaluated by two
authors independently (V.T. and R.D.) using the aforemen-
tioned criteria. Disagreements were resolved between the
same two authors.

2.3 | Data extraction

From reports that met the inclusion criteria, we ex-
tracted the following information from each study: au-
thors, number of LGS patients, age of LGS patients
at surgery, comparison/control groups, study design,
study year, surgical intervention(s), seizure outcomes at
0-6 months/6 months—2 years/24+ years postprocedure,
seizure outcomes at last follow-up with most data, qualita-
tive evidence of seizure outcomes, intellectual outcomes,
evidence of QOL changes/improvements, evidence of
complications, and prognostic factors of better or worse
outcomes. Seizure reduction outcomes for patients were
treated as binary: positive or negative. Patients were clas-
sified as having positive seizure outcomes if they were
described as having greater than 50% seizure reduction,
being in Engel Class I-III, or qualitatively described as
having “significant,” “considerable,” or “worthwhile” sei-
zure reduction. For studies with patients listed individu-
ally, outcomes were aggregated to represent the study in
our analysis. The primary outcome of interest was seizure
reduction rate at the last follow-up with most data, as we
wanted to best evaluate long-term seizure reduction for
each intervention while also preserving a large pooled sam-
ple size. Secondary outcomes of interest included seizure
reduction rates at various postprocedure follow-up times
(0—6 months, 6 months—2 years, and after 2 years), QOL
measures, and complications. Not all studies possessed
complete data for the fields described above.

2.4 | Quality assessment

The quality of evidence was evaluated according to the
Cochrane ROBINS-I guidelines.34 Publication bias was eval-
uated by conducting a linear regression test of funnel plot
asymmetry.

Epilepsia-

2.5 | Statistical analysis for seizure
reduction rates

Cohorts were grouped for quantitative analysis based on
treatment modality: VNS, CC, and resective surgery. Given
the small number of studies assessing resective surgery +
CC, VNS + CC, and deep brain stimulation (DBS), these
studies were not subjected to quantitative meta-analysis.
For the three surgical interventions included in the meta-
analysis, four outcomes were assessed: seizure reduction
rate at last follow-up, seizure reduction rate at 0—6 months
postprocedure, seizure reduction rate at 6 months—2 years
postprocedure, and seizure reduction rate at 2+ years
postprocedure. Seizure reduction rate at last follow-up
included all studies, whereas the other outcomes used a
smaller subset of the studies within each intervention due
to incomplete data. Seizure reduction rate was delineated
as a proportion based on the study sample size. Odds ratios
were not calculated, as most studies did not include a con-
trol group for comparison.

A random-effects model was used to calculate pooled
proportions with 95% confidence intervals (CIs) for the last
follow-up data. Raw pooled proportions and 95% Cls were
calculated for the other time points. For groups of studies
with a mean pooled proportion between .2 and .8, the in-
verse variance method was used to calculate weights. The
Tau® value for study heterogeneity was calculated using a
DerSimonian—Laird estimator, and the proportions were left
untransformed. For groups of studies with a mean pooled
proportion less than .2 or more than .8, a logit transforma-
tion was used for proportions and Tau® was calculated using a
maximum-likelihood estimator. Study heterogeneity was also
measured by the I statistic for all plots. Visual evaluation of
funnel plots and Begg and Mazumdar test were used to assess
publication bias.

Two-proportion z-tests were used to compare pooled pro-
portions. A p-value < .05 was considered to be statistically
significant. All statistical analyses were performed using R,
version 4.0.1.

3 | RESULTS

Using the search strategy detailed above, 519 articles were
initially identified, and 40 were included in this systematic re-
view (Figure 1, Table 1). All studies were published between
1990 and 2020. There were 28 retrospective studies (70%)
and 12 prospective studies (30%). The 40 studies assessed
44 intervention groups, of which there were 19 CC,24’28’35’51
17 VNS28293652°65 four resective surgery,21’22’25’66
resective surgery + CC,22‘25 one CC + VNS,67 and one
DBS.% There were, in total, 892 LGS patients evaluated,
with a breakdown by intervention of 337 CC, 370 VNS, 138

two
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n= 209 records
identified through
PubMED MEDLINE

n=256 records
identified through
Scopus

n=54 records
identified through
citation search

v

n=143 duplicate records
removed

n=376 abstracts screened
for full-text review

v

n=293 records excluded for
lack of relevance

n=83 full-text articles
assessed for eligibility

v

n=40 records included in

n=43 records excluded

e N =6 excluded for
lack of access to full
text

e N = 31 excluded for
lack of robust study
design or original
data

e N = 4 excluded for
lack of relevant
outcomes

e N = 2 excluded for
lack of appropriate
patient population

FIGURE 1 PRISMA (Preferred
Reporting Items for Systematic Reviews and
Meta-Analyses) flowchart

final analysis

resective surgery, 25 resective surgery + CC, nine CC +
VNS, and 13 DBS.

3.1 | Impact of surgical treatment on
antiepileptic drugs

Thirty-one studies assessing 33 intervention groups commented
on usage of antiepileptic drugs (AEDs) before surgery, during
the study period, and/or after surgery. Most patients appeared
to have been on 1-5 AEDs prior to surgery, although the ef-
ficacy of these drugs was in question given the choice to move
to surgery. Many studies reported a mean or median close to

. 3 .
three AEDs prior to surgery.zg’ 5,38,43,44,47,52-54,59,60,62,65,67 All

17 VNS studies commented on AED usage, and among these,
0 reported an overall increase in AEDs after surgery for their
patients (0%), four overall decrease in AED (23.5%), nine
very little or no change (53%), and four unspecified change
(23.5%). Eleven CC studies commented on AED usage, and
among these, two reported an overall increase in AEDs after
surgery for their patients (18%), five overall decrease in AED
(45%), three very little or no change (27%), and one unspeci-
fied change (9%). Among the other interventions, one resec-
tive surgery study reported a notable decrease in AEDs after
surgery, whereas the others reported very little change or did
not specify.
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* | Epilepsia

3.2 | Efficacy of surgical procedures for
seizures (meta-analysis)

3.2.1 | Vagus nerve stimulation

Seventeen studies assessed VNS seizure reduction outcomes.
At the last follow-up time point with most data, 178 of
370 (raw: 48.1%, random-effects model: 54.6%, 95% CI =
42.9%-66.3%) patients undergoing VNS experienced reduc-
tion in seizure frequency (Figure 2). A linear regression test
assessing funnel plot asymmetry for the 17 studies revealed
no significant publication bias (p = .24). Ten studies?®2*32-5?
had seizure reduction data for the O—6-month postprocedure
period, with 128 of 283 (45.2%, 95% CI = 39.5%-51.1%)
patients experiencing a reduction in seizure frequency.
Eleven studies”*>7%701% had seizure reduction data for
the 6-month-2-year postprocedure period, with 125 of 288
(43.4%, 95% CI = 37.8%—49.2%) patients experiencing a re-
duction in seizure frequency. Nine studies’®323439:60.62-64 1o q
seizure reduction data for the 2+-year postprocedure period,
with 94 of 185 (50.8%, 95% CI = 43.7%-57.9%) patients ex-
periencing a reduction in seizure frequency. Two-proportion
z-tests revealed no significant differences between seizure
reduction at 0—6 months and 6 months-2 years (p = .72),

IV, Random, 95% C|
6.8% 0.235[0.068; 0.499] .
5.0% 0.625[0.245; 0.915]

0-6 months and 2+ years (p = .28), or 6 months-2 years and
24 years (p = .14).

3.2.2 | Corpus callosotomy

Nineteen studies assessed CC seizure reduction outcomes.
At the last follow-up time point with most data, 227 of
337 (raw: 66.3%, random-effects model: 74.1%, 95% CI
= 64.5%-83.7%) patients undergoing CC experienced a
reduction in seizure frequency (Figure 3). A linear regres-
sion test assessing funnel plot asymmetry for the 19 studies
revealed no significant publication bias (p = .52). Eight
studieg?83739414244-46 14 seizure reduction data for the
0-6-month postprocedure period, with 87 of 125 (69.6%,
95% CI = 61.5%-77.7%) patients experiencing a reduc-
tion in seizure frequency. Ten studieg?®39-37-3841:42:44.45.47.49
had seizure reduction data for the 6-month-2-year post-
procedure period, with 103 of 152 (67.7%, 95% CI =
60.0%—75.4%) patients experiencing a reduction in seizure
frequency. Thirteen studies?*39738:4044.48.5051 pag seizure
reduction data for the 2+-year postprocedure period, with
193 of 291 (66.3%, 95% C1 = 61.1%—71.5%) patients expe-
riencing a reduction in seizure frequency. Two-proportion

I, Random, 95% Cl

Study Events Total Weight
Aldenkamp et al., 2002 4 17

Ben-Menachem et al., 1999 5 8

Benifla et al., 2006 4 10 54%
Buoni et al., 2004 1 3 31%
Cersdsimo et al., 2011 30 46 T.6%
Cukiert et al., 2013 17 20 7.4%
Frost et al., 2011 14 24 8.9%
Hallbook et al., 2005 1 4 4.0%
Hornig et al., 1997 B 5.5%
Hosain et al., 2000 13 59%
Kostov et al., 2009 20 30 7.3%
Lundgren et al., 1998 2 4 34%
Magarajan et al., 2002 5 B 5.5%
Orosz et al., 2014 48 146 8.2%
Shahwan et al., 2009 7 9  59%
You et al., 2008 B 10  54%
Zamponi et al., 2011 14 6.6%
Total (95% CI) 178 370 100.0%

0.400 [0.122; 0.738]
0.333 [0.008; 0.906]
0.652 [0.498; 0.786]
0.850 [0.621; 0.968]
0.583 [0.366; 0.779]
0.250 [0.006; 0.806]
0.833 [0.359; 0.996]
0.462 [0.192; 0.749]
0.667 [0.472; 0.827]
0.500 [0.068; 0.932]
0.833 [0.359; 0.996]
0.329[0.253; 0.411]
0.778 [0.400; 0.972]
0.600 [0.262; 0.878]
0.214 [0.047; 0.508]

0.546 [0.429; 0.663]

Heterogeneity: Tau® = 0.0419; Chi® = 77.89, df = 16 (P < 0.01); I* = 79%

--*I-

| | I | | |

o 0.2 0.4 0.6 0.8 1

Seizure Reduction Rate at Last Follow-Up

FIGURE 2 Forest plot of last follow-up seizure reduction rate with the most data for vagus nerve stimulation studies. CI, confidence interval;

IV, untransformed proportion
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Study Events Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Asadi-Pooya et al., 2013 11 18 5.5% 0.611[0.357;0.827] B—

Chandra et al., 2016 15 16 7.1% 0.938 [0.698; 0.998] — I}
Cukiert et al., 2013 22 24 7.2% 0.917[0.730;0.990] =
Huang et al., 2019 3 3 4.2% 1.000[0.292; 1.000] :

Hur et al., 2016 2 10 5.2% 0.200[0.025;0.556] = :

Iwasaki et al., 2012 1 2 1.5% 0.500[0.013;0.987] @ ,

Jalilian et al., 2010 S 8 4.0% 0.5625[0.245; 0.915] B

Jea et al., 2013 4 4 50% 1.000[0.398; 1.000]

Kwan et al., 2006 A5 74  7.2% 0.608 [0.488;0.720] N B

Lee et al., 2014 23 41 6.6% 0.561[0.397;0.715] ——

Liang et al., 2014 16 23 6.1% 0.696 [0.471; 0.868] —B—
Liang et al., 2017 13 14 6.9% 0.929 [0.661; 0.998] R B
Lin et al., 2012 31 48  6.9% 0.646 [0.495;0.778] B

Oguni et al., 1991 8 14 5.0% 0.571[0.289;0.823] |

Provinciali et al., 1990 2 2 3.1% 1.000[0.158; 1.000] ,
Tanriverdi et al., 2009 12 16 5.7% 0.750 [0.476;0.927] o

Tao et al., 2020 1.9% 1.000 [0.025; 1.000] :

Turanli et al., 2006 5.6% 1.000 [0.478; 1.000]

You et al., 2008 14  5.0% 0.571[0.289; 0.823] = :

Total (95% CI) 227 337 100.0% 0.741[0.645;0.837] e

Heterogeneity: Tau’ = 0.0301; chi‘ = 77.45, df = 18 (P < 0.01); 2= 77%

[ I | I I |
0 0.2 0.4 0.6 0.8 1

FIGURE 3 Forest plot of last follow-up seizure reduction rate with the most data for corpus callosotomy studies. CI, confidence interval; IV,

untransformed proportion

z-tests revealed no significant differences between seizure
reduction at 0—6 months and 6 months—2 years (p = .84),
0—6 months and 2+ years (p = .59), or 6 months-2 years
and 2+ years (p = .84).

3.23 | VNS versus CC

Both VNS and CC were compared directly, as they repre-
sent palliative options for surgery. Two-proportion z-tests re-
vealed significant differences between seizure reduction rates
for VNS and CC at the last follow-up time point (48.1% vs.
66.3%, p < .001), 0—6-month postprocedure period (45.2%
vs. 69.6%, p < .001), 6-month—2-year postprocedure period
(43.4% vs. 67.7%, p < .001), and 2+-year postprocedure pe-
riod (50.8% vs. 66.3%, p = .0011).

3.2.4 | Resective surgery

Four studies assessed resective surgery seizure reduction out-
comes. At the last follow-up time point with most data, 105

of 138 (raw: 76.1%, random-effects model: 88.9%, 95% CI =
66.1%-97.1%) patients undergoing resective surgery experi-
enced a reduction in seizure frequency (Figure 4). Publication
bias was noted for the four studies via linear regression tests for
funnel plot asymmetry (p = .04). There were no studies with
0-6-month follow-up information. One study22 had follow-
up information for the 6-month—2-year period, with 17 of 20
(85%) patients experiencing seizure reduction. All four studies
had follow-up information at the 2+-year period, which was
used to calculate the seizure reduction rate for the last follow-
up point category. Two-proportion z-tests revealed a significant
difference in last follow-up seizure reduction rates between re-
sective surgery and VNS (76.1% vs. 48.1%, p < .001) but not
between resective surgery and CC (76.1% vs. 67.3%, p = .076).

3.2.5 | Combination surgeries and DBS

Two studies assessed resective surgery + CC seizure re-
duction outcomes. At the last follow-up time point with
most data, 22 of 25 (88%, 95% CI = 75.3%—-100%) pa-
tients undergoing resective surgery + CC experienced a
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= L Epilepsia
Study
Ding et al., 2016 18 20
Kang et al_, 2018 6O G0

Liu et al., 2007 7 7
Pati et al., 2013 20 21 0.952 [0.762; 0.999]
Total (95% Cl) 105 138 0.829[0.e61;0.971]

Heterageneity: Tau® = 0.9805; Chi’ =8.07, df = 3 (P=0.04): I® = 6%

Events Total GLMM, Random, 95% Cl
0.900 [0.683; 0.988]

0.667 [0.559; 0.763] :
1.000 [0.590; 1.000] —

GLMM, Random, 95% CI
—-
=

—*—
| | | [ |
0 0.2 0.4 0.6 0.8 1

Seizure Reduction Rate at Last Follow-Up

FIGURE 4 Forest plot of last follow-up seizure reduction rate with the most data for resective surgery studies. CI, confidence interval;

GLMM, generalized linear mixed model

reduction in seizure frequency. One study assessing VNS
+ CC reported five of nine (55.6%, 95% CI = 23.1%—
88.0%) patients with seizure reduction at last follow-up,
and one DBS study reported 13 of 13 (100%) patients with
seizure reduction at last follow-up. Two-proportion z-tests
revealed significant differences in last follow-up seizure
reduction between resective surgery + CC and VNS (88%
vs. 48.1%, p < .001) and between DBS and VNS (100% vs.
48.1%, p < .001).

3.3 | Prognostic factors

For VNS, higher or longer duration of stimulation was asso-
ciated with better outcomes in a few studies.”*>* Atonic and
tonic seizures were also reported to be better controlled than
other seizure types.54‘60’63 Patients with intellectual disabil-
ity, those with generalized tonic—clonic seizures, and those
who required changes in AED regimen tended to have worse
outcomes.”>™>* For CC, patients with a greater extent of cal-
losotomy tended to have better seizure outcomes. 404344
Absence of magnetic resonance imaging findings, preopera-
tive brain damage, or presurgical lesions were also related
to better outcomes.>*” CC was less effective for myoclonic
seizures compared to other seizure types in one study.38
Among resective surgery studies, shorter duration of preop-
erative epilepsy and hemispherectomy were associated with
better seizure outcomes.>"® Adequate electrode placement
was important for DBS success.®

3.4 | QOL, cognition, and behavior outcomes

3.4.1 | Vagus nerve stimulation

. 3 -
Eleven studjes36-93:34:36.38.59.61.63-65 ¢ mmented on QOL,

behavior, and/or cognition changes for LGS patients after

treatment with VNS. Most patients were severely intellec-
tually disabled at baseline>”%!*-% or had low mental age.5 3
Common measures included parental or caregiver rat-
ing,56’59’63 Weschler Intelligence Scale for Children,’*61:63
and visual analogue scale.”®®! Five studies®*%>*>*% noted
specific improvements in alertness for a majority of their
LGS patients after VNS. Three studies generally noted
QOL improvements after VNS,36’56’63 whereas four stud-
jeg)38:61.65 reported no significant changes or reductions
in QOL, cognition, or behavior after VNS. Other findings
included mild improvement in mental age53; a minority of
patients exhibiting improvements in verbal communica-
tion, school work, memory, and moodzg; and a minority
of patients exhibiting improvements in adapting behavior/
alertness.* For negative effects, one study reported a de-
cline in mood for one patient of 24,% and another study
reported behavioral problems in two patients of nine.*® Of
note, four studies®*?*>*%° reported that observed changes
in QOL, cognition, and behavior were all independent of
seizure reduction outcomes.

3.4.2 | Corpus callosotomy

Eight studies?*3O38H41898 . ommented on QOL, behavior,
and/or cognition changes for LGS patients after treatment
with CC. Most patients were classified as mentally disabled or
had a low intelligence quotient (IQ) at baseline 2436-38-41:4348
Common measures included various forms of IQ test-
ing24'38’40’43 and neuropsychiatric evaluation.”>**  Four
studies***'*3*® noted no deterioration or significant change
in IQ or cognitive function in LGS patients after CC. Three
studies reported improvements in attention span,36 1Q (10/23
patients),38 and cognitive function.*® Two studies reported
improvements in QOL, with one study finding the vast ma-
jority of 24 patients experiencing improvements36 and an-
other reporting 13 of 23 patients with QOL improvements.*®
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One study noted improvements in behavior in two of two
patients.39 Other findings included no behavior or attention
changes,48 90% parental satisfaction after the procedure,48
and a mixed CC/resective group showing IQ improvement.24
Negative findings included IQ decline in two of 23 patients38
and QOL decline in one of 23 patients.3 8 of note, three stud-
ies reported a strong correlation between attention/IQ im-
provements and seizure frequency reduction.**364

3.43 | Resective surgery

212266 .ommented on QOL, behavior, and/or
cognition changes for LGS patients after treatment with re-
sective surgery. Patients had low 1Q,** low social quotient,2l
or considerable behavioral issues at baseline.®® Measures in-
cluded IQ tests,? social quotient maturity scales,”' and pa-
rental ratings.66 One study22 reported IQ improvements in 12
of 20 patients, memory improvements in eight of 20 patients,
and QOL improvements in 13 of 20 patients. Another study66
reported that 19 of 21 patients had improved behavioral func-
tioning. There were also reports of no changes in IQ in three
of 20 patients, no change in memory in 10 of 20 patients,
and no change in QOL in four of 20 patients.22 One study
reported no significant difference in preoperative and postop-
erative social functioning.21 Negative findings included de-
crease in IQ in five of 20 patients, decrease in memory in two
of 20 patients, and decrease in QOL in three of 20 patients.”
One study reported a correlation between better social func-
tioning and seizure reduction.”!

Three studies

3.4.4 | Combination surgeries and DBS

One study””* commented on QOL and cognition changes for
LGS patients after treatment with combination resective +
CC surgery. The study reported improvement in IQ for 17 of
23 patients, improvement in memory for eight of 23 patients,

TABLE 2 Summary of reported QOL/

Epilepsia--=

improvement in QOL for 18 of 23 patients, no change in
1Q for six of 23 patients, no change in memory for 12 of
23 patients, no change in QOL for five of 23 patients, and
decrease in memory for three of 23 patients. One study as-
sessing DBS® reported eight of 13 patients becoming more
independent, with a correlation between seizure reduction
and increased independence.

Details of QOL evaluations by study can be seen in Table
1. See Table 2 for a summary of reported QOL/behavior/cog-
nition changes by intervention and Table 3 for a detailing of
these measures for studies reporting these outcomes.

3.5 | Complications

3.5.1 | Vagal nerve stimulation

Ten studies?®>*3+3658-61.6365 o mmented on complications
for LGS patients after treatment with VNS. All 10 studies
reported that the majority of patients had no major compli-
cations, such as severe infections, vagal nerve lesions, or
procedure-related complications. Voice alteration, hoarse-
ness, and drooling/salivation were commonly reported, with
22 of 50 patients,29 three of 13 patients,5 820 0f 50 patients,54
two of four patients,56 and one of 10 patients28 in various
studies experiencing at least one of these adverse effects.
Coughing was also noted in 15 of 20 patients in one study
and three of 13 patients in another study.5 8 Of note, the afore-
mentioned symptoms appeared to fade with decreased stimu-
lation settingszg’29 or with time.”® Other minor side effects
included intractable headaches in one of three patients with
increased stimulation,”” incision site pain in five of 50 pa-
tients,29 paresthesia in four of 50 patients,29 mild infection
in two of 50 patients,29 increased tiredness in two of four pa-
tients,® agitation at high current in one of nine patients,63 and
dyspnea while sleeping in one of 10 patients.28 More serious
adverse events included surgical debridement and antibiot-
ics for notable incisional infection in one of 13 patients,58

. .. . . Intervention Positive/neutral effects Negative effects
behavior/cognition changes by intervention
VNS No reduction in QOL, cognition, or behavior; Decline in mood;
more alert; higher mental age; better verbal behavioral
communication; better memory; better mood problems (rare)
CC No reduction in IQ or attention span; 1Q decline, QOL
improvements in IQ, cognition, and attention; decline (rare)
improvements in QOL; improvements in
behavior; parental satisfaction
Resective No difference in social functioning; no change in 1Q, QOL, memory
surgery 1Q, QOL, memory, and behavior decrease
(minority)

Abbreviations: CC, corpus callosotomy; IQ, intelligence quotient; QOL, quality of life; VNS, vagus nerve

stimulation.
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premature current failure in two of four patients,56 and aspi-
ration adverse event in one of four patients.56

3.5.2 | Corpus callosotomy

24,28,35,36,38,39,40,42,44,45,47,48,49 commented on

Thirteen studies
complications for LGS patients after treatment with CC. No
surgical complications were seen in a subset of patients, with
five of five patients,42 10 of 18 patients,35 two of two pa-
tients,*” four of eight patients,44 and two of two patients49
experiencing no complications. Similarly, no long-lasting
mortality or morbidity was reported for any patients in five
studies: five of five,42 16 of 16,48 24 of 24,36 14 of 14,40 and
23 of 23.* A common side effect was disconnection syn-
drome, with one of 18 patients,35 five of 16 patients,48 23 of
24 patients,3 % and one of ei ght patients44 experiencing typical
symptoms. Transient weakness was also noted in three of 18
patients,35 two of eight patients,44 and one of 14 patients.28
Respiratory complications were noted in one of 18 patients35
and one of two patients.39 Aphasia was noticed in one of 23
patients38 and one of 14 patients.28 Other less common com-
plications included mutism in two of 18 patients,35 hyper-
ammonemic encephalopathy in two of 16 patients,48 urinary
incontinence in two of 23 patients,38 transient bradycardia in
one of three patients,” subcutaneous abscess in one of 18
patients,”” meningitis in one of 16 patients,*® ataxia in one
of 14 patients,” apraxia in one of 23 patients,”® extension of
ablation in one of three patients,45 and subgaleal fluid collec-
tion in one of eight patients.44

3.5.3 | Resective surgery

Two studies”'** commented on complications for LGS pa-
tients after treatment with resective surgery. One study22 re-
ported no postoperative death or permanent complications in
20 of 20 patients, and another”! reported minor bleeding in a
few cases.

More common

3.5.4 | Combination surgeries and DBS
One study assessing resective surgery + cc* reported no
postoperative death or permanent complications in 23 of 23
patients. Another study®’ assessing VNS + CC reported no
mortality related to the two procedures, but nine of nine pa-
tients experienced acute disconnection syndrome after CC.
VNS-related hoarseness was also observed in two of nine
patients and coughing in one of nine patients. One study as-
sessing DBS® reported that two of 13 patients required ex-
planation after initial implantation due to skin erosions.

See Table 4 for a summary of complications for palliative
surgeries.

4 | DISCUSSION

Between the palliative interventions, our meta-analysis
showed a significant difference between rate of seizure re-
duction at the last follow-up time point between VNS and
CC (raw: 48.1% vs. 67.3%, random effects: 54.6% vs. 74.5%,
p < .001). This difference persisted across each of the three
postprocedure follow-up periods we analyzed. These results
suggest that CC may be more likely to provide a lasting and
worthwhile seizure reduction for LGS patients in comparison
to VNS, similar to a finding in a previous meta-analysis.30
Additionally, it should also be noted that, although other stud-
ies have reported the effects of VNS become more noticeable
over time,69’70 our meta-analysis did not find a difference in
seizure reduction rate for VNS from the 0—6-month follow-
up period to the 2+-year follow-up period. More long-term
data for VNS in LGS patients will be needed to better assess
this relationship.

Our meta-analysis found that resective surgery provided
lasting and worthwhile seizure reduction for a large portion of
LGS patients (raw: 76.1%, random-effects model: 88.9%). As
expected, the rates of seizure reduction in resective surgery
were higher than in the palliative surgery options. These re-
sults suggest that resective surgery should remain a first-line

TABLE 4 Summary of complications
for palliative surgeries

Headaches, incision site pain, tiredness, mild
infection, agitation, dyspnea, current

failure, aspiration adverse event

Intervention  complications Rarer complications
VNS Voice alteration, drooling,

hoarseness, coughing
CC Disconnection syndrome,

transient weakness

Respiratory complication, aphasia, mutism,
encephalopathy, urinary incontinence,

transient bradycardia, subcutaneous
abscess, meningitis, ataxia, apraxia,
extension of ablation, subgaleal fluid

collection

Abbreviations: CC, corpus callosotomy; VNS, vagus nerve stimulation.
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surgical option for LGS patients who present with identi-
fiable or localized seizure foci on electroencephalogram.
Unfortunately, many LGS patients present with more diffuse
epileptiform discharges, diffuse injuries, and nonspecific im-
aging findings, but there has been some research suggesting
favorable results for resective surgery even without localized
seizure foci.'”!° Of note, publication bias was detected for
the group of four resective surgery studies, suggesting that
the rate of seizure reduction for resective surgery patients in
LGS may be inflated in the literature.

In looking at rates of seizure reduction among other less
common surgeries, we found that a large portion of patients
undergoing resective surgery + CC or DBS experienced last-
ing and worthwhile seizure reduction (88% and 100%, re-
spectively). VNS + CC was less successful, with 55.6% of
patients experiencing worthwhile seizure reduction. There
appeared to be significant differences between resective sur-
gery + CC versus VNS as well as between DBS and VNS.
However, these less common surgeries assessed only a small
number of patients, and CIs for rates of seizure reduction
were relatively large. These results should not be interpreted
as a suggestion advocating a resective + CC combination
surgery over a traditional palliative approach. Future studies
may be wise to investigate the potential differences in effec-
tiveness of neuromodulation techniques such as DBS and
VNS or better characterize the benefit of resective surgery
+ CC as an interaction between its component procedures
(additive, synergistic, etc.).

In regard to QOL measures, a considerable portion of
LGS patients undergoing VNS appeared to have improve-
ments in alertness, and a few studies reported QOL im-
provements in general. Some studies reported no changes
in any QOL measures after VNS. Improvements in cogni-
tion, memory, behavior, and mood appeared to be rarer, but
negative effects on mood and behavior were also rare. In
comparison, LGS patients undergoing CC reported some
improvements in cognitive function and QOL, namely a
few studies reporting improvements in IQ, attention, and
ability to perform daily tasks due to notable seizure im-
provement. Reported improvements in behavior were rarer
in CC. Similar to VNS, negative effects in CC were rare,
with IQ and QOL decline seen in a few patients. Overall,
the palliative procedures appear to have comparable rates
of QOL improvement or lack of deterioration, with nega-
tive QOL effects being rare in both procedures. However,
QOL, cognition, and behavior changes appeared to be tied
to seizure reduction for CC patients but independent of sei-
zure reduction in VNS patients. Thus, although VNS ap-
pears to have lower rates of successful seizure reduction
in comparison to CC, it may not necessarily be the case
that VNS provides less QOL or cognition improvement.
VNS patients appear to have notable improvements in traits
such as alertness, which may be more important for some

Epilepsia--~

caregivers and parents.29 Providers may take these data into
account when considering palliative surgery options.

Of note, resective surgery and resective + CC surgery
showed considerable rates of improvement in 1Q, memory,
and QOL, with only a small minority of patients experiencing
deterioration in these measures. These results suggest that the
seizure reduction rates in resective surgery techniques appear
to have a direct correlate with improvements in QOL and
cognition. Again, more data will be needed to better assess
these techniques.

Our study's findings on complications were concordant
with clinical observations, with CC having higher rates
of adverse events, both major and minor, when compared
to VNS or DBS. A notable issue for some CC patients is
disconnection syndrome, which comprises a complex and
often varying set of symptoms.”' The risk of disconnec-
tion syndrome must be weighed with likelihood of seizure
reduction, as it appears both may be increased with more
complete or total corpus callosotomy.72 Other, more seri-
ous, complications such as encephalopathy, ataxia, and re-
spiratory complications were reported to occur after CC in
a few patients; in general, the risk is low. Complications
for VNS include voice alteration, hoarseness, drooling, sal-
ivation, and coughing commonly being reported. However,
many of these complications were tied to the level of stimu-
lation being used and were managed accordingly. Severe in-
fections and respiratory complications were seen in a small
minority of VNS patients.

Our study had numerous limitations. To increase power,
we did not control for seizure type when conducting analyses.
Additionally, we were not able to aggregate quantitative data
on QOL, behavior, or cognition outcomes, as there was sig-
nificant heterogeneity in how these outcomes were defined
and measured across studies. As noted by the documentation
of tests in Table 3, there remains no consensus on how to
measure these outcomes in the presence of severe impair-
ments such as typically seen in LGS. Current research en-
deavors by psychologists and psychometricians are adapting
population-standardized measures and developing new mea-
sures that are commensurate with the range of abilities and
sensitive to meaningful change in severely impaired patients,
but specific recommendations are still forthcoming.73 This
is a significant limitation, as QOL improvements have been
noted to be a more important outcome measure compared to
seizure reduction for some caregivers.29 In regard to seizure
reduction rate, we were unable to compare outcomes for dif-
ferent etiologies or different types of CC (e.g., partial versus
complete) due to lack of data or lack of consistent delineation
of these categories within studies. Also, a network analysis
was not possible due to study heterogeneity within interven-
tions, a lack of trials, and uncertain transitivity. Our study
also had numerous strengths, with a quantitative evaluation
of seizure reduction for various surgical interventions in a
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large number of LGS patients, an analysis of the temporal
trends in seizure reduction within and between interventions,
and a documentation and aggregation of numerous QOL
measures and complications for different interventions.

5 | CONCLUSION

Resective surgery continues to show remarkable seizure re-
duction rate and QOL improvements for LGS patients with
localized seizure foci, and it has proven to be the standard
of care for any patient with identifiable epileptogenic zone,
including those with LGS. CC may be a better palliative
measure than VNS in regard to seizure reduction rate, but
providers and caregivers should consider that VNS may
provide a similar or higher level of QOL improvement with
lower risk of procedure-related adverse events. Resective
surgery + CC and DBS also show promise for a small subset
of LGS patients.
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