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1  |   INTRODUCTION

Lennox-Gastaut syndrome (LGS) is a severe form of epi-
lepsy characterized by childhood onset, multiple drug-
resistant seizure types, and long-term poor prognosis.1 

Given the difficulty controlling seizures in LGS, vagus 
nerve stimulation (VNS) and corpus callosotomy (CC) 
are both often considered palliative surgical options.2 
However, there is no current consensus about which pro-
cedure is superior or what procedure should be performed 
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Abstract
Objective: Palliative epilepsy surgery via corpus callosotomy (CC) or vagus 
nerve stimulation (VNS) is commonly employed for drug-resistant seizures in 
Lennox-Gastaut Syndrome (LGS). VNS is less effective at reducing seizures but 
has fewer adverse events, CC is more effective for seizure control, particularly 
atonic seizures, but can be associated with serious adverse events, and yet their 
relative cost-effectiveness remains unknown.
Methods: To determine which option is most cost-effective, a decision analytic 
model was developed to evaluate the risks and benefits of CC and VNS at 1 year based 
on costs in the United States. Our primary outcome measure was positive seizure 
outcomes, defined as >50% seizure reduction without procedural complications.
Results: CC had a 15% greater likelihood of a positive seizure outcome, but 
per patient costs were $68 147 more than VNS, or $451 952 per positive seizure 
outcome gained. One-way sensitivity analyses demonstrate that probabilities of 
seizure freedom or reduction by VNS or CC and CC cost were most influential 
on results. When considering atonic seizures, CC had a 27% greater positive out-
come likelihood than VNS, the same incremental cost, and cost $250  556 per 
positive seizure outcome gained.
Significance: This exploratory model suggests that VNS is more cost-effective 
relative to CC at 1 year.
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first.3,4 Furthermore, while cost-benefit and cost-utility 
analyses suggest decreased healthcare utilization costs in 
LGS-like epilepsy after palliative epilepsy surgery,5,6 less 
attention has been paid to the relative cost-effectiveness of 
CC vs VNS. It is generally accepted that CC is more effec-
tive for seizure reduction than VNS,7 particularly for atonic 
seizures which are characteristic of LGS.7,8 However, VNS 
is considered lower risk, but potentially less cost-effective 
due to device costs and need for periodic device revi-
sions.3,4,9 Understanding the relative risks, benefits, and 
cost-effectiveness of CC and VNS may shed light on this 
clinical conundrum and inform prudent surgical decision-
making for patients with LGS. Thus, we developed a 
simple decision analytic model to investigate the relative 
cost-effectiveness of CC and VNS over a 1-year time hori-
zon. As a base case, we considered an LGS patient deemed 
a candidate for palliative epilepsy surgery via CC or VNS.

2  |   METHODS

2.1  |  Decision model

We followed the Consolidated Health Economic 
Evaluation Reporting Standards (CHEERS) statement as 
a guideline to perform this study.10 We developed a deci-
sion analytic model to compare CC to VNS as a treatment 
for drug-resistant seizures in LGS considering a health-
care perspective (Figure  1). Based on CHEERS guide-
lines, the base case of a patient in the United States with 
drug-resistant LGS-type epilepsy was considered for this 
model, based on clinical parameters obtained from avail-
able literature (see Clinical Variables). For this model, a 
1-year time horizon was utilized to account for the risks 
and benefits of each procedure up to 1 year but would ob-
viate the complexities introduced by a longer term model. 
The modeled cohort consisted of hypothetical patients 
with LGS and drug-resistant seizures11 (ie, failed two or 
more anti-seizure medications11) with multiple seizure 
types being considered for palliative epilepsy surgery. 
This model considers a decision between either VNS or 
CC (Figure 1). For each procedure, important complica-
tions relevant to each procedure were considered, includ-
ing postoperative infection and miscellaneous for VNS 
and permanent or reoperation (eg, for hemorrhage) for 
CC (Figure  1). In this analysis, we did not distinguish 
between different callosotomy techniques, such as ante-
rior two-thirds callosotomy vs complete callosotomy.12 
Additionally, costs were considered only for traditional 
open callosotomy approaches rather than radiosurgical 
callosotomy or stereotactic laser ablation callosotomy.13,14

For the purpose of this analysis, an outcome of at 
least >50% seizure reduction and no complication were 

considered positive. In contrast, no improvement in sei-
zures or occurrence of any complication was considered 
adverse. Common complications that may be considered 
adverse outcomes were included in the model. For CC, 
permanent neurologic deficit and reoperation were con-
sidered adverse outcomes. For VNS, infection and other 
VNS complications (ie, need for lead revision) were con-
sidered adverse outcomes. Seizure freedom, >50% seizure 
reduction, and no improvement in seizures were con-
sidered discrete outcomes. Seizure freedom or >50% sei-
zure reduction was considered positive outcomes, while 
no improvement in seizures was considered an adverse 
outcome.

2.2  |  Clinical variables

Table 1 summarizes the clinical variables and data sources 
used as inputs for the decision analysis. Clinical outcomes 
and complication probabilities were obtained from recent 
systematic reviews that synthesize and compare CC and 
VNS literature.8,15 Given that LGS patients have multiple 
seizure types, seizure reduction probabilities were consid-
ered as an average of seizure reduction from all seizure 
types.8 Seizure freedom and >50% seizure reduction were 
considered as discrete probabilities; thus, rates of seizure 
freedom were subtracted from rates of >50% seizure re-
duction to calculate the probabilities of seizure freedom 
and >50% seizure reduction.

Costs were obtained from available cost utility literature 
for each surgery and reflect cost in US dollars.16,17 Costs 
for VNS infection and CC reoperation were estimated as 
the same as the index procedure. Given that VNS com-
plication and CC complication costs are not documented 
extensively in the literature, we varied these parameters 
widely in subsequent sensitivity analyses. We assumed 
that baseline healthcare utilization costs not related to the 

Key Points

•	 Decision analysis shows that corpus callosot-
omy is associated with higher rates of seizure 
control, vagus nerve stimulation is a more cost-
effective option.

•	 The incremental cost-effectiveness of CC rela-
tive to VNS was $451 952 per positive seizure 
outcome gained.

•	 VNS is more cost-effective relative to CC and 
may be considered a first-line palliative surgery 
option.
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surgical procedures would be similar for CC and VNS as 
a function of whether seizures improved, so these costs 
were not included in the model.

2.3  |  Cost-effectiveness analysis

Cost-effectiveness analysis was performed with regard to 
cost per positive outcome (ie, seizure improvement) in the 
main analysis. Analyses were performed from a health-
care perspective, which considers direct medical costs. 
Strategies were compared using the incremental cost-
effectiveness ratio (ICER), the difference in costs between 
strategies divided by the difference in positive outcome 
likelihood. Given a 1-year time horizon, discounting was 
not performed and a discount rate was not considered.

2.4  |  Sensitivity analyses

We performed one-way sensitivity analyses, individually 
varying parameters to account for uncertainty in clinical 
variables and to detect how variation influences model re-
sults. Once one-way sensitivity analyses were performed, a 
two-way sensitivity analysis was also performed for the two 
most influential clinical parameters to determine influence 
on model outcome. While the base case analysis examined 
LGS patients with multiple seizure types, another analysis 

specifically examined CC and VNS outcomes for atonic sei-
zures. This additional scenario analysis was performed since 
many centers perform CC specifically for atonic seizures and 
outcome differences for this seizure subtype could have im-
portant implications for the interpretation of model results.

3  |   RESULTS

3.1  |  Base case cost-effectiveness 
analysis

Base case analysis demonstrated that CC had a 15% greater 
likelihood of a positive seizure outcome (ie, seizure free-
dom or >50% seizure reduction), but an incremental per 
patient cost that was $68 147 more than VNS (Table 1). 
The incremental cost-effectiveness of CC relative to VNS 
was $451 952 per positive seizure outcome gained.

3.2  |  One-way and two-way 
sensitivity analyses

One-way sensitivity analyses (Figure 2A) showed that var-
iation in respective rates of seizure reduction, or freedom 
by each treatment modality, had the greatest influence 
on model results. The likelihood of >50% seizure reduc-
tion with VNS had the greatest influence on results, with 

F I G U R E  1   Decision Analytic Model. Probabilities are assigned to each chance node based on the parameters described in Table 1
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the likelihood of >50% seizure reduction by CC, CC cost, 
and CC- and VNS-related seizure freedom also being in-
fluential (Figure 2A). Interestingly, despite strong consid-
eration for differences in complication rates between CC 
and VNS, results were relatively insensitive to variation of 
complication rates.

A two-way sensitivity analysis was performed for the 
two most influential model variables: rates of seizure re-
duction by VNS and by CC (Figure 2B). When considering 
a willingness to pay of $200 000, VNS remained the favored 
option in nearly every possible scenario. CC was consid-
ered favorable when the probability of >50% seizure reduc-
tion by CC is greater than 55% and the rate of >50% seizure 
reduction by VNS is less than 34%. In summary, both one-
way and two-way sensitivity analyses reveal few scenarios, 
in which CC would be more cost-effective than VNS.

3.3  |  Scenario analysis: Atonic seizures

In a separate scenario analysis, CC and VNS outcomes 
were compared specifically for atonic seizures (Table 2). 
This analysis was performed given literature suggesting 

that atonic seizures are the primary indication for 
CC.18,19 When the model was performed specifically for 
atonic seizures, CC had a 27% greater likelihood of a 
good outcome than VNS and the same incremental cost 
per patient (ie, $68 147). Compared to when the model 
considered all seizure types, CC had a more favorable 
incremental cost compared to VNS of $250 556 per posi-
tive seizure outcome gained. Thus, VNS remained more 
economically reasonable relative to CC for atonic sei-
zures (Table 2).

4  |   DISCUSSION

Our results show that while CC is associated with higher 
rates of seizure control, VNS is a more cost-effective ap-
proach at 1  year. This finding was robust despite wide 
variation in model input parameters. Existing literature 
depicts both CC and VNS as promising therapies for 
LGS,1 but there is no consensus on whether to offer CC 
or VNS first.3 We show that given common CC and VNS 
risk-benefit considerations in the average patient, VNS is 
likely the most efficient first option in LGS patients. This 

T A B L E  1   Clinical Parameters and Data Sources Used in Decision Analysis

Variable Value Range Reference

Cost estimates

Callosotomy $92 800 $72 900-178 800 Oldham et al, Ped Neurol 2015.

VNS $30 091 $20 000-40 000 De Kinderen et al, Epilepsy Res 2015. 
Oldham et al, Ped Neurol 2015.

VNS infection N/A $0-100 000 Wide estimate for sensitivity analysis

Other VNS complications N/A $0-100 000 Wide estimate for sensitivity analysis

Permanent neurologic deficit N/A $0-500 000 Wide estimate for sensitivity analysis

Reoperation N/A $0-500 000 Wide estimate for sensitivity analysis

Clinical parametersa

Seizure reduction after CC 47.0% 38.0%-56.0% Lancman et al, Seizure 2013.

Seizure free after CC 16.0% 10.0%-23.0% Lancman et al, Seizure 2013.

Seizure reduction after VNS 44.1% 32.3%-56.0% Lancman et al, Seizure 2013.

Seizure free after VNS 5.2% 2.3%-9.2% Lancman et al, Seizure 2013.

Atonic seizure reduction after CC 32.0% 19.0%-42.0% Lancman et al, Seizure 2013.

Atonic seizure free after CC 48.0% 31.0%-65.0% Lancman et al, Seizure 2013.

Atonic seizure reduction after VNS 31.3% 9.3%-49.6% Lancman et al, Seizure 2013.

Atonic seizure free after VNS 22.8% 6.6%-44.9% Lancman et al, Seizure 2013.

Probability of permanent neurologic 
deficit

0.6% 0.6%-5.0% Ye et al, Childs Nerv Sys 2021. 
Lancman et al, Seizure 2013.

Probability of VNS infection 2.4% 1.5%-2.4% Ye et al, Childs Nerv Sys 2021.

Probability of other VNS complications 1.4% 1.4%-2.8% Ye et al, Childs Nerv Sys 2021.

Probability of reoperation after CC 6.6% 6.6%-10.0% Ye et al, Childs Nerv Sys 2021.
aSeizure freedom and >50% seizure reduction were considered as discrete probabilities; thus, the rates of seizure freedom were subtracted from the rate of 
>50% seizure reduction to calculate the probabilities of seizure freedom and >50% seizure reduction.
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interpretation was true even when considering atonic sei-
zures specifically. Complication rates are often cited as 
rationale for considering VNS first,3 but our sensitivity 
analyses show that complication rates have the least influ-
ence on model results.

We considered “positive” vs “adverse” outcomes in a 
binary fashion, where a “positive” outcome was consid-
ered >50% seizure reduction without complication and 
any other outcome was “adverse.” There is undoubtedly a 
range of potential outcomes that could be modeled if con-
sidering quality-adjusted life years (QALYs). This would 
be important when considering more subtle cognitive 
outcomes of CC in combination with long-term seizure 
control, particularly in higher functioning LGS patients. 
Well-designed prospective studies will be necessary to 
generate the data required to rigorously perform these 
more granular analyses.

Our model considered 1-year outcomes of CC or VNS, 
without considering changes in baseline healthcare uti-
lization or long-term cost of routine VNS revisions. We 

assumed that changes in healthcare utilization would be 
similar in the setting of positive seizure outcome of ei-
ther surgery. Though partially accounted for by sensitiv-
ity analysis, the model does not adequately account for 
the long-term costs of rare and serious procedural com-
plications. Further, this model does not account for costs 
accrued from VNS programming visits. Pulse generator 
revisions, which are not accounted for in this model, are 
required approximately every 5 years after VNS implan-
tation. Assuming an operation cost of approximately 
$40 000 and pulse generator revisions every 5 years, the 
ICERs shown in our analysis would be expected to show 
that VNS continues to be cost-effective relative to CC for 
approximately 20 years for atonic seizures and longer for 
other seizure types for which callosotomy is less effec-
tive. Additionally, this model does not account for poten-
tial recurrence or worsening of seizures after CC or VNS, 
which would be important to consider in models with a 
longer term time horizon. That said, if the effectiveness 
of CC decreased over time, while the effectiveness of 

F I G U R E  2   (A) Results of One-way Sensitivity Analysis. Tornado diagram depicting results of one-way sensitivity analyses. (B) Results 
of Two-Way Sensitivity Analysis. Two-way sensitivity analysis varying rate of seizure reduction by VNS and rate of seizure reduction by 
CC considering a willingness-to-pay of $200 000 per positive seizure outcome gained. The red area denotes parameter values where VNS is 
favored; blue denotes where CC is favored

T A B L E  2   Base case cost-effectiveness analysis

Strategy Cost Incremental cost Effectivenessa Incremental Effectiveness ICER

Base case cost-effectiveness analysis

VNS $30 844 — 0.48 — —

CC $98 991 $68 147 0.63 0.15 $451 952

Atonic seizure cost-effectiveness analysis

VNS $30 844 — 0.53 — —

CC $98 991 $68 147 0.80 0.27 $250 556

Abbreviation: ICER, incremental cost-effectiveness ratio.
aEffectiveness is the probability of a positive outcome.
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VNS increases over time, then the model would continue 
to favor VNS.

This analysis considers costs per positive seizure out-
come gained; however, there is no benchmark value for 
what a positive seizure outcome might be worth, a po-
tential limitation. Despite this, results favoring VNS were 
robust in analyses using thresholds of ≤$200  000 per 
positive outcome. Future highly detailed analyses, using 
QALYs with commonly cited benchmarks as the effec-
tiveness term in a cost-effectiveness analysis should pro-
vide greatly clarity. Based on our results, VNS is a more 
cost-effective strategy for LGS patients when consider-
ing outcomes at 1  year; however, treatment decisions 
should also consider alterations in quality of life, base-
line healthcare utilization costs, and long-term device 
costs. An important consideration not accounted for by 
this model is the influence of seizure control on cognitive 
development. Earlier seizure control resulting from pal-
liative epilepsy surgery may be associated with improved 
cognitive outcomes, which would favor the more effec-
tive strategy (CC).

5  |   CONCLUSIONS

According to our exploratory model, VNS is a more cost-
effective option relative to CC for LGS patients with 
drug-resistant seizures when considering 1-year out-
comes and costs in USD. Future directions include more 
complex cost-effectiveness models that consider longer 
time horizons and comparative effectiveness studies that 
provide more detailed cost, outcome, and quality of life 
data. Future cost-effectiveness studies should consider al-
terations in quality of life, baseline healthcare utilization 
costs, and long-term device costs.
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