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Abstract
Objective
To compare the cost-effectiveness of genetic testing strategies in patients with epilepsy of
unknown etiology.

Methods
This meta-analysis and cost-effectiveness study compared strategies involving 3 genetic tests:
chromosomal microarray (CMA), epilepsy panel (EP) with deletion/duplication testing, and
whole-exome sequencing (WES) in a cost-effectiveness model, using “no genetic testing” as
a point of comparison.

Results
Twenty studies provided information on the diagnostic yield of CMA (8 studies), EP (9
studies), andWES (6 studies). The diagnostic yield was highest forWES: 0.45 (95% confidence
interval [CI]: 0.33–0.57) (0.32 [95% CI: 0.22–0.44] adjusting for potential publication bias),
followed by EP: 0.23 (95% CI: 0.18–0.29), and CMA: 0.08 (95% CI: 0.06–0.12). The most
cost-effective test was WES with an incremental cost-effectiveness ratio (ICER) of $15,000/
diagnosis. However, after adjusting for potential publication bias, the most cost-effective test
was EP (ICER: $15,848/diagnosis) followed by WES (ICER: $34,500/diagnosis). Among
combination strategies, the most cost-effective strategy was WES, then if nondiagnostic, EP,
then if nondiagnostic, CMA (ICER: $15,336/diagnosis), although adjusting for potential
publication bias, the most cost-effective strategy was EP ± CMA ± WES (ICER: $18,385/
diagnosis). While the cost-effectiveness of individual tests and testing strategies overlapped,
CMA was consistently less cost-effective than WES and EP.

Conclusion
WES and EP are the most cost-effective genetic tests for epilepsy. Our analyses support, for
a broad population of patients with unexplained epilepsy, starting with these tests. Although less
expensive, CMA has lower yield, and its use as the first-tier test is thus not supported from
a cost-effectiveness perspective.
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Epilepsy affects approximately 0.6% to 0.8% of the general
population.1,2 Even after a thorough diagnostic evaluation,
a large proportion of patients have epilepsy of unknown eti-
ology.3 However, 4% to 78% of selected patients with initially
unknown etiology have genetic variants of probable or de-
finitive etiologic significance.4–23 A genetic diagnosis typically
ends what has been called a “diagnostic odyssey,” limits the
pursuit of additional diagnostic investigations, facilitates re-
productive counseling, and can potentially guide a tailored
treatment related to the specific genetic cause involved.24

Clinical features often drive the choice of a particular genetic
test or testing strategy, but in many patients, their pre-
sentation is not suggestive of a specific gene, or set of genes.
For these patients, a stepwise approach starting with chro-
mosomal microarray (CMA), if negative epilepsy gene panel
(EP), and if negative whole-exome sequencing (WES) is often
recommended.25 This recommendation is based on (1) the
diagnostic yield of genetic tests in epilepsy: 0.06–0.12 for
CMA,4,5,9,11,13,14,16,18 0.18–0.29 for EP,5–7,12,15,17,20,21,23 and
0.33–0.57 for WES,5,8,10,16,19,22 and (2) their costs, with CMA
being the most affordable and WES the most expensive. Of
note, no studies have systematically compared the diagnostic
yield and cost-effectiveness of genetic tests in patients with
epilepsy.

We aimed to address this gap in knowledge by comparing the
diagnostic yield and cost-effectiveness of individual tests and
commonly used testing strategies in patients with epilepsy of
unknown etiology.

Methods
Study design
This is a systematic review, meta-analysis, and cost-
effectiveness study. We used decision analysis, which explic-
itly compares the costs and effectiveness of competing clinical
strategies, and evaluates how the variation in input
parameters—cost and effectiveness of each strategy—
influences outcomes to inform clinical decision-making.

Population of interest
Our population of interest consisted of patients with epilepsy
of unknown etiology in whom a genetic diagnosis is consid-
ered in the clinical setting. The current study considers the
clinical scenario whereby a patient with epilepsy does not have
clinical features suggestive of any specific genetic syndrome
and has undergone an initially unrevealing etiologic evalua-
tion. Genetic testing is performed as an additional step in the
etiologic evaluation for epilepsy of unknown etiology.

Outcome
The outcome measure for this analysis was reaching a genetic
diagnosis for epilepsy. A genetic test was considered di-
agnostic when a genetic variant was definitively pathogenic
or likely pathogenic. Furthermore, a genetic variant was
considered definitively pathogenic when an association
with epilepsy was already described in the literature, and
was considered likely pathogenic when the genetic variant
was not found in controls, or was significantly more fre-
quent in the epilepsy cohort, or disrupted a molecular
pathway in a way that probably disrupted function and
caused epilepsy. This is in keeping with current American
College of Medical Genetics guidelines used in clinical
laboratories.26

The decision model: Competing strategies
We compared 4 individual genetic testing strategies: CMA,
EP, and WES vs “no genetic testing” (figure 1A), and the 6
diagnostic strategies that comprised all sequential combina-
tions of these tests vs “no genetic testing” (figure 1B). In
building our cost-effectiveness models, we used “no genetic
testing” as a zero-cost point of comparison.

Input parameters for the model
Effectiveness was estimated from the literature (table 1), with
a systematic search of PubMed using the following terms:
([chromosomal microarray OR comparative genomic hy-
bridization OR aCGH] OR [gene* panel OR epilepsy panel]
OR [whole-exome sequencing, whole* sequencing]) AND
(diagnos* OR utility OR yield) AND (epilep* OR seiz*). The
search was restricted to full-length articles in the English
language until November 2017 (data available from GitHub and
Zenodo, figure e-1, GitHub: github.com/IvanSanchezFernandez/
CostEffectivenessGeneticTests and Zenodo: zenodo.org/badge/
latestdoi/138793909). We collected available genetic test list
prices from major genetic laboratories in the United States.
Because the analysis of parental samples is sometimes nec-
essary to clarify the diagnostic significance of a variant, we
considered the trio price when available.

Base case analysis
This analysis considers the most likely input parameters as if
there were no uncertainty, and therefore, yields stable and
fixed outcomes.27

Sensitivity analysis
To evaluate how robust the base case analysis is, sensitivity
analyses were implemented to the extent to which the out-
comes vary with variations of the input parameters.27 One-way
sensitivity analysis varies one parameter at a time over a broad

Glossary
CI = confidence interval; CMA = chromosomal microarray; CNV = copy number variation; EP = epilepsy panel; ICER =
incremental cost-effectiveness ratio; WES = whole-exome sequencing.
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range but keeps other parameters constant.27 Second-order
Monte Carlo simulations draw the values of the input param-
eters randomly from a distribution.27 Each parameter has
a distribution that reflects the uncertainty for that parameter
in the literature: values based on large studies or meta-
analysis have distributions with little variance, but values

based on small studies have wider distributions.27,28 Con-
ventionally, to ensure the stability of the outputs, the model
is run through 10,000 iterations, so that each distribution
undergoes 10,000 random value draws.27 We confirmed that
the model produced stable outputs with the conventional
approach of 10,000 iterations.

Figure 1 Decision trees for the comparison of individual tests (A) and of testing strategies (B)

(A) A patient with epilepsy of unknown
etiology and no features suggestive of
any particular genetic etiology can
choose 4 individual tests: no genetic
testing, CMA, EP, andWES. (B) Apatient
with epilepsy of unknown etiology and
no features suggestive of any partic-
ular genetic etiology can choose 7
testing strategies: no genetic test-
ing, CMA ± EP ±WES, CMA ±WES ± EP,
EP ± CMA ± WES, EP ± WES ± CMA,
WES ± CMA ± EP, andWES ± EP ± CMA.
CMA = chromosomalmicroarray; EP =
epilepsy panel; WES = whole-exome
sequencing.
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Table 1 Diagnostic yield of different genetic tests

Author and year Test Diagnostic yielda Additional details

CMA

Mefford et al., 201013 CMA 46/517 (0.089) All 517 patients had idiopathic epilepsy,
mostly without intellectual disability

Mefford et al., 201114 CMA 13/315 (0.041) All 315 patients had epileptic
encephalopathies

Bartnik et al., 20124 CMA 10/102 (0.098); 3/50 (0.06) in patients with
isolated epilepsy; 7/52 (0.135) in patients
with epilepsy and other neurologic
conditions

50 patients had isolated epilepsy; 52
patients had epilepsy plus intellectual
disability, dysmorphism, ASD, or other
neurologic abnormalities

Michaud et al., 201416 CMA 6/44 (0.136) 44 patients with infantile spasms (40 of
them with developmental delay)

Helbig et al., 20149 CMA 16/223 (0.072) 223 patients with childhood epilepsies
and complex phenotypes including
structural brain lesions

Olson et al., 201418 CMA 40/805 (0.05) 805 patients with epilepsy at a reference
center

Hrabik et al., 201511 CMA 11/147 (0.075) 147 patients with epilepsy at a reference
center

Berg et al., 20175 CMA 32/188 (0.1702) 188 patients with epilepsy onset before
the third birthday in a multicenter study

EPs

Lemke et al., 201212 EP (265 genes) 16/33 (0.485) 33 patients with epilepsy in several
reference centers

Wang et al., 201423 EP (53 genes or 38 genes) 6/28 (0.214) 28 patients with epilepsy in a reference
center

Della Mina et al., 20157 EP (67 genes) 9/19 (0.474); 6/7 (0.8571) in patients with
a clinical presentation suggestive of
a specific syndrome; 3/12 (0.25) in
patients with a phenotype not suggestive
of any specific syndrome

19 patients with isolated or syndromic
epilepsy

Mercimek-
Mahmutoglu et al., 201515

EP (20 patients with 38 genes, 1
patient with 40 genes, 3 patients
with 50 genes, 7 patients with 51
genes, 6 patients with 53 genes, 2
patients with 63 genes, 39
patients with 70 genes, and
15 patients with 327 genes)

12/93 (0.129) All 93 children with intractable epilepsy,
global developmental delay, and
cognitive dysfunction and no
recognizable syndromic clinical features,
MRI, or MRS patterns, metabolic
evaluation, and negative CMA
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Table 1 Diagnostic yield of different genetic tests (continued)

Author and year Test Diagnostic yielda Additional details

Trump et al., 201621 EP (46 genes) 60/323 (0.1858) 323 patients with early-onset seizure
disorders but without major structural
brain malformations from tertiary
centers

Segal et al., 201620 EP (87 genes or 455 genes) 7/49 (0.1429) 49 patients with refractory epilepsy and
negative CMA results

Møller et al., 201617 EP (46 genes) 49/216 (0.2269) 216 patients with different types of
epilepsy

Berg et al., 20175 EP (no. of genes not specified) 31/114 (0.2719) 114 patients with epilepsy onset before
the third birthday in a multicenter study

Butler et al., 20176 EP (110 genes) 62/339 (0.1829) 339 patients referred with epilepsy

WES

Veeramah et al., 201322 WES 7/10 (0.7) 10 trios of unaffected parents and a child
with refractory epilepsy, normal or
unspecific neuroimaging, and a variable
combination of autistic features,
cognitive impairment, and motor deficits

Michaud et al., 201416 WES 13/18 (0.722) families with a diagnosis 18 trios with the child having infantile
spasms previously evaluated with a CMA
and targeted sequencing of up to 2 genes
associated with infantile spasms

Dyment et al., 20158 WES 7/9 (0.778) families with a diagnosis; 8/11
(0.727) affected individuals

11 patients from 9 families with a child
with seizures as the predominant clinical
feature. All patients came from a network
of rare diseases and had undergone prior
CMA

Retterer et al., 201519 WES 232/830 (0.28) 830 patients in a single clinical laboratory

Helbig et al., 201610 WES 112/293 (0.3823) 293 patients in a single clinical laboratory

Berg et al., 20175 WES 11/33 (0.3333) 33 patients with epilepsy onset before the
third birthday in a multicenter study

Abbreviations: ASD = autism spectrum disorder; CMA = chromosomal microarray; EP = epilepsy panel; MRS = magnetic resonance spectroscopy; WES = whole-exome sequencing.
a When the study included patients without epilepsy, we only considered patients with epilepsy.
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Statistical analysis and statistical software
Ameta-analysis of proportions was performed with R, version
3.4.1 (R Foundation for Statistical Computing: R-project.org/)29

and the meta30 package. In a meta-analysis, the sample size
influences the weight of the study on the summary estimate.
Because of expected heterogeneity among study populations
and genetic tests, we considered a priori a random-effects
model. This a priori choice was supported by the findings of
between-study heterogeneity as measured by the I2 index.31

We evaluated for potential publication bias with funnel plots, and
performed a sensitivity analysis correcting for publication bias
using the trim and fill method by Duval and Tweedie.32 Input
parameters were modeled with a β distribution for effectiveness
and with a triangular distribution for cost. All cost-effectiveness
analyses were performed using TreeAge Pro 2015 (TreeAge
Software, Inc., Williamstown, MA). We quantified cost-
effectiveness with the incremental cost-effectiveness ratio
(ICER), which compares an option to the next most cost-
effective alternative.27 Interactive versions of the meta-analysis
and the cost-effectiveness models created with packages
shiny,33 ggplot2,34 and plotly35 are available at app e-1 and
bchepilepsygenetics.shinyapps.io/metaanalysisgenetictests/
for the interactive meta-analysis, app e-2 and bchepilep-
sygenetics.shinyapps.io/CEgeneticsindividualtests/ for the
comparison of cost-effectiveness of individual tests, and app e-3

and bchepilepsygenetics.shinyapps.io/CEgeneticsstrategies/
for the comparison of cost-effectiveness of testing strategies.
The comparison of strategies relies on the assumption of in-
dependent probabilities.

Data availability
The source code for the interactive models is available as an R
script for Rstudio36 (app e-1–e-3). All supplementary files are
available at GitHub: github.com/IvanSanchezFernandez/
CostEffectivenessGeneticTests and at Zenodo: zenodo.org/
badge/latestdoi/138793909. All models, data, and results are
available on request.

Results
Input parameters
Twenty studies provided information on the diagnostic yield
of CMA (8 studies), EP (9 studies), and WES (6 studies)
(table 1). The meta-analysis showed that the diagnostic yield
was highest for WES: 0.45 (95% confidence interval [CI]:
0.33–0.57), followed by EP: 0.23 (95% CI: 0.18–0.29), and
CMA: 0.08 (95% CI: 0.06–0.12) (figure 2). Visual inspection
of the funnel plots showed that, for WES, small studies were
skewed toward higher diagnostic yield (data available from
GitHub and Zenodo, figure e-2, GitHub: github.com/

Figure 2 Meta-analysis of the diagnostic yield of the different genetic tests

CI = confidence interval; CMA = chromosomal microarray;
EP = epilepsy panel; WES = whole-exome sequencing.
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IvanSanchezFernandez/CostEffectivenessGeneticTests and
Zenodo: zenodo.org/badge/latestdoi/138793909).

We therefore performed a sensitivity analysis using Duval and
Tweedie’s trim and fill method32 that showed an adjusted
diagnostic yield for WES of 0.32 (95% CI: 0.22–0.44) (data
available from GitHub and Zenodo, figure e-3, GitHub: github.
com/IvanSanchezFernandez/CostEffectivenessGeneticTests
and Zenodo: zenodo.org/badge/latestdoi/138793909).

Therefore, in subsequent analyses, we present the values
without and with correction for publication bias. Cost information
relied on the list prices from major US genetic labs for CMA
(6 laboratories), EP (4 laboratories), andWES (5 laboratories).
The input parameters, as entered in the cost-effectiveness
model, are presented in table 2.

Comparison of individual tests
In the base case, the most cost-effective test was WES, with an
ICER of $15,000/diagnosis. EP and CMA were not cost-
effective alternatives to WES because a payer willing to pay
$15,848/diagnosis for EP or $17,888/diagnosis for CMA will
prefer to pay $15,000/diagnosis for WES as it yields more
diagnoses per $ (figure 3A). One-way sensitivity analyses
showed that CMA, with its current effectiveness, would only
become the most cost-effective test if it were to cost $1,200 or
less and, with its current cost, CMA would only become the
most cost-effective test if it had a diagnostic yield of 0.1 or
more (data available from GitHub and Zenodo, file e-1,
GitHub: github.com/IvanSanchezFernandez/CostEffective-
nessGeneticTests and Zenodo: zenodo.org/badge/latestdoi/
138793909). Second-order Monte Carlo simulations showed
that the cost-effectiveness of genetic tests markedly over-
lapped (figure 3B) and the acceptability curve showed that for
a willingness to pay below approximately $13,500/diagnosis
no genetic test was affordable, and WES was the most cost-
effective test above a willingness to pay of approximately
$13,500/diagnosis (figure 3C).

With a sensitivity analysis adjusting for potential publication
bias, in the base case, the most cost-effective option was EP
with an ICER of $15,848/diagnosis followed by WES with an
ICER of $34,500/diagnosis (figure 4A). One-way sensitivity

analyses showed that CMA, with its current effectiveness,
would only become the most cost-effective test if it were to
cost $1,267 or less and, with its current cost, CMAwould only
become the most cost-effective test if it had a diagnostic yield
of 0.1 or more (data available from GitHub and Zenodo, file
e-1, GitHub: github.com/IvanSanchezFernandez/CostEffec-
tivenessGeneticTests and Zenodo: zenodo.org/badge/
latestdoi/138793909). Second-order Monte Carlo simulations
showed that the cost-effectiveness of genetic tests markedly
overlapped (figure 4B) and the acceptability curve showed that
for a willingness to pay below approximately $15,200/diagnosis,
no genetic test was affordable, EP was the most cost-effective
option for a willingness to pay between approximately $15,200/
diagnosis and $28,400/diagnosis, andWESwas themost cost-
effective test above a willingness to pay of approximately
$28,400/diagnosis (figure 4C).

Comparison of strategies
The comparison of strategies relies on the assumption of
independent probabilities. In the base case, the most cost-
effective strategy was WES ± EP ± CMA with an ICER of
$15,336/diagnosis (data available from GitHub and Zenodo,
figure e-4, GitHub: github.com/IvanSanchezFernandez/
CostEffectivenessGeneticTests and Zenodo: zenodo.org/
badge/latestdoi/138793909). Second-order Monte Carlo sim-
ulations showed that the cost-effectiveness of genetic tests
markedly overlapped (figure e-4B), and the acceptability curve
showed that for a willingness to pay below approximately
$15,400/diagnosis, no genetic test was affordable, with WES ±
EP ± CMA being the most cost-effective option above a will-
ingness to pay of approximately $15,400/diagnosis (data avail-
able from GitHub and Zenodo, figure e-4C, GitHub: github.
com/IvanSanchezFernandez/CostEffectivenessGeneticTests
and Zenodo: zenodo.org/badge/latestdoi/138793909). With
a sensitivity analysis adjusting for potential publication bias, in
the base case, the most cost-effective option was EP ± CMA ±
WES with an ICER of $18,385/diagnosis (data available from
GitHub and Zenodo, figure e-5A). Second-order Monte
Carlo simulations showed that the cost-effectiveness of ge-
netic tests markedly overlapped (data available from GitHub
and Zenodo, figure e-5B), and the acceptability curve showed
that for a willingness to pay below approximately $19,500/
diagnosis, no genetic test was affordable. EP ± WES ± CMA

Table 2 Input parameters in the cost-effectiveness model

Effectiveness Cost

Base case analysis
Probabilistic distribution
(β distribution), mean (SD) Base case analysis

Probabilistic distribution
(triangular distribution)

No genetic test 0 NA 0 NA

CMA 0.08 0.08 (0.02) $1,431 Minimum: $1,117; likeliest: $1,431; maximum: $1,780

EP 0.23 0.23 (0.03) $3,645 Minimum: $1,500; likeliest: $3,645; maximum: $5,625

WES 0.45 0.45 (0.06) $6,750 Minimum: $4,490; likeliest: $6,750; maximum: $7,000

Abbreviations: CMA = chromosomal microarray; EP = epilepsy panel; NA = not applicable; WES = whole-exome sequencing.
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was the most cost-effective strategy for a willingness to pay
between approximately $19,500/diagnosis and $21,000/
diagnosis, and EP ± CMA ± WES for a willingness to pay
above approximately $21,000/diagnosis (data available from
GitHub and Zenodo, figure e-5C, GitHub: github.com/
IvanSanchezFernandez/CostEffectivenessGeneticTests and
Zenodo: zenodo.org/badge/latestdoi/138793909).

Subpopulations
Our interactive web-based applications allow estimations of
the most cost-effective test and the most cost-effective di-
agnostic strategy for each individual population (data avail-
able from GitHub and Zenodo, file e-2, GitHub: github.com/
IvanSanchezFernandez/CostEffectivenessGeneticTests and
Zenodo: zenodo.org/badge/latestdoi/138793909). We in-
vite readers to evaluate in real time with our apps comparative
cost-effectiveness of genetic tests with the inputs that better
reflect their population of interest.

Discussion
The present study shows that the most cost-effective tests for
obtaining a genetic diagnosis for patients with epilepsy are
WES and EP. The recommendation to use the stepwise CMA
± EP ± WES testing strategy is not supported by current data
on cost and effectiveness for these tests. An individualized
evaluation of cost-effectiveness based on a priori diagnostic
yields for each of the targeted populations and costs for each
test is expected to optimize diagnostic yield and use of
resources.

The choice of a particular genetic test is based, in part, on the
patient phenotype. CMA is most frequently used in patients
with epilepsy and developmental delay, autism, and/or dys-
morphisms.37 This may in part reflect the early discovery of
a role for copy number variations (CNVs) in epilepsy
research9,13,18 and that CMA is generally recommended as the
first-tier test for autism spectrum disorder, developmental
delay, and intellectual disability.38,39 The rate of CNVs is
likely higher in patients with epilepsy and intellectual dis-
ability than in patients with epilepsy without other neurologic

Figure 3 Comparison of individual tests: No genetic testing
(orange diamond), CMA (red square), EP (blue
triangle), and WES (green circle)

(A) Base case analysis. The x-axis measures effectiveness as diagnostic yield
and the y-axis measures cost in US dollars. The most desirable genetic tests
would have a high effectiveness (and would be close to 1 in the x-axis) and
a low cost (and would be close to 0 in the y-axis). To compare cost-effec-
tiveness, the competing options are compared based on the ICER. To cal-
culate the ICER, the incremental (compared to the next most cost-effective
strategy) cost of a strategy is divided by the incremental (compared to the
next most cost-effective strategy) effectiveness.27,28 In cost-effectiveness,
a lower ICER marks a more cost-effective option because that genetic test
diagnoses more patients per dollar spent. The black line that links the most
cost-effective strategies marks the efficiency frontier. Genetic tests above
this line are less cost-effective than the alternatives in the line because they

are less effective, more costly, more costly and less effective, or their in-
crease in cost per unit of effectiveness (their ICER) is higher than the ICER of
other strategies. Therefore, WES is the most cost-effective strategy. EP and
CMA are slightly above the efficiency frontier. (B) Probabilistic sensitivity
analysis (second-order Monte Carlo simulations). CMA, EP, and WES mark-
edly overlap in cost-effectiveness. There is no possible efficiency frontier
that leaves any strategy clearly above it. (C) Acceptability curve. The will-
ingness to pay (in the x-axis) measures how many dollars a payer (a patient
in this analysis) is willing to pay per a genetic diagnosis of epilepsy. The
percentage of second-order Monte Carlo simulations where a particular
option is the most cost-effective strategy is in the y-axis. For a willingness to
pay of less than approximately $13,500/diagnosis, there is not enough
money for any genetic test in most simulations. For a willingness to pay
above approximately $13,500/diagnosis, WES is the most cost-effective
strategy inmost simulations. EP can be themost cost-effective alternative in
some simulations between $10,000 and $20,000, while CMA is rarely the
most cost-effective alternative. CMA = chromosomal microarray; EP = epi-
lepsy panel; ICER = incremental cost-effectiveness ratio; WES = whole-
exome sequencing.
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conditions as shown by a series of 419 patients with genetic
generalized epilepsy in which the rate of CNVs was higher in
the 359 patients with intellectual disability than in the 60
patients without intellectual disability (10% vs 3%, p =
0.02).40 EP is typically the “second-step” genetic test when
CMA is nonrevealing.25 WES is reserved for patients with
epilepsy of unknown etiology in whom extensive clinical
testing and extensive genetic testing have yielded non-
revealing results.37 Even the test with the highest diagnostic
yield—WES—has limitations as it does not identify small
deletions/duplications, CNVs, structural rearrangements,
methylation abnormalities, or abnormalities in noncoding
regions. Recent studies show that analysis of WES data can
identify CNVs.41 While this practice has yet to be adopted
widely in the clinical laboratory setting, it is likely that WES
analysis will one day include detection of CNVs,41 which we
anticipate will further improve the diagnostic yield and cost-
effectiveness profile of WES since with limited additional cost,
it will encompass the yield of CMA. Of note, there have been
no cost-effectiveness studies comparing these tests with cur-
rent yields and costs.

CMA may not be the most cost-effective test in a generic case
of epilepsy of unknown etiology. However, in specific
scenarios—epilepsy plus intellectual disability, epilepsy plus
autism spectrum disorder, epilepsy with dysmorphic
features—CMA may be the most cost-effective and clinically
useful test. We provide interactive apps to evaluate in real time
which tests and testing strategies are most cost-effective for
specific patient populations, as exemplified in the data avail-
able fromGitHub and Zenodo (file e-2, GitHub: github.com/
IvanSanchezFernandez/CostEffectivenessGeneticTests and
Zenodo: zenodo.org/badge/latestdoi/138793909). Prior lit-
erature suggests that the decreasing costs of WES would make
this approach more cost-effective than other genetic tests in
the future.42 Our results show that in epilepsy the cost-
effectiveness profile of either WES or EP is already better than
that of CMA.

Decision analysis explicitly quantifies uncertainty in input
parameters through sensitivity analyses. One source of un-
certainty is the a priori probability of having a genetic etiology
for epilepsy. The estimated proportion of individuals who
carry a pathogenic variant that contributes substantially or
causes epilepsy is approximately 17% of patients for epileptic
encephalopathies, 5% of patients with genetic generalized
epilepsies, and 2% for nonlesional focal epilepsies.43 In the
literature reviewed for this analysis, the severity and prior
evaluation were similar for patients studied with CMA and EP.
In contrast, patients tested with WES often had been tested
with CMA and even EP with nondiagnostic results. This can
potentially underestimate or overestimate the diagnostic yield
of WES: patients with negative CMA and EP might represent
a population with lower incidence of a genetic etiology or they
might represent a population in whom genetic testing is
pursued further because of high clinical suspicion of a genetic
etiology. The comparison of strategies relies on the

Figure 4 Comparison of individual tests: No genetic testing
(orange diamond), CMA (red square), EP (blue
triangle), and WES (green circle) adjusting for po-
tential publication bias

(A) Base case analysis. EP is the most cost-effective option followed by WES.
CMA is slightly above the efficiency frontier. (B) Probabilistic sensitivity
analysis (second-order Monte Carlo simulations). CMA, EP, and WES mark-
edly overlap in cost-effectiveness. There is no possible efficiency frontier
that leaves any strategy clearly above it. (C) Acceptability curve. For a will-
ingness to pay of less than approximately $15,200/diagnosis, in most sim-
ulations, there is not enoughmoney for any genetic test. For a willingness to
pay between approximately $15,200/diagnosis and $28,400/diagnosis, in
most simulations, EP is the most cost-effective strategy. For a willingness to
pay above $28,400/diagnosis, WES is the most cost-effective option. CMA =
chromosomal microarray; EP = epilepsy panel; WES = whole-exome
sequencing.
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assumption of independent probability, that is, the diagnostic
yield of a test is independent of the diagnostic tests done
before. The fact that the diagnostic yield may be influenced by
prior genetic testing may limit the results of the comparison of
strategies (figure 1B). However, until new studies evaluate the
diagnostic yield of each test conditional on negative results of
prior tests, we present the best available data for diagnostic
yield at each step in the genetic evaluation. In part to in-
corporate additional information that becomes available, we
have provided interactive applications so that the analysis can
be updated with future, more granular information by the
reader.

Genetic tests target heterogeneous genetic variants in differ-
ent genes with commercially available EPs typically targeting
from 70 to 465 genes.44 We used data from the literature,
which comes from large reference centers and state-of-the-art
laboratories. Excellence and expertise may optimize effec-
tiveness and minimize costs in these centers, and these results
may not be necessarily generalizable to other centers or lab-
oratories. Another source of uncertainty is the rapidly evolv-
ing field of epilepsy genetics. The diagnostic yields and costs
of different genetic tests are based on current data at the time
of writing.

Cost-effectiveness studies are classified from the perspective
or point of view that the analyses take. This analysis consid-
ered the patient perspective. Apart from cost-effectiveness,
other factors may modify the preference for a genetic test.
Results from CMA come back in 1–3 months, from EP in 2–4
months, and fromWES in 3–6 months. Where prompt results
may modify clinical management, faster turnaround may
outweigh cost-effectiveness. Reaching a genetic diagnosis in
epilepsy may modify treatment, although this occurs in a mi-
nority of cases. The most frequent benefits of a genetic di-
agnosis of epilepsy are difficult to quantify but include the
answer to what is causing the disease, the ability to search for
other symptoms associated with the gene variant, additional
prognostic information, a sense of belonging to a specific
support group for the families, informed reproductive choices,
and possibly enrollment in clinical trials that are genotype
specific.24

We focused on the most commonly used genetic tests for
epilepsy. We did not evaluate the cost-effectiveness of other
genetic tests such as targeted single-gene sequencing, single-
gene duplication/deletion analysis, targeted mutation analysis,
methylation studies, FISH (fluorescent in situ hybridization),
or karyotype. We also did not evaluate whole-genome se-
quencing, which has shown a diagnostic yield of 32% in a series
of 197 patients with epileptic encephalopathies45 and of 100%
in a small series of 6 selected patients.46

Health care costs have been growing rapidly in recent decades
and currently represent approximately one-third of the me-
dian household income for families in the United States.47

Health care costs and affordability are therefore considered an

urgent problem in the United States that is leading more than
a quarter of individuals to postpone care because of cost.47

Increases in health care costs in the United States are
unsustainable,47,48 and one of the most realistic short-term
strategies to address high prices include comparative cost-
effectiveness analyses and competition based on transparent
pricing and quality metrics.49,50 Decision analysis integrates
results from the literature to provide insights that no in-
dividual series can yield but also identifies areas in which more
data are needed. The diagnostic yield of CMA is well estab-
lished. The heterogeneity in the diagnostic yield of EP likely
reflects the different genes targeted by different EPs. In con-
trast, the heterogeneity in the diagnostic yield of WES likely
reflects limited data and potential publication bias, hence fu-
ture studies may prioritize this gap in knowledge. Heteroge-
neity in the diagnostic yield of each test also reflects different
characteristics of the tested cohorts. Decision analysis
(cost-effectiveness analysis) objectively evaluates the best
available evidence to help guide clinical decision-making,
where heterogeneity and uncertainty will always exist. The
present study also provides a fully interactive analysis so
that readers can tailor the analysis to the population of most
interest to them and can update it as future evidence
becomes available.

Parental testing for variants of unknown significance is per-
formed free of charge by many laboratories,44 and when in-
dividual and trio testing had different prices, we considered
the cost of trio testing. In this relatively simple model, we
considered that the costs associated with DNA extraction,
genetic counseling, and consultant clinical genetics were
similar between CMA, EP, and WES. Future studies may take
into account these more granular details to further refine the
approach.

The validation of cost-effectiveness results usually entails
corroboration with similar cost-effectiveness studies and
third-order validation—comparison with actual clinical data.
Neither cost-effectiveness studies nor clinical data are avail-
able for cost-effectiveness studies of genetic tests for epilepsy.
The current report will fuel the development of the field of
cost-effectiveness of genetic tests for epilepsy.

An individualized cost-effectiveness evaluation is expected to
optimize diagnostic yield and use of resources. Although
useful in many clinical scenarios, in our analysis, CMA does
not prove to be the most cost-effective genetic test for epi-
lepsy of unknown etiology when compared with WES or EP.
The routine use of a stepwise CMA ± EP ± WES testing
strategy is not supported by current data on cost-effectiveness
for these tests. Rather, a strategy using initial evaluation with
WES or EP, and then, if these are negative, CMA, is supported
for patients with epilepsy of unknown etiology.
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