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Abstract. Epilepsy is one of the most common neurological disorders with about 500 genes thought to be involved across the
phenotypic spectrum (Busch et al. 2014; Ran et al. 2014), which includes monogenic, multigenic, epistatic and pleiotropic phenotype
manifestations (Busch et al. 2014; Thomas et al. 2014), driving the need for a comprehensive diagnostic test. Next-generation
sequencing (NGS) allows for the simultaneous investigation of a large number of genes, making it a very attractive option for a
condition as diverse as epilepsy at a low cost compared to traditional Sanger sequencing (Lemke et al. 2012; Németh et al. 2013).
Our 377 gene epilepsy NGS test was developed to include genes known to cause or have published association with epilepsy and
seizure-related disorders. Given the scale of information that is generated, the efficacy of an NGS panel depends on a number of
factors, including the genes present on the panel, prebioinformatic and postbioinformatic analysis protocols, as well as reporting
criteria, prompting the current study, a retrospective analysis of 305 cases tested for the epilepsy panel.
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Introduction
Epilepsy is one of the most common neurological disorders with about 500 genes thought to be involved across
the phenotypic spectrum (Busch et al. 2014; Ran et al.
2014), which includes monogenic, multigenic, epistatic and
pleiotropic phenotype manifestations (Busch et al. 2014;
Thomas and Berkovic 2014), driving the need for a comprehensive diagnostic test. Next-generation sequencing
(NGS) allows for the simultaneous investigation of a large
number of genes, making it a very attractive option for a
condition as diverse as epilepsy at a low cost compared to
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traditional Sanger sequencing (Lemke et al. 2012; Németh
et al. 2013). Our 377 gene epilepsy NGS test was developed
to include genes known to cause or have published association with epilepsy and seizure-related disorders. Given
the scale of information that is generated, the efficacy of
an NGS panel depends on a number of factors, including the genes present on the panel, prebioinformatic and
postbioinformatic analysis protocols, as well as reporting
criteria, prompting the current study, a retrospective analysis of 305 cases tested for the epilepsy panel.

Methods
This study evaluates the clinical utility of our custom 377
gene epilepsy NGS panel through retrospective analysis
of 305 cases to determine: (i) the performance of our gene
panel compared to other commercially available panels in
terms of positive yield, (ii) commonly reported genes (top
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five) with the highest number of qualifying/reportable variants, and (iii) the criteria that govern false-positive rate of
single-nucleotide variants (SNVs) and indels as evaluated
by follow-up Sanger confirmation.

Results
For the 305 cases evaluated for our NGS test, we reported
variants in 313 of the 377 genes (83%) in the panel
(figure 1a), across all nine phenotypic subpanels comprising the test (see table 1 in electronic supplementary
material at http://www.ias.ac.in/jgenet/). On average, 745.8
variants were detected and a mean of 5.3 reported per
patient. Pathogenic or predicted deleterious variants in
genes with autosomal dominant or X-linked disease inheritance were detected in 46 of the 305 cases across 29 genes
to give a 15.1% positive yield (figure 1b). Reanalysis of our
cohort using the 70 genes comprising GeneDx’s panel as
of November 2015 (http://www.genedx.com/test-catalog/
available-tests/comprehensive-epilepsy-panel/) resulted in
a 47.8% decline in positive reporting (figure 1c) with a
final yield of 7.9% (24 cases). The 18 genes not included in
the 70 gene panel fail to detect potentially causative variants in 22 patients (figure 1d). Comparing our results with
Courtagen’s 471 gene panel as of November 2015 (http://
www.courtagen.com/test-menu-genetic-test-episeek.htm)
showed an additional 94 genes not included on our panel.
Evaluation of these genes in online Mendelian inheritance
in man (OMIM) provided an epilepsy/seizure-related disease association rate of only 31% with 29 of 94 genes having
a seizure-related phenotype (see table 2 in electronic supplementary material). Based on OMIM statistics 65 genes
had no obvious seizure association (figure 1e), of which
36 (55%) had neither a known inheritance pattern nor a
known disease/phenotype, four (6%) had no known inheritance pattern and 25 (38%) had nonseizure related disease
associations (figure 1e), suggesting the need for comprehensive evaluation and clinical discretion when including
genes in an NGS panel.
Independent of the comparative anlaysis, we also found
that five (ADGRV1, COL18A1, KMT2D, PCNT, and
RELN) of the 377 genes had variants reported in 43.6% of
cases (133/305) (figure 1f). In 34 cases (11.1%), two or more
of these five genes were reported. Variants in ADGRV1
were reported in 14.4% of cases (44/305), variants in
COL18A1 were reported in 8.5% of cases (26/305), variants
in KMT2D were reported in 7.5% of cases (23/305), variants in PCNT were reported in 6.9% of cases (21/305), and
variants in RELN were reported in 6.2% cases (19/305).
Since four of the five genes are associated with autosomal recessive inheritance, we only evaluated variants
in KMT2D for phenotype correlations. Of the 23 cases,
10 were reported to have generalized seizures, six were
reported to have focal seizures and two cases had both.
Read depth and zygosity as effective qualifiers for cutoff criteria in choosing variants for Sanger confirmation

was evaluated in the initial 118 cases received for testing. The data consisted of 822 variants that were Sanger
sequenced for confirmation, of which 744 confirmed and
78 did not confirm per the original NGS call. Review
of the 78 variants identified a statistically significant difference for both read depth (P < 2.2e-16) and zygosity
(P = 3.4e-8) between confirmed and nonconfirmed SNVs
using the Mann–Whitney U test. We found no statistically
significant correlation between read depth and zygosity for
indel variants. Our chosen cut-offs were read depth independently at ≤10x and a combination of read depth and
zygosity at ≤20x and <35%, respectively. Applying these
criteria to our variant filtering workflow for the dataset
removed 43.3% of the nonconfirmed SNVs (figure 2a).
Comprehensive evaluation of the 305 cases identified a
total of 1360 variants (1267 SNVs and 93 indels) which
were sent for Sanger confirmation. Of the 1267 SNVs
identified, 1139 (89.9%) confirmed by Sanger sequencing
with an overall false-positive rate of 9.4% for SNVs on
NGS. Of the 93 indels, 73 confirmed (78.5%), 18 did not
(19.4%) and two were inconclusive (2.2%). Review of the 18
nonconfirmed indel variants revealed three false-positive
and 15 incorrect NGS calls. In addition, 33.3% (6/18)
of the nonconfirmed indels would potentially have been
reported as predicted deleterious frameshift mutations had
Sanger sequencing not revealed them to be negative. Conversely, only one nonconfirmed indel resulted in a genuine
frameshift (figure 2b). Our findings reinforce the need to
confirm variants identified by NGS on an alternate technology.

Discussion
Our study demonstrates the clinical utility of a welldesigned NGS panel, particularly for exposing the genetic
aetiology of diagnostically challenging disorders. Our 377
gene panel was designed representing various overlapping
disease categories including: (i) generalized / myoclonic
/ absence epilepsy / febrile seizures, (ii) early infantile
epileptic encephalopathies, (iii) malformation disorders,
(iv) epilepsy in X-linked intellectual disability, (v) storage
diseases and organelle dysfunction, (vi) syndromic disorders with epilepsy, (vii) migraine, (viii) hyperekplexia,
and (ix) selected inborn errors of metabolism (see table
1 in electronic supplementary material for list of genes
in each category). Given the scale of information that
is generated, the efficacy of an NGS panel depends on
a number of factors, including the genes present on the
panel, prebioinformatic and postbioinformatic analytic
protocols as well as reporting criteria. Choosing a comprehensive phenotype-specific list of clinically correlative
genes maximizes detection rate as seen in our comparison with the GeneDx 70 gene panel. However, absence
of the additional 94 genes on Courtagen’s panel does
not necessarily reduce the detection rate of our test, but
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rather likely reduces the ambiguity of reporting variants of
uncertain significance (VUSs), particularly in light of the
nonseizure related association of ∼70% of the genes. Further, our data suggests that rarer genes may play a more
significant role in the manifestation of epileptic phenotypes.
The clinical utility of a test is primarily determined
by its ability to detect causative or likely disease associated variants in patients with a genetic aetiology and
to rule out genetic contributions in patients with a different biological aetiology. While four of these five genes

identified with the most variants are associated with an
autosomal recessive disease inheritance pattern, we cannot rule out the possibility of a second variant including
copy number variants or other structural variants that
may have been missed due to limitations of the sequencing technology. Therefore each of these variants, regardless
of inheritance pattern, has the potential to contribute to
disease. Lastly, the efficiency and sensitivity of an NGS
panel is enhanced by establishing comprehensive quality cut-off criteria at the secondary and tertiary analysis
stages, resulting in significantly reduced turnaround time
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Figure 1. (a) Yield rate of a 377 gene epilepsy NGS test. Percentage of genes with a variant identified. (b) Positive yield rates as
determined by the identification of reportable variants at the cohort level, and (c) comparatively between the 70 gene panel at the
patient-level, (d) gene level. (e) A profile of the 94 genes included on a larger panel, but not included in the 377 gene panel, and
(f) the top five genes with the most variants detected by the 377 gene panel.

Figure 2. Reduction of false-positive NGS variant calls. Evaluation of the impact of read depth and zygosity as cut-off criteria (a)
and the use of Sanger sequencing to confirm NGS calls, (b) to reduce false-positive variant calls.

and costs. In summary, the choice of genes included on
an NGS panel, the analysis and interpretation criteria as
well as the analytical sensitivity and accuracy of reportable
variants are what aid the physicians in understanding the
clinical value of various test offerings to guide decision
making.
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