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Abstract Introduction Next generation sequencing (NGS) with customized gene panels is a
helpful tool to identifymonogenic epilepsy syndromes. The number of genes testedwithin
a customized panel may vary greatly. The aim of the present study was to compare the
diagnostic yield of small (<25 kb) and large (>25 kb) customized epilepsy panels.
Methods This retrospective cohort study investigated data of 190 patients of 18 years
or younger, with the diagnosis of an epilepsy of unknown etiology who underwent NGS
using customized gene panels. Small (<25 kb) and large (>25 kb) panels were
compared regarding the distribution of benign/likely benign and pathogenic/likely
pathogenic variants and variants of unclear significance. In addition, differences of the
diagnostic yield with respect to epilepsy severity, i.e., developmental and epileptic
encephalopathy [DEE] vs. non-DEE, were analyzed.
Results The diagnostic yield defined as pathogenic or likely pathogenic variants in
large panels was significantly increased (29% [n¼ 14/48] vs. 13% [n¼ 18/142],
p¼ 0.0198) compared with smaller panels. In non-DEE patients the increase of the
diagnostic yield in large panels was significant(35% n¼ 6/17 vs. 13% n¼ 12/94,
p¼ 0.0378), which was not true for DEE patients.
Discussion This study indicates that large panels are superior for pediatric patients
with epilepsy forms without encephalopathy (non-DEE). For patients suffering from
DEE small panels of a maximum of 10 genes seem to be sufficient. The proportion of
unclear findings increases with rising panel sizes.
Conclusion Customized epilepsy panels of >25 kb compared with smaller panels
show a significant higher diagnostic yield in patients with epilepsy especially in non-DEE
patients.
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Introduction

Next generation sequencing (NGS) is a helpful tool to identify
monogenic epilepsy syndromes by scanning the deoxyribonu-
cleic acid (DNA) for genetic causes. NGS has increased the
findingofpathogenicDNAvariants, defined asdiagnostic yield.

Targeted NGS panels include several genes that are associ-
ated with a certain epileptic phenotype. Panels may vary
significantly in size, which might be due to coverage of costs
of these investigations in a certain heath system. For instance,
gene panels up to 25 kb coding sequence (this translates
roughly into approximately 10 genes depending on the size
of the genes of interest) are covered by German Public Health
Insurance. However, tests of panels comprising 100 genes and
more are also applied and are either covered by private
insurances or self-paid by the patients.1 Although it might
seemobvious that theyield of the investigationmight increase
with the numbers of genes tested, there is only sparse data to
support this relationship. In addition, the number of detected
variants of unknown significance (VUS), as defined by the
ACMG (American College of Medical Genetics), may increase
with the panel size potentially creating confusion within the
genetic consultation for the patients and parents.2,3

Hundreds of genes are known to cause monogenetic
epilepsies and within the last decade; ongoing research
frequently identified new epilepsy-associated genes.4 More
than 30 different genes are known to cause developmental
and epileptic encephalopathies (DEEs).5 DEE comprises se-
vere epileptic syndromes such as West syndrome, Dravet
syndrome, Ohtahara syndrome, and others. It is character-
ized by refractory seizures often commencing at the age of
6 months or younger, global developmental delay, progres-
sive decline of cognitive function, and severe electroenceph-
alography (EEG) abnormalities.6 Especially in these cases
early diagnosis may omit potentially harmful tests, reduce
overall costs, and influence therapeutic approaches.7,8

The present multicenter, retrospective cohort study
investigates and compares the diagnostic yield of customized
small (<25 kb) and large (>25 kb) NGS panels with relation
to the clinical phenotype (i.e., DEE vs. non-DEE)

Methods

NGS results of 190 consecutive epilepsy patients aged 18 and
younger, tested between October 2013 and April 2018 by
four different genetic laboratories (Center of Human Genet-
ics and Laboratory Diagnostics, Martinsried, Germany;
CEGAT Tübingen, Germany; Amplexa Genetics, Odense,
Denmark, and Medical Genetics Center Munich, Germany),
were reviewed retrospectively. The stratification of DEE and
non-DEE patients was established by reviewing the clinical
data by experienced clinical epileptologists (I.B. and C.V.S.).
Demographic, clinical, and genetic data were spread into an
excel data sheet for documentation and analysis after obtain-
ing the informed consent of the patients or their legal
representatives for participation. This study was approved
by the local ethical board of the Medical Faculty of the
University of Munich (No. 18–232) and was performed

according to recommendations of the actual revision of the
declaration of Helsinki.

All genomic changes reported by the laboratories were
rated using the categories of the ACMG classification system:
“benign,” “likely benign,” “uncertain significance,” “likely path-
ogenic” and “pathogenic.”3Thedistributionof these categories
was analyzed for each subset of panels. The diagnostic yield
was stated in percent and defined by the proportion of panels
with likely pathogenic and pathogenic variants found in all
panelsperformed in total (panelswithvariantsof all categories
plus panels without any variant found).

Patients were divided into two cohorts. A group of patients
with small panels comprising 25 kb and less and a group of
patients with large panels comprising more than 25 kb. For
each patient the performed targeted NGS panel and the
number of genes tested was recorded. Further criteria ana-
lyzedwere clinical data such as family history, developmental
delay, MRI outcome, the suspected epilepsy diagnosis, the age
of onset, and the time between clinical onset and genetic
testing. All details were recorded into an Excel data sheet.

The differences with respect to occurrence of develop-
mental delay, yield of pathogenic or likely pathogenic var-
iants (total cohort and cohort divided in non-DEE and DEE
patients), and the distribution of variants of unclear signifi-
cance of small and large panels were compared using the
Fisher’s exact test. The differences in the age of onset
between the small and large panel cohort were calculated
using the t-test for unpaired samples. We used the Benja-
mini-Hochberg procedure to decrease the false discovery
rate and to minimize the bias of multiple testing.9 Conse-
quently, we stated only the adjusted p-values within the
whole manuscript. We suggested statistical significance
when adjusted p-values were below 0.05 (two-tailed).

For some patients several variants of different pathogenici-
ty levelwere identified. In these cases, themost severe variant
was used in categorizing the outcome of a patient’s panel.

Furthermore, for single genes, the frequency of testing
and the yield were investigated across all panels in the small
and the large panel cohort.

Results

In this retrospective cohort study we included a total of 190
patients (102 female, 88 male) undergoing NGS diagnostic.

In 142 cases (74.7%), a small panel (<25 kb) test was
performed with a mean number of 6.2 (� 3.1, 1–10) tested
genes. Forty-eight cases (25.3%) were made up by large
panels (>25 kb) with a mean number of 88.2 (� 16.4,
62–118) genes tested. Patients in the large panel cohort
were younger (adjusted p¼ 0.0046) at the onset of the
epileptic symptoms, 1.9� 2.8 standard deviation (SD) years
(range 0–11 years) versus 4.4� 4.3 SD years (range 0–17
years). In addition, patients in the large panel cohort showed
a higher rate of developmental delay (80 vs. 53%, adjusted
p¼ 0.0046; ►Table 1).

Regarding all genes tested separately across all panels, the
gene covered most frequently by both small and large panels
was SCN1A. In this genemost pathogenic variants were found.
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An overview about demographic data, epilepsy classification,
and genetic findings gives ►Table 1. Epilepsy classification of
the DEE patients (n¼ 62) was as follows: Dravet syndrome
(n¼ 13),West syndrome(n¼ 11),myoclonicepilepsy (n¼ 13),
atypical benign partial epilepsy (n¼ 2), Landau Kleffner syn-
drome (n¼ 2), epileptic encephalopathy with continuous
spike and wave during sleep (n¼ 2), Rett-like syndrome
(n¼ 1), astatic atonic epilepsy (n¼ 1), Ohtahara syndrome
(n¼ 1), and epileptic encephalopathy without further specifi-
cation (n¼ 16).

Epilepsy classification in non-DEE patients (n¼ 111) was
as follows: idiopathic generalized epilepsy (n¼ 47), focal
epilepsy (n¼ 32), generalized epilepsy with febrile seizures
plus, GEFSþ (n¼ 17), idiopathic focal epilepsy (n¼ 9), neo-
natal seizures (n¼ 3), and multiregional epilepsy (n¼ 3). In
17 further patients, a further distinction in DEE or non-DEE
was not possible.

The proportion of pathogenic and likely pathogenic genes
was 13% in small panels to 29% in large panels (adjusted
p¼ 0.0198; ►Fig. 1). The diagnostic yield of large panels
compared with small panels was significantly higher in non-
DEE patients (35%, n¼ 6/17 vs. 13% n¼ 12/94, adjusted
p¼ 0.0378), which was not true for DEE patients (27%,
8/30 vs. 16%, 5/32, adjusted p¼ 0.5375; ►Fig. 2). The pro-
portion of genetic variants of uncertain significance was
more than tenfold increased from 5% in small panels to
52% in large panels (adjusted p-value¼ 0.0006).

Discussion

NGS is a proven method to identify monogenetic causes of
pediatric epilepsy syndromes. The present study aimed to
analyze putative differences in yield of small and large scale

customized epilepsy panels in a pediatric population with
epilepsy. The borders drawn between small (panels compris-
ing less than 25 kb of coding DNA) and large (panels com-
prising more than 25 kb of coding DNA) panels may seem to
be arbitrary. Eventually, this stratification is used by public
German Health Insurances as they usually cover only the
costs of small panels. Besides this arbitrary segregation, we
believed that it is worthwhile to investigate the diagnostic
yield of these cohorts separately as data on the influence of
the numbers of genes tested in NGS panels on the diagnostic
yield are sparse. In addition, previous studies examining the
diagnostic yield of various differently sized panels did not
cover NGS panels of 25 kb or less but only larger panels
(►Table 2). Thus, it has remained unclear so far if NGS panels
below 25 kb can keep up in efficiency with larger panels.

We analyzed NGS outcomes of 190 patients with either
suspected DEE or other less severe types of epilepsy (non-
DEE). For all patients in total and for each cohort separately
the diagnostic yield of small (<25 kb) and large panels
(>25 kb) was compared. In our study, for all 190 patients
in total, the diagnostic yield of large panels comprisingmore
than 25 kb (corresponding to a mean of 85.8 genes) was
significantly increased compared with smaller panels of less
than 25 kb (corresponding to a mean of 6.4 genes). It is
difficult to compare our results directly to previous studies
and to compare these studieswith each other due to different
study designs with different cohorts and panels. However,
there seems to be a trend that the range of the diagnostic
yield is higher in larger panels. Studies on larger NGS panels
of 60 genes and more have shown yields of 20 to 48% and
panels below this number of genes showed pathogenic
variants in 18 to 32% of the patients (►Table 2), which is
in line with our findings.

Table 1 Demographic data, type of epilepsy, and genetic outcome of the small and large panel cohort

Total patients Small
(<25 kb)

Large
(>25 kb)

142 48

Age of onset in years Mean (� SD, Min–Max) 4.4 (� 4.3, 0.0–17.9) 1.9 (� 2.8, 0.0–11.8)

Developmental delay Yes n¼ 42 n¼ 37

No n¼ 37 n¼ 9

Number of genes tested Mean (� SD, Min–Max) 6.2 (� 3.1, 1–10) 88.2 (� 16.4, 62–118)

Gender Male n¼ 69 n¼ 19

Female n¼ 73 n¼ 29

Epilepsy classification DEE n¼ 32 n¼ 30

Non-DEE n¼ 94 n¼ 17

Not further specified n¼ 16 n¼ 1

Proportion of VUS 7/142 (5%) 25/48 (52%)

Yield of single genes: number
affected/number tested

SCN1A: 6/88 (7%)
KCNQ2: 4/33 (12%)
SCN2A: 3/51 (6%)
STXBP1: 1/11 (9%)
CACNA1A: 1/16 (6%)

SCN1A: 4/51 (8%)
CACNA1A: 2/50 (4%)
SCN8A: 1/51 (2%)
SCN2A: 1/51 (2%)
KCNQ2: 1/51 (2%)

Abbreviations: DEE, developmental and epileptic encephalopathy; SD, standard deviation; VUS, variants of unknown significance.
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Possible criteria for preselecting the best panel size for a
patient is the underlying suspected type of epilepsy. We
found that large panels are significantly beneficial compared
with small panels for pediatric patients with a non-DEE type
of epilepsy (35 vs. 13%). Nevertheless, most data on the yield
of customized epilepsy panels consider mainly patients with
DEE. A study using a panel comprising 172 genes tested on
278 patients with DEE revealed a yield of pathogenic or likely
pathogenic variants in 37.1% of the cases.4 A further study
tested an NGS panel comprising 106 genes on 87 patients
withDEE and found a diagnostic yield of 20%. Panelswith less
than 60 genes were investigated in a study testing a 46 genes
panel on 400 children with DEE. Disease-causing pathogenic
variants were identified in 18% of the patients.10 A further
study on 175 children with DEE undergoing a panel of 17
genes showed a diagnostic yield of 32%.11 In our cohort, small
panels revealed less diagnostic yield (pathogenic and likely
pathogenic results) compared with large panels (16 vs. 27%)
though these differences did not reveal statistical signifi-
cance for the DEE group. Thus, small panels of a maximum of
25 kb of investigated coding DNA seem to be sufficient to
yield in comparable amounts of pathogenic or likely patho-
genic results to larger panels in patients with DEE which
might be an issue when genetic testing is performed in an
under resourced health system.

Coinciding with this result, a previous study that tested
various panels ranging from 35 to 265 genes in patients with
DEE concluded that panels with 38 genes would have been
sufficient to achieve93%of thediagnosticoutcomes.2A similar
result was found in a study for patients with drug-resistant
epilepsy. In this study by Parrini et al,12 349 epilepsy patients
were simultaneously tested with two NGS panels: a 30-genes
panel and a 95-genes panel. Ninety-four percent of all patho-
genic variants were found by both panels, only for 6% of the
genetic diagnoses (i.e., for 22 patients) the larger panel
detected thepathogenic variant exclusively. Thus, both studies
approve our result that in certain cases larger NGS panels are
not significantly superior to smaller ones.

Despite the higher benefit of large panels for non-DEE
patients in our study, the proportion of patients obtaining a
large panel diagnostic was higher in DEE patients compared
with non-DEE patients (49 vs. 15%). A possible explanation
for this result might be the misconception of testing more
genes in patients with more severe epilepsy. In contrary,
phenotypes in DEE patients tend to be more distinct, which
should help to limit the testing of the number of potentially
relevant genes.17

The portion of VUS was more than tenfold increased in
large panels compared with small panels in the present
cohort. Rising numbers of genes tested increase the likeli-
hood to find a pathogenic gene variation but they also cause
higher costs and disproportionately increase the likelihood
to find VUS.18 Detection of VUS may make patients insecure
and may require further testing of the patient’s parents to
interpret the variant. However, with ongoing gene discovery
and interpretation, it can be assumed that the amount of VUS
will decrease. A smaller panel with strictly and phenotype-

Fig. 1 Comparing the proportion of likely pathogenic/pathogenic
variants in NGS results of small and large panels for all patients in
total. NGS, next generation sequencing.

Fig. 2 Proportion of likely pathogenic/pathogenic variants in NGS
results of small and large panels comparing patients with develop-
mental and epileptic encephalopathy (DEE) and without DEE (non-
DEE). NGS, next generation sequencing.
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related selected genes can increase the chances to detect a
disease-causing pathogenic variant by keeping the occur-
rence of VUS low at the same time.19

In the present study, we examined the differences in yield
of small versus large scale gene panels in epileptic patients
under the special consideration that the Public German
Health System does only cover small scale panels at first
instance. Large scale panels can be done after special neg-
ations with the public insurance, in the majority of private
insurances and on research basis. Besides targeted gene
sequencing using personalized panels in patients with epi-
lepsy, more advanced techniques as exome, transcriptome,
and genome sequencing are available.20,21 These techniques
may not provide a higher yield of pathogenic or likely
pathogenic variants compared with targeted panels but
may detect more likely ultrarare variants or previously
unrecognized epilepsy-associated genes.22,23In addition,
some of these more advanced techniques cover noncoding
DNA sequences which also may harbor pathogenic variants
leading to epileptic phenotypes.

There are several limitations of this study: (1) Customized
epilepsy panels may differ significantly from the genes
covered; nevertheless, our results regarding yield were in
line with recent other reports. (2) The strict stratification to
DEE and non-DEE might appear arbitrary as some patients
with non-DEE might reveal significant developmental delay
which is not reflected by the EEG as in DEE patients. (3) The
segregation of small versus large panels by the amount of
tested codingDNA sequencemore or less than 25 kbmight be
interpreted as also an arbitrary product of the German
Health System. Nevertheless, we feel that it was worth to
translate these artificial circumstances into a scientific con-
text and analysis. It might encourage under resourced health
systems to choose small panels with very carefully selected
genes in DEE patients. (4) The sample size of the large and
small scale panel cohort varied significantly in this study.
Thus, in some cases the statistical significance was just
reached. Studies of more comparable sample sizes are need-
ed to further proof these relationships.

Conclusion

The present study supports the fact that the diagnostic yield
of NGS inmonogenic epilepsies is increased by the number of
genes investigated. In DEE patients, a considerable number of
pathogenic and likely pathogenic variants are also found in
small customized panels of 25 kb and less investigated
coding DNA. More advanced techniques as exome, tran-
scriptome, and genome investigations may not be superior
to customized gene panels with respect to the total yield of
proven pathogenic or likely pathogenic results but maymore
likely detect ultrarare and previously not described genetic
variants associated with epilepsy.
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