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Pharmacoresistant epilepsy presenting during infancy poses both diagnostic and therapeutic challenges. We aim to identify
diagnostic yield and treatment implications of exome sequencing (ES) as first-tier genetic testing for infantile-onset
pharmacoresistant epilepsy. From June 2016 to December 2020, we enrolled patients with infantile-onset (age < 12 months)
pharmacoresistant epilepsy. 103 unrelated patients underwent ES. Clinical characteristics and changes in management due to the
molecular diagnosis were studied. 42% (43/103) had epilepsy onset within the first month of life. After ES as first-tier genetic testing,
62% (64/103) of the cases were solved. Two partially solved cases (2%; 2/103) with heterozygous variants identified in ALDH7A1
known to cause autosomal recessive pyridoxine dependent epilepsy underwent genome sequencing (GS). Two novel large
deletions in ALDH7A1 were detected in both cases. ES identified 66 pathogenic and likely pathogenic single nucleotide variants
(SNVs) in 27 genes. 19 variants have not been previously reported. GS identified two additional copy number variations (CNVs). The
most common disease-causing genes are SCNTA (13%; 13/103) and KCNQ2 (8%; 8/103). Eight percent (8/103) of the patients had
treatable disorders and specific treatments were provided resulting in seizure freedom. Pyridoxine dependent epilepsy was the
most common treatable epilepsy (6%; 6/103). Furthermore, 35% (36/103) had genetic defects which guided gene-specific
treatments. Altogether, the diagnostic yield is 64%. Molecular diagnoses change management in 43% of the cases. This study
substantiates the use of next generation sequencing (NGS) as the first-tier genetic investigation in infantile-onset

pharmacoresistant epilepsy.

European Journal of Human Genetics (2023) 31:179-187; https://doi.org/10.1038/s41431-022-01202-x

INTRODUCTION

Infantile-onset pharmacoresistant epilepsy represents a significant
subpopulation in pediatric epilepsy patients. The incidence of
infantile-onset epilepsy is 0.8-1.2 per 1000 live births [1-3].
Refractory seizures presenting at this age usually result in
developmental delay or arrest and various comorbidities. Patients
with difficult-to-treat epileptic conditions have a poor quality of
life and high mortality rate [4]. The clinical and genetic
heterogeneity makes an accurate and specific diagnosis challen-
ging. Acquired perinatal and postnatal brain injuries, and
metabolic disorders are known etiologies in a proportion of
infantile-onset epilepsy patients [5]. The remaining large propor-
tion of the patients are known to have genetic defects. Copy
number variations and chromosomal abnormalities account for 6-
18% of the cases [6, 7]. It has been demonstrated that the most
common genetic causes among infantile-onset epilepsy patients
are monogenic disorders [8, 9].

Over the past decade, next generation sequencing (NGS)
technology, including targeted NGS, exome sequencing (ES) and
genome sequencing (GS) have led to an exponential increase in
the diagnostic rate and the discovery of novel causative genes
[9-19]. The diagnostic yield of NGS differs depending on the case
inclusion and test methodology. Several studies employed multi-
tiered tests, including biochemical testing, microarray and
targeted NGS. Inclusion strategies regarding the perinatal
history, developmental status, neuroimaging findings, previous
biochemical and genetic testing vary in different studies
[3, 12-15, 17, 20-25]. Although there have been several previous
studies, a clear threshold to perform NGS on infants with epilepsy
has rarely been addressed. Since the impact on treatments
depends on the patients’ particular disorders, such as vitamin-
responsive epilepsy, neurometabolic disorders and certain chan-
nelopathies [16, 26-30], identification of genes responsible for
patients with infantile-onset pharmacoresistant epilepsy is crucial.
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Here, we perform a study to unravel the underlying genetic
causes in 103 unrelated patients with infantile-onset pharmacore-
sistant epilepsy using ES as the first-tier genetic testing.

METHODS

Patient selection

From June 2016 to December 2020, patients with infantile-onset (seizure
onset <12 months) pharmacoresistant epilepsy who were seen or referred
for genetic testing at a tertiary care center (King Chulalongkorn Memorial
Hospital) were recruited. Pharmacoresistant epilepsy is defined according
to the International League Against Epilepsy (ILAE) as failure of adequate
trials of two tolerated, appropriately chosen and used antiepileptic drugs
(whether as monotherapies or combinations) to achieve sustained seizure
freedom [31]. All patients were seen by pediatric neurologists and/or
geneticists. The choice to add or discontinue the antiepileptic drugs in
each patient was made by pediatric neurologists. Family history, physical
examination, seizure semiologies, neuroimaging and electroencephalo-
gram (EEG) and previous genetic testing data were collected. The
neuroimaging results were reviewed by neuroradiologists. Patients with
dysmorphic features consistent with known genetic syndromes and those
with established genetic diagnosis were excluded.

This study was approved by the Institutional Review Board of Faculty of
Medicine, Chulalongkorn University, Thailand (IRB No. 264/62). Written
informed consent was obtained from parents or legal guardians of the
participants.

Exome sequencing

After informed consent, three milliliters of peripheral blood were drawn
from the patients and their available parents. Genomic DNA was extracted
from peripheral blood leukocytes by using a Puregene blood kit (Qiagen,
Hilden, Germany). The DNA samples were sent to Macrogen Inc., Seoul,
Korea for exome sequencing. The libraries were enriched by SureSelect
Human All Exon V5 kits and subsequently were sequenced using lllumina
HiSeq 2000 Sequencer with a target output of 6 GB.

Short-read and long-read genome sequencing

The DNA samples were sent to Beijing Genomics Institute (BGI)., Beijing,
China for short-read GS. For long-read Pacific Bioscience (PacBio) HiFi
sequencing, single molecule, realtime (SMRT) bell libraries were prepared
using the SMRTbell Express Template Prep Kit 2.0.

Variant identification

Sequence reads in FASTQ sequencing files were aligned to the Human
Reference Genome hg19 from UCSC using Burrows-Wheeler Alignment
(BWA) software (http://bio-bwa.sourceforge.net/). For any ES to be further
analyzed, it was required to have 20-fold coverage in more than 95% of the
targeted regions. After reads were aligned to the human reference
genome (hg19) using BWA, the single nucleotide variants (SNVs) and small
insertions/ deletions (indels) were detected by GATK Haplotypecaller and
annotated by dbSNP&1000G. We used GRIDSS, ERDS [32, 33] to detect
structural variants (SVs) and copy number variants (CNVS) obtained from
short-read GS data. For long-read PacBio HiFi GS data, read mapping,
variant calling, and genome assembly were performed using a Snakemake
workflow. HiFi reads were mapped using pbmm2 version 1.8.0 and SVs
were called using pbsv 2.8.1. Single nucleotide variants (SNVs) were called
using DeepVariant version 1.4.0 following DeepVariant best practices for
PacBio reads.

Variant prioritization

A list of 728 genes associated with Genetic Epilepsy Syndrome according
to Genomics England PanelApp (https://panelapp.genomicsengland.co.uk/
panels/402/) was used for the first step of analysis. Both nuclear and
mitochondrial genes known to be associated with epilepsy were included.
The coding missense, nonsense, frameshift and splice site variants were
first targeted. We also followed a variant prioritization using Exomiser
(https://github.com/exomiser/Exomiser) to identify causative variants. HPO
terms (HP:0001263; global developmental delay, HP:0200134; epileptic
encephalopathy and HP:0001250; seizures) were used. If no variants within
the gene list were identified, candidate pathogenic variants were then
selected according to the following criteria (1) population frequency <1%
in gnomAD (http://gnomad.broadinstitute.org/) and Thai reference exome
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database (T-REx) [34]. (2) variants predicted to have a functional impact on
coding regions (predicted missense, nonsense, consensus donor/acceptor
splice site mutations and insertions/deletions); (3) missense variants
determined as damaging or disease-causing by at least 3 in silico
predictive mutation impact software: PolyPhen-2 (http://
genetics.owh.harvard.edu/pph2/), SIFT (http://sift.jcvi.org/), Mutation Taster
(http://www.mutationtaster.org/), M-CAP (http://bejerano.stanford.edu/
mcap/), CADD (http://cadd.gs.washington.edu/). Variants were considered
novel if they were not reported in the Genome Aggregation Database
(gnomAD), ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), PubMed litera-
ture, and not identified in our in-house Thai reference exome database (T-
REx) [34]. Candidate variants were classified according to the recommen-
dation of American College of Medical Genetics and Genomics (ACMG)
[35, 36]. All candidate variants were also evaluated by clinical geneticists
and neurologists.

Cases in which pathogenic or likely pathogenic variants in genes
consistent with the phenotype were identified and zygosity matched the
inheritance pattern were considered “solved”, while cases with only one
heterozygous variant identified in a gene associated with recessive
inheritance were considered “partially solved”. Partially solved cases
underwent short-read genome sequencing to identify the second variant
or other possible alterations. When negative, long-read Pacific Bioscience
(PacBio) HiFi sequencing was subsequently performed. Unsolved cases
were reanalyzed annually.

Statistical analysis

Direct associations between clinical characteristics (ie. family history, sex,
epilepsy onset, seizure semiologies, EEG, neuroimaging findings, the
number of antiepileptic drugs used, methods of ES analysis) and the
presence of disease-causing variants were analyzed using the Pearson chi-
square test or Fisher's exact test in case of small sample sizes in particular
categories. The analyses were performed using SPSS Statistics version 26. A
p-value of less than 0.05 is considered statistically significant.

Treatment implications

Genetic disorders with therapeutic implications are defined as conditions
in which current literature supports a preferred medication or approach.
These disorders include mutations in 16 epilepsy genes (ATP1A3, CDKL5,
DEPDC5, GLUTI1, GRIN2A, GRIN2B, KCNA2, KCNQ2, KCNT1, NPRL2, NPRL3,
SCN1A, SCN2A, SCN8A, TSC1, TSC2) and all the treatable neurometabolic
disorders [27-30].

RESULTS

Clinical characteristics

One hundred and eight families with infantile-onset pharmacore-
sistant epilepsy from unrelated families were identified. Five
patients with known dysmorphic syndromes or chromosomal
disorders (ring chromosome 21, Miller-Dieker syndrome,
15911913 duplication syndrome, ring chromosome 14 mosaicism,
Wolf-Hirschhorn syndrome) were excluded. The remaining 103
patients underwent ES.

Fifty-four percent (56/103) of the patients were male. 94% (97/
103) of the patients were born at term. 93% (96/103) had no
family history of epilepsy or developmental delay (Table 1). 42%
(43/103) of the patients had seizures onset during the neonatal
period. Of the 100 patients (97%; 100/103) with available
neuroimaging data, 65 patients had unremarkable neuroimaging
studies. The EEG data were available in 100 patients (97%). The
common findings included multifocal epileptiform discharges
(35%) and burst suppression pattern (25%). The number of
antiepileptic drugs used before genetic testing ranged from 2 to 8.
The clinical characteristics of the patients are summarized in
Table 1. The clinical data of each patient are presented in Table S1.

Diagnostic yield and genetic findings

Of the 103 unrelated probands, 22, 79 and 2 families underwent
ES using only one member (the proband; solo), three members
(the proband and his/her parents; trio) and four members (the
proband, his/her sibling and parents; Quadro), respectively. From
the first ES analysis, 61 cases (59%) were solved and 2 cases (2%)
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Table 1. Characteristics of 103 patients with infantile-onset pharmacoresistant epilepsy and the identification of disease-causing variants.

Characteristics n % Disease-causing variant found P-value®
n (%)

Male 56 54 32 (57) NS

Female 47 46

Epilepsy onset

Mean (SD) 79 (+81) days

Median 2 months

Neonatal-onset 43 42 32 (74) NS

Non neonatal-onset 60 58 34 (57)

Age at testing

Mean age at testing (£SD) 43 (61) months

Mode/median age at testing 24/15 months

Mean time difference between onset and testing (+SD) 41 (£60) months

Median time difference between onset and testing 11 months

Family history

Negative for epilepsy/developmental delay 96 93 61 (63.5) NS

Sibling (s)/ half sibling (s) with epilepsy and developmental delay 5 5 3 (60)

Sibling with unexplained death 1 1 1 (100)

Sibling with developmental delay 1 1 1 (100)

Electroencephalography main findings (n = 100)

Multifocal epileptiform discharge 35 35 23 (66) NS

Burst suppression pattern 25 25 15 (60)

Focal epileptiform discharge 13 13 7 (54)

Diffused slow waves 10 10 10 (100)

Normal 10 10 6 (60)

Generalized epileptiform discharge 4 4 3 (75)

Hypsarrhythmia 2 2 0 (0)

Focal slow waves 1 1 1 (100)

Neuroimaging findings (n = 100)

Unremarkable (61 brain MRIs, 4 CTs) 65 65 42 (65) NS
Cerebral atrophy (25 brain MRIs, 1 CT) 17 17 9 (53)

Cerebral atrophy with other features (thin/agenesis of corpus callosum/cerebellar 8 8 7 (88)

atrophy)

Others (10 brain MRIs)

Diffused pachygyria/polymicrogyria 2 2 0 (0)

Isolated thin corpus callosum 1 1 1 (100)

Hemimegalencephaly 1 1 0 (0)

Mesial temporal gray matter heterotropia 1 1 0 (0)

White matter cystic change 1 1 1 (100)

Delayed myelination 1 1 0 (0)

Mesial temporal sclerosis 1 1 1 (100)

Right sided cortical atrophy 1 1 1 (100)

Hypersignal intensity of bilateral basal ganglia and thalami 1 1 1 (100)

Total numbers of anti-epileptic drugs used before genetic testing

2 20 19 13 (65) NS
3 35 34 17 (49)

4 26 25 19 (73)

=5 22 21 17 (77)

NGS analysis

Solo 22 21 16 (72) NS
Trio 79 77 48 (61)

Quadro 2 2 2 (100)

Electroencephalography data were available in 100 patients.

Neuroimaging data were available in 100 patients.

CT computerized tomography, MRl magnetic resonance imaging, NS non-significant (p-value > 0.05), SD standard deviation.
#Pearson chi-square and Fisher’s-exact test.Neuroimaging data were available in 100 patients.
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108 cases with infantile-onset
pharmacoresistantepilepsy

Exclude 5 subjects with
established genetic diagnoses

103 cases underwent
Exome sequencing

-~

Exome 2 cases (2%) 61 cases (59%) 40 cases (39%)
as first-tier Partially solved Solved Unsolved
Short-read .
genome sequencing Reanalysis

1 case (50%)
Solved

1 case (50%) 3 cases (7.5%)
Partially solved Solved

Long-read
genome sequencing

1 case (100%)

Solved

Exome + 66 cases (64%) 37 cases (36%)
genome (in partially solved cases) Solved Unsolved

Fig. 1 Enrollment and allocation of the study population.

with pyridoxine dependent epilepsy were partially solved. Both
partially solved cases were further analyzed using short-read and
long-read GS (Fig. 1). Reanalysis of ES of the unsolved cases led to
molecular diagnoses in 3 more patients (7.5%; 3/40). ES revealed
disease-causing variants in 64 patients (62%). 66 pathogenic and
likely pathogenic SNVs were found in 27 genes known to be
associated with epilepsy (Fig. 2A). 19 variants (29%) have never
been previously reported. GS identified two novel pathogenic
CNVs in partially solved cases. Three patients harbored variants of
uncertain significance. Characteristics of all the variants are shown
in Table S2. Confirmed and presumed (negative family history
without parental sequencing) autosomal dominant de novo
variants accounted for 71% (47/66) and confirmed X-linked de
novo variants accounted for 8% (5/66) (Fig. 2C). The most
common type was missense variants (Fig. 2D). The diagnostic
rate was higher among patients with neonatal-onset (p-value =
0.048; Table S3).

Treatment implications
Of all the patients enrolled, 8% (8/103) had treatable disorders and
precision therapy resulted in seizure freedom. 35% (36/103) had
genetic defects which guided gene-specific medications. Overall,
43% (44/103) of the patients harbored causative variants with
treatment implications (Fig. 2B). The disease-causing variants
identified in ALDH7AT1 (n = 6), PNPO (n = 1), and BTD (n = 1), led to
specific treatments and discontinuation of other antiepileptic
drugs. All the patients were seizure-free after receiving precision
therapy. The clinical data of the patients with identified variants in
treatable disorders are summarized in Table 2. The disease-
causing variants found in SCNTA (n=13), SCN2A (n = 3), SCN8A
(n=4), ATPIA3 (n=3), KCNA2, (n=1), KCNT1 (n=3), KCNQ2
(n=28), and PDHAT (n = 1) could guide treatment decisions [28].
The most common treatable disorder found in our cohort was
the autosomal recessive pyridoxine-dependent epilepsy. Six
patients harbored pathogenic and likely pathogenic variants in
the ALDH7A1 gene (Table 2). Five of them had their first seizure
during the neonatal period. Trial of pyridoxine (vitamin B6) and
pyridoxal 5'-phosphate along with EEG monitoring was done in all
six patients prior to genetic testing. Two out of six patients
(patient 3 and 6) with ALDH7AT1 variants did not show clear EEG
responses. The biochemical testing including plasma and urinary
alpha-aminoadipic semialdehyde (a-AASA), plasma and cerebral
spinal fluid pipecolic acid and cerebrospinal fluid monoamine
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metabolites, were unavailable in our setting. ES successfully
identified the disease-causing variants in four patients (Patients 3,
4, 5, 6). In patient 1, the previously reported c.1439T>C
(p.lle480Thr) variant was found on the paternal allele. In patient
2, the previously reported c.1061 A> G (p.Tyr354Cys) variant was
found on the maternal allele. Genome sequencing was performed
in patients 1 and 2. In patient 1, short-read GS identified a novel
5,299-bp deletion (chr5:125914331-125919629del; GRCh37/hg19;
NM_001182.5:c.388_518-1428del) encompassing the entire exon 5
of the ALDH7AT gene in the maternal allele. In patient 2, long-read
GS identified a novel 53,417-bp deletion (chr5:125903412-
125956829del; NM_001182.4:c.—25939_871 + 539del) encom-
passing exons 1-9 of the ALDH7AT gene and exons 1-4 of the
PHAX gene in the paternal allele (Fig. 3).

Interestingly, four unrelated patients with pyridoxine depen-
dent epilepsy harbored the c.1061 A > G (p. Tyr354Cys) variant and
two unrelated patients harbored the c.1547 A> G (p.Tyr516Cys)
variant. Further studies could help clarify whether these recurrent
variants are due to a founder effect.

DISCUSSION

In this study, ES was performed in 103 patients with infantile-onset
pharmacoresistant epilepsy. As a first-tier diagnostic tool, ES
solved 62% (64/103) of the cases. Pathogenic and likely
pathogenic SNVs were identified in 66 patients. 29% (19/66) of
the identified variants have not been previously described. GS
identified two CNVs and solved additional 2% (2/103) of the cases.
In total, 64% of the cases were solved. The SCNTA gene was found
to be responsible for the majority of cases (13%; 13/103). This was
similar to previous large cohort studies of pediatric epilepsy
[14, 22, 37]. Mutations in KCNQ2 were the most common among
neonatal-onset epilepsy and patients with burst suppression
patterns on EEG (Table S3). Eight percent (8/103) of all patients
had neurometabolic disorders with specific treatments that
resulted in seizure freedom. In addition, 35% (36/103) had
molecular diagnoses that could guide treatment decisions. Over-
all, 43% of the patients harbored variants with treatment
implications. Our study is the first and largest to investigate the
genetic defects underlying infantile-onset pharmacoresistant
epilepsy in the Thai population.

Several factors contribute to the relatively high diagnostic yield in
this study. The inclusion of patients with early age of onset poses a
strong genetic potential. This study was performed at a tertiary care
center. Exclusion of all possible acquired causes of seizures was
usually done in most patients prior to referral. Furthermore, the
majority (77%; 79/103) of the patients underwent trio-NGS analysis.
Parents-proband trio analysis facilitates the identification of de novo
variants which account for most of the disease-causing variants in
severe genetic epilepsy [38]. Although there is no statistical
significance between the diagnostic yield of solo, trio and quadro
analysis in this study, there is a trend of higher yield for trio
compared to solo (Table 1). The relatively small sample size might
contribute to the non-statistical significance. Previous studies have
shown the relatively high diagnostic efficacy of trio-analysis,
particularly in neurodevelopmental disorders [39, 40].

The diagnostic rate of patients with neonatal-onset epilepsy
was higher than those with later onset (74% VS 57%), but the
difference did not reach statistical significance (p-value=0.54).
When diagnostic rates were compared between patients with
epilepsy onset at different months, those with neonatal-onset
epilepsy had a significantly higher diagnostic rate (p-value =
0.048; Table S3). The other clinical characteristics of patients,
including seizure semiologies, EEG findings, neuroimaging find-
ings and the total number of antiepileptic drugs used before
testing, were unrelated to the variants identified. These findings
suggested that patient characteristics in infantile-onset pharma-
coresistant epilepsy could not be used to predict the likelihood of

European Journal of Human Genetics (2023) 31:179-187
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Fig. 2 The genetic findings in 103 patients with infantile-onset pharmacoresistant epilepsy. Categories of monogenic causes identified.
The different shades of red pies represent cases with disease-causing variants identified. The blue portion represents unsolved cases. Of note,
two patients (patients 1 and 2) with one likely pathogenic variant identified in the ALDH7AT gene known to cause autosomal recessive
pyridoxine dependent epilepsy are considered “partially solved” after ES (A). Percentage of patients with monogenic disorders and treatment
implications (B). Specific treatments were administered and resulted in seizure freedom in patients with ALDH7AT (n = 6), PNPO (n = 1) and BTD
(n = 1) mutations. Molecular diagnosis that could guide treatment included variants identified in ATP1A3 (n = 3), PDHAT (n = 1), KCNA2 (n=1),
KCNTT1 (n=3), KCNQ2 (n =8), SCNTA (n=13), SCN2A (n=2), SCN8A (n = 4). Mode of inheritance (C). Types of disease-causing variants. The
numbers following the semicolon (;) indicate the number of patients (D).

identifying disease-associated variants. Therefore, ES should be
considered in all patients with infantile-onset pharmacoresistant
epilepsy, especially in neonates.

Although data have shown a comparable utility and cost-
effectiveness between targeted gene panel and ES, this study
employed the use of ES. The purpose of this study was also to map
out the genetic landscape of infantile-onset epilepsy in the Thai
population. Since there have been no previous studies, choosing
the most rational gene panel for the Thai population could be
challenging and may confine our knowledge to a certain gene list.
However, the result of this study revealed that the genetic
landscape of infant epilepsy in the Thai population was similar to
other populations. Our findings suggested a targeted gene panel
could also be employed in the Thai population with a potentially
high diagnostic yield for clinical settings.

Another established benefit of ES is the feasibility of reanalysis.
Although, most of the cases (59%; 61/103) in this cohort were

European Journal of Human Genetics (2023) 31:179-187

diagnosed at the initial ES analysis. Reanalysis of the initially
negative trio-ES revealed the diagnosis in three more patients
with de novo pathogenic variants in newly identified epilepsy
genes (PHACTR1, GABRA5 and PACS2). The value of periodic
reanalysis of ES has also been established in previous studies
[41, 42].

Previous studies showed varying yields of treatable disorders
ranging from 4.5 to 6%, depending on case inclusion, previous
diagnostic studies and the number of genes tested [13, 22]. This
study is the first using ES as a first-tier genetic test in patients who
need two or more antiepileptic drugs. In this cohort, 8% of the
patients had treatable disorders which include pyridoxine (B6)
dependent epilepsy, pyridoxamine 5’-phosphate (P5'P) oxidase
deficiency and biotinidase deficiency. The most common treatable
disorder in this cohort is pyridoxine dependent epilepsy. Four
patients in this cohort showed EEG responses after IV-B6 and two
patients did not (Table 2). Previous studies have shown that the
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Fig. 3

Intragenic deletions in the ALDH7A1 gene found in patients with pyridoxine dependent epilepsy. A Intragenic deletions in the

ALDH7A1 gene found in patients with pyridoxine dependent epilepsy. The black bars depict all previously reported deletions (Kanno et al.
2007; exon 17, Plecko et al. 2007; exon 7, Perez et al. 2003; exons 12-18, Mefford et al. 2015; exon 7, exons 8-9, exons 14-17, exon 8 and flanking
exons 1-9 of the GRAMD3 gene). The red bars depict the deletions found in patients 1 and 2 in this study. The yellow and green bars represent
the flanking sequence in the 5" and 3’ regions, respectively. B Binary alignment map (BAM) and FASQ capture from whole genome sequencing
data. The horizontal red bars represent the 5299-bp deletion found in patient 1 and his mother and the 53,417-bp deletion found in patient 2
and his father. The DNA sequences flanking the deletions are highlighted in green for the 5’ region and yellow for the 3’ region.

EEG responses to IV-B6 neither identify nor exclude pyridoxine-
dependent epilepsy. In order to safely wean off other antiepileptic
drugs, diagnosis should be established using biochemical and/or
DNA analysis [43]. Biochemical testing for various neurological
disorders with epilepsy was not available in our setting as well as
in many other hospitals. Given the wide range of neurometabolic
conditions that can cause epilepsy, selecting and interpreting
biochemical tests can be challenging and time-consuming
[29, 30]. This study provided evidence suggesting that the
molecular approach could also lead to the diagnosis.

In this study, short-read and long-read GS were done in two
partially solved cases with autosomal recessive pyridoxine
dependent epilepsy. Short-read GS identified a novel 5,299-bp
deletion encompassing the entire exon 5 of the ALDH7AT gene in
patient 1 and his mother. Long-read GS identified a novel 53,417-
bp deletion encompassing exons 1-9 of the ALDH7A1 gene and
exons 1-4 of the PHAX gene in patient 2 and his father (Fig. 3). The
predicted effect of this partial PHAX gene deletion is unclear. A
monoallelic deletion of the PHAX gene is less likely to be sufficient
to cause an epileptic or neurodevelopmental phenotype since
patient 2 inherited the deletion from an asymptomatic father.
Mefford et al. revealed that deletions involving exons within the

European Journal of Human Genetics (2023) 31:179-187

ALDH7AT gene accounted for the majority of mutations in patients
with pyridoxine dependent epilepsy who harbored only one
documented SNV. To our knowledge, there have been 8
previously reported intragenic deletions in the ALDH7A1 gene
(Fig. 3) [44-47]. The deletion involving the flanking PHAX gene is
first described here. This study emphasizes that epilepsy patients
with one identifiable pathogenic variant in the ALDH7AT gene
warrant further testing for copy number changes involving the
ALHD7AT1 and nearby genomic regions. We also propose the use of
GS in partially solved cases. Further studies are required to address
the diagnostic yield and the cost-effectiveness of the strategy.
Four of the eight patients with treatable disorders who received
the diagnosis later in the clinical course had a dismal develop-
mental outcome. Patient 7, who had pyridoxamine 5-phosphate
oxidase deficiency, experienced super-refractory status epilepticus
after the conventional dose of pyridoxamine 5’ phosphate (P5'P).
Only when the genetic result was available that the P5'P dosage
was increased to achieve seizure control. This emphasizes the
need for a rapid diagnosis. Accurate and timely administration of
medications can potentially improve long-term outcomes. With
declining costs, ES is an effective diagnostic tool for clinical
diagnosis. Growing evidence supports the clinical utility and cost-
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effectiveness of rapid ES and WGS in critically-ill pediatric patients
including patients with seizures [48-50]. Our study provided
evidence strongly supporting early use of ES in patients with
infantile-onset pharmacoresistant epilepsy.

In summary, ES led to molecular diagnosis in 62% (64/103) of
cases. Of all the 66 variants found to be responsible for the
diseases, 19 (29%) were novel. Short-read and long-read GS
identified two large deletions and solved additional 2% (2/103) of
the cases. In total, 64% of the cases were solved. This study is the
first and largest to investigate genetic causes in infantile-onset
pharmacoresistant epilepsy in the Thai population and suggests
the use of ES as the first-tier genetic testing to increase diagnostic
yield and improve treatment outcomes. Overall, 43% (44/103) of
the patients in this study have monogenic disorders with
treatment implications.

DATA AVAILABILITY
The data sets generated and/or analyzed during the current study are available from
the corresponding author on reasonable request.
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