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Background and Purpose  Neonatal encephalopathy (NE) is a neurological syndrome that 
presents with severe neurological impairments and complications. Hypoxic-ischemic enceph-
alopathy is a major contributor to poor outcomes, being responsible for 50%–80% of admis-
sions to neonatal intensive care units. However, some cases of NE accompanied by hypoxic 
brain damage cannot be solely attributed to hypoxia-ischemia. We aimed to identify diverse 
pathogenic genetic variations that may be associated with cases of NE accompanied by hypox-
ic brain damage rather than hypoxia-ischemia.
Methods  We collected data from 34 patients diagnosed with NE accompanied by hypoxic 
brain damage over a 10-year period. Patients with the following specific conditions were ex-
cluded: 1) premature birth (<32 weeks), 2) no history of hypoxic events, 3) related anomalies, 
4) neonatal infections, 5) antenatal or perinatal obstetrical complications, 6) severe hypoxia 
due to other medical conditions, and 7) early death (within 1 week). A comprehensive review 
of clinical and radiological features was conducted.
Results  A genetic diagnosis was made in 11 (32.4%) patients, with pathogenic variants be-
ing identified in the following 9 genes: CACNA1A (n=2), KCNQ2 (n=2), SCN2A (n=1), SC-
N8A (n=1), STXBP1 (n=1), NSD1 (n=1), PURA (n=1), ZBTB20 (n=1), and ENG (n=1). No 
specific treatment outcomes or clinical features other than preterm birth were associated with 
the results of the genetic analyses. Personalized treatments based on the results of genetic tests 
were attempted, such as the administration of sodium-channel blockers in patients with KCNQ2 
or SCN8A variants and the implementation of a ketogenic diet in patients with STXBP1 or 
SCN2A mutations, which demonstrated some degree of effectiveness in these patients.
Conclusions  Genetic analyses may help in diagnosing the underlying etiology of NE and con-
current hypoxic brain damage, irrespective of the initial clinical features.
Keywords    targeted gene panel sequencing; neonatal encephalopathy;  

hypoxic brain damage; hypoxic-ischemic encephalopathy.

Genetic Diagnosis in Neonatal Encephalopathy With Hypoxic 
Brain Damage Using Targeted Gene Panel Sequencing

INTRODUCTION

Neonatal encephalopathy (NE) is a neurological syndrome with clinical features such as 
low levels of consciousness, abnormalities in muscle tone, neonatal seizures, focal neuro-
logical deficits, and depressed respiration.1,2 NE reportedly affects 1–6 of every 1,000 full-
term live births, with a mortality rate of 15%–20% during the newborn period. In addi-
tion, around 25% of affected patients experience permanent neurological deficits.3-6 Factors 
such as maternal antepartum/intrapartum comorbidities, placental abnormalities, hypox-
ia-ischemia, perinatal infection, coagulopathies or neonatal stroke, metabolic disorders, 
and genetic/epigenetic abnormalities contribute to the onset of NE either alone or in com-
bination. Neonatal hypoxic-ischemic encephalopathy (HIE) is recognized as the predom-
inant risk factor, accounting for 50%–80% of cases that present in neonatal intensive care 
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unit (NICUs).7-13

However, a nonnegligible proportion of diagnosed HIE 
cases cannot be fully explained by a lack of oxygen or blood 
flow during birth. Moreover, up to 50% of NE cases do not 
show any signs of perinatal asphyxia, even when neuroim-
aging findings are abnormal. These patients are often chal-
lenging when performing diagnostic workups (including 
genetic testing), which can lead to delays in them receiving 
proper treatment and accurate prognostic predictions. For 
these reasons, previous studies that aimed at identifying the 
underlying causes of NE have often excluded those with hy-
poxic brain damage, and the few studies that focused on iden-
tifying genetic variations associated with NE accompanied 
by hypoxic brain damage have lacked the appropriate crite-
ria for patient selection, resulting in inaccuracies in the iden-
tified diagnostic rates.14-18

Here we attempted to determine whether various patho-
genic genetic variations can be diagnosed in cases of NE ac-
companied by hypoxic events and brain damage when pa-
tients are carefully selected, excluding those with prominent 
intrapartum and postpartum factors. Moreover, we com-
pared the clinical features of the patients based on the results 
of genetic testing with the aim of determining whether spe-
cific factors are correlated with genetic findings. The find-
ings of this study support the importance of genetic testing 
methods such as targeted gene panel sequencing and clini-
cal exome sequencing in properly identifying patients with 
NE accompanied by hypoxic brain damage.

METHODS

Patient selection
This retrospective study identified patients diagnosed with 
NE between June 2012 and June 2022 at Severance Children’s 
Hospital. From these patients we specifically selected those 
diagnosed as NE and exhibiting neuroimaging findings con-
sistent with hypoxic brain damage before reaching a post-
conceptual age of 1 month. We subsequently excluded pa-
tients with the following specific conditions: 1) born extremely 
(<28 weeks) or very (<32 weeks) preterm, 2) no hypoxic event 
requiring oxygen support within 24 hours after birth, 3) hav-
ing related anomalies that could cause hypoxic events, such 
as cardiac or pulmonary congenital disease, 4) neonatal in-
fections including sepsis and bacterial meningitis, 5) ante-
natal or perinatal obstetrical complications, such as placental 
abruption, uterine rupture, cord prolapse, or severe preeclamp-
sia, 6) experiencing severe hypoxia due to other medical con-
ditions, such as emergency operations, or 7) dying within 1 
week after birth. The last exclusion criterion was applied due 
to the difficulty of performing genetic tests under such cir-

cumstances. Laboratory tests for inborn metabolic errors, 
such as plasma amino acids and urine organic acids, were 
performed to exclude patients with metabolic disorders. 

Ultimately 90 patients met the eligibility criteria, of which 
only 34 had undergone targeted gene panel sequencing. The 
parents/guardians of the participants provided informed 
consents, and this study was approved by the Institutional 
Review Board of Severance Hospital (4-2023-0865).

Clinical and radiological evaluations
Upon arrival at the NICU, clinical data on each patient were 
carefully collected. The baseline data collection included 
antenatal details such as the presence of fetal distress (e.g., 
decreased fetal tone/activity and fetal deceleration/brady-
cardia) and obstetrical complications (e.g., preterm labor, 
prolonged labor, premature rupture of membranes, breech 
presentation, or cephalopelvic disproportion), delivery 
method, birthweight, neonatal resuscitation procedures (e.g., 
noninvasive oxygen support, invasive ventilator, or chest 
compression), sex, presence of neonatal seizures, age at sei-
zure onset (in days), accompanying anomalies, muscle tone, 
and head circumference.

The patients were subsequently followed up for at least 1 
year, during which additional information was obtained such 
as the tube feeding status due to poor sucking ability, gas-
trostomy placement status, tracheostomy status, presence of 
a ventriculoperitoneal shunt, epilepsy development, epilep-
sy intractability, intellectual disability, neurological motor 
dysfunction, and mortality.

Motor disability was assessed using the Gross Motor Func-
tion Classification System, which is a well-established, five-
level, evidence-based tool designed to measure gross motor 
function in children with cerebral palsy.19 Furthermore, in-
tellectual disability was detected and quantified based on the 
criteria established by the American Association of Intellec-
tual and Developmental Disorders. We also collected intelli-
gence quotient (IQ) scores on the Wechsler Intelligence Scale 
for Children (WISC) and the Bayley Scale of Infant Develop-
ment (BSID) for each patient, and categorized them into the 
following groups of intellectual disability: mild (WISC: 50≤ 
IQ<70; BSID: 70≤IQ<85), moderate (WISC: 35≤IQ<50; 
BSID: 55≤IQ<70), severe (WSIC: 20≤IQ<35; BSID: 20≤IQ< 
55), and profound (WISC: IQ<20; BSID: IQ<20). When de-
velopmental examinations could not be performed due to 
inadequate cooperation, patients were classified as either se-
vere or profound intellectual disability.

Neuroimaging that included cranial ultrasound and brain 
magnetic resonance imaging (MRI) was performed within 
3 days of encephalopathy onset or upon the patient’s arrival 
at the NICU. The timing for subsequent imaging follow-up 
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was determined based on clinical judgment, with brain MRI 
scanning typically performed at the postconceptual age of 1 
month regardless of the status of previous imaging studies. 
The MRI protocol encompassed T1-weighted, T2-weighted, 
diffusion-weighted, and FLAIR (fluid-attenuated inversion 
recovery) sequences. The presence of hypoxic brain damage 
was determined based on clinically documented hypoxic 
events accompanied by radiological findings, taking into 
consideration relevant information from previous studies.20-22 
Primary radiographic features of hypoxic brain damage in-
cluded bilateral or multifocal chances in signal intensity in 
subcortical regions such as the basal ganglia or thalamus, 
white matter, cerebral cortex, cerebellum, and brainstem. All 
imaging findings were carefully reviewed by specialized pe-
diatric neurologists and neuroradiologists.

Targeted gene panel sequencing
We included 4,872 candidate genes associated with neuro-
development in our gene panel to identify pathogenic vari-
ants in patients diagnosed with NE accompanied by hypoxic 
brain damage. These genes were selected after performing 
an extensive review of relevant literature and information in 
the Online Mendelian Inheritance in Man (OMIM) data-
base. A complete list of the genes included in the panel is 
provided in Supplementary Table 1 (in the online-only Data 
Supplement).

The DNA library was prepared in accordance with the 
manufacturer’s protocol. Genomic DNA was extracted from 
leukocytes in whole blood samples using a QIAamp Blood 
DNA Mini Kit (QIAGEN, Hilden, Germany) for DNA tar-
get preparation. The DNA from each patient was subsequent-
ly fragmented and amplified using the polymerase chain re-
action to prepare the library. This pooled DNA library was 
then subjected to massive sequencing using a MiSeq sequenc-
er (Illumina, San Diego, CA, USA) and the MiSeq Reagent 
Kit (version 2) (300 cycles). The sequenced data were ana-
lyzed using BaseSpace (Illumina) and NextGENE (SoftGe-
netics, State College, PA, USA), and cross-referenced using 
our custom analysis pipeline. Copy-number variants were 
assessed using a custom analysis pipeline. Various databas-
es were used for the analysis and variant annotation, includ-
ing the OMIM, Human Gene Mutation Database, ClinVar, 
dbSNP, 1000 Genomes, Exome Aggregation Consortium, 
Exome Sequencing Project, and Korean Reference Genome 
Database. In four patients, trio sequencing was performed 
using Sanger sequencing on a 3730 DNA Analyzer with the 
BigDye Terminator (version 3.1) Cycle Sequencing Kit (Ap-
plied Biosystems, Foster City, CA, USA).

The sequence variants were interpreted using the Ameri-
can College of Medical Genetics and Genomics Guidance 

Classification System. We selected variants classified as “patho-
genic” or “likely pathogenic” causative variants, which were 
further confirmed using Sanger sequencing.23

Statistical analysis
To identify the associated factors, we compared the clinical 
and radiological variables between patients with pathogenic 
or likely pathogenic variants and those with negative test re-
sults from targeted gene panel sequencing. We applied Stu-
dent’s t-test and the Mann–Whitney U test to continuous 
variables that did and did not conform to a normal distribu-
tion, respectively. Categorical variables were compared be-
tween two groups using the chi-square test or Fisher’s exact 
test. Statistical analyses were performed using R software 
(version 4.3.1, R Foundation for Statistical Computing, Vi-
enna, Austria), and p values of <0.05 were considered statis-
tically significant. Data were expressed as numbers and per-
centages, mean and standard-deviation values, or median 
and interquartile range (IQR) values.

RESULTS

Patient demographics and antenatal features
NE was diagnosed in 428 patients, among which 100 who 
did not experience any hypoxic events that required oxygen 
support within 24 hours after birth and 58 with normal ra-
diological findings were excluded from the study. Another 
180 patients were further excluded from the study due to the 
following indications: 1) 58 born extremely or very preterm, 
2) 41 with related anomalies, 3) 14 with neonatal infections, 
4) 49 with obstetrical complications, 5) 7 who had experi-
enced severe hypoxia due to other medical conditions, and 
6) 11 who died early. An additional 56 patients were exclud-
ed from our cohort because they had not undergone genet-
ic testing, leading to the final inclusion of 34 patients (20 
males and 14 females) (Fig. 1).

The diagnostic yield of targeted gene panel sequencing 
was 32.4% (n=11) in our patient cohort. Notably, no cases of 
moderate to late preterm birth were observed in those with 
pathogenic genetic variants (henceforth referred to as the 
genetic group), while eight (34.8%) patients were not geneti-
cally diagnosed (henceforth the nongenetic group) (p=0.034). 
Vaginal delivery was performed in 4 (36.4%) of the 11 pa-
tients in the genetic group and in 7 (30.4%) of the 23 patients 
in the nongenetic group. In addition, antenatal fetal distress 
was observed in 11 (32.4%) of the 34 patients in our cohort, 
with meconium aspiration in 8 (23.5%) patients and accom-
panying obstetrical complications in 14 (41.2%) patients; the 
proportions were similar in the genetic and nongenetic groups 
(Table 1).
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Table 1. Baseline demographic and clinical characteristics of patients (<1 month after birth) with neonatal encephalopathy accompanied by hypox-
ic brain damage (n=34)

Characteristic Genetic group (n=11) Nongenetic group (n=23) p
Sex, male 8 (72.7) 12 (52.2) 0.295
Seizure onset age (days) 1.00 [2.00] 1.50 [1.75] 0.835
Vaginal delivery 4 (36.4) 7 (30.4) >0.999
Prematurity 0 (0.0) 8 (34.8) 0.034*
Birthweight (g) 2,836±588 3,126±551 0.174
Meconium aspiration 1 (9.1) 7 (30.4) 0.228
Antenatal fetal distress† 3 (27.3) 8 (34.8) >0.999
Antenatal obstetrical complications‡ 4 (36.4) 10 (43.5) >0.999
Accompanying anomaly 0 (0.0) 3 (13.0) 0.535
Neonatal seizure 10 (90.9) 18 (78.3) 0.638
Hypothermia 1 (9.1) 3 (13.0) >0.999
Neonatal resuscitation - - -

Oxygen support 11 (100.0) 23 (100.0) >0.999
Chest compression 0 (0.0) 2 (8.7) >0.999
Invasive ventilator 7 (63.6) 19 (82.6) 0.388

Head circumference - - 0.179
Normal 9 (81.8) 16 (69.6) -
Microcephaly 1 (9.1) 7 (30.4) -
Macrocephaly 1 (9.1) 0 (0.0) -

Tonicity - - 0.302
Normotonicity 4 (36.4) 6 (26.1) -
Hypotonicity 6 (54.5) 9 (39.1) -
Hypertonicity 1 (9.1) 8 (34.8) -

Data are n (%), mean±standard-deviation, or median [interquartile range] values.
*Statistical significance; †Antenatal fetal distress, including decreased fetal tone/activity and fetal deceleration/bradycardia; ‡Antenatal obstetrical com-
plications included preterm labor, prolonged labor, premature rupture of membranes, breech presentation, and cephalopelvic disproportion.

Patient with the diagnosis of hypoxic
ischemic encephalopathy (n=428)

Patient without perinatal asphyxia event 
  were excluded (n=100)

Patient with below conditions were excluded (n=238)
  - Related anomalies (e.g., cardiac, respiratory, etc)
  - Neonatal infections
  - Normal imaging features
  - Obstetrical complication
  - Prematurity (<32+0 weeks)
  - Early death
  - Severe hypoxia due to other medical conditions

Patient with the diagnosis of hypoxic
ischemic encephalopathy of newborn (n=328)

Patient with perinatal asphyxia event
satisfying the criteria (n=90)

Patient not included 
due to lack of genetic testing 

(n=56)

Patient included 
in the study 

(n=34)

Fig. 1. Eligibility criteria and study enrollment flow for patients with neonatal encephalopathy accompanied by hypoxic brain damage.
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Clinical characteristics based on genetic results
No significant differences in baseline clinical characteristics 
were detected between the genetic and nongenetic groups. 
The 31 patients with seizure history in the genetic and non-
genetic groups had median ages at seizure onset of 1.00 and 
1.50 days (IQR=2.00 and 1.75 days), respectively. Neonatal 
seizures within 1 month after birth were observed in 10 
(90.9%) and 18 (78.3%) patients in the genetic and nonge-
netic groups, respectively. All 34 patients received at least 
oxygen support, with 26 (76.5%) receiving this via an inva-
sive ventilator. Hypothermia was induced in four patients: 
1 (9.1%) in the genetic group and 3 (13.0%) in the nongenet-
ic group. At birth, the head circumference was within the 
normal range in most patients, and varying features of mus-
cle tonicity were observed in both the genetic and nonge-
netic groups. Furthermore, 3 (13.0%) patients in the nonge-
netic group had coexisting anomalies, comprising clubfoot, 
amniotic band syndrome, and duodenal atresia in one pa-
tient each (Table 1).

Follow-up clinical features were also similar in the two 
groups. Supportive treatments such as persistent nasogastric 
tube feeding, gastrostomy placement, and tracheostomy were 
found to be similarly prevalent in the two groups. Mortality 
within 1 year of birth was observed in only one patient in 
the nongenetic group. Moreover, only 3 (8.8%) patients were 
not diagnosed with epilepsy during the follow-up period, 

with 16 (47.1%) diagnosed with epilepsy syndrome and 22 
(64.7%) experiencing intractable epilepsy. Most of the pa-
tients in both groups had severe intellectual and motor dis-
abilities (Table 2).

Demonstration of patients with genetic variations
Pathogenic variants were identified in 9 genes in the 11 pa-
tients in the genetic group, with no copy-number variation 
identified. The following five genes were found to be associ-
ated with developmental and epileptic encephalopathy (DEE): 
CACNA1A (voltage-gated calcium channel alpha subunit 
1A, with mutations c.1841T>C and c.4177G>A in two cas-
es), KCNQ2 (voltage-gated potassium channel subfamily Q 
member 2, with mutation c.601C>T in two cases), SCN2A 
(voltage-gated sodium channel alpha subunit 2, with muta-
tion c.5308A>G in one case), SCN8A (voltage-gated sodium 
channel alpha subunit 8, with mutation c.4398C>A in one 
case), and STXBP1 (syntaxin-binding protein 1, with muta-
tion c.1216C>T in one case). Three genes were associated with 
neurodevelopmental disorder: NSD1 (nuclear-receptor-bind-
ing SET domain protein 1, with mutation c.3549dupT in one 
case), PURA (purine-rich element-binding protein A, with 
mutation c.72dup in one case), and ZBTB20 (zinc finger and 
BTB-domain-containing 20, with mutation c.1492C>T in one 
case). In addition, ENG (endoglin, with mutation c.154G>C) 
was identified as the primary cause of hereditary hemor-

Table 2. Follow-up (>1 year) clinical characteristics of patients with neonatal encephalopathy accompanied by hypoxic brain damage (n=34)

Clinical characteristic Genetic group (n=11) Nongenetic group (n=23) p
Poor eye contact 5 (45.5) 8 (34.8) 0.709

Poor sucking with tube feeding 6 (54.5) 11 (47.8) 0.714

Gastrostomy 4 (36.4) 6 (26.1) 0.692

Tracheostomy 3 (27.3) 1 (4.3) 0.089

Ventriculoperitoneal shunt 0 (0.0) 2 (8.7) >0.999

Mortality 0 (0.0) 1 (4.3) >0.999

Epilepsy - - >0.999

No diagnosis 1 (9.1) 2 (8.7) -

Focal seizure only 5 (45.5) 10 (43.5) -

Focal and generalized seizure 5 (45.5) 11 (47.8) -

ASM - - 0.850

None 1 (9.1) 2 (8.7) -

Single 2 (18.2) 7 (30.4) -

Multiple 8 (72.7) 14 (60.9) -

Intellectual disability - - 0.523

Normal to mild 1 (9.1) 4 (17.4) -

Moderate to profound 10 (90.9) 19 (82.6) -

Motor disability - - 0.850

GMFCS levels I–III 3 (27.3) 7 (30.4) -

GMFCS level IV or V 8 (72.7) 16 (69.6) -

Data are n (%) values.
ASM, antiseizure medication; GMFCS, Gross Motor Function Classification System.
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rhagic telangiectasia in one case. All patients had document-
ed hypoxic events within 24 hours after birth, with radio-
graphically features consistent with hypoxic brain damage 
(Fig. 2).

All patients except the one carrying an NSD1 mutation 
were diagnosed with epilepsy. Five of the seven patients di-
agnosed with genetic variants related to DEE had intracta-
ble epilepsy with profound intellectual disability, with the 
other two patients having a CACNA1A mutation. Neonatal 
seizures were observed in all patients, and phenobarbital was 
initially selected as the medication. However, little or no re-
sponse to phenobarbital resulted in multiple antiseizure 
medications (ASMs) being administered, and a continuous 
infusion of midazolam was used in one patient with an SC-
N2A variant. Following a genetic diagnosis, patients received 
treatments tailored to their specific genetic variants, which 
demonstrated some effectiveness in controlling seizures.

Three of the four patients diagnosed with genetic muta-
tions associated with neurodevelopmental disorders and he-
reditary hemorrhagic telangiectasia experienced neonatal 
seizures, with the exception being the patient with an NSD1 

variant. However, the symptoms of all patients except those 
with the ZBTB20 mutation were effectively controlled with 
either one or two ASMs, with phenobarbital being the initial 
treatment in all cases. Abnormal muscle tone was observed 
in all patients, but the head circumference was normal except 
for the patient with the NSD1 variant, who exhibited mac-
rocephaly. Two patients with PURA-related neurodevelop-
mental disorder and hereditary hemorrhagic telangiectasia 
were diagnosed with profound intellectual disability, while 
the other two were diagnosed with moderate (NSD1) or bor-
derline (ZBTB20) intellectual disability. All patients were fi-
nally treated using a multidisciplinary approach and family 
consultations (Table 3).

DISCUSSION

Neonatal-onset HIE is the predominant cause of death or per-
sistent neurological impairment in infants born at or close 
to term. The reported mortality rate ranges from 20% to 
50%, and 25%–60% of surviving infants experience long-term 
neurological complications such as cerebral palsy, epilepsy, 

Fig. 2. Magnetic resonance imaging findings of patients genetically diagnosed with hypoxic brain damage. A and B: T2- and diffusion-weighted se-
quences of patients with the SCN8A variant, revealing diffuse excessively large signals and diffusion-restriction foci in the white matter. C and D: T1- 
and diffusion-weighted sequences of patients with the SCN2A variant, revealing T1 hyperintensities and diffusion restriction in the deep white mat-
ter and periventricular area. E and F: T1- and diffusion-weighted sequences of patients with the STXBP1 variant, revealing multifocal T1-weighted 
hyperintensities and diffusion-restriction areas in the frontal periventricular white matter, basal ganglia, and corpus callosum. G and H: T2- and T1-
weighted sequences of patients with the ZBTB20 variant, revealing multifocal hemorrhages and a prominent T2 hyperintensity in the deep white 
matter.
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intellectual disability, and learning disabilities, which neces-
sitates the accurate identification of the pathogenesis in or-
der to improve treatment outcomes.20,24-26 Similar demo-
graphic characteristics were observed in our patient cohort, 
signifying that our study had little or almost no patient se-
lection bias when performing the genetic analyses.

Few studies have investigated the genetics of NE, particu-
larly in cases of hypoxic brain damage. However, 32% of NE 
cases with hypoxic brain damage are identified through ge-
netic diagnosis. Even accounting for the 56 patients who did 
not undergo genetic testing as a nongenetic group, a mini-
mum of 12% of our cohort displayed genetic susceptibility. 
Various genes linked to distinct molecular functions and bi-
ological processes were identified as the genetic basis in our 
patients, highlighting the diverse genetic nature of NE. Our 
results underscore the importance of genetic investigations, 
not only for neonatal patients without hypoxic events and 
brain damage but also for those with such damage when ap-
propriate criteria are met.

Furthermore, no notable clinical differences were observed 
between the patients with and without pathogenic muta-
tions, except for a higher incidence of prematurity in the lat-
ter group. Nonetheless, the respiratory failure experienced 
by patients with a moderately to late preterm birth is gener-
ally mild, resulting in low rates of complications.27-29 Conse-
quently, excluding these patients from the genetic analyses 
might oversimplify the problem. Therefore, we suggest per-
forming DNA sequencing in patients with an initial presen-
tation of NE accompanied by hypoxic brain damage regard-
less of the baseline clinical findings.

Previous studies have established that genetic factors play 
a significant role in a considerable proportion of individuals 
diagnosed with epileptic syndromes such as early-onset ep-
ileptic encephalopathy with burst suppression (EOEE-BS), 
with genetic variations accounting for approximately 65% 
of cases.30-32 Therefore, if these conditions were prevalent 
within the dataset, they might have influenced the findings 
of the genetic analyses of our cohort. However, only a small 
proportion (14.7%, n=5) of the 34 patients were identified as 
having EOEE-BS during the neonatal phase, and most pa-
tients presented with nonspecific electroencephalogram (EEG) 
patterns, which consisted of multifocal epileptic discharges 
accompanied by slow and disorganized background rhythms. 
Consequently, it is essential to conduct genetic analyses prompt-
ly in these patients, even in the presence of nonspecific EEG 
findings.

Numerous genes linked to channelopathies, including 
KCNQ2, SCN1A, SCN2A, SCN8A, KCNT1, and CACNA1A, 
are known to contribute to the onset of NE and potentially 
constitute a significant proportion of the causative genes.14,15,33 

Our study produced equivalent findings, with more than 
half of the patients diagnosed with pathogenic variants of 
these genes. Given that the molecular functions of these genes 
do not align with the pathological mechanisms linked to hy-
poxic brain damage, we assumed that the frequent identifi-
cation of variations in these genes in cases of neonatal hy-
poxic brain damage may stem from either the early onset of 
severe neurological dysfunctions that trigger hypoxic events 
or the resemblance of neuroimaging findings to those of HIE 
when variations are present in these genes. In addition to the 
genes related to channelopathy, one patient was diagnosed 
with STXBP1 encephalopathy, which is also concordant with 
previous studies.15

Individualized treatments were administered to the pa-
tients based on which specific pathogenic genetic mutations 
were identified. Sodium-channel blockers such as oxcar-
bazepine or phenytoin were administered to patients with 
KCNQ2 variants, lamotrigine was initiated in patients with 
CACNA1A mutations, and a ketogenic diet was implement-
ed in patients with SCN2A, SCN8A, and STXBP1 variants.34-38 
While exhibiting some variability, these treatments were ef-
fective in managing intractable epilepsy among these pa-
tients, except in a case involving SCN8A encephalopathy, 
where a ketogenic diet showed no effect and so a sodium-
channel blocker was employed. Nonetheless, the cessation 
of recurrent seizures did not translate into sustained favor-
able outcomes over the long term, such as the amelioration of 
intellectual disabilities or neurological motor impairments.

In addition to the genes associated with DEE, our patient 
cohort carried several other gene mutations that could make 
individuals susceptible to NE, which is accompanied by hy-
poxic brain damage. We identified a specific case with a 
pathogenic NSD1 variant that exhibited clinical features closely 
resembling those of Sotos syndrome, including hypotonia, 
macrocephaly, intellectual impairment, and motor dysfunc-
tion.39 Our findings are further supported by a few cases in 
which early respiratory difficulty was observed at birth, sim-
ilar to the situation in our case.40,41 Two other cases associat-
ed with neurodevelopmental disorder consisted of Primrose 
syndrome with pathogenic ZBTB20 variants and PURA-re-
lated neurodevelopmental disorder. Although corpus callo-
sum abnormality was not identified in our patient with the 
ZBTB20 mutation, as in previous studies, there were other 
accompanying clinical characteristics such as intellectual dis-
ability, behavioral issues, and epilepsy.42,43 In the case of the 
PURA variant, recurrent central apnea, hypotonia, and ear-
ly-onset seizures with progression to profound mental retar-
dation were observed, which is consistent with previously 
reported findings.44,45

Finally, we detected a pathogenic variant of a gene associ-
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ated with the vascular endothelium glycoprotein endoglin 
(i.e., ENG). Given its recognized involvement in the regula-
tion of angiogenesis, it is conceivable that a pathogenic mu-
tation in this gene directly contributes to the occurrence of 
hypoxic brain damage. Furthermore, a few studies examin-
ing the molecular pathogenesis underlying cerebral ischemia 
have suggested a connection to this gene.46,47 Therefore, fu-
ture research into the contribution of this gene to the devel-
opment of hypoxic brain damage is strongly recommended. 
In our patient, severe perinatal asphyxia with MRI findings 
of diffuse excessively large signals in the white matter and in-
tracerebral hemorrhage of the posterior cingulate were ob-
served. The patient had a family history of cerebral hemor-
rhage, and genetic analyses of both parents revealed that the 
pathogenic variant identified in the patient was identical to 
the maternal variant. This finding prompted family counsel-
ing for genetic screening during prenatal care as part of the 
preparation for future pregnancies.

Our study had certain limitations, including the smallness 
of the sample of 34 patients, since many patients were exclud-
ed due to the lack of genetic testing. In addition, the study 
design was retrospective and further genetic examinations 
such as whole-exome or whole-genome sequencing were not 
conducted. Nonetheless, the demographic characteristics of 
the patient cohort resembled those of previously reported 
clinical cohorts, implying that selection bias might have been 
negligible. Furthermore, given the scarcity of studies in this 
area, we believe that our study represents a significant con-
tribution to the literature.

In summary, this study has demonstrated that a significant 
proportion of cases involving NE accompanied by hypoxic 
brain damage can be diagnosed genetically, regardless of the 
early manifestation of clinical characteristics. Therefore, we 
strongly advise the prompt identification of genetic factors 
in patients who meet the appropriate selection criteria.
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