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Abstract

Objective: Literature on the genotypic spectrum of Infantile Epileptic Spasms
Syndrome (IESS) in children is scarce in developing countries. This multicentre
collaboration evaluated the genotypic and phenotypic landscape of genetic IESS
in Indian children.

Methods: Between January 2021 and June 2022, this cross-sectional study was
conducted at six centers in India. Children with genetically confirmed IESS, with-
out definite structural-genetic and structural-metabolic etiology, were recruited
and underwent detailed in-person assessment for phenotypic characterization.
The multicentric data on the genotypic and phenotypic characteristics of genetic
IESS were collated and analyzed.

Results: Of 124 probands (60% boys, history of consanguinity in 15%) with ge-
netic IESS, 105 had single gene disorders (104 nuclear and one mitochondrial),
including one with concurrent triple repeat disorder (fragile X syndrome), and
19 had chromosomal disorders. Of 105 single gene disorders, 51 individual genes
(92 variants including 25 novel) were identified. Nearly 85% of children with mo-
nogenic nuclear disorders had autosomal inheritance (dominant-55.2%, reces-
sive-14.2%), while the rest had X-linked inheritance. Underlying chromosomal
disorders included trisomy 21 (n=14), Xq28 duplication (n=2), and others
(n=3). Trisomy 21 (n=14), ALDH7A1 (n=10), SCN2A (n=7), CDKL5 (n=6),
ALG13 (n=5), KCNQ2 (n=4), STXBP1 (n=4), SCNIA (n=4), NTRK2 (n=4),
and WWOX (n=4) were the dominant single gene causes of genetic IESS. The
median age at the onset of epileptic spasms (ES) and establishment of genetic
diagnosis was 5 and 12months, respectively. Pre-existing developmental delay
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1 | INTRODUCTION

Infantile epileptic spasms syndrome (IESS) is character-
ized by the onset of epileptic spasms (ES)in the 1-24 months
age group along with abnormal interictal electroencepha-
logram (classically hypsarrhythmia or other epileptiform
abnormalities) and temporally associated developmental
slowing.! Although the incidence of IESS is estimated to
be 6.7 cases per 10000 live births, it is one of the common-
est causes of developmental and epileptic encephalopathy
in infancy.>* The etiologies of IESS are diverse and in-
clude genetic, structural, metabolic, infectious, immune,
unknown, or a combination of the above.>”’

With the advent of genetic testing, the proportion of
children with defined genetic causes for IESS is increas-
ing. It is well understood now that within the genetic sub-
group, implicated genes are widely heterogeneous.>*"’
However, the literature on the novel genetic variations un-
derlying IESS is mostly available from the developed West-
ern countries through funded multinational consortia,
such as the Epi4dK consortium,® which is skewed toward
these countries and does not represent the global genetic
landscape of IESS.

Overall, there is a paucity of literature on genotype-
phenotype correlates of ‘unknown-etiology’ IESS from
developing countries, as many children remain incom-
pletely investigated.'®'® Therefore, exploring the same in
developing countries is the need of the hour, especially in
the era of precision-based medicine. Hence, scrutinizing
the genetic determinants of IESS to better understand its
pathogenesis, epidemiological aspects in a specific geo-
graphical region, any genotype-phenotype correlations,
and any therapeutic or prognostic implications is of ut-
most importance. Therefore, our study aimed to address
this knowledge gap by exploring the genetic profile of
IESS, focused exclusively on unexplained IESS without
known definite structural etiology, with objectives of

(94.3%), early age at onset of ES (<6 months; 86.2%), central hypotonia (81.4%),
facial dysmorphism (70.1%), microcephaly (77.4%), movement disorders (45.9%)
and autistic features (42.7%) were remarkable clinical findings. Seizures other
than epileptic spasms were observed in 83 children (66.9%). Pre-existing epilepsy
syndrome was identified in 21 (16.9%). Nearly 60% had an initial response to hor-

Significance: Our study highlights a heterogenous genetic landscape and phe-
notypic pleiotropy in children with genetic IESS.

developmental and epileptic encephalopathy, genetic epileptic spasms, genetic infantile

Key points

« Of 124 with genetic IESS, 105 had single gene
disorders (104 nuclear and one mitochondrial),
including one with concurrent triple repeat dis-
order (fragile X syndrome), and 19 had chro-
mosomal disorders.

o Trisomy 21, ALDH7A1, SCN2A, CDKL5, and
ALG13 were the common causes of genetic IESS
in this study.

+ Pre-existing developmental delay, early age at
onset of ES (<6mo), central hypotonia, facial
dysmorphism, microcephaly, movement dis-
orders, and autistic features were remarkable
clinical findings.

genotypic and phenotypic characterization and determi-
nation of any detectable genotype—phenotype association.

2 | METHODS

This cross-sectional, multicentre study was conducted at
a tertiary-care center in North India in collaboration with
five other pediatric centers across India over 18 months
(Jan 2021-June 2022).

2.1 | Standard protocol approvals,
registrations, and patients consent

The study was initiated after approval from the Insti-
tutional Ethical Committee and Institute Collaborative
Research Committee. Written informed consent was
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obtained from the parents of the children who partici-
pated in the study. The Department Review Board also ap-
proved the manuscript.

2.2 | Study subjects
IESS, for the purpose of the study, was defined as a con-
stellation of infantile-onset (2months-2years) epileptic
spasms and classical or modified hypsarrhythmia on EEG
with or without developmental delay or regression.
Recently diagnosed or under follow-up children with
a prior diagnosis of genetic IESS, tested between January
2018 and June 2022, attending pediatric neurology ser-
vices of any of the participating centers were included.
For the purpose of the current study, genetic IESS was
defined as “children with IESS who had a genetic eti-
ology confirmed by genetic tests like next-generation
sequencing, Sanger sequencing, karyotyping, chro-
mosomal microarray, triplet repeat polymerase chain
reaction, or methylation-specific MLPA”. The variant
classification was done as per the American College of
Medical Genetics and Genomics (ACMG) 2015 recom-
mendations, and only children with confirmed patho-
genic and likely pathogenic variants were included.*
Children with known structural-genetic (like neuro-
fibromatosis-1, tuberous sclerosis complex, structural
malformations such as Miller-Dieker syndrome, ARX,
TUBAIA, TUBA4A, etc.) and structural neurometabolic
etiologies (like glutaric aciduria type 1, Leigh syndrome,
sulfite oxidase deficiency, etc.) were excluded.

2.3 | Methodology

All the included children underwent detailed in-person
assessment at the respective center they followed up with,
except those who could not come for follow-up or had ex-
pired. These exceptions underwent telephonic assessment
and retrospective chart review. A predesigned structured
proforma was used to capture the clinical details, details
of investigations (including neuroimaging and genetic
analysis), and management at each center. The completed
study proforma and genetic report details were shared
with the principal investigator in Microsoft Excel by elec-
tronic mail after anonymization.

2.4 | Outcome measures

The primary outcome measure was genotypic particulars
of children with genetic IESS, and secondary outcome
measures included phenotypic characterization of these
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children as assessed by age at onset of ES, the severity of
ES, pre-existing developmental delay, comorbid move-
ment disorder and autistic features, neuroimaging find-
ings, electroencephalogram findings, treatment response,
cessation of spasms, relapse, etc. Response to treatment
was defined by a complete clinical cessation of epileptic
spasms lasting for at least 4-week duration during the
course of therapy.

2.5 | Statistical analysis

The multicentric data were collated and analyzed using
Microsoft spreadsheet and SPSS. Descriptive statistics
were performed as applicable. The categorical variables
were presented as the frequency with percentages, while
the median (IQR) /mean (SD) were used to present sum-
mary figures for continuous variables.

3 | RESULTS

3.1 | Cohortrecruitment

A total of 124 children with genetic IESS were recruited
from six tertiary-care pediatric neurology centers in India,
including the Postgraduate Institute of Medical Education
and Research, Chandigarh (n=45), Indira Gandhi Insti-
tute of Child Health, Bengaluru (n=35), Christian Medi-
cal College, Vellore (n =23), All India Institute of Medical
Sciences, Rishikesh (n=15), Bharati Vidyapeeth Deemed
University Medical College, Pune (n=3), and Royal In-
stitute of Child Neuroscience, Ahmedabad (n=3). All
children [67 boys; median age at enrolment (Q1, Q3): 18
(8, 39) months] were evaluated by a pediatric neurologist
for phenotypic characterization and data acquisition. The
median age (Q1, Q3) at confirmation of genetic diagnosis
was 12 (8, 27) months.

3.2 | Genotypiclandscape

Of 124 included children, 19 had underlying chromosomal
disorders (14/19 are Trisomy 21), 105 had single gene dis-
orders (104 nuclear DNA, one mitochondrial DNA), and
one had a triple repeat disorder (fragile X syndrome) along
with a likely pathogenic nuclear gene (Figure 1). The com-
monest chromosomal disorder was trisomy 21 (Down syn-
drome; 14/19), followed by Xq28 duplication (2/19). Other
chromosomal disorders were Cri-du-Chat syndrome, 15q
duplication, and unbalanced translocation (1p36 dele-
tion and 18q terminal duplication). Fifty-one pathogenic/
likely pathogenic monogenic disorders with 92 variations
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FIGURE 1 Genetic spectrum of children with genetic IESS.

(Table 1) were identified, with the most frequent ones
being ALDH7AI (10/104), SCN2A (7/104), CDKL5
(6/104), and ALG13 (5/104) (Figure 2). Other common
genes with pathogenic variations included KCNQ2 n=4,
NTRK2 n=4, STXBPI n=4, SCNIA n=4, and WWOX
n=4. Twenty-five of the 92 identified variants were novel
(Table 1). Few of the included cases in the study were re-
ported previously, either as case reports or part of the case
series, and are indicated in Table 1.''*'"** Among the sin-
gle gene disorders, 58 (55.2%) were autosomal dominant,
31 (29.5%) were autosomal recessive, 15 (14.2%) were X-
linked, and one had a mitochondrial inheritance.

The functional significance and relationship of the var-
ious genes were explored using STRING bioinformatics
database version 11.5 (Figure 3 and Figure S1).>> Among
the various functional categories, the majority of genes

had a role in regulating cell communication, signaling,
nervous system development, and cellular component
organization.

3.3 | Phenotypic characteristics

The median age at the onset of ES was 5months (Q1-Q3:
3 to 10) (Figure S2). Onset after the first year of life was
seen in 22 children [Trisomy 21 (n=3), Xq28 duplica-
tion syndrome (n=2), ALGI13 (n=2), SYNGAP1 (n=2),
SLC2A1 (n=2), 15q duplication syndrome (n=1), SCN1A
(n=1), SCN2A (n=1), ADSL (n=1), SATBI (n=1),
NRROS (n=1), MECP2 (n=1), SCN3A (n=1), IQSEC2
(n=1), FOXGI (n=1) and GABBR2 with Fragile X syn-
drome (n=1)]. Developmental delay before the onset
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FIGURE 2 Distribution of single-gene disorders causing genetic IESS.

of ES was present in more than 90% of children, while
seizures other than ES were observed in two-thirds of
patients (Tables 2 and 3). Developmental delay before
the onset of ES was present in all except seven children
(ALG13 n=2, NTRK2 n=1, KCNTI n=1, GRINI n=1,
SCNI1A n=1, and MECP2 n=1) and they did not have
any definite contrasting feature which delineated them
from the rest of the cohort. Twenty-one (16.9%) children
evolved from another epilepsy syndrome [Early infantile
developmental and epileptic encephalopathy (n=20) and
Epilepsy of infancy with migrating focal seizures (n=1)]
to IESS (Table 2). Common clinical findings include cen-
tral hypotonia (81%), facial dysmorphism (70.1%), micro-
cephaly (77.4%), movement disorders (45.9%), and autistic
features (42.7%). Normal neuroimaging in Magnetic Res-
onance imaging was observed in 67.7% and the remain-
ing had non-specific neuroimaging findings without any
neuroimaging clue (Table 2). Around 60% of children
responded to initial hormonal therapy. Relapses after the
initial therapeutic response were observed in one-third of
children.

Eight of the included children (6.4%) had succumbed,
with the median age at death being 42months (Q1, Q3:

13, 60). Nearly 70% of children were seizure or spasms-
free at the last follow-up, while one-fifth of included chil-
dren required hospitalization for status epilepticus in the
previous 2years. Evolution to LGS was observed in 25%
of the included children. All except one child had some
developmental delay at the last follow-up. Around 40% of
children were ambulatory, while 23% went to school. Sig-
nificant behavioral issues were observed in two-thirds of
surviving children (most common being autistic features),
while sleep disturbances were observed in one-fourth of
surviving children.

3.4 | Genotype-phenotype association

Phenotypic details of four common monogenic disorders
seen in the cohort- ALDH7A1 n=10, SCN2An=7, CDKL5
n=6, and ALG13 n=5 have been compared (Table 4).
Early onset of ES (<6 months) was remarkable and uni-
versal with ALDH7A1 and CDKL5. Among these four dis-
orders, all children except one child with ALG13-related
DEE had pre-existing developmental delay; All these disor-
ders except ALG13 among these four monogenic DEE had
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other seizure types before the onset of ES (including neo-
natal onset seizures), and many of these had evolved from
early infantile developmental and epileptic encephalopa-
thy to IESS (Table 4). Central hypotonia was frequently
associated with all these disorders, while microcephaly,
autistic features, and movement disorders were associated
with SCN2A, CDKL5, and ALG13 (Table 4). The long-term
outcome was good in ALDH7A1, with the attainment of

SLC2A1

ALDH7A1

Gene network diagram and its interactions among the genes observed in the study.

seizure freedom with pyridoxine in all children. However,
the long-term neurodevelopmental outcome was poor in
most children with SCN2A (5/6 non-ambulatory, 4/7 au-
tistic, one progressed to LGS); CDKL5 (two succumbed,
all had persistent daily seizures, three progressed to LGS),
and ALG13 (all except one had autistic features with ste-
reotypies and prominent sleep disturbances).



NAGARAJAN ET AL.

1393

Epilepsia Open™

TABLE 2

Phenotypic features (n=124)

Median age of onset of spasms in months with Q1, Q3

Developmental delay before the onset of spasms

Seizures other than epileptic spasms (n with %)

Pre-existing epilepsy syndrome

Phenotypic characteristics of the entire cohort of children with genetic IESS.

N (%)
Smonths (Q1, Q3: 3, 10)

117 (94.3%)
Global developmental delay (109), Only Language
and Social adaptive delay (8)

83 (66.9%)

21 (16.9%)

Early infantile developmental and epileptic
encephalopathy (20), Epilepsy of infancy with
migrating focal seizures (1)

Other relevant history
History of neonatal encephalopathy or seizures 15 (12.09%)
Consanguinity 19 (15.3%)
Family history of epileptic spasms/seizures/neurological illness 9(7.2%)

Examination findings
Facial dysmorphism 87 (70.1%)
Microcephaly 96 (77.4%)
Central hypotonia 101 (81.4%)
Autistic features 53 (42.7%)
Movement disorder 72 (58.0%)

With onset before the onset of epileptic spasms 17
Dystonia/choreoathetosis/both/stereotypies 24/10/7/38

Non-specific neuroimaging abnormalities without definite etiological clue 40 (32.3%)
Brain atrophy 16
Non-specific changes in cerebral cortex 2
Non-specific changes in white matter 2
Non-specific changes (morphology or signal intensity) in corpus callosum 15
Non-specific changes (morphology or signal intensity) in basal ganglia/ 2

thalamus/brainstem/cerebellum

Ventriculomegaly 3

Therapeutic response
Clinical response to epileptic spasms attained anytime 97 (72.5%)
Response to initial hormonal therapy 74 (59.6%)
Response to vigabatrin 31
Response to nitrazepam 25
Response to zonisamide 4
Response to topiramate None
Response to KD 5

Relapse observed 43 (34.6%)

4 | DISCUSSION

The current study provides a glance at the genotypic and
phenotypic spectrum of genetic IESS in a multicentric In-
dian cohort of 124 children, diagnosed since January 2018
(over the last 4.5years). The median diagnostic lag in ge-
netic diagnosis was 7 months after the onset of ES, which

might be multifactorial and contributed by due to the
delay in the recognition of ES by parents and clinicians,
the delay in other initial investigations, and the relatively
huge cost of genetic investigations, which is usually out-
of-pocket expenditure for Indian families and not covered
by health insurance.”® The structural genetic etiologies
like tuberous sclerosis complex and malformations were
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Clinical outcomes of the cohort as observed at the

TABLE 3
last follow-up.

Characteristic (n=124) N (%)
Mortality 8(6.4)
Median age at death with Q1, Q3 (n=238) 42 (13, 60)

Median age at assessment for those
surviving with Q1, Q3

18 months (8, 39)

Epilepsy outcomes N=116
Current spasms frequency per day
Nil 84
1-5 20
5-10 4
More than 10 but <50 5
More than 50 3

Current seizure frequency per day (apart from spasms)

Nil 81
1-3 episodes per day 27
3-5 episodes per day 4
More than 5 episodes per day 4
Admission for status epilepticus in last 24 (19.3%)
2y (n=116)
Evolution to Lennox Gastaut syndrome 31 (25%)
Developmental status at last visit (n=124)
Global developmental delay 109 (88%)
Only language delay 2(1.6%)
Both language and socio-adaptive delay 12 (9.6%)
Normal development 1(0.8%)
Ambulation at last follow-up (applicable for 101 children)
Ambulatory 42 (33.8%)
Non-ambulatory 59 (47.5%)
School-going status at last follow-up (applicable for 59 children)
School going 14 (11.2%)
Non-school going 45 (36.2%)
Behavioral issues at the last follow up 83 (67%)
Hyperactivity 11 (8.8%)
Autistic 43 (34.6%)
Autistic and hyperactivity 19 (15.3%)
Behavioral issues present but not fitting 10 (8%)
above
No behavioral issues at the last follow up 41 (33%)
Sleep disturbances based on history at the 30 (24.1%)

last follow up

excluded from the study as the point of interest in this
study was exclusively unexplained and unknown etiology
IESS. Hence, we did not include well-established struc-
tural genetic causes of IESS like tuberous sclerosis com-
plex, lissencephaly, focal cortical dysplasia, and various
structural malformations.

Nearly 90% and 67% of children had pre-existing
developmental delay and epilepsy, which suggests the
ongoing developmental epileptic encephalopathy as-
sociated with these genetic abnormalities since early
infancy. Hence, most of the included children did not
fit into the definition of “idiopathic IESS,” which has
normal prior development and a poor yield of genetic
investigations. Many genetic abnormalities were asso-
ciated with the late onset of ES (beyond 1year of age).
Some genes like ALDH7A1, CDKL5, KCNQ2, KCNT1,
NTRK2, STXBP1, UGP2, and WWOX characteristically
had an early infantile-onset in the current cohort simi-
lar to that described previously, while genetic variations
in NRROS and SYNGAPI (2/3) had onset of ES beyond
lyear of life like that reported in most patients with
these disorders.'*'*71>21:%7

Microcephaly, facial dysmorphism, movement dis-
orders, behavioral abnormalities, and non-specific neu-
roimaging findings were not uncommon in the current
cohort, as reported previously with other developmental
epileptic encephalopathies.'*™ Therapeutic response to
initial hormonal therapy was much higher than that re-
ported in IESS from South Asia, suggesting a relatively
better epilepsy outcome in genetic IESS.® However, the
treatment response in this study was defined only clini-
cally and it did not include electrographic resolution in
the definition. Commenting on electrographic resolution
was not possible as this was a multicentric study with
slight variation in management practices and it included
retrospectively enrolled cases as well. This was one of the
challenges which we faced and this is one of the limita-
tions of the study. Precision-based therapy was possible
among identified genetic variants in ALDH7A1, PLPBP,
PNPO, SLC2A1, KCNQ2, KCNT1, SCN2A, and SCNS8A
genes. However, response to precision-based therapy
was documented only in children with identified genetic
variants in ALDH7A1, PLPBP, PNPO, and SLC2A1 genes.
Ketogenic diet, a standard-of-care treatment modality for
children with drug-resistant epilepsy was effective in five
children and it highlights the need of its trial in resistant
cases.” The mortality was much less than that reported
in IESS, probably due to the lower median age at assess-
ment (18 months).****3* Long-term epilepsy outcomes
were much better than those reported in previous studies
on IESS from India.?®3® However, the long-term neurode-
velopmental outcomes were broadly comparable. Trisomy
21 was the study's most typical cause of genetic IESS,
followed by ALDH7A1 (pyridoxine-dependent epilepsy),
SCN2A, and CDKL5-related DEE. Overall, single-gene
disorders were the most common genetic category, com-
plementing the idea behind whole exome sequencing as
the first-line genetic investigation for these children.>**
The commonest monogenic disorder observed was
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PDE, contrasting the findings of large genetic IESS co-
horts.®'%!>"15 This might be because seven children with
PDE (three unrelated cases had the same variant; possible
founder variation) were contributed by a single center ca-
tering to a population with a high prevalence of consan-
guinity. The frequencies of the other monogenic disorders,
such as SCN2A, CDKL5, STXBP1, WWOX, etc., were com-
parable to that reported in previous cohorts.*'%!*> The
other common genes reported in previous cohorts, such as
ARX, TSC, TUBAIA, Miller Dieker syndrome, and other
structural neurometabolic disorders at initial presenta-
tion, were not observed in the current study since these
were systematically excluded at the outset due to the asso-
ciated characteristic neuroimaging abnormalities.>'**"'*
Furthermore, one child had a mitochondrially inherited
disorder. Hence, the mitochondrial genome needs to be
considered during evaluation once other genetic investiga-
tions are unyielding. The metabolic causes of genetic IESS
in the current cohort with no definite neuroimaging clues
include pyridoxine-dependent epilepsy, adenylosuccinate
lyase deficiency, arginosuccinate synthetase deficiency,
mitochondrial disease, and glycine encephalopathy/non-
ketotic hyperglycinemia. This highlights the importance
of genetic testing in unknown etiology IESS to identify
potentially treatable metabolic conditions like pyridoxine-
dependent epilepsy.

The current study represents the largest cohort of ge-
netic IESS from South Asia and provides the spectrum
and the distribution of the various genetic causes and
their phenotypic characteristics which exist in a resource-
limited setting. Unlike the large funded multinational
consortia on epilepsy genetics, such as the Epi4K con-
sortium, this study gives an insight into the impediments
faced by epilepsy researchers working in low-middle
income settings. The genetic testing in resource-limited
settings is primarily done through out-of-pocket expen-
diture, and many families might not be affording. Hence,
the yield and the landscape represented in the current
cohort may not represent the actual figures. Unless ro-
bust funding mechanisms are available to pursue ep-
ilepsy genetic research in these countries with a huge
burden, this seems the most feasible way to study the
genotypic landscape (although with its shortcomings).
Efforts were made to overcome these concerns associ-
ated with the retrospective study design, such as recall
and case ascertainment biases in old cases, etc., through
prospective assessment and case record review of all pa-
tients by a pediatric neurologist. Besides, it would have
been useful and interesting to know the genetic yield of
each diagnostic test and the distribution of the various
etiologies of IESS including non-genetic ones identified

from all the centres in the study period. However, these
details were not available as this was a non-funded mul-
ticentre study and the objective of the study was focussed
on understanding the genetic landscape of unexplained
cases of IESS. Hence, the denominator of total number
of IESS cases managed at all centers was not particularly
looked at.

5 | CONCLUSIONS

The spectrum of genetic IESS is heterogenous. Collec-
tively, monogenic disorders are the most common cause
of genetic IESS. Trisomy 21, ALDH7A1, SCN2A, CDKLS5,
and ALGI3 are the common causes of genetic IESS.
Strikingly, the cohort shows clinicians’ efforts in identi-
fying the treatable causes, such as pyridoxine-dependent
epilepsy in resource-limited settings (ALDH7AI was the
commonest monogenic disorder). The mitochondrial in-
herited disorder can cause IESS. Central hypotonia, de-
velopmental delay before the onset of spasms, early onset
of spasms (<6 months of age), autistic features, and facial
dysmorphism were notable findings observed in children
with genetic IESS.

6 | FUTURE PERSPECTIVE

In the future, more genotypic-specific multicentric stud-
ies exploring phenotypes and phenotype-genotype as-
sociation are needed to broaden our understanding and
knowledge in this area. This vital information on the neu-
robiology of these genes and genetic causes could have fu-
ture prognostic and therapeutic implications. This is only
the initial step in the right direction in the field of epilepsy
genetics, with an ongoing quest for precision medicine in
IESS.
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