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Abstract
Objective: Phenotypic heterogeneity presents challenges in providing clinical care 
to patients with pathogenic SCN8A variants, which underly a wide disease spec-
trum ranging from neurodevelopmental delays without seizures to a continuum 
of mild to severe developmental and epileptic encephalopathies (DEEs). An im-
portant unanswered question is whether there are clinically important subgroups 
within this wide spectrum. Using both supervised and unsupervised machine 
learning (ML) approaches, we previously found statistical support for two and 
three subgroups associated with loss- and gain- of- function vari-ants, respectively. 
Here, we test the hypothesis that the unsupervised subgroups (U1–U3) are distin-
guished by differential contributions of developmental and epileptic components.
Methods: We predicted that patients in the U1 and U2 subgroups would differ 
in timing of developmental delay and seizure onset, with earlier and concurrent 
onset of both features for the U3 subgroup. Standard statistical procedures were 
used to test these predictions, as well as to investigate clinically relevant associa-
tions among all five subgroups.
Results: Two-population proportion and Kruskal–Wallis tests supported the hy-
pothesis of a reversed order of developmental delay and seizure onset for patients 
in U1 and U2, and nearly synchronous developmental delay/seizure onset for the 
U3 (termed DEE) subgroup. Association testing identified subgroup variation in 
treatment response, frequency of initial seizure type, and comorbidities, as well 
as different median ages of developmental delay onset for all five subgroups.
Significance: Unsupervised ML approaches discern differential developmen-
tal and epileptic components among patients with SCN8A-related epilepsy. 
Patients in U1 (termed developmental encephalopathy) typically gain seizure 
control yet rarely experience improvements in development, whereas those in 
U2 (termed epileptic encephalopathy) have fewer if any developmental im-
pairments despite difficulty in achieving seizure control. This understand-
ing improves prognosis and clinical management and provides a framework 
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1   |   INTRODUCTION

Phenotypic heterogeneity is recognized as a major bar-
rier in efforts to improve clinical care and outcomes of 
patients with a range of diseases, including pediatric epi-
lepsies. Hundreds of pathogenic variants in the SCN8A 
gene, which encodes the NaV1.6 voltage-gated sodium 
channel, underlie a wide disease spectrum that ranges 
from neurodevelopmental delays without seizures to 
severe developmental and epileptic encephalopathy 
(DEE).1,2 One axis of variation is explained by different 
functional effects of loss-of-function (LOF) versus gain-
of-function (GOF) variants on the NaV1.6 channel. This 
still leaves a broad range of clinical presentations for in-
dividuals with GOF variants and those of mixed effect.1–4 
An important unanswered question is whether there are 
clinically important patient subgroups within this wide 
phenotypic landscape. Individuals carrying different 
recurrent GOF variants are known to vary in disease 
course, and possibly in response to antiseizure medica-
tions (ASMs).1,5 Historically, patients with GOF variants 
have been viewed along a mild–moderate–severe gradi-
ent in which the extent of intellectual disability (ID) and 
earlier age at seizure onset are markers of more severe 
outcome.2,6–9 However, this classification may not ef-
fectively subdivide patients into clinically meaningful 
subgroups that inform diagnosis, prognosis, and medical 
care.

To test latent phenotypic structure among patients 
with GOF variants in the International SCN8A Registry 
database, Hack et  al.10 utilized two machine learning 
(ML) algorithms. Both the supervised and unsupervised 
approaches yielded statistical support for three distinct 
subgroups; however, the distinguishing features in each 
approach were not concordant. The supervised approach 
categorized individuals into three clusters (S1, S2, and 
S3) of increasing membership size (n = 17, 44, and 119, 
respectively). Features such as age at seizure  onset, de-
velopmental quotient (DQ), and seizure freedom were 
correlated, decreasing in an ordered manner from S1 
to S3, with the highest level of seizure  freedom in S1 
(35.3%). These clusters supported the historical view 
of mild (S1), moderate (S2), and severe (S3) DEE sub-
groups.1,9,11 The unsupervised approach yielded three 

clusters (U1, U2, and U3, with membership size n = 24, 
43, 113, respectively), in which DQ was highest in U2, 
whereas 100% of members in U1 experienced seizure 
freedom.

This discordance led us to hypothesize that the three 
clusters identified in the unsupervised approach repre-
sent a phenotypic landscape in which U1 is primarily a 
developmental encephalopathy (DE), U2 is primarily an 
epileptic encephalopathy (EE), and U3 represents the 
customary severe DEE. The rationale for this terminology 
is based on the finding that (1) U1 has a higher average 
age at seizure onset and a high rate of seizure freedom, 
yet has a lower average DQ; (2) U2 has an intermediate   
age at seizure onset and a low rate of seizure freedom, 
yet has a lower rate of developmental delay; and (3) U3 
has an early age at seizure onset, low average DQ, and no 
reported cases of seizure freedom. Given this hypothesis, 
we predicted that individuals in the U1 subgroup would 
experience developmental delays prior to seizure onset, 
whereas those in the U2 subgroup would experience sei-
zure onset prior to developmental delay. Those in the 
U3 subgroup would be expected to have nearly simulta-
neous developmental delay and seizure onset. Here, we 
test these predictions and investigate the extent to which 
clinically relevant associations differ among subgroups, 
including seizure types and response to ASMs.

to discover mechanisms underlying variability in clinical outcome of patients 
with SCN8A-related disorders.

K E Y W O R D S

disease subphenotype, ion channel function, machine learning classifier, pediatric epilepsy

Key points

•	 Large-scale phenotypic variability among indi-
viduals with pathogenic SCN8A variants pre-
sents challenges for clinicians in identifying 
disease subphenotypes.

•	 Machine learning methods applied to clinical 
data in the International SCN8A Registry iden-
tified five subgroups within the SCN8A disease 
spectrum that vary in contribution of develop-
mental and epileptic impairment.

•	 Subgroup variation in treatment responses, 
initial seizure types, and comorbidities has im-
plications for improved prognosis and clinical 
management.
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2   |   MATERIALS AND METHODS

2.1  |  Registry cohort

Subjects in this study are participants in the International 
SCN8A Patient Registry (Registry) research study.12 To 
be included, caregivers were required to provide an of-
ficial genetic test report demonstrating the participant 
had an SCN8A variant classified as pathogenic or likely 
pathogenic. Inclusion also required participants to have 
provided sufficient data regarding a variety of clinical fea-
tures such as those shown in Table 1. This study was ac-
tive from 2014 to present, and the data were accessed for 
research purposes in June 2023.

2.2  |  Ethics

The study was approved by the University of Arizona 
Institutional Review Board (#1603487278), and all 

caregivers of individuals with SCN8A-related disorders 
(SCN8A-RDs) consented to participate prior to filling out 
the Registry questionnaire.

2.3  |  Assignment of variant function

Functional effects reported in published electrophysio-
logical studies performed in heterologous expression sys-
tems were used to classify variants as having GOF or LOF 
properties, and/or variants were classified as either GOF/
LOF by utilizing the random forest classifier described by 
Hack et  al.10 Briefly, variants with a probability of LOF 
(prob[LOF]) ≤ .3 were considered GOF, whereas those 
with a (prob[LOF]) > .7 were considered LOF variants. 
Variants with (prob[LOF]) between .3 and .7 were consid-
ered undetermined and excluded from the study. Filtering 
for inclusion criteria and variant classification resulted in 
180 and 50 individuals carrying variants with GOF or LOF 
properties, respectively.

T A B L E  1   Summary of clinical features associated with SCN8A-related disorder subgroups.

Subgroup

LOF GOF

LOF− LOF+ DE EE DEE

Age at seizure onset 
(see text for median 
ages)

NA >10 months 5–10 months 4–7 months <4 months

First seizure type(s) NA ABS BTC, FOC, IS BTC BTC, FOC, TON, IS; >2 
seizure types

Prolonged seizure 
freedom

NA Possible Possible Difficult Unlikely

Effects of seizure 
freedom on 
development

NA Unknown Continues Improves NA

Age at DD onset 12–48 months >9 months 3–5 months >8 months <5 months

Developmental delay Mild Mild–moderate Moderate–severe Neurotypical–mild Moderate–severe

First clinical symptom DD DD DD Epilepsy Epilepsy and DD

Common 
comorbidities

Behavioral 
disorders

Ataxia, hypotonia, autistic 
features, behavioral 
disorders, movement 
disorders

Ataxia, hypotonia, 
autistic features

Ataxia, hypotonia, 
autistic features

Nonambulatory, lack of 
speech, G-tube fed, ataxia, 
hypotonia, scoliosis, 
pneumonia

Differentially reported 
ASMs

NA ETX, LEV, CLB SCBs and others CBZ, OXC CBZ, OXC, PHT, LCM

Example variant A1622D, 
P1719R

G1451S, truncating N1877S, G1475R R1617Q, A874T R850Q, R1872W

Note: Entries represent approximate values and most prevalent characteristics rather than comprising an exhaustive list. Features/ASMs that did not show 
differentiation among subgroups may not be listed.
Abbreviations: ABS, absence; ASM, antiseizure medication; BTC, bilateral tonic–clonic; CBZ, carbamazepine; CLB, clobazam; DD, developmental delay; DE, 
developmental encephalopathy; DEE, developmental and epileptic encephalopathy; EE, epileptic encephalopathy; ETX, ethosuximide; FOC, focal; GOF, gain 
of function; IS, infantile spasms; LCM, lacosamide; LEV, levetiracetam; LOF, loss of function; NA, not available; OXC, oxcarbazepine; PHT, phenytoin; SCB, 
sodium channel blocker; TON, tonic.
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2.4  |  Onset comparisons

The age at seizure onset and developmental delay 
onset were obtained for each individual. seizure onset-
developmental delay onset was calculated for all indi-
viduals, a metric that reflected the difference in timing of 
seizure versus developmental delay onset. Two-population 
proportion tests were conducted comparing frequency of 
seizure-developmental delay, and Kruskal–Wallis tests fol-
lowed by Dunn tests were conducted on the average gap 
between these two onset ages for U1, U2, and DEE.

2.5  |  Medication comparisons

Data on 32 prescribed ASMs were analyzed, including a 
caregiver ranking for best and worst ASM. Also analyzed 
were data on the reasons ASMs were deemed beneficial 
and detrimental, including effects on seizure  frequency, 
seizure duration, alertness, and adverse side effects. After 
constructing contingency tables with the number of in-
dividuals reported with a particular response to an ASM 
versus the remaining number of individuals in a given sub-
group, a series of 4 × 2 (i.e., all subgroups with seizures) 
and 3 × 2 (i.e., GOF-associated subgroups only) exact tests 
were performed to test for statistical significance. Similar 
analyses were performed for initial seizure types and co-
morbidities. Patients with SCN8A-RDs infrequently un-
dergo testing for ID, and therefore may not be diagnosed 
with ID, or may be considered to have global developmen-
tal delay and are not yet diagnosed with ID. Therefore, ID 
features as reported by caregivers in the Registry are likely 
to be underreported relative to clinically assessed ID. We 
note that patients without recorded ID had uncontrolled 
seizures, which in the SCN8A population are only found 
in patients with encephalopathy. All statistical procedures 
were conducted in RStudio v4.2.2.

3   |   RESULTS

3.1  |  Study cohort

This study included 230 individuals from the International 
SCN8A Registry. The median age at completing the 
Registry was 59 months. The median age at initial diagno-
sis was 5 months, whereas the median age at SCN8A-RD 
diagnosis was 22 months. This cohort was comprised of 
180 (78.3%) individuals with GOF variants and 50 (21.7%) 
with LOF variants; 219 (95.2%) individuals possessed 
missense variants, and 11 (4.8%) possessed truncating 
variants. Additional demographic data are described in 
Andrews et al.12

3.2  |  GOF subphenotypic categories

This study included all individuals except one with miss-
ing developmental data reported in Hack et al.10 (n = 179): 
23 individuals in U1, 43 in U2, and 113 in U3. Of the 
three categories, U2 was the most variable in age at de-
velopmental delay and seizure onset. The median age at 
seizure onset was 5.04 ± 2.8 months, 4.72 ± 3.51 months, 
and 2.88 ± 2.27 months for U1, U2, and U3, respectively. 
A Kruskal–Wallis test resulted in a p-value of 2.12 × 10−4, 
and Dunn tests identified DEE as distinct from U1 
(p = 2.04 × 10−3) and U2 (p = 5.47 × 10−3). The average 
age at developmental delay onset was 4.00 ± 6.78 months, 
32.72 ± 19.03 months, and 3.16 ± 1.77 months for U1, U2 
(when developmental delay occurred), and U3, respec-
tively. Kruskal–Wallis testing resulted in a p-value of 
1.32 × 10−21, and Dunn tests resulted in significant dif-
ferences between U2 and U1 (p = 6.44 × 10−13) and U3 
(p = 3.02 × 10−20). There were 35 individuals reporting 
no significant developmental delays: none in U1, 33 in 
U2, and two in U3 (two-sample proportion test U1:U2 
p = 7.94 × 10−9). However, these individuals likely are 
encephalopathic, because encephalopathy is essentially 
always seen in people with intractable seizures due to 
SCN8A mutations.13

Fifty individuals possessing LOF variants were in-
cluded in the dataset, with 31 having experienced seizures 
(LOF+) and the other 19 having never experienced sei-
zures (LOF−). The median age at seizure onset for LOF+ 
was 18 months. The average age at developmental delay 
onset was 7.1 ± 5.7 months for LOF− and 6.44 ± 4.0 months 
for LOF+. Of those in LOF+, 13 of 31 achieved age-
appropriate development. The study population contains 
no individuals with self-limited (familial) infantile epi-
lepsy (SeL[F]IE).14 All individuals in the study continue 
to have seizures and/or have encephalopathy at the time 
of reporting.

3.3  |  Developmental delay and seizure 
onset ages

Table  S1 shows the number of individuals experiencing 
seizure onset prior to developmental delay onset and the 
average seizure–developmental delay onset gap for each 
classification. The number with seizure onset before de-
velopmental delay onset was five of 23 for U1, 43 of 43 
for U2, and 81 of 113 for U3. Two-population proportion 
tests conducted on the frequency of seizure onset prior 
to developmental delay onset to determine whether the 
three classifications were distinct from each other showed 
p-values of <1 × 10−5, 5 × 10−5, and <1 × 10−5, comparing 
U3 to U1, U3 to U2, and U2 to U1, respectively. Of those 
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in LOF+ who experienced developmental delay, 13 of 18 
(72.2%) experienced developmental delay onset prior to 
seizure onset.

The average seizure–developmental delay onset gap for  
U1 was 2.39 ± 2.40 months, for U2 was –28.0 ± 18.66 months, 
and for U3 was −.2 ± 1.86 months. In these cases, negative 
values indicate seizure onset prior to developmental delay 
onset (Table S1). A Kruskal–Wallis test resulted in a p-value 
of 8.88 × 10−25, with Dunn tests identifying each subgroup 
to be significantly different from each other (Figure  1). 
The average seizure–developmental delay onset gap for 
LOF+ was 31.2 ± 42.2 months.

3.4  |  ASM responses

ASMs that were most frequently prescribed included lev-
etiracetam (LEV; n = 167), oxcarbazepine (OXC; n = 118), 
clobazam (CLB; n = 118), topiramate (n = 107), and phe-
nobarbital (n = 98). The frequency of best and worst 
ASMs reported for all patients is shown in Figure  2A. 
As expected, the sodium channel blockers (SCBs) were 
reported as the most beneficial ASMs for individuals in 
U1, U2, and U3 (Figure 2A). Of all 32 ASMs, three were 
found to be differentially reported as the best ASM for 
GOF-associated subgroups versus the LOF+ subgroup 
(Table S2, Figure 2B left). OXC was the most frequently 
reported best ASM for U1, U2, and U3 subgroups (4 × 2 
exact test p-value = 3.2 × 10−2). Although rates of success 
with CBZ differed between LOF+ and the GOF subgroups, 
it was not reported as the best ASM as often as OXC and 

therefore did not reach statistical significance as a differ-
entiating ASM. Phenytoin (PHT) and lacosamide were dif-
ferentially reported for GOF-associated subgroups (4 × 2 
exact test p-value = 2.0 × 10−3 and 1.2 × 10−2, respectively) 
and were more frequently reported as the best ASMs for 
U3 (3 × 2 exact test p-value = 1.4 × 10−2 and 1.1 × 10−2, re-
spectively). The latter was most apparent in the U3 versus 
U2 comparison (2 × 2 exact test p-value = 7.8 × 10−3 and 
5.0 × 10−3, respectively). OXC was reported to have an in-
creased rate of seizure frequency reduction in the GOF-
associated subgroups compared with LOF+ (4 × 2 exact 
test p-value = 8.0 × 10−3), and PHT was reported to both 
reduce seizure frequency and duration (4 × 2 exact test 
p-value = 3.0 × 10−3 and 1.0 × 10−3, respectively; Table S2, 
Figure S1). PHT also had a higher reported rate of reduc-
ing frequency and duration in U3 versus U1 and U2 sub-
groups (3 × 2 exact test p-value = 1.6 × 10−3 and 8.0 × 10−3, 
respectively; Table 1).

Comparisons among subgroups revealed that ethosuxi-
mide (ETX) and LEV were more frequently reported as the 
best ASMs for LOF+ (4 × 2 exact test p-value = 1.5 × 10−2 
and 6.0 × 10−3, respectively), whereas valproic acid (VPA) 
was more frequently reported as the worst ASM for LOF+ 
(Table S2, Figure 2B, right). Interestingly, LEV was frequently 
reported as the worst ASM for all four subgroups. ETX and 
LEV both reduced seizure frequency in LOF+ (4 × 2 exact 
test p-value = 2 × 10−3 and 7 × 10−3, respectively; Table  S2, 
Figure S1). CLB and ETX were reported to increase alertness 
in LOF+ (4 × 2 exact test p-value = 1.8 × 10−2 and 4.5 × 10−2, 
respectively). Lamotrigine was reported to decrease alert-
ness in U2 (3 × 2 exact test p-value = 4.4 × 10−2) and increase 
side effects in LOF+ (4 × 2 exact test p-value = 1.0 × 10−2), 
and VPA was reported to decrease alertness and increase 
side effects in LOF+ (4 × 2 exact test p-value = 4.3 × 10−2 and 
4.0 × 10−3, respectively; Table S2).

3.5  |  Seizure patterns and types

In the case of U1, seizure onset is generally between 5 
and 10 months (Table  S3). Typically, a single seizure 
type presents initially, whether bilateral tonic–clonic 
(BTC), infantile spasms (IS), or focal (FOC; Figure  2C). 
Individuals in U2 experience initial seizure onset between 
4 and 7 months (Table  1). Initial seizures are ordinally 
limited to only one or two types, with BTC predominating 
(Figure  2C). seizure onset for individuals in U3 is prior 
to 4 months, often with multiple seizure types presenting 
early. Similar to other subgroups, BTC is the most com-
mon; however, FOC, tonic (TON), and IS are also present 
relatively frequently (Table S3, Figure 2C).

Seizure  types were not reported at equal frequency 
across GOF-associated subgroups (Table  S3, Figure  2C). 

F I G U R E  1   Violin plot with Kruskal–Wallis and Dunn 
tests results for seizure (seizure) onset–developmental delay 
onset gap statistic by subgroup. Probability values are shown 
above the comparison bars. DD, developmental delay; DE, 
developmental encephalopathy; DEE, developmental and epileptic 
encephalopathy; EE, epileptic encephalopathy; LOF, loss of 
function.
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BTC seizures were reported approximately twice as fre-
quently in the U2 and U3 subgroups (3 × 2 exact test p-
value = 1.9 × 10−2), whereas FOC seizures were more 
frequently reported in U3 by a factor of more than two 
(3 × 2 exact test p-value = 2.0 × 10−3). IS are reported at 
a rate more than five times higher in U1 and U3 com-
pared with U2 (3 × 2 exact test p-value = 1.0 × 10−3). In 

addition, TON, myoclonic, and absence (ABS) seizures 
are reported to occur more frequently in the U3 subgroup 
(3 × 2 exact test p-value = 1.0 × 10−3, 5.0 × 10−2, 3.0 × 10−2, 
respectively). For LOF+, initial seizure onset is typically 
after 10 months, with generalized ABS or atypical ABS 
seizures dominating as the most common initial seizure 
type at a rate that is statistically significantly higher than 
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for the GOF-associated subgroup (4 × 2 exact test p-value 
= < 1.0 × 10−5; Table 1).

3.6  |  Comorbidities

The U1 subgroup typically presents with ID, ataxia, au-
tistic features, and hypotonia. Individuals in U2 typically 
experience developmental delay after seizure onset, if at 
all (Table S4, Figure 2C). ID and hypotonia are relatively 
common, with autistic features, ataxia, and pain tolerance 
reported less frequently. Although relatively infrequent, 
feeding issues (e.g., G-tube fed) are more commonly re-
ported in U2 than in U1, and most frequently reported 
in the case of U3. ID is statistically significantly more 
frequent in U3 compared with U1 and U2, as is unsafe 
swallow and scoliosis. Autistic features, ataxia, and pain 
tolerance are also relatively frequently reported in U3. In 
the case of LOF+, autistic features are more frequently re-
ported at a statistically significant level compared with all 
other subgroups. Also frequently reported are ID, hypo-
tonia, ataxia, and pain tolerance. Table 1 provides a sum-
mary of the abovementioned results.

4   |   DISCUSSION

Given the phenotypic heterogeneity associated with 
SCN8A-RDs and the numerous pathogenic variants in the 
gene with both LOF and GOF effects, clinicians have been 

challenged to provide accurate diagnosis and prognosis 
and a course of effective treatment.1,9 It is clear that the 
LOF and GOF subgroups differ in biological terms, given 
the different effects these variant types have on channel 
function.2,3,15 This distinction carries important implica-
tions for treatment, as patients with GOF variants often 
benefit from SCBs, whereas SCBs tend to aggravate symp-
toms of patients with LOF variants.10,16 Patients with 
GOF variants comprise a large portion of the phenotypic 
spectrum that has been historically viewed along a mild–
moderate–severe gradient,2,7–9 and our supervised ML 
models have generally supported this phenotypic struc-
ture.17 However, the question of whether these patients 
can be classified into clinically meaningful subgroups 
has not been adequately addressed. Here, we tested the 
hypothesis proposed in Hack et al.17 that three clinically 
distinct subgroups initially referred to as U1, U2, and U3 
exist within the GOF population. To this end, we a priori 
predicted that individuals in the U1 subgroup experienced 
developmental delay onset prior to seizure onset, those in 
the U2 subgroup experienced seizure onset prior to de-
velopmental delay onset, and those in the U3 subgroup 
experienced both seizure and developmental delay onset 
nearly concurrently. The results of statistical procedures 
described above support these predictions (Figure  1, 
Table S2) and demonstrate that there are three high-level 
“partially ordered” subgroups, meaning that these sub-
groups neither conform to a typical mild to severe spec-
trum nor do they exist as separate, unordered categories. 
Altogether, the results support the existence of at least 

F I G U R E  2   Relative efficacy, beneficial, and detrimental effects of medication by subgroup, and comparison of seizure types and 
comorbidities differing among SCN8A-related disorder (SCN8A-RD) subgroups. (A) Antiseizure medications (ASMs) reported as best or 
worst for (left) individuals with gain-of-function (GOF) variants and (right) individuals with loss-of-function (LOF) variants. (B) ASMs 
reported as best (left) and worst (right) that differed significantly among subgroups. (C) Comparison of seizure types (left) and comorbidities 
(right) differing among SCN8A-RD subgroups. Values represent percentage of reports normalized by subgroup sample sizes. On the left, 
percentage values represent the number of reports divided by subgroup sample sizes. Significant exact test p-values are indicated by (1) letter 
G above bar for GOF versus LOF, (2) letter L above bar for LOF versus GOF, and (3) asterisk for ASM among GOF subgroups. Significant 
exact test p-values are indicated by letter L above bar for LOF versus GOF and asterisk for seizure type that differs among GOF subgroups. 
On the right, prevalence of common comorbidities (>15%) that differ among SCN8A-RD subgroups is shown. Intellectual disability (ID), 
which may be underreported in the study cohort (see Materials and Methods), is significantly more prevalent in developmental and epileptic 
encephalopathy (DEE) compared with other subgroups. It is also significantly less common in LOF− compared with LOF+. Hypotonia 
(HYP) is relatively common in all subgroups. Autistic features (AUT) are more common in LOF+ compared with all subgroups, including 
LOF−. LOF− exhibits significantly lower levels of ID, ataxia (ATX), pain tolerance (PT), unsafe swallow (US), feeding issues (e.g., G-tube 
fed, GT), increased sweating (SW), and scoliosis (SC). US, SW, and SC are significantly elevated in DEE compared with the developmental 
encephalopathy (DE) and epileptic encephalopathy (EE) subgroups, and GT is elevated in EE and DEE. Symbols: ~, approximately 
equivalent among subgroups; asterisk up arrow, significantly elevated among GOF subgroups; L up arrow, significantly elevated 
compared with all other subgroups; L down arrow, significantly less frequent compared with all other subgroups. ABS, absence; ACTH, 
adrenocorticotropic hormone; ATO, atonic; BTC, bilateral tonic–clonic; CBD, cannabidiol; CBZ, carbamazepine; CCB, calcium channel 
blocker; CLB, clobazam; CLZ, clonazepam; EPI, Epidiolex; ESL, eslicarbazepine; ETX, ethosuximide; FOC, focal; GABA, γ-aminobutyric 
acidergic; GBP, gabapentin; IS, infantile spasms; LCM, lacosamide; LEV, levetiracetam; LTG, lamotrigine; MULT, multiple mechanisms of 
action; MYO, myoclonic; OXC, oxcarbazepine; PBT, phenobarbital; PHT, phenytoin; PRD, prednisolone; RFM, rufinamide; SCB, sodium 
channel blocker; STP, stiripentol; STR, steroid; SVP2, synaptic vesicle protein 2A; TON, tonic; TPM, topiramate; VGB, vigabatrin; VPA, 
valproate; ZNS, zonisamide.
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five clinically relevant subgroups within the SCN8A-RD 
phenotypic spectrum: two associated with LOF variants 
and three with GOF variants (Table 1). Given these phe-
notypic patterns, we refer to the LOF subgroups as LOF+ 
and LOF−, as they respectively present with or without 
seizures, and the U1, U2, and U3 GOF subgroups as DE, 
EE, and DEE, as they respectively present primarily with 
DE, EE, or a combination of both (DEE) components con-
tributing to encephalopathy (Figure 3A). It is important 
to note that it has been difficult to distinguish mildly and 
moderately affected patients in clinical settings,1,9,11 and 
that our own ML analyses provide a cleaner separation of 
DE and EE subgroups compared with mild and moderate 

subgroups. This can be seen in the more distinct bimodal 
pattern separating DE from EE, as displayed in Figure 3B.

4.1  |  DEE concept

The concept of EE was modified in 2017 by the addition of 
the term “developmental” (i.e., DEE) to acknowledge the 
growing number of genetic epilepsies in which patients 
display both delayed development and very active epilep-
tiform abnormalities.19–21 In 2022, the DEE concept was 
further clarified in recognition of the finding that develop-
mental delay precedes seizure onset in some conditions, 

F I G U R E  3   (A) Frequency of the five subgroups included in this study, including an estimated frequency of self-limited (familial) 
infantile epilepsy (SeL[F]IE) based on participant composition in the International SCN8A Registry (see text). (B) Ability to distinguish 
among classifications for the mild/moderate versus the developmental encephalopathy (DE)/epileptic encephalopathy (EE) subgroups using 
supervised and unsupervised learning. For every individual, in the mild/moderate category, we give the probability that the individual is 
classified as moderate. Thus, the individuals classified as mild should have a low probability of classification as moderate (red peak on the 
left). Correspondingly, individuals classified as moderate should have a high probability of classification as moderate (red peak on the right). 
Similarly, for every individual, in the DE/EE category, we give the probability that the individual is classified as EE. Thus, the individuals 
classified as DE should have a low probability of the EE classification (blue peak on the left). Correspondingly, individuals classified as 
EE should have a high probability of the EE classification (blue peak on the right). Note that the bimodal distribution is more distinct in 
the unsupervised classification scheme, showing that this approach is more effective in distinguishing groups than the approach based on 
supervised learning. (C) Conceptualization of developmental and epileptic encephalopathies (DEEs) as a partially ordered model with the 
DEE subgroup having both DE and EE components, and the DE and EE subgroups as distinct but not separate unordered categories (see Lin 
et al.18). LOF, loss of function.
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whereas epileptic activity leads to cognitive and behav-
ioral deterioration in other conditions.18,22 In this model, 
epilepsy and developmental impairment are viewed as 
epiphenomena of the underlying pathology (i.e., imply-
ing that developmental impairments are not necessarily 
caused by the seizures or interictal epileptic activity per 
se18,21; Figure 3C). Interestingly, a recent rapid genome se-
quencing cohort of diverse infantile onset epilepsy disor-
ders found that 25% of patients had developmental delay 
before seizure onset and 31% had developmental plateau 
or regression following seizure onset.23 Consistent with 
this view, we find that 36.9% of our SCN8A-RD cohort 
with GOF variants experience developmental delay be-
fore seizure onset or vice versa. In the remaining patients 
in our cohort, there appeared to be concurrent onset of 
seizures and developmental delays, 29% of whom expe-
rienced both seizure and developmental delay onset in 
the first 3 months of life. Similarly, phenotypic patterns 
in patients with LOF variants support the hypothesis of a 
DE independent of seizure activity, given the extent of de-
velopmental impairment in both subgroups and the later 
seizure onset in the case of LOF+.

4.2  |  Pathophysiological implications

These results support the aforementioned hypothesis that 
SCN8A-related epilepsy and developmental impairment 
represent secondary outcomes (epiphenomena) of a com-
mon underlying pathology (Figure  3C).18 Our findings of 
the significant differences among the DE, EE, and DEE 
subgroups in seizure patterns, developmental impairment, 
comorbidities, and responses to ASMs suggest different clin-
ical trajectories.24,25 In the case of DE, seizure freedom is not 
associated with developmental improvement, contra find-
ings with EE. This suggests an underlying developmental 
pathophysiology not necessarily related to seizure burden, 
whereas developmental impairments in EE may be directly 
related to the impact of seizures themselves.21 In the case 
of DEE, developmental impairments may be exacerbated 
by seizures but not remit when seizures are partially con-
trolled, suggesting a more complex underlying pathophysi-
ology. Interestingly, developmental impairment is also a 
main feature in the LOF subgroups, which points to the pos-
sibility that depolarization block and action potential failure 
may underlie developmental impairments in patients carry-
ing variants with strong GOF properties.3,26 This highlights 
the need to better understand the mechanisms underlying 
epilepsy and developmental impairments even in cases of a 
single gene etiology.27

There are several non-mutually exclusive factors that 
may contribute to different clinical trajectories among 
subgroups. There are associations between particular 

GOF variants and phenotypic subgroups.1,2,5,17 As ex-
pected, there are a host of variants—both truncating and 
missense—exclusively associated with LOF subgroups. A 
recurrent missense variant is primarily found in individ-
uals with LOF+ (G1451S; Table S3). Other non-mutually 
exclusive biological factors that could explain different 
disease trajectories among subgroups include modifier 
genes,28,29 genetic background effects,30 and cellular sig-
naling and pathway variation.31

4.3  |  Comparisons with the clinical 
consensus

Recently, a modified Delphi method was utilized to pro-
duce a clinical consensus on current practices for diag-
nosis and treatment32 and prognosis and comorbidities33 
associated with the full range of SCN8A-RD phenotypes. 
Relatively high consensus (81%–97%) was achieved for 
a phenotypic landscape comprised of severe DEE, mild/
moderate DEE, SeL(F)IE, neurodevelopmental disability 
(NDD) with generalized epilepsy, and NDD without epi-
lepsy. Note that mild and moderate patients were lumped 
into a single subgroup, and SeL(F)IE comprised a third 
GOF subgroup. The unsupervised classification schema 
concurs with the consensus schema in identifying DEE 
as the most prevalent subgroup (labeled severe DEE in 
the consensus), as well as in classifying patients with 
LOF variants into two subgroups (here labeled LOF+ and 
LOF−; Table S5). The two schemas also agree in the co-
occurrence of seizure and developmental delay onset in 
the DEE subgroup, and that developmental delay is the 
primary presenting feature of in the LOF categories. There 
is also general agreement in a pattern of increasing age at 
seizure onset as severity of outcome increases (Table S5). 
However, age at seizure onset is not predictive in itself for 
important outcome measures such as developmental quo-
tient, comorbidities, seizure types, and expected degree of 
seizure freedom.

As discussed above, a major advantage of the unsuper-
vised approach is that it differentiates patients who may 
otherwise be classified as mild/moderate into two distinct 
subgroups, and as such represents an advancement in the 
classification of patients carrying variants with GOF prop-
erties. Importantly, patients in the developmental delay 
subgroup typically continue to be challenged with develop-
mental impairments despite some level of seizure control, 
whereas those in the EE subgroup may struggle with sei-
zure control and yet achieve developmental milestones in 
a manner more similar to neurotypical individuals. These 
results also reveal that the less severe SCN8A phenotypes 
may have variable contributions from the “developmen-
tal” and “epileptic” components of their pathophysiology 
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that can influence treatment response and developmental 
outcome. The timing of seizure onset and developmental 
delay onset may help to predict these outcomes.

4.4  |  Significance and limitations

A major shortcoming in the classification schema used 
in the consensus process, as well as that supported in the 
supervised approach, is that they are retrospective in na-
ture, relying on the outcomes of disease progression to 
classify patients into phenotypic subgroups. In the cur-
rent modeling approach,17 we identify and rank the im-
portance of features that may not have been previously 
recognized as predictive of outcome and that can form 
the basis for distinct subgroups. The use of unsupervised 
ML techniques in classification procedures also helps to 
minimize confirmation bias and aids in classifying pa-
tients into more clinically meaningful groups (i.e., clus-
ters of patients with shared combinations of traits such 
as seizure freedom, developmental quotient, response to 
ASMs, and variant function34; Table 1). It is important to 
note that these subgroups are partially ordered and do 
not exist as separate, unordered categories (Figure 3C). 
This advances our understanding of SCN8A-RD from 
a retrospective to a prospective classification. The next 
step is the validation of this schema using distinct data-
sets and eventual evaluation on the basis of a prospec-
tive natural history study. In sum, this work supports a 
reappraisal of single gene disorders classified broadly as 
DEEs, where distinct EE, DE, and DEE subgroups may 
exist, yielding important insights into treatment, genetic 
counseling, and prognosis.18
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