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Abstract

The developmental and epileptic encephalopathies (DEEs) are the most severe group of epilepsies. They usually begin in
infancy or childhood with drug-resistant seizures, epileptiform EEG patterns, developmental slowing or regression, and
cognitive impairment. DEEs have a high mortality and profound morbidity; comorbidities are common including autism
spectrum disorders. With advances in genetic sequencing, over 400 genes have been implicated in DEEs, with a genetic cause
now identified in over 50% patients. Each genetic DEE typically has a broad genotypic-phenotypic spectrum, based on the
underlying pathophysiology. There is a pressing need to improve health outcomes by developing novel targeted therapies for
specific genetic DEE phenotypes that not only improve seizure control, but also developmental outcomes and comorbidities.
Clinical trial readiness relies firstly on a deep understanding of phenotype-genotype correlation and evolution of a condition
over time, in order to select appropriate patients for clinical trials. Understanding the natural history of the disorder informs
assessment of treatment efficacy in terms of both clinical outcome and biomarker utility. Natural history studies (NHS)
provide a high quality, integrated, comprehensive approach to understanding a complex disease and underpin clinical trial
design for novel therapies. NHS are pre-planned observational studies designed to track the course of a disease and identify
demographic, genetic, environmental, and other variables, including biomarkers, that correlate with the disease’s evolution
and outcomes. Due to the rarity of individual genetic DEESs, appropriately funded high-quality DEE NHS will be required,
with sustainable frameworks and equitable access to affected individuals globally.
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to adverse effects from seizures and frequent epileptiform
activity resulting in developmental slowing or regression [2].

What are the Causes of DEEs?

The aetiology of the epilepsies is heterogeneous and includes
both acquired and genetic causes. DEEs are the group of
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epilepsies in which a genetic diagnosis is most likely to be
made. In neonatal onset DEEs, the aetiology is now identi-
fied in over 60% of cases, with a range of diagnostic yields
between 25 and 50% for later onset DEEs [3-9]. Over 400
DEE genes have been reported, affecting diverse cellular
processes including ion transport, cell growth and differ-
entiation, synaptic processes, transport and metabolism of
small molecules, and gene transcription and translation [10].

What is the Impact of a DEE?

The impact of the epilepsy, neurodevelopmental disabilities,
and other comorbidities of a DEE on the child, their family,
and wider community is profound [11]. Seizures are frequent
and often drug-resistant, with resultant risks of injury and
death, need for emergency anti-seizure medications (ASM)
and hospitalization, and negative impacts on day-to-day
function. The impacts on development are immense: devel-
opmental delay resulting in intellectual disability is present
in most individuals and is frequently severe [12]. Individuals
with DEEs have a range of comorbidities including move-
ment disorders, cerebral palsy, behavioural disorders, autism
spectrum disorder, psychosis, sleep, gait, speech, respiratory,
and gastrointestinal disorders [13, 14, 85]. The mortality of
DEE:s is high [15, 16]: reaching over 50% by 2 years of age
for children with neonatal-onset DEE [9, 17]. These chronic
complex conditions are highly challenging for families: a
recent survey of caregivers of children with severe epilepsies
in Denmark found that over 40% of primary caregivers had
depression, anxiety, or post-traumatic stress disorder [11].
The DEEs also pose a huge economic burden on communi-
ties, with most patients being dependent on daily care and
requiring support throughout life [16, 17].

What is the Treatment Gap for DEE?

In DEEs, there is a particularly urgent need for novel thera-
pies that address all aspects of these severe disorders [18,
19]. Currently, most therapies for DEEs target individual
symptoms such as seizures, and not the underlying disease
mechanisms. For many individuals with DEEs, seizure con-
trol is not achieved, even when ASM are optimized for the
underlying aetiology [18, 20]. However, even when seizure
control is achieved, developmental impairments and other
comorbidities often remain severe. Improving these is likely
to require therapies which target the underlying cause of the
DEE, or ‘precision medicines’ [21].

Currently, there are few aetiology-specific therapies
for genetic DEEs [21, 22]. The vast majority are supple-
ments, enzyme replacement, or special diets which target
specific metabolic defects causing DEEs due to inborn
errors of metabolism (IEM), with variable effectiveness.
Examples include the ketogenic diet for GLUTI-deficiency

encephalopathy, pyridoxine for pyridoxine-dependent epi-
lepsies due to pathogenic variants in ALDH7AI, creatine
supplements for GAMT and SLC6AS-related disorders,
folinic acid for FOLRI-related disorders, galactose sup-
plements for SLC35A2-related disorders, and tripeptidyl-
peptidase I enzyme replacementff therapy for CLN2 dis-
ease [23, 24]. Beyond the metabolic DEEs, DEE-specific
therapies are limited as most causes lack a ‘biochemical’
pathway to target; however, some therapies that target ion
channels and glutamate receptor genes show at least par-
tial efficacy [6, 10]. There is indeed much hope that novel
genetic therapies, truly targeted to the underlying aetiology,
will be transformative, and holistically address the patient’s
condition [24, 25]. Options being explored include gene
therapies such as gene replacement and antisense oligo-
nucleotides, with a number of novel agents in preclinical
development or in the early phases of clinical trials [26].

Individual Genetic DEEs are Rare Disorders
Epidemiological Studies of DEEs

The DEEs have an incidence of more than 1 in 2000 live
births [4, 9] making them more common than many well-
known severe genetic child conditions including cystic fibro-
sis (1:3650) and spinal muscular atrophy (1:7000) [27, 28].
However, compared to these two diseases, which each have
one genetic cause, the DEEs are highly genetically hetero-
geneous with over 400 monogenic causes [10].

Thus, while collectively genetic DEEs are one of the
most common genetic childhood conditions, each individual
genetic DEE is rare and meets criteria for being an ‘orphan’
disorder [29]. For example, SCNIA-related epilepsy has an
incidence of 1 per 12,200 with the most common SCNIA-
DEE phenotype, Dravet syndrome, having an incidence of
1 per 15,500; KCNQ2-related epilepsy: 1 per 17,000; and
SLC2A1-related epilepsy 1 per 24,300 [4]. Globally most
jurisdictions use a definition of rare or orphan disorder of
being one which affects fewer than 1:2000 people [30]. The
concept of rare disease is important as it implies that the
cost of developing and making available a specific therapy
for such conditions would not be recovered from sales in an
individual country. This means special drug development
pipelines and incentives are required to make orphan disease
drug development an attractive option for pharmaceutical
companies and researchers, for example, the Orphan Prod-
ucts Grants Program in the USA. Frameworks to support
orphan drug development also exist in Europe and Japan,
with current legislative frameworks under review in some
countries including Canada and Australia [31]. High-quality
global natural history studies (NHS) are acknowledged as
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being critical in novel therapy development and subsequent
regulatory approval for rare diseases [32].

The Importance of Natural History Studies
for DEEs

What is a Natural History Study?

The natural history of a disease is traditionally defined as
the course a disease takes in the absence of intervention,
from the disease’s onset until either its resolution or the indi-
vidual’s death [32]. However, natural history studies (NHS)
now commonly include patient cohorts who are receiving
treatments, such as ASM. Therefore, NHS in such condi-
tions are perhaps more accurately conceptualized as obser-
vational studies designed to track the course of a disease and
to identify demographic, genetic, environmental, and other
variables (e.g. treatments) that correlate with the disease’s
course and outcomes. NHS are different from patient regis-
tries, which can include demographic, genotypic and certain
clinical data, but do not have the same breadth and depth,
nor do they track disease evolution.

Objectives of NHS

NHS are fundamental for enhancing patient care, for
example, by informing prognostication, the counselling of
affected individuals and their families about the potential
future evolution of the condition, and by guiding anticipa-
tory surveillance [32]. NHS are also required to improve
future models of care by informing successful clinical trial
designs. NHS achieve this primarily by (i) identifying can-
didate patient populations and subpopulations, (ii) providing
historic control data, and, (iii) guiding choice of the most
appropriate clinical outcome measures and biomarkers for
clinical trials [32] (see “12” for further detail).

NHS Design

NHS vary in their design with respect to whether data are
collected retrospectively or prospectively, and whether in
a cross-sectional or longitudinal fashion [32, 33]. Retro-
spective studies compile data from existing patient records,
published case, and cohort reports or from patients and
parents themselves. They are relatively cheap, quick, and
less labour intensive. They are very helpful in organizing
information about a condition and identifying information
gaps that could be addressed by prospective studies. Limita-
tions of retrospective NHS include data gaps and omissions,
inconsistencies in diagnostic criteria and assessments, and
reporting biases. For example, NHS based on patient records
may over-represent more severely affected patients because
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this patient subgroup is likely to present more frequently to
a medical centre. Conversely, NHS based on published case
or cohort studies may overrepresent subgroups of patients
with positive response to certain trialled treatments. Another
limitation of retrospective studies is that they may result
in under-appreciation of the impact of recent therapeutic
advances, such as fenfluramine in Dravet syndrome, on the
long-term outcomes of children who have had genetic diag-
noses. In addition, genetic conditions are increasingly diag-
nosed at a very young age, including the neonatal period;
such diagnostic advances allow prompt administration of
optimal therapies, and avoidance of treatments with poten-
tial negative impacts, such as sodium channel blockers in
Dravet Syndrome [34]. Although innovative data-mining
approaches have been developed to ‘fast-track’ retrospec-
tive NHS, caution should be taken in using this approach
for conditions such as DEEs where the complexity, breadth,
and severity of symptoms are likely not to be adequately
captured by data mining [33].

Well-designed prospective studies can address most of
the limitations of retrospective studies through the use of
carefully assessed patient inclusion and exclusion criteria,
approved diagnostic criteria, standardized clinical outcome
assessments, and consistent assessment schedules delineat-
ing the exact data to be collected at specific time points [32].
Prospective studies do, of course, need to consider, record,
and analyze the clinical features that have come before the
point of enrolment for each patient, which can be provided
by assessment of retrospective data.

NHS can collect data using a cross-sectional design,
whereby data is collected from across a patient cohort during
a specified time, or via a longitudinal design, whereby data
is collected from all patients in a cohort over several time
points. Cross-sectional designs are quicker and may allow
inferences of the general course of a disorder by sampling a
cohort of patients at various stages of the disease, gathering
information on the range and severity of core features and
the range of comorbidities of a disorder. However, they may
not be able to fully characterize the course and the natural
history of different subtypes of a condition. For these rea-
sons, prospective longitudinal NHS are considered the gold
standard, allowing for comprehensive data collection about
disease onset and progression, distinction of subtypes, and
phenotypic variation. However, it is acknowledged that this
type of study design takes both time and intensive resourcing
to ensure appropriate recruitment and informative repeated
clinical data sampling, and will not be feasible, or indeed
necessary, in all instances depending on how homogeneous
the phenotypic spectrum of the condition is.

Many genetic DEEs are not only rare, but ‘ultra-rare’.
‘Ultra-rare’ disorders have a prevalence of less than 1 per
2,000,000 [35]. Thus, to reach patient recruitment goals,
many NHS will need to be conducted as international
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multi-centre studies. NHS protocols and consent should
ideally cover biological sample and genetic test result stor-
age, and, where appropriate, cover possible future secondary
research use of the data and collected biospecimens. This
will assist in the accurate subgrouping of patients together
with development and evaluation of biomarkers. A plan for
dissemination of the results of NHS should also be agreed
at the outset, which should be as wide as possible, including
peer-reviewed journals, due to the paucity of existing natural
history data for each genetic DEE.

Close liaison and co-design of NHS with patient advocacy
groups has many advantages. Firstly, such engagement can
optimize recruitment and patient and caregiver engagement
over the length of the NHS. Secondly, co-design ensures
inclusion of clinical outcome assessments (COA) [36] that
measure those aspects of the disease that are most important
for patients and caregivers [37]. However, NHS also require
input from expert clinician-researchers with the relevant
skills in phenotyping, design, and data analysis to ensure
appropriate quality, interpretation, and application of the
data. The potential burden of participation in NHS on fami-
lies should be carefully considered, especially for families
with very disabled children and for those families where there
may be cultural, language, geographical, or financial barriers
to participation. The psychosocial impacts on caregivers of
children with DEEs are already very high, with high rates
of caregiver chronic traumatic stress, anxiety, and depres-
sion [11]. Without careful consideration of how to minimize
the burden of NHS on families, there is a real risk of both
ethical concerns and of bias, for example over-representing
more mildly affected children from metropolitan, affluent
families. NHS design for DEE should thus consider inno-
vative methods to improve access and acceptability of data
collection, for example, using telehealth options, covering
transport and accommodation costs when visits to tertiary
centres are required, investing in appropriately trained staff
such as psychologists and play therapists to support children
and families, and considering mental health and wellbeing
programs aimed at improving the coping and resilience of
families with severely affected children [38].

How Can NHS Be Used to Enable
Novel Therapeutic Drug Development
and Marketing Approval?

By Identification of Patient Subgroups and Clinical
Trial Candidates

NHS are required to clarify which patient population
subgroups should be included in specific clinical tri-
als. This is critical for DEEs because the phenotypic and
genotypic spectrum of many genetic DEEs is complex and

multifaceted. The phenotypic spectrum of specific genetic
DEEs, their underlying genotypes, and pathophysiological
mechanisms must be understood to appropriately develop
and test the efficacy of targeted therapies.

For example, as highlighted in Fig. 1, subtypes of
SCN2A-related conditions are caused by different types of
genetic variation which have distinct functional impacts.
Understanding this complexity is required to understand
rational ASM choice and novel therapeutic design. For
example, patients with SCN2A-encephalopathy due to mis-
sense variants resulting in gain of Na,1.2 channel func-
tion in a single-cell model and severe increase in neuronal
firing in a neuronal network model, should be separated
from patients with SCN2A-encephalopathy due to variants
resulting in loss of function of Na,1.2 channels. These two
subtypes of SCN2A-encephalopathy differ in their clinical
course, including earlier seizure onset in those with gain-
of-function variants, with variable seizure control over time.
Critically, they require distinct therapeutic approaches, with
the potential for harm if the wrong mechanistic approach
were to be employed [39-41]. For example, whereas the for-
mer patient group may be best trialled with therapies which
inhibit channel function or antisense oligonucleotides which
suppress expression of the mutated gene, the latter group
may be best trialled with gene therapy or therapies aimed at
boosting channel function [42].

Genotype-biophysical-phenotype correlations are
often not straightforward; the same variant can be asso-
ciated with different phenotypes both between and within
families [43—45]. It is likely that differences in genotypic
background as well as environmental factors and pos-
sibly therapeutic interventions also impact outcomes.
This genotype-pathophysiology-phenotype complexity
is evident in a range of DEE genes, including voltage-
gated (other sodium, potassium, and calcium) and ligand-
gated channelopathies (e.g. GABA, glutamatergic, cho-
linergic), and disorders of neurotransmitter metabolism
or neurotransmission [45, 46]. The knowledge obtained
from NHS of DEE subtypes and their evolution over time
will inform the optimal inclusion and exclusion criteria
and timing of initiation and duration of clinical trials.

By Providing Historic Control Data

To qualify for marketing approval under regulatory bod-
ies such as the Federal Drug Agency (FDA), clinical
trial sponsors must provide evidence that a therapy is
effective compared to a valid control (FDA electronic-
Code of Federal Regulations: Title 21). Control data is
required to provide robust evidence that observed changes
in clinical outcome assessments (COA) and/or biomark-
ers were specifically caused by the therapy under evalu-
ation as opposed to other factors. For example, seizures
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Fig. 1 Relationships between phenotypic, genotypic, and biophysical features in SCN2A-related disorders

often reduce in frequency and severity with patient age
in KCNQ2, SCN2A, and PCDH19-epilepsies and, without
robust control data, improvement in seizures for trials of
patients with these subtypes may be misattributed to a
positive impact of the novel trial therapy rather than to the
natural history of the subtype itself [47, 48].

Due to the rarity of genetic conditions, under certain
circumstances, the FDA will allow data from a well-
conducted NHS to act as an untreated, external control
group, also known as ‘historical controls’, to compare
with the treatment group(s) in an investigational drug
trial. Two examples of this precedent were clinical tri-
als of enzyme replacement therapy: sebelipase alfa for
patients with the severe neurometabolic condition lyso-
somal acid lipase deficiency and intracerebroventricular
infusion of cerliponase alfa for patients with neuronal
ceroid lipofuscinosis type 2 (CLN2 disease) [23, 49]. The
potential use of NHS to provide historical controls for
ultra-rare genetic disorders such as the genetic DEEs is a
key reason to prioritize high-quality NHS for this group
of diseases. This situation also means that NHS design
should incorporate approved data sets from the FDA and
other international regulatory bodies.
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By Evaluating the Most Appropriate Clinical
Outcome Measures and Biomarkers to Include
in Clinical Trials

Data from NHS can also critically inform the optimal clini-
cal outcome assessments and biomarkers that should be
incorporated into targeted DEE clinical trials.

Clinical Outcome Assessments

COAs are patient, caregiver or clinician reports, specific
evaluations such as psychometric assessments, or combina-
tions of both [36]. COAs should reflect how an individual
feels, functions, or survives. COA can measure the severity
and evolution of a condition over time and be integrated into
clinical trials [25, 50, 51]. It is ideal if clinician, patient,
and caregiver feedback is incorporated into COA design
to ensure that the most important and relevant aspects of
the disorder are interrogated [52]. For complex conditions
such as DEEs, it is therefore appropriate that clinical trials
and, by extension, NHS for DEEs, choose a range of sei-
zure and non-seizure related COAs that will appropriately
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and acceptably capture clinical changes at all stages of a
patient’s life. Ultimately, decisions about which COAs
will be ascertained in NHS will also be influenced by each
assessment’s cost, logistics, and overall participant burden.

Clinical Outcome Assessment of Seizure Severity and Fre-
quency NHS have a critical role in delineating the nature
and evolution of seizures in each genetic DEE, to inform
decisions about clinical trial design. The choice of seizure-
related COA for clinical trials should be tailored to genetic
DEE subtypes at different patient ages.

Epilepsy clinical trials typically compare how much a
novel therapy reduces ‘illness’, represented by percent-
age change in seizure frequency. For example, the Euro-
pean Medicines Agency requires the reporting of a >50%
responder rate (i.e. the percentage of participants with a
50% or greater reduction in seizures) and the FDA uses a
median percentage change method (i.e. the percentage by
which the median seizure rate are reduced) [53]. However,
reliance on seizure counts may not be sufficient for DEEs,
compared with other types of epilepsy, and NHS will be use-
ful to delineate more appropriate and reliable seizure COAs
[53]. For example, it is critical to assess the range of seizure
frequency, clustering, type, and evolution over time and age,
to inform seizure COA design. As exemplified by SCN2A-
related conditions, the above factors may vary between dif-
ferent subtypes of a genetic DEE (Fig. 1). For example, if it
is known that it is typical in a particular subtype of DEE for
seizure frequency to vary considerably, including dropping
below 50% of the mean rate without any intervention, then
the > 50% response rate should not be chosen as it is not
likely to be clinically meaningful (i.e. the inherent variability
of seizures could cause patients to appear to be treatment
‘responders’ purely by chance) [54].

Long-term recording has also shown inaccuracies and
inconsistencies of seizure-counting paradigms [53]. NHS
must aim to distinguish which of an individual’s paroxysmal
‘episodes’ are actually seizures, and which are not, to avoid
confounding COA measurement. In the DEEs, non-epileptic
episodes such as inattentive staring spells in children with
intellectual disability, and paroxysmal or fluctuating move-
ment disorders, are common [55, 56]. The key role of pae-
diatric neurologists with expertise in the characterization of
seizures and differentiation from other stereotyped events,
and the potential need for correlation with biomarkers such
as EEG recording (as discussed below) in NHS cannot be
overstated [53, 57].

Additionally, one must consider what would represent
a meaningful reduction of seizures. For example, whereas
for many seizure types, any reduction in seizure frequency
may be clinically meaningful; for epileptic spasms, com-
plete cessation is typically the goal given that, in children
with Infantile Spasms syndrome, ongoing spasms usually

herald a significant ongoing EEG abnormality that adversely
impacts developmental progress. COAs may therefore need
to include not only seizure counts, but measures of seizure-
free periods and markers of change in the impact of seizures,
such as reduction in need for emergency ASM or hospital
admissions [58].

Given that many genetic DEEs are ultra-rare [35], patient
cohorts in precision medicine trials are likely to be small. A
major advantage of embedding NHS within clinical trial pro-
grams is the ability to study an individual over a prolonged
period and develop adequate knowledge of the pre-trial sei-
zure trajectory and expected trajectory without treatment,
such that an individual patient could be their own control
[32].

Decisions about the type of seizure data to be collected
and analyzed in NHS of DEEs need to consider the require-
ment for quantitative data and datapoints that parallel those
likely to be used in clinical trials so that NHS data can
serve as historic or intra-patient control sets. However, they
also need to facilitate exploratory and qualitative analysis
to delineate seizure phenotype and evolution when this is
not known, meaning that NHS may collect many datapoints
which are ultimately not directly used in clinical trials. These
data are nevertheless useful for understanding the disease
and early recognition and diagnosis of seizure types. Data
collected about seizures includes age of onset, seizure types,
their frequency, impact and evolution over time, epilepsy
syndrome, seizure treatments, and response. Much of this
will be retrospective or baseline data and will be supple-
mented by prospective data collection using home seizure
diaries and ongoing characterization of the epilepsy if new
seizure types emerge with video and EEG studies. These
data should be provided to or by a paediatric neurologist
with expertise in epilepsy, and care taken to optimally char-
acterize the epilepsy and verify the nature and frequency of
reported events. This could include synchronous assessment
of biomarkers such as serial periods of video-EEG moni-
toring to corroborate the seizure frequency reported in the
seizure diaries.

Clinical Outcome Assessments of Development and Cog-
nition Developmental impairments are core to the defini-
tion of DEE, yet many phenotypic studies do not measure
these precisely, nor at consistent time points with consistent
instruments, with patients often ascertained in many cen-
tres with variable access to skilled psychometric testing.
Improving developmental outcomes is a crucial goal for
novel therapies; a meaningful positive impact on devel-
opment will likely be essential to justify the high cost of
advanced therapeutics such as gene or ASO therapy [24].
NHS offer an ideal opportunity to accurately measure devel-
opmental progress over time which will inform future clini-
cal trial design.

@ Springer



1438

E. E. Palmeretal.

Given that people with DEEs span age groups from neo-
nates to older adults and developmental levels from nor-
mal to profoundly impaired (sometimes within a genetic
DEE), a single scale will not serve all circumstances. It
will be especially important to choose scales and measure-
ments that overcome potential scale attenuation effects for
lower and higher functioning individuals (floor and ceiling
effects respectively). There is an opportunity for DEE NHS
to guide clinical trial design by providing evidence on (i)
the best assessment protocol for measuring developmental
status, gains, or losses in children, adolescents, and adults
with different subtypes of DEEs; (ii) the validity of devel-
opmental or neurobehavioral assessment tools for predicting
later outcomes; (iii) how best to measure related aspects of
neurodevelopment such as autism spectrum disorders and
executive function in people with DEEs; and (iv) to quantify
related morbidities, e.g. speech, gait, gastrointestinal, sleep,
and mortality.

Currently most clinical trials in early-onset epilepsies use
standardized intelligence or developmental quotient scales,
such as the Wechsler Scales of Intelligence or the Stanford
Binet Intelligence Scales (measuring intelligence quotient:
1Q), or, especially for younger children, the Bayley Scales of
Infant and Toddler Development (BSID) (measuring devel-
opmental quotient: DQ) [59, 60]. Many traditional methods
of generating IQ or DQ scores in lower functioning indi-
viduals are inaccurate and inadequate. Different statistical
approaches can be more discerning: for example, using raw
rather than composite scores and measuring the true devia-
tion in performance from standardization sample norms
[61, 62]. A recent large study of the BSID in Angelman
syndrome used raw scores to derive domain-specific age-
equivalent and growth-equivalent scores (change over time).
Although limited by cross-sectional rather than longitudinal
design, this study showed that the BSID was sensitive to
changes in development with increasing age. In addition, a
floor effect did not appear to be a significant limiting factor.
Despite these positive findings, caution should be demon-
strated in assuming it may be similarly sensitive in other
DEEs, particularly those associated with more profound
developmental impairments [63].

Adaptive skills are defined as the ‘effectiveness with
which the individual copes with the natural and social
demands of [their] environment’. For example, a commonly
used adaptive behaviour scale is the Vineland Adaptive
Behavior Scale (VABS) which uses semi-structured inter-
views or parent/caregiver questionnaires to assess adaptive
function and has been successfully integrated into clinical
trial design for some early-onset epilepsies [58]. However,
while it has been demonstrated to help overcome the floor
effect in individuals with moderate to severe intellectual
disability, concerns have recently been raised over floor
effects in some domains in individuals with SCN2A-related
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disorders, and further work will be required to determine the
optimal and appropriate uses of this scale [62].

Scales included in NHS need to consider more than the
range of ages and developmental levels of participants.
Assessing development in an NHS for a rare DEE presents
major logistical issues: due to small patient numbers, NHS
are likely to be multi-site and include patients from many
countries who live in settings ranging from large to small
cities to rural and remote locations. This has practical impli-
cations; for example, with preference for scales that can be
administered via telehealth, especially during a pandemic,
and are standardized in different languages. Inclusions of
subscales that are less reliant on verbal I1Q are also important
for patients with relative deficits in expressive language, or
where standardized forms in a range of languages are not
available. Standardized scales also have cost, time, patient
burden, and personnel implications that need to be pragmati-
cally considered in NHS design to ensure viability.

Robust developmental data from NHS may have impor-
tant implications for clinical trials. Meaningful change in
development will take considerably longer to become appar-
ent than change in seizure frequency, meaning that longer
duration trials are needed in order to measure developmental
benefit. The existence of ‘historic control’ developmental
data may, in some instances, obviate the need for a placebo
control group, mitigating potential ethical implications of
trial participants being subject to a prolonged duration of
non-active treatment.

Disease-Specific Severity Measures Composite measures
of disease severity have been developed for some DEEs,
including CDKLS5 deficiency disorder and tuberous sclero-
sis [64—67]. Such measures, which may include seizures,
developmental, or other features, have potential utility in
clinical trials, not only for measuring change over time,
but also for ensuring, in conditions with variable severity,
that severity at baseline is similar in treatment and control
groups. Prior to use in clinical trials, both content validity
and predictive validity of developed instruments are ideal.
Natural history studies have the capacity to identify clinical
features which are common, important, and associated with
disease severity. They may serve as a potential basis for the
development of severity scales and subsequent validity test-
ing. It is important to note, however, that such scales may be
disease-specific, with limited utility for broader use across
the DEEs, given the variable presence and severity of symp-
toms in different genetic epilepsies.

Clinical Outcome Assessment of Other Comorbidities,
Global Impression of Change and Quality of Life In addition
to seizures and development, NHS must also collect data
on other DEE morbidities and the impact of the condition
on the individual, family, and society, as illustrated by the
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marked impact of these comorbidities on child and caregiver
quality of life [11, 52, 68].COAs exist for common DEE
comorbidities such as movement disorders, sleep, gastroin-
testinal symptoms, autism spectrum disorders, psychiatric
symptoms, and behavioural disorders [69, 70]. However,
few have been tested in DEEs to determine whether they
are meaningful, appropriate, validated, and easy to apply
[50, 51, 71]. Specific caregiver measures are also required
such as measures of quality of life, and global impression
of improvements; such measures, the Caregiver Global
Impression of Change (CGIC) and the Quality of Life in
Childhood Epilepsy Questionnaire, are being increasingly
incorporated into NHS and clinical trial design [58, 72].
Research, in collaboration with families, also needs to focus
on the development of measures that most effectively cap-
ture the wider impact of the DEE on the daily life of the
child and family. Economic measures such as hospital and
resource use should also be incorporated into NHS, as these
‘real-world’ impacts need to be evaluated to provide evi-
dence of economic benefit in precision medicine trials for
genetic DEEs.

Biomarkers for DEEs

A biomarker is a characteristic that is measured as an indi-
cator of normal biological or pathological processes, or
responses to an exposure or intervention, including thera-
peutic interventions [73]. Biomarkers can be diagnostic
(facilitating early detection of disease), prognostic (provid-
ing information on likely health outcomes and assisting in
stratification of phenotypic severity), or pharmacological
(providing information on therapeutic responses of patient
subgroups). They need to have high degrees of sensitivity,
specificity, precision, and reproducibility; reflect true disease
pathophysiology rather than epiphenomena; and be able to
be easily and cost-effectively measured. The FDA have high-
lighted that NHS provide an opportunity to collect speci-
mens and data that could be used to identify, develop, and
robustly validate biomarkers to act as surrogate endpoints
in clinical trials.

There are currently many challenges in designing and val-
idating robust biomarkers for epilepsy in general and DEEs
in particular. Just as with COAs, NHS offer an opportunity
to explore and validate the most appropriate biomarkers for
genetic DEEs and their subtypes, to improve the quality,
reliability, and outcome assessment of clinical trials.

Electrophysiological Biomarkers The major biomarker used
in epilepsy, EEG, has a critical role in DEE diagnosis and
management in clinical practice. Given interictal epilepti-
form EEG abnormalities adversely impact development,
and improvement in clinical state may be paralleled by an
improvement in the interictal EEG, EEG could be an impor-

tant trial outcome measure. Unfortunately, there are few
scales to measure EEG abnormalities, and thus, NHS pro-
vide an opportunity to develop and test novel EEG scales.
Inter-rater reliability is a major consideration; this has been
poor in a number of previous studies of EEG in infantile
spasms but improved when scales were simplified, and cri-
teria clearly defined [74]. Considerable work on EEG has
been done in studies of tuberous sclerosis, culminating in
the EPISTOP study where EEG was successfully used as
a biomarker, although the authors noted the burden of fre-
quent EEG studies contributed to participant drop out [60].
Understanding the evolution of EEG for a genetic DEE
with age through NHS will inform the design of regimes
(frequency and duration) of EEG recordings for clinical tri-
als. Development of an interictal EEG scale that takes into
account both the background rhythms and epileptiform
activity, and which could be used across all DEEs, would be
ideal. However, the utility and applicability of a single scale
may vary between different genetic DEEs, given variation in
EEG abnormalities and their relationship to disease severity.
For example, in many young individuals with Dravet syn-
drome, the interictal EEG background is often normal even
in a child having frequent or severe seizures [75]; therefore,
a scale that incorporates a measure of the degree of back-
ground abnormality may not be a useful measure of disease
improvement with novel therapies in the Dravet population.

Alternative proposed epilepsy biomarkers include
‘quantitative’ EEG and transcranial magnetic stimulation,
but there is limited evidence of their utility as biomarkers
in DEEs to date [76, 77]. Novel, less resource intensive,
methods to accurately capture and record epileptic activity
(such as wearable seizure detection devices) are also being
developed and hold promise as biomarkers for clinical tri-
als [78]. However, they still need to be objectively assessed
and validated in comparison with video-telemetry and home
seizure diaries considering such issues as sensitivity, false
alarms, latency, adherence, and impact on patient and car-
egiver quality of life. Incorporation of such assessments into
NHS may prove useful [78].

Biological Biomarkers For genetic DEEs, there is the poten-
tial for biomarkers which reflect the levels of gene or pro-
tein expression, as shown in other neurological conditions
where gene or ASO therapies are utilized. For example,
biomarkers included in clinical trials for spinal muscular
atrophy include not only electrophysiological measures
(e.g. compound motor action potentials, electrical imped-
ance myography), but also genetic and biomolecular mark-
ers (e.g. survival motor neuron (SMN2) mRNA and protein
expression) which were ascertained and validated during
NHS [79]. The development and validation of biomarkers
have been a major focus of translational research in paediat-
ric cancers, which are also a target for ‘precision medicine’

@ Springer



E. E. Palmeretal.

1440

SOIPN)S JOJUON[NW UT SWIT) JOAO SOTUBYD 9JEN[BAD O} SWISIURYIIA
s1oyrewolq Surpredar syst3ojorsAyd ‘systnergoAsd
‘sysi3ojoted yoaads ‘sysi3ojoinau ‘39 uoneneA? Jo p[ay 03 Surpiodde syadxa jo nduy

A d12uds yoes 03 Io[ie],
S[oA9] Quag urojoxd “39 :paInseowr
pue pajda[[0d 9q [[IM FHJ d1ouad & 0) oY1oads SIoNIeWwOIq [BIIS0[01q YOTY AN
SOOTADD 9[qeIeam
‘ANoWale) ‘DFH IpN[oul ABW :PAINSLIW 9q [[IM SIINZIAS JO SIN[IBWOI] JBYA
syoedur
TeroosoyoAsd reyuared 9rodsuer ‘uoneonps ‘sarderoy) ‘suoneInsoAul ‘UoneO
-Ipaw Jo 3509 ‘suonezifeirdsoy jo Joquinu ‘39 :SHF( Jo syoedwr prrom-1eay,
KJLIOAQS [BOTUIO JO SJUSWISSASSE [[BISAQ)
SIOPIOSIP
juowaAow ‘s1soyoAsd ‘ropiosip wnnoads wisnne ‘noraeyq ‘dos[s Surpnpour
9 [eNPIAIPUI JOJ SONIPIGIOWIOD JUBAJ[SI JO SJUSUISSISSE SWODINO [BITUID)
Suruonouny aAndepe Jo SAINSLAW PUE ‘Sa[edsqns JULAS[QI Juanonb
[eyuawdo[oAap/aouaSI[[aIul JO saInseaw Yioq 1mnbar 03 A[YI] :[enpIAIPUT JO [9A]
[eyuawdo[aAdp pue 25e 0) paiojre) JuAWdO[IAP JO SJUSUISSISSE JUIOINO [BITUI[D)
sporrad 921J-2InZ12s JO ISua|
pue 0} dWN) ‘UONeZI[e}Idsoy J0J PIU ‘UOTEIIPIW AINZISSTIUE JO SN ‘SALILIP
QINZI9S JO JUSWISSISSE OPN[OUT ABU :SAINZIAS JO SIUIWSSISSE JWOIINO [BITUI]D)
SurdAiqns 9)eINdoE INSUD 0) JUBLIBA [BSNED JO (SAIPNIS ONIA UT

uor3ax

9y} 0} paIore} ‘SWyILIoSe
qwIT) JOAO 9JBD JO PIEpUR)S Ul SaSuey)) IO SQUITOpINS JUSWIBAI],
yoeoidde Kreurjdrosipniniy ueld sisATeuy

JUSWAINSBAW JOYIBWIOL] JOf [013U0D AJI[enb pue SJUSWSSISSE SUIOIIN0
[eo1ur]d 10} SULI0dS AYN[IQRI[QI JJRI-BIUI PUB -IAJUT ‘SI[NPAYDS SJUSWSSISSY  UOIIOI[0D BIep J0J SPOYISIA

suawroadsorq Jo uond3[[0)

SIIBWOIQ JO JUIAINSEIA]

sorrwey pue juened o3 jueyrodur
9501} UO SNO0J SUIPN[OUT SIWOIINO PUL S}OAYS ISESIP [nySuruedw A[[eIIUI]D)
sad4) 10 suonendodqns

*3-9) joedwr [euonouny jo uonenyead Afeapt pue SurdAjousd renode apnjou]  aseasip Jurkynuapr ur Juelrodwr saijesy ordAjouayd pue reorsAydorq ‘ordAjousn

sutoned
aInzres ur saSueyo pue adA) “Josu0 JO UOIIOIJOP UI AOBINIOE 0) UONIUSNE Je[nonIed

Surdfyouayd o3 9s13o1ordorida Afreapr 9siojomau (orerpad) 11adxoe jo induy

swojdwAs Jo 19sjo pue 19sUO pue SISOUILIp I8 a3y
swojdwAs pue suSIs [ed1UN]) UONEULIOUT PIJR[OX ASLISI(T
s[rejop oryderSowa(
Anua Apnys
10} BLI9ILIO dnisouerp
puE uonIUYp IseasI

SHA( d19UdS 10§ UOTJLIIPISUO))

saanyedq JUIWAF]

(PeOTUMOP/STHTTT/RIPAW/A0S epF mMmA//:sdNY) (610T

YOIBJA] JUSWINOOP JJeIp ‘Ansnpuy Joj soueping) juawdofeas(y Sni( 10J SaIpny§ AI0ISIH [eInjeN :saseasiq arey woiy pajdepe) sgg 10y suSisep SHN Ul papnioul aq pinoys jey) sjuewe[g | 3jqel

pringer

Qs


https://www.fda.gov/media/122425/download

Natural History Studies and Clinical Trial Readiness for Genetic Developmental and Epileptic... 1441
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for monitoring
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Fig.2 Conceptual framework for a natural history study

approaches [80-83]. Thus, in order to ensure collection of
appropriate biospecimens and their analysis, it is important
that NHS design is carefully discussed with a multidisci-
plinary team of molecular pathologists, physiologists and
functional scientists.

A major limitation of the measurement of such biomark-
ers is the need for repeated invasive specimen collection.
Nevertheless, it is vital that potential biologic biomarkers
be explored, as they can provide an important and objective
adjunct to clinical observations in the clinical trial setting.
For example, they could determine whether lack of effect of
a novel treatment was in fact due to lack of ‘target engage-
ment’ (e.g. an ASO designed to downregulate expression
did not in fact reduce protein levels) rather than true lack of
effect of a treatment with the proposed mechanism of action.

Conclusions

There are global calls to prioritize investment in NHS in
view of their central role in assessing therapeutic develop-
ments for rare disorders such as DEEs [33, 84]. Existing
patient registries, retrospective case-based studies, and
novel ‘big data’ mining approaches will help with optimal
study design [33]. However, longitudinal NHS, incorporat-
ing high-quality genotype—phenotype data collection, will

Regular patient
assessments

Confirm gene variant | ee.g. in silico predictions, absence from population databases, recurrent,
+ functional studies of pathophysiological impact of missense variants,

* Obtain all past clinical, EEG and imaging data

ee.g. seizure diaries, developmental course, sleep,
gastrointestinal problems, movement disorders,
psychiatric problems, EEG, novel biomarkers

ee.g. seizure monitoring, developmental progress,
neuropsychological evaluation, gait analysis, EEG,
sleep studies, impact on family, biospecimens

Analysis of patient
course across
parameters

E

ES

Analyze natural history
and genotype-
phenotype correlations

Therapeutic trials:
Compare outcomes with

with natural history

be required to adequately evaluate COAs and biomarkers
for DEEs in order to optimize clinical trial design and pro-
vide historical control data. The recommended elements
that should be included in NHS protocols for DEEs, adapted
from FDA guidelines, are summarized in Table 1, and a
proposed conceptual framework for NHS study design pro-
vided in Fig. 2.

Given that well designed, prospective, longitudinal NHS
are lengthy and resource intensive, and that the number
of individual genetic DEEs is large, and ever increasing,
it is critical that adequate funding and support for these
studies is provided. Emerging partnerships between clini-
cians, patient and family groups, not-for-profit organiza-
tions, industry, and regulatory bodies to support equitable
opportunities for NHS for rare diseases should be applauded
and expanded. Consideration of novel means of accurately
and acceptably capturing essential clinical outcome and
biomarker data across international multi-centre studies
will be important [32]. Development of cross-disease plat-
forms that are flexible enough to capture NHS for a range
of genetic DEE should be prioritized, as well as informa-
tion technology solutions to allow high-quality national, and
indeed global, data entry and curation. Such collaborations
are required to minimize the risk of multiple small stud-
ies ‘reinventing the wheel' and being too short, underpow-
ered, and under-resourced to fulfil their primary objectives.
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Critically, this will reduce duplication of efforts, inefficien-
cies, and the risk that ultra-rare DEEs are not studied due
to the lack of a critical mass of expert and family interest.
Expertly designed and executed DEE NHS will be a critical
step in the development, assessment and implementation of
novel therapies required to revolutionize patient outcomes.
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