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Abstract 

Background: 

Epilepsy is a neurological disorder characterised by unprovoked, recurring seizures. Sub-

Saharan Africa carries the highest burden of epilepsy in the world, owing mainly to the 

increased risk factors such as infectious and parasitic disease, and traumatic brain injury. A 

proportion of this burden is genetic, however, genetic testing for epilepsy in South Africa is 

limited, currently only accessible in the private healthcare sector via international referral. 

Genetic testing in epilepsy is an internationally recognised diagnostic tool which can inform 

the diagnosis and patient management, with options for precision treatment, frequently 

resulting in improved outcomes. The main aim of this research project, therefore, was to 

design and validate a next-generation sequencing (NGS) gene panel for South African 

paediatric patients with drug-resistant epilepsy. The panel design was aimed primarily at the 

developmental and epileptic encephalopathies, where the yield of informative findings is 

highest, and the results often carry implications for treatment. The secondary aim of the project 

was to perform preliminary pharmacogenetic testing, to determine if variants previously 

associated with antiseizure drug metabolism in other populations are present in this study 

group.  

Materials and Methods: 

Forty probands with clinically complex, drug-resistant epilepsy with no identified, acquired 

cause were recruited from the neurology epilepsy service at the Red Cross War Memorial 

Children’s Hospital in Cape Town. All 40 probands were tested with a panel of 78 genes 

selected on the basis of association with disease and clinical actionability. NGS data files were 

subject to variant prioritisation, followed by variant confirmation by cycle sequencing, 

segregation analysis, and final classification according to ACMG criteria. All 40 probands were 

tested with two pharmacogenomic arrays, one generalised array, the Veridose® Core Panel 

produced by Agena Bioscience (San Diego, USA), and one custom-designed anti-seizure 

medication-specific SNV array targeting eight SNVs across six different genes. 

Results: 

Three pathogenic variants were identified; two in SCN1A and one in GRIN2A, with a pickup 

rate of 7.5% (3/40). Two variants of uncertain significance were identified in GABRG2 and 

GRIN2B. The findings were aligned with the electroclinical features in each patient. The 

pharmacogenomic analysis revealed one variant, EPHX1 rs1051740, which appeared to be 

statistically significantly differently distributed in the study group to the general African 
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population (P = 0.02). Three other variants, EPHX1 rs2234922, SCN1A rs3812718, and 

CYP2D6 s59421388 appear to be trending towards significance, with P-values of 0.08, 0.05, 

and 0.05, respectively.  

 

Conclusion:  

The main outcome of this project was the successful development of an NGS-based 

diagnostic protocol for paediatric epilepsy using the gene panel approach, now ready for 

implementation in the local diagnostic testing laboratory. Moreover, the genetic cause of 

epilepsy was identified in three study participants, with treatment implications in two (variants 

in SCN1A). The pharmacogenomic analysis in this project did not reveal specific insights 

owing to the small study group, but provided exposure to pharmacogenomic analysis, and 

may be used as a basis for further research into the pharmacogenetics of epilepsy in larger 

African cohorts.   
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Plan of Dissertation  

 

This dissertation is divided into four chapters. The first chapter provides an introductory 

background to paediatric epilepsy in Africa, and the means by which a genetic diagnosis for 

epilepsy may be achieved, as well as brief overview of the pharmacogenetics of epilepsy. It 

also includes the aims and objectives of the study and the scientific approach to the 

investigation. The second chapter details the methods and materials of the project’s laboratory 

and bioinformatic processes. The third chapter follows with a presentation of the results of the 

study. The fourth chapter discusses the findings of the project, the challenges and limitations 

of the project, and what conclusions were ultimately drawn.
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Chapter 1: Introduction 

 

1.1. Epilepsy in Africa 

 

Epilepsy is estimated to affect up to 70 million people globally, more than 85% of whom live 

in low to middle income countries (LMICs)1. Sub-Saharan Africa (SSA) has a particularly high 

prevalence of epilepsy, estimated by door-to-door studies to be double that of Europe, North 

America, and Asia1. The increased prevalence of epilepsy in LMICs is largely attributed to 

increased risk factors, such as the high incidence of central nervous system (CNS) infections, 

parasitic diseases, traumatic brain injury (TBI), perinatal insult, and limited healthcare 

services2.  

 

TBI is most commonly caused by motor vehicle accidents, assault, and injury in war, all of 

which are more prevalent in SSA than in the rest of the world3. Diseases of parasitic origin 

that may cause or contribute to the development of epilepsy include neurocysticercosis (a 

common neurological complication of Taenia solium infection - a common cause of epilepsy 

across Africa, Asia, and Latin America), toxocariasis, onchocerciasis (also known as river 

blindness), and cerebral malaria3. The movement of people across different regions and 

countries means that that healthcare workers may encounter cases of epilepsy caused by 

diseases not endemic in their own country – such as cases of epilepsy caused by cerebral 

malaria observed in South Africa.  

 

The distribution of causes of epilepsy in SSA differs from that in high income countries (HICs), 

as well as between adults and children in SSA (Figure 1). The age groups in which epilepsy 

is most prevalent also differ between countries, though a particularly high prevalence in 

individuals younger than twenty years old has been observed in LMICs3. Epilepsy of a genetic 

aetiology is rarely identified in SSA and little is known about its true prevalence or the genetic 

underpinning of this common condition in the region4. This is partly due to misdiagnosis 

through lack of awareness and assumption of an infectious or other acquired cause, and partly 

due to limited access to genetic testing5.  

 

The genetic origin of many epilepsies is often obscured by de novo occurrence in the absence 

of family history (for example, in cases of developmental and epileptic encephalopathy (DEE)). 
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However, a family history of epilepsy does not necessarily equate with a genetic aetiology, as 

it is possible that shared environmental risk factors may cause or contribute to the recurrence 

of epilepsy among multiple individuals in the same family3.  

 

1.1.1. Prevalence 

 

The median prevalence of epilepsy in SSA over the past decade has been estimated at 14.2 

cases per 1000 people (IQR 8.0 – 33.2), in contrast to 5.8 cases per 1000 people (IQR 2.7 – 

12.4) in HICs4. The observed prevalence of epilepsy also differs between countries within SSA 

(Figure 2)6. These differences may be a result of incomplete reporting, or different 

methodological approaches in calculating prevalence, or could be due to differing biological 

factors (including genetic factors) across the continent3. The cause of epilepsy in over 60% of 

affected children in Africa is unknown, suggesting the possibility of underlying genetic, 

Figure 1 Causes of active convulsive epilepsy (ACE) in (A) adults and children in Africa, (B) children 
in Africa, (C) all epilepsy cases in the first world. Note the distribution of causes differs between the 
affected general African population and affected African children, and between the affected general 
African population and affected individuals in HICs. (Figure adapted from Esterhuizen, et al. 2018.)4 
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metabolic, and structural causes5. An accurate estimation of the true prevalence of genetic 

epilepsies in Africa requires extensive future research.  

 

1.1.2. Management challenges and consequences 

 

Epilepsy, especially when poorly controlled, is a major public health burden, particularly in 

countries which already face substantial challenges to their healthcare systems. Effective 

treatment of epilepsy to mitigate its effects and its co-morbidities is vital. In 2010, a Global 

Burden of Disease Study found that only HIV infection has a greater disability burden than 

severe, uncontrolled epilepsy7. 

 

The impact of the high prevalence of epilepsy in the LMICs is exacerbated by the significant 

treatment gap in those countries. The treatment gap is defined as the proportion of people 

who require medical treatment for epilepsy but do not receive it8. This gap in the use of anti-

seizure medications (ASMs) exists in all contexts, but is especially wide in SSA3. This is 

Figure 2 Prevalence of epilepsy across different sites in SSA, in (A) Kenya, (B) South Africa, 
(C) Uganda, (D) Tanzania, and (E) Ghana. The blue line graph measuring “Prevalence” 
indicates an adjusted prevalence to enable comparison between two different survey 
methods. (Figure adapted from Ngugi et al. 2013.)6 
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primarily due to the shortage of skilled personnel and medical facilities, non-adherence to 

treatment (sometimes due to indigenous beliefs about the causes of epilepsy), inaccessibility 

of drugs (due to high costs or unavailability), and the psychosocial effects of the disease, 

including stigma against sufferers, who are often reluctant to seek medical treatment3. 

Uncontrolled epilepsy can cause severe physical and psychiatric pathologies, with serious 

consequences such as premature death, physical injuries, such as burns or bone fractures, 

and psychiatric co-morbidities3. Psychiatric co-morbidities associated with epilepsy include 

increased rates of depression, anxiety, and attention deficit hyperactivity disorder (ADHD), 

which are observed in children with epilepsy at a rate five times higher than the age-matched 

general population9. The treatment gap is especially relevant in paediatric epilepsy, where 

correct, early diagnosis and treatment are important in minimising the consequences of 

seizure activity in the developing brain4. 

 

Aside from pharmacological treatment of epilepsy with ASMs, surgical interventions for 

epilepsy are possible. This involves removal of the minimum amount of brain tissue needed 

to stop the occurrence of seizures (termed the epileptogenic zone) without major 

complications10. Such surgical treatment is becoming increasingly common for intractable 

epilepsy in regions where it is available11. Surgery as treatment for epilepsy in Africa is only 

available in a few tertiary care centres and private clinics, due to a lack of trained 

neurosurgeons and necessary infrastructure, as well as limited financial resources3. 

 

1.1.3. Psychosocial aspects 

 

Aside from co-morbidities of a physical and psychiatric nature, people affected with epilepsy 

also face social stigma and reduced quality of life5. Individuals affected with epilepsy are less 

likely to be educated or married and are more likely to be unemployed and experience 

premature mortality than unaffected members of the same population2,3.  

 

Social stigma and its consequences have been exacerbated in many past and present cultures 

by epilepsy’s strong association with supernatural and paranormal phenomena. In Ancient 

Greece, epilepsy was often referred to as the “sacred disease” due to its association with 

numerous deities and mythological figures, hence the title of the medical treatise On the 

Sacred Disease, written by Hippocrates (or an associate) around the end of the 5th century. 
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Hippocrates called epilepsy “the great disease”, hence the term grand mal, a term used to this 

day to describe a subset of seizures12. Epilepsy’s strong supernatural associations have in 

large part receded in many parts of the world but remain particularly prevalent in Africa, where 

traditional beliefs remain at the forefront of how epilepsy is perceived, and where epilepsy may 

be associated with witchcraft and evil spirits, or be believed to be contagious3,5. For example, 

one Ghanaian study found that a sizeable proportion of participants described epilepsy as a 

“repeated death” where sufferers die, revive, and die again, in a repetitive cycle5.  

 

The implementation of successful health care systems on the African continent to address the 

treatment gap for epilepsy will necessarily have to be accompanied by education campaigns 

to dispel the stigma surrounding epilepsy as a disease. Initiatives have already begun to be 

put in place by health authorities to address this social stigma, including a project launched by 

the International League Against Epilepsy (ILAE), International Bureau of Epilepsy (IBE), and 

the World Health Organisation (WHO) to “bring epilepsy out of the shadows”. There are also 

national-level projects currently being implemented across Africa to address such stigma5.  

 

Increased understanding and scientific education regarding the aetiology of epilepsy is, and 

will continue to be, a vital component of those education campaigns. An understanding of 

genetic epilepsy on the African continent is particularly important in this context, as the vast 

majority of epilepsies for which causes are unknown are likely to be genetic in origin4. A 

genetic explanation for the development of epilepsy that otherwise seems to be without cause 

may help dispel beliefs in supernatural causes and thus reduce fear and stigma. 

 

1.2. Epilepsy and seizures: classifications and definitions 

 

Epilepsy was defined in 2005 as a neurological disorder characterised by unprovoked, 

recurring seizures, the occurrences of which happen over a period of time greater than 24 

hours13. In 2014, the ILAE refined that definition into a more practical and clinically useful form 

- epilepsy is thus currently defined as a disease in which an individual displays at least one of 

the following characteristics: 

i. At least two unprovoked seizures occurring greater than 24 hours apart. 
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ii. One unprovoked seizure and a probability of further seizures similar to the general 

recurrence risk (at least 60%) after two unprovoked seizures, occurring over the next 

10 years. 

iii. Diagnosis of an epilepsy syndrome14. The position of the ILAE on the classification of 

epilepsy syndromes was published in 201715. 

Once diagnosed, clinical management of epilepsy includes identification of its cause, 

administration of ASMs, and the treatment of co-morbidities3. In cases of paediatric epilepsy, 

psychoeducational interventions for primary caregivers are also a vital part of holistic 

treatment16. 

 

Epilepsy is a highly variable disease, which occurs in multiple conditions with many different 

causes, ages of onset, and manifestations. Classifications of epilepsy and epileptic seizures 

have changed over time. The ILAE’s current revised classification of seizure type is 

operational, as opposed to being based on seizure mechanisms17. Seizures are classified as 

being focal, generalised, or of unknown onset, with subcategories of motor, non-motor, 

sustained awareness, or impaired awareness (Figure 3)17.  

 

 

The current framework for the classification of epilepsies published by ILAE in 2017 takes into 

account seizure types, epilepsy types, epilepsy syndromes, aetiology, and co-morbidities 

(Figure 4)15. Classifications of seizures and epilepsy are an important diagnostic tool for 

practicing clinicians and are regularly re-evaluated and updated to reflect the growing body of 

knowledge and insight into the disease mechanisms and aetiology. Classification’s primary 

Figure 3 The ILAE classification of seizure types. (Figure adapted from Fisher et al. 2017)17 
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purpose is to aid patient diagnosis and treatment; it is also critical for epilepsy research, 

antiseizure drug development, and communication. 

The highest incidence of epilepsy is observed during the period of infancy and early childhood, 

which is also when uncontrolled seizures have the most severe short- and long-term effects 

on the developing brain18. Paediatric epilepsy syndromes may be categorised as self-limited 

focal epilepsies, generalised epilepsies, or developmental epileptic encephalopathies19. 

Infantile and childhood-onset epilepsies, such as the DEEs, often have severe co-morbidities 

and neurodevelopmental challenges, and often display drug-resistance20. Drug-resistant, or 

refractory, epilepsy, is defined by the ILAE as failure to control seizures after treatment with 

two appropriate ASMs21.  

 

1.2.1. Developmental and Epileptic Encephalopathies 

 

Childhood-onset epilepsies and epilepsy syndromes often occur with neurological co-

morbidities. Multiple terms are used for neurological and neurodevelopmental phenotypes 

Figure 4 The ILAE framework for classification of epilepsies. (Figure adapted from Scheffer et al. 2017.)15 
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which may include epileptic seizures. Of particular note are epileptic encephalopathy (EE), 

developmental encephalopathy (DE) (in which seizures may be absent), and DEE. 

 

Epileptic encephalopathy refers to a condition where neurological, cognitive, and motor 

function deteriorate as a result of continued epileptic activity in the brain22. Developmental 

encephalopathy refers to a condition where an underlying genetic cause is associated with 

the observed neurological impairment, independent of epileptic seizures23. In contrast to both 

these conditions, DEEs are conditions where both an underlying genetic cause and epileptic 

activity are thought to contribute to neurological impairment24,25.  

 

Over 100 genes have been associated with the onset of DEEs, and DEEs are highly 

heterogenous23. Despite this heterogeneity, consistent characteristics across the DEEs 

include an early age-of-onset, resistance to pharmacological treatment, slowed intellectual 

development, or neuroregression, and multiple seizure types, among other electroclinical 

characteristics23. Conditions classified as DEEs include, among others, Ohtahara syndrome, 

early myoclonic encephalopathy, epileptic spasms syndrome, West syndrome, Dravet 

syndrome (DS) and Dravet-like syndromes, and epilepsy of infancy with migrating focal 

seizures (EIMFS)23.  

 

The acute severity of the DEEs, and their early onset, necessitates a rapid identification of 

effective treatment strategies to minimise damage to the developing brain. Genetic testing 

plays a crucial role in the application of precision medicine techniques for these patients, as 

identification of a specific disease-causing variants may direct the choice of pharmacological 

treatment (e.g., avoidance of sodium channel blockers in SCN1A-related DS) and prevent 

unnecessary diagnostic tests or inappropriate treatment interventions23.  

 

Severe infantile and childhood DEEs have been recognised as genetically heterogenous, and 

most commonly arising from dominant de novo pathogenic variants in affected individuals, 

although other inheritance patterns have also been observed26. The pathogenic variant rate 

in genetic diagnosis of DEEs is continually improving with ongoing epilepsy gene discovery, 

but additional, currently unknown mechanisms are also likely to play a role in the development 

of DEEs. Despite DEEs having the highest rate of actionable genetic findings, more than 50% 

of patients diagnosed with a DEE remain without a genetic diagnosis27. 
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The identification of these mechanisms may be aided not only by further new gene discovery, 

but also may require an adjustment of diagnostic techniques – for example, DEE’s may be 

caused by a high prevalence of post-zygotic somatic mutations, which may go undetected by 

current sequencing protocols, or may be due to the influence of epigenetic factors27. As 

advances in diagnostic techniques and further research enable greater success in identifying 

causative variants, the prognoses for patients diagnosed with DEEs are likely to improve, 

especially given the high rate of actionable genetic findings observed so far in DEEs. 

 

1.3. Gene Discovery 

 

Hundreds of genes have been described by researchers and clinicians as being causative of, 

or associated with epilepsy, with such genes categorised into five broad functional categories: 

i. Genes involved in ion transport. 

ii. Genes involved in cell growth and differentiation. 

iii. Genes involved in the regulation of synaptic processes. 

iv. Genes involved with the transport and metabolism of small molecules within and 

between cells. 

v. Genes involved in the regulation of gene transcription and translation28.  

Many genes implicated in epilepsy are now routinely tested for in clinical settings, and gene 

discovery, enabled and enhanced by new laboratory techniques, continues to add to the list 

of causative or epilepsy-associated genes. 

 

The majority of genes implicated in epilepsy encode ion channel proteins, enzymes, or 

enzyme modulators typically identified as important in the transmission of signals across 

neurological synapses29,30. However, the epilepsy-causing genes are not limited to those 

categories. For example, pathogenic variants in WDR45, a gene implicated in autophagy, 

have been observed as being causative for DEEs and other neurodevelopmental conditions31. 

The wide range of different neuronal functions (encoded by different genes) which, when 

impeded, may be causative of epilepsy is illustrated in Figure 532. 
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Equally important to gene discovery is the continuous review of candidate epilepsy genes 

through ongoing research and assessment of new evidence as it arises. For example, the 

SCN9A gene, which encodes the alpha subunit of a voltage-gated, type IX sodium channel, 

was previously thought to be a causative epilepsy gene. However, SCN9A has since been 

downgraded to modifier status, as subsequent research data did not sufficiently support 

disease-association33. Other genes previously thought to be implicated in epilepsy that have 

subsequently been shown to lack evidence to currently be considered disease genes, include 

CLCN2, CACNA1H, EFHC1, GABRD, and SRPX220.  

 

Figure 5 The disease mechanisms which may impede normal neuronal functioning and cause 
epilepsy in childhood. (Figure adapted from McTague, et al. 2016.)32 
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As epilepsy is highly genetically heterogenous, focus on gene discovery for single-gene 

epilepsies will not address all genetic epilepsies, but identifying more commonly occurring 

single-gene epilepsies will aid in targeting resources, prioritisation of diagnostic testing, and 

the development of precision therapies34. Such novel gene discovery has rapidly accelerated 

through the use of techniques such as exome sequencing (ES) and genome sequencing (GS).  

 

In addition to this accelerating gene discovery, a relatively recent approach to investigating 

the genetic aetiology of epilepsy is the investigation of the frequencies of variants in different 

genes in cohorts affected with epilepsy. Large scale sequencing studies have studied the 

enrichment of rare variants across multiple genes in individuals affected by epilepsy; one such 

study, published in 2019 by Heyne et al., analysed data from 6994 gene panels for 

neurodevelopmental disorders with epilepsy, and found the genes with the highest 

frequencies of ultra-rare variants in cases of neurodevelopment disorders and epilepsy to be 

SCN1A, KCNQ2, SCN2A, CDKL5, SCN8A, and STXBP135. Another study, by Feng et al., 

found that, compared to controls, patients affected with epilepsy have an excess of ultra-rare 

deleterious variants in both constrained genes and genes associated with epilepsy36. In the 

context of DEEs specifically, DEEs have conventionally been considered monogenic disease, 

but recent research suggests that a substantial portion of DEE cases may be due to affected 

individuals carrying a large number of ultra-rare variants, resulting in an oligogenic mode of 

inheritance37.  

 

In addition to the study of rare variants, polygenic risk scores have been applied to the study 

of how combinations of common variants could contribute to the development of epilepsy38. 

This approach may be of particular use in elucidating the cause of generalised epilepsies, with 

current research suggesting the cumulative effect of common variants could explain up to a 

third of genetic risk for generalised epilepsies38. Large scale statistical approaches may also 

direct future gene discovery approaches - a 2020 study by Kaplanis et al. analysed sequencing 

data from 31 000 parent-offspring trios for gene-specific enrichment of de novo variants, 

identifying 28 novel genes associated with developmental encephalopathies, and predicting 

that as many as 1 000 causative genes are still to be described39. Studies such as these 

highlight the importance of a multifaceted approach to gene discovery, combining traditional 

candidate-gene research with newer statistical approaches which utilise large data sets. 
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1.4. Phenotypic Overlap and Genetic Heterogeneity 

 

Clinical diagnosis of early-onset epilepsy in children can be accompanied by frequent co-

morbidities, such as autism spectrum disorder (ASD) and a range of behavioural and 

movement disorders. Epilepsy may also occur in children affected with other syndromic 

genetic disorders, such as Angelman syndrome40. Genetics-based diagnosis, as well as 

electro-clinical diagnosis, thus plays an increasingly important role in the aetiological diagnosis 

of epilepsy and selection of targeted treatments, as knowledge of the roles various genes play 

in the development of epilepsy increases. Aside from the clinical benefits of a definitive 

diagnosis, insight into the genetic diversity of epilepsy also expands the phenotypic spectrum 

of features associated with certain genes, and continuously demonstrates the high genetic 

heterogeneity of the paediatric epilepsies.  

 

Broad phenotypic spectrums are often observed in DEEs, where epilepsy phenotypes may 

include broader neurological features. For example, STXBP1 plays a role in neurotransmitter 

secretion and de novo pathogenic variants in this gene are among the most frequent causes 

of both epilepsy and other neurological co-morbidities; patients with epilepsy caused by 

STXBP1 variants also demonstrate intellectual disability41. However, researchers have found 

little correlation between the severity of intellectual disability and seizure severity, suggesting 

that seizures and intellectual disability, in those cases, are two independent phenotypes 

arising from the variant enabling more than one pathophysiological mechanism in the brain41. 

(Thus, by definition, STXBP1 epilepsies are one facet of a complex neurodevelopmental 

disorder, a DEE, rather than a pure EE41.)  

 

Causative variants in STXBP1 have been observed in cases of Ohtahara syndrome, West 

syndrome, non-syndromic early onset epilepsy and encephalopathy, Dravet syndrome, non-

syndromic epilepsy and intellectual disability, and ASD, demonstrating a wide phenotypic 

spectrum41. Cases of STXBP1 epilepsy also highlight the difficulty in reconciling electro-clinical 

syndromes to distinct genetic causes, particularly when those genetic causes may be 

interacting with genetic modifiers and environmental factors to produce the eventual 

phenotype41. 
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The genetic heterogeneity and phenotypic overlap of genetic epilepsies complicates the 

process of choosing testing approaches based on genotype-phenotype correlations.  Multiple 

genes, including SCN1A, SCN2A, SCN8A, KCNQ2, SLC2A1, GABRA1, GABRG2, GRIN2A, 

and PRRT2 have been implicated in both mild and severe cases of epilepsy42. Additionally, 

genetic pleiotropy has also been observed in studies of epilepsy; for example, variants in a 

single gene, SCN2A, have been associated with as wide a range of diagnoses as mild self-

limited familial neonatal epilepsy, Ohtahara syndrome, epilepsy of infancy with migrating focal 

seizures, West syndrome, Lennox-Gastaut syndrome, and severe, unclassifiable DEEs23. 

Even variants of the same functional characteristics in the same gene may demonstrate 

phenotypic range – for example, gain-of-function (GOF) variants in CACNA1I have been 

implicated in a spectrum of phenotypes ranging from borderline intellectual functioning to 

severe DEEs43. Even the same precise variant may demonstrate phenotypic range across 

different individuals. In contrast, research has shown that pathogenic variants at different loci 

may result in similar phenotypes. To date, benign familial epilepsy syndromes have been 

associated with at least 10 genes, Ohtahara syndrome with variants in at least 15 genes, and 

over 45 genes have been implicated in infantile spasms syndromes, including West 

syndrome23. 

 

Phenotypic overlap thus presents challenges to predicting possible genetic causes of epilepsy 

based on electroclinical diagnoses. Despite these challenges, increasingly common genetic 

testing and larger scale studies are continuously elucidating further insights into such 

phenotypic overlap. The development of standardised language and phenotypic ontologies 

has also allowed for the increasingly common application of quantitative phenotypic analyses. 

The Human Phenotype Ontology (HPO) system, used in the study of multiple different 

diseases and disorders, is increasingly being used in the study of epilepsy. The use of the 

HPO system in the context of epilepsy has resulted in an expansion of the number of 

descriptive concepts which may be applied in description of clinical phenotypes, including 

seizure descriptions44.  

 

A 2021 study by Crawford et al. found that the use of HPO terms in the analysis of phenotypic 

data of SCN2A epilepsies helped delineate correlations between the functional characteristics 

of a variant and particular phenotypes – such as the association of protein-truncating variants 

with ASD and behavioural abnormalities, and of missense variants with neonatal onset 

epileptic spasms45. The results of the study included a broad categorisation of SCN2A clinical 

presentations, typically thought to have considerable phenotypic overlap, into three 
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categories: benign familial infantile seizures, ASD, and DEE45. The application of ontologies 

and systematic analysis to elucidate phenotypic overlap thus seems promising. Such 

standardised terminology would also aid in the collaboration across multiple facilities and 

research groups46. 

 

Adding to the genetic heterogeneity in epilepsy is the possible influence of modifier genes, 

which has not been fully elucidated, but may play a role in variant penetrance and effect on 

phenotype47. A 2018 study by Bagnasco et al. described a case in which a particular variant 

observed in SCN8A (c.3943G>A) that had been previously identified as causative in two cases 

of DEE was found to be causative in a mild case of what was described as benign focal 

epilepsy with normal cognitive development48. The authors hypothesise that the discrepancies 

between the effects of this variant could be due to modifier effects, additional variants in 

different genes, or mosaicism. Modifier effects may be further complicated if several modifier 

genes act in combination to affect disease risk and presentation, rather than acting 

individually49. 

 

Mosaicism, found to occur relatively frequently in many epilepsy genes, including CDKL5, 

GABRA1, GABRG2, GRIN2B, KCNQ2, MECP2, PCHD19, and SCN2A, is another factor 

which may affect disease severity and recurrence risk in families (if occurring in parents)50. 

For example, understanding the risk of recurrence in DS cases may be complicated by 

parental mosaicism, with studies observing low grade mosaicism in 7-13% of families with an 

affected child51. Cases of mosaicism in affected individuals may also present challenges to 

testing and variant identification during routine diagnostic processes. In most cases where the 

causative variant is de novo, the variant arises during gametogenesis in the parent, and thus 

the variant would be ubiquitously present and detectable in the tissues which are routinely 

used to collect DNA for testing, such as blood lymphocytes and buccal cells. In contrast, post-

zygotic mutations, resulting in mosaicism, may result in a variant being present in particular 

tissue not used during routine testing, and which may be difficult to access when performing 

routine testing on a patient46. 
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1.5. Inheritance patterns 

 

Ongoing research and epilepsy gene discovery has highlighted the multiple types of 

inheritance patterns that contribute to the development of epilepsy, ranging from monogenic 

to complex inheritance, resulting from combinations of multiple genetic and non-genetic 

factors52.  Complex inheritance of epilepsy may include: oligogenic inheritance, where a small 

number of variants combine to induce disease; polygenic inheritance, where many variants 

(potentially thousands) contribute to the development of disease; and omnigenic inheritance, 

where genes not obviously connected to a disease may contribute to disease development 

through interacting gene networks38. Most cases of epilepsy, especially the DEEs, are 

monogenic and caused by de novo variants in autosomal dominant (AD) genes.  Autosomal 

recessive (AR) and X-Linked or mitochondrial genes have also been implicated, though to a 

lesser degree.  

 

A particularly interesting example of different factors combining to produce a counter-intuitive 

inheritance pattern is PCDH19-associated epilepsy. The epilepsy syndrome associated with 

variants in PCDH19 (located on the X-chromosome) displays what is referred to as a male-

sparing pattern of inheritance – heterozygous females are affected while hemizygous males 

are “spared” the development of disease. This is counterintuitive, as most diseases caused 

by genes carried on the X-chromosome manifest to a greater extent in hemizygous males, 

while heterozygous females are often apparently unaffected carriers (such as in haemophilia). 

Research by Pederick et al. has shown that the cellular adhesion properties of the protein 

encoded by PCDH19 are likely to be responsible for this atypical pattern of inheritance. Mosaic 

expression of PCDH19 (the presence of heterozygosity for a pathogenic variant) was 

observed in mouse models to lead to abnormal cell sorting during neurological development, 

which correlates with the cortical malformation observed in individuals affected with PCDH19-

associated epilepsy53. The presence of a heterozygous genotype resulting in pathological cell 

sorting thus explains why homozygous females and hemizygous males are unaffected while 

heterozygous females are affected53. The complicated disease mechanism and relatively 

unusual inheritance pattern of PCDH19-associated epilepsy is an example of how 

understanding of genetic epilepsies can be complicated, and counter-intuitive manifestations 

of disease require collaboration across many biomedical disciplines to fully elucidate the 

mechanisms of disease and aid in the treatment of patients.  
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1.6. Genotype-phenotype correlations 

 

As gene discovery accelerates and molecular genetic testing becomes part of standard 

practice in clinical epileptology, new and useful insights into genotype-phenotype correlations 

are being revealed. The ClinGen Epilepsy Gene Curation Expert Panel is an undertaking 

currently underway utilising the skills of experienced neurologists to continuously review the 

validity of newly discovered genotype-phenotype correlations54. This is an example of how, as 

genetic testing accelerates, a concurrent field of research into gene-disease relationships will 

be necessary to inform future decisions about gene selection for diagnostic tests and 

maximise the benefit of precision medicine techniques. Certain causative genes and variants 

are known to have a characteristic clinical presentation, such as pathogenic SCN1A variants 

causing DS, which can help direct and streamline the genetic testing and diagnostic process55. 

Other examples include STXBP1-associated DEE, which usually presents with movement 

disorders such as hand stereotypies, and PCDH19-associated DEEs which feature clustered 

focal seizures.4,56.  

 

One example of a subtype of epilepsy for which a genetic basis is well characterised is Dravet 

syndrome. In cases of suspected DS, screening for causative variants in SCN1A is routine, 

as de novo pathogenic variants found within SCN1A have been associated with 80% of DS 

cases57. In cases of DS, consolidation of the diagnosis through genetic analysis goes beyond 

genetic counselling as it informs treatment (for example, the avoidance of ion channel blocker 

ASMs, the use of which exacerbates the disease mechanism and thus increases the severity 

of symptoms) and can direct specific interventions, such as facilitating access to stiripentol in 

regions where such access is limited (e.g., the South African state health service) and the 

introduction of a ketogenic diet58. As the example of DS demonstrates, aside from value in 

making diagnoses, the specific identification of pathogenic variants and their associated 

disease mechanisms will also enable better understanding of the neuropathophysiology of 

epilepsy and the mechanisms by which it develops, and thus lay the groundwork for the 

development of targeted therapies26.  

 

However, it is important to note that the relative genetic homogeneity of DS is unusual 

amongst genetic epilepsies, and genetic epilepsies demonstrate substantial genetic 

heterogeneity, as described above57. Even in cases of strong genotype-phenotype 

correlations, genetic heterogeneity and pleiotropy must be considered. For example, SCN1A 
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is implicated in the development of a range of epilepsy phenotypes (and non-epilepsy 

phenotypes) other than DS, including, amongst others, genetic epilepsy with febrile seizures 

plus, myoclonic-atonic epilepsy, EIMFS, early onset SCN1A DEE, hemiplegic migraine, and 

ASD59,60. Cases of DS have also been observed to occur in the absence of pathogenic variants 

in SCN1A – causative variants in DS patients have been observed in SCN1B, SCN2A, 

SCN8A, SCN9A, PCDH19, GABRA1, GABRG2, STXBP1, HCN1, CHD2, and KCNA261–64.  

 

1.7. Precision Medicine Approaches to the Treatment of Epilepsy 

 

Precision medicine, which aims to treat every individual on the basis of their genetic 

composition and personal environmental factors, both within and outside the context of rare 

diseases, has increasingly been identified as a powerful tool in enabling the successful 

treatment of epilepsy across the globe. Precision medicine is not a new concept and is not 

unique to the field of genetics, but its applications have been boosted by genetics to a 

considerable degree65. Additionally, precision medicine should be considered a series of 

approaches to treatment working in tandem, rather than a singular treatment in isolation65.  

 

Precision medicine approaches include, amongst others:  

i. biometric monitoring (which formed the basis of this study’s parent study, Precision 

Management of Epilepsy);  

ii. genetic testing approaches which allow for the identification of disease-causing 

variants in affected individuals, and thus the allow for treatments specific to those 

disease-causing variants, should they exist; and  

iii. pharmacogenomic investigations to improve the efficiency and efficacy of prescribed 

medication.  

The latter two concepts are discussed in the context of epilepsy in the following sections. 

 

1.7.1. Efficacious Genetic Testing in Epilepsy: NGS Approaches for Genetic 

Diagnoses 

 

Current evidence suggests that genetic testing for neonatal- and infantile-onset epilepsies 

produces the highest diagnostic yield and most informative and actionable results66. Next-
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generation sequencing (NGS) approaches are a powerful way of approaching the challenges 

of genetic heterogeneity found within epilepsy syndromes, the phenotypic heterogeneity 

associated with different mutations in the same gene, and the possibility of mosaicism50,67. 

Additionally, NGS-based genetic testing allows for the diagnosis of epileptic disorders which 

do not demonstrate typical clinical or electrographic features (such as many metabolic 

epilepsies) and can allow for a reliable diagnosis without the need for invasive procedures 

such as biopsies, metabolic testing, or cerebrospinal fluid analysis68. The ability to 

circumnavigate invasive, often painful diagnostic procedures is of particular benefit in 

paediatrics, where such procedures are often traumatic for both children and their families. 

 

By 2017, approximately one thousand genes had been associated with epilepsy, and gene 

discovery for epileptic disorders has continued at a substantial rate29. Next-generation 

sequencing is thus the most efficient and cost-effective approach to genetics-based diagnosis 

of epilepsy, due to its ability to sequence multiple genes simultaneously, and is the routine 

approach to the diagnosis of genetic epilepsy in HICs4. In some studies, the use of NGS 

approaches has increased the likelihood of the identification of a causal variant in epileptic 

encephalopathy cases from less than 10% to more than 30%69. Phenotypic features which are 

associated with a higher diagnostic yield include early onset of seizures, drug resistance, and 

developmental co-morbidity70–72. Additionally, diagnostic yield has been observed to differ by 

testing method, with GS, ES, and gene panels producing diagnostic yield of up to 48%, 45%, 

and 25%, respectively46. The genes most commonly identified as having causative variants 

for epilepsy in NGS studies are SCN1A, KCNQ2, CDKL5, SCN2A, and STXBP1, and 

monogenic cases remain the main target of clinical testing46,70. Testing by chromosomal 

microarray has been observed to produce a diagnostic yield of 5-15% in cases of DEE46. 

 

The most commonly used approaches in the clinical setting for epilepsy are ES, which involves 

the sequencing of all the protein coding regions (exons) in the entire genome, and gene 

panels, which sequence a finite list of genes selected for the panel based on the disorder 

under investigation. Genome sequencing is increasingly used in the diagnostic laboratories of 

HICs, though this is still prohibitively expensive in LMICs46. All these approaches allow for an 

increase in diagnostic efficiency that have led to substantial improvements on previous 

diagnostic rates for epilepsy, with the use of traditional direct cycle sequencing for the genetic 

diagnosis of epilepsy essentially rendered obsolete46.  
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The NGS approach most commonly taken in the diagnostic setting is the use of gene panels. 

Gene panels can give higher average coverage than exomes, resulting in better depth of 

coverage and greater power to identify small deletions and mosaicism, and are additionally 

less costly and technically easier to run, with smaller data storage requirements69. Panels also 

avoid the ethical challenges that may be presented by incidental findings, due to their 

specificity. The broader the diagnostic approach, the more likely the chance of an incidental 

finding occurring, though only actionable incidental findings would be reported. The yield of 

actionable incidental findings in cases of epilepsy ranges from 2-4%46. However, a challenge 

of the gene panel approach is the process of choosing what genes to sequence, in order to 

maximise diagnostic yield. In a review of commercially available gene panels, Chambers et 

al. found gene panels for epilepsy to range in size from 70 to 465 genes, with an overlap of 

genes implicated in many different diseases73.  

 

There are multiple factors influencing the diagnostic yield of panels, and the size of a panel 

does not necessarily directly correlate to diagnostic yield. Diagnostic yield tends to be highly 

variable across different panels, with a range of 10% to 72% reported in across different 

studies74. This is likely due to different study designs and particularly the participant selection 

process, including the level of phenotyping performed, and the inclusion and exclusion criteria. 

Though ES and GS do have the highest diagnostic yields, the difference in yield between ES 

and a well-designed gene panel may be negligible if the targeted population sequenced on 

the panel is appropriate for that panel and selected based on robust phenotyping. This 

demonstrates that, despite its powerful applications, NGS remains a tool to answer a biological 

question, and the context in which NGS technology is applied has a greater effect on the 

results than the choice of NGS technology itself. 

 

There is a substantial research effort in the field of epilepsy genetics to maximise the 

diagnostic yield of gene panels. The main approach involves gathering robust statistical 

evidence for the inclusion of genes on panels, as well as population data to potentially design 

population-specific gene panels75. In the case of epilepsy, population specific panels are likely 

to be relevant mainly in the case of recessively inherited forms of the disease, as the 

frequencies of de novo mutations in dominantly inherited epilepsy-associated genes, which 

make up the majority of causative variants, are likely to hold steady across different 

populations. A demonstration of this is apparent in that two studies, one conducted in a 

Scottish cohort and the other conducted in a Chinese cohort, both found PRRT2 to be the 

most commonly reported causative gene in paediatric epilepsy75,76. (As yet another example 
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of genetic and phenotypic heterogeneity, PRRT2 has also been implicated as a causative 

gene in the movement disorder, paroxysmal kinesigenic dyskinesia77.) 

 

Despite the widespread use of gene panels, ES and GS play an important role in the diagnosis 

of epilepsy, especially in cases where the gene panel approach has not produced a result. 

Despite being more technically challenging and more expensive, these approaches, ES in 

particular, are gaining prominence as the first-tier genetic test for epilepsy in the HICs46. A 

particular strength of ES and GS approaches is the broadening of the phenotypic spectrum 

for both genes and variants and the discovery of modifier and/or additional variants. For 

example, an exome-based study by Allen et al. broadened the phenotypic spectrum for 

variants in KCNB1, and identified possible modifier variants in CPA678. An additional strength 

of ES and GS approaches is that they allow for re-analysis of patient genomic data as new 

knowledge becomes available and new genes are identified as causative of or associated with 

epilepsy.  Genome sequencing may also be used for genomic copy number variant (CNV) 

detection, circumnavigating the need for microarray analysis. This aspect of GS may be found 

to be increasingly important considering the accumulating data considering the prevalence 

and importance of CNVs in genetic epilepsies79,80. Examples of epilepsies occurring due to 

CNVs include 22q11.2 deletion syndrome, 15q13.3 microdeletion-associated epilepsy, and 

epilepsies occurring with co-morbidities of ASD, intellectual disability, and schizophrenia37. 

 

NGS-based testing remains efficacious even in epilepsies which may be diagnosed by non-

genetic means, such as metabolic epilepsies. Examples include pyridoxine-dependent 

epilepsy or GLUT1 deficiency syndrome, where genetic testing may assist in diagnosing 

atypically presenting affected individuals, or individuals who have difficulty accessing 

biochemical diagnostic tests81. Efficient means to diagnose metabolic epilepsies have been 

recognised as increasingly important, as improvements in diagnostics have demonstrated a 

metabolic basis for a substantial portion of recurring seizures in neonates and children82. Such 

metabolic disorders include inherited metabolic disorders with predominantly epileptic 

manifestations and metabolic disorders where epilepsy occurs as part of an overarching 

neurological phenotype82. 

 

Presently, the two main international market leaders in NGS technologies are Illumina (San 

Diego, California, USA) and Thermo Fisher Scientific (Waltham, Massachusetts, USA). 

Illumina sequencing technology uses proprietary fluorescently labelled, reversible terminator 
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nucleotides in order to perform sequencing by synthesis, reading the sequence via the 

fluorescent signals given off by nucleotides incorporated into the DNA. The Ion Torrent 

platform from Thermo Fisher Scientific also performs sequencing by synthesis, but uses 

semiconductor sequencing technology to measure the release of hydrogen ions as 

nucleotides are incorporated into DNA and the hydrogen bonding between complementary 

nucleotides occurs. The change in concentration of hydrogen ions in the solution is detected 

as changes in pH. 

 

1.7.2. Clinical Utility of Genetic Diagnoses: Variant Interpretation and 

Precision Medicine Approaches 

 

The identification of disease-causing variants in sequencing results is often challenged by the 

common co-morbidity of epilepsy with other neurodevelopmental disorders which often have 

a similar or shared genetic basis (such as ASD and intellectual disability)83; complicated 

inheritance patterns, such as incomplete penetrance or mosaicism; unexplained phenotypic 

heterogeneity; and lack of knowledge as to what additional factors may influence phenotypic 

expression of pathogenic variants20. All these factors contribute to the complexity of the 

process of filtering through variants identified by sequencing and assigning pathogenicity 

classifications to those variants. Furthermore, the ability to assess variant pathogenicity and 

functionality has not kept pace with the rapidly increased rate of gene discovery (and variant 

detection), potentially complicating the process of diagnosis and counselling of affected 

families84. Genetic counselling may be particularly difficult in cases where variants are 

classified as variants of uncertain significance (VUS). However, cases involving a VUS may 

be resolved at a later date upon reanalysis of the variant in light of new research and new 

data. Any reanalysis of genomic data should also be accompanied by up-to-date phenotyping 

of the patient in question46. 

 

Despite the challenges described above, the importance of a genetic diagnosis cannot be 

overstated, as a genetic diagnosis can help direct treatment, reduce the need for additional 

investigations, predict future health outcomes, and can have immense psychological benefit 

for affected families, such as alleviating feelings of culpability and guilt by giving them 

diagnostic closure26. Genetics-based diagnosis is therefore an important part of the process 

of multidisciplinary treatment, and despite the complexity of epilepsy and the challenges of 

diagnosis and treatment, several precision medicine approaches have already been 
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implemented for the treatment of epilepsy. Those approaches include informed choices 

regarding ASM use, the repurposing of drugs approved for the treatment of other diseases, 

the use of enzyme replacement therapy, and the development of new gene therapy 

approaches37. An example of drug repurposing is the approval of fenfluramine, previously 

used as an appetite suppressant, for the treatment of DS in 202049. Research into new gene 

therapy approaches for the treatment of epilepsy, such as the use of anti-sense 

oligonucleotides (ASOs), currently involves the use of animal models and preparation for 

human clinical trials37,85. 

 

The use of NGS testing to enable genetic diagnoses and identify specific pathogenic variants 

is of great importance for the use and development of targeted therapies. Genetic 

heterogeneity in the epilepsies extends beyond the influence of multiple genes to 

heterogeneity of different variants in the same gene. The functional nature of causative 

variants, whether they are loss-of-function (LOF) or GOF, has been observed to influence 

disease pathophysiology. The precise nature of pathogenic variants is especially relevant to 

treatment decisions, as epilepsy caused by a LOF variants may have to be treated differently 

to epilepsy caused by GOF variants in the same gene47. The KCNQ2 gene provides an 

example of this phenomena, demonstrating that knowledge of the precise causative variant is 

essential, and assumptions about treatment based on the gene rather than the causative 

variant may be inaccurate86. Another example is the gene SCN2A, found to be causative of a 

range of epilepsies – GOF variants in SCN2A may be treated effectively with sodium channel 

blockers, whereas in cases of LOF variants, sodium channels blockers must be avoided23.  

 

Current therapies for many epilepsies remain imprecise and focused on empirical seizure 

reduction rather than targeting specific disease mechanisms, but there are several existing 

disease-mechanism specific approaches for epilepsy, and identifying a causative gene can 

help direct ASM prescription in up to 76% of cases of paediatric epilepsy46,49. Classical 

examples of disease mechanism-specific approaches to treating epilepsy include: treatments 

for pyridoxine-dependent epilepsy cause by ALDH7A1 variants, treatment of pyridoxamine-5'-

phosphate oxidase deficiency, treatment of pyridoxal-phosphate homeostasis protein 

deficiency, treatment of GLUT1 deficiency, the treatment of PRRT2-related epilepsy with 

carbamazepine, the treatment of KCNT1 epilepsy with quinidine, the use of memantine, 

ketamine, and serine in the treatment of GRIN1A, GRIN2A, GRIN2B, and GRIN2D related 

epilepsies, and the use of ASMs in SCN1A-related epilepsies directed by whether variants 
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demonstrate GOF or LOF disease mechanisms87. Further examples of genetically directed 

therapies are given in Figure 6. 

 

As precision medicine approaches are continuously developed and more widely implemented, 

additional challenges are likely to arise which would need to be addressed. Precision medicine 

approaches are not always easily accessible to all patients who would benefit from them, and 

additionally, may actually not work successfully65. A successful application of precision 

medicine would entail the treatment of a well-defined genetic mechanism, considering patient-

specific factors, resulting in complete seizure control and freedom from co-morbidities49. 

Failure to implement such a successful application may be due to numerous factors, such as 

the mechanism(s) generating the clinical phenotype being inadequately understood, and the 

influence of additional genetic and environmental factors upon individual patients65.  

 

The development of a comprehensive framework for evaluating the success and scalability of 

precision medicine approaches will become increasingly important as precision medicine 

strategies are more frequently applied and new treatments are developed. Investigators 

propose that the development of new precision medicine strategies would ideally include 

phases of gene discovery, diagnosis, characterisation of natural histories, preclinical drug 

discovery, and clinical trials49. Each of these phases has its own associated challenges, as 

well as notable successes which may be built upon to allow for continued progress in the field 

and the continual improvement of clinical outcomes in patients (Figure 7). 
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Figure 6 Examples of precision medicine treatments for the treatment of epilepsy caused by specific genes 

(Figure adapted from Krey et al. 2022)
42

. 
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1.7.3. Pharmacogenetics and the Treatment of Epilepsy 

 

The treatment of epilepsy involves use of ASMs, which are selected for each patient on the 

basis of his or her electroclinical presentation, age, and other clinical features. Conventional 

ASMs are used to prevent seizures, but do not treat the underlying cause of the epilepsy88. 

Drug resistant epilepsy (also referred to as pharmacoresistant or refractory epilepsy) is 

estimated to affect up to 30% of all epilepsy patients and is defined by the ILAE as failure to 

control seizures after treatment with two appropriate ASMs89. Drug resistance and ongoing 

seizure activity is a direct cause or contributor to the many clinical sequalae and overall 

disease burden associated with epilepsy. Individuals who are resistant to one ASM are more 

likely to be resistant to other ASMs, despite different mechanisms of action90. Even within 

Figure 7 Stages in the development of a precision medicine treatment, and their associated accomplishments, 
challenges, and future strategies (Figure adapted from Knowles et al. 2022)49. 



 37

cases of successful treatment, there is a wide variety of responses to ASMs, including adverse 

drug reactions (ADRs)91. Efforts to improve the efficacy of pharmacological treatment for 

epilepsy include trying different combinations of drug regimens and the development of new 

ASMs, such as brivaracetam, which may be used for adjunctive treatment in combination with 

more traditional ASMs92.  

 

Currently, about 30 ASMs are available for symptomatic treatment of epilepsy, but the 

development of new treatments to address pharmacoresistance is limited in utility due to the 

diversity of epilepsy disorders and seizure types, and the complex patterns of drug resistance 

observed in patients with refractory epilepsy90. Observed patterns of drug resistance include: 

i. De novo resistance where the patient never enters a period of seizure freedom while 

being treated with the ASM in question. 

ii. Delayed drug resistance where the patient initially becomes seizure free, but seizures 

subsequently reoccur and become uncontrollable. 

iii. Fluctuating resistance where seizures alternate between being controlled and 

uncontrolled. 

iv. Cases in which the epilepsy is initially drug resistant but over time responds to 

treatment90. 

  

As described above, there are substantial challenges in addressing pharmacoresistance in 

epilepsy by developing and using new drugs. The efficiency of ASM prescription may, 

however, be improved through the application of pharmacogenetics. Pharmacogenetics is the 

study of what genomic variants may influence an individual’s metabolism of, and thus 

response to, a drug, and the mechanisms of how that occurs. In addition to improving the 

efficiency of prescription, pharmacogenetics can also aid in the characterisation of different 

types of drug resistance. This may be done by using pharmacogenomic investigations to 

identify if a patient’s drug resistance is arising from poor metabolism of an ASM, potentially 

rectifiable by a dosage adjustment, or if that ASM is simply not effective against the 

pathophysiology of the disorder treated.  Adverse drug reactions are also a significant problem 

associated with ASMs, and also are a focus of pharmacogenomic research93.  

 

However, the clinical utility of pharmacogenetics in epilepsy remains limited by the lack of data 

available in the field94. Variation in the polymorphic cytochrome P450 (CYP) genes, such as 

CYP2C9 and CYP2C19, has been found to influence ASM metabolism, particularly the 
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metabolism of phenytoin, but the evidence for CYP genes broadly influencing ASM 

metabolism is very limited, and much research in the field requires validation90. The role CYP 

genes may play in ASM metabolism are particularly poorly characterised in Africa91. 

Additionally, there is much greater CYP variation in African populations than in other 

populations, which may contribute to ASM responses and ADRs occurring differently in African 

populations than what would be expected based on studies of other populations95.  

 

It is thus necessary for better characterisation of African pharmacogenomic data, particularly 

in regard to ASMs, as effective and efficient treatment regimens tailored to an African 

population could contribute positively to reducing the high burden of epilepsy on the continent. 

In the context of the resource constraints in Africa, investigating the pharmacogenetics of the 

most widely used and financially accessible ASMs (such as phenobarbital, which is the most 

commonly prescribed ASM worldwide due to its low cost) should be prioritised3. More efficient 

prescription of even a few widely used ASMs could go a long way towards closing the 

treatment gap in SSA countries. 

 

1.8. Precision Medicine for Epilepsy in Africa: Research and Translation 

 

The majority of epilepsy research performed in Africa focuses on recognised aetiology, 

epidemiology, and management of the disease4. Although the implementation of wide scale 

genetic research in epilepsy in Africa could be challenging, such research could be extremely 

informative as well as beneficial on multiple levels. The potential benefit could extend beyond 

Africa and benefit populations worldwide in diagnosing and treating genetic epilepsies as 

African populations have the highest levels of genetic diversity of all human populations. It is 

also important to ensure genetic research becomes translatable in an African context and 

improves local skills development – such research should thus ideally be performed in Africa 

and include the creation of population specific databases to enable the translation of new 

scientific advances to clinical practice4. From the viewpoint of holistic health, it is imperative 

that concerted efforts are made to address the discrepancy in genetic diagnosis and research 

between Africa and the rest of the world. The implementation, over time, of genetic-based 

diagnostics for diseases such as epilepsy, would contribute to reducing that discrepancy.  
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Typically, research is carried out prior to the implementation of genetics-based diagnostic 

techniques, but for epilepsy in SSA, implementation of diagnostic testing in the clinical sector 

as part of a translational research project could be possible due to the high incidence of de 

novo variants in genetic epilepsies, particularly severe paediatric epilepsies. In this way, 

translation of research performed in other regions can be extended more broadly in the African 

context6 . 

 

At present there are no available NGS-based genetic tests for paediatric epilepsy in the South 

African public healthcare sector, although testing is available if samples are referred to 

laboratories in HICs, which is accessible to only a few patients in the South African public 

healthcare sector. Furthermore, referral abroad is not ideal for local patients, as genetic testing 

should ideally be tailored to the genetic architecture of local populations for maximum 

accuracy and efficacy. With the growing focus on non-communicable disease and genetic 

diversity on the African continent, it is also important to grow and develop genomic skills and 

capacity in Africa. It is thus imperative that the public health sector is able to offer a cost-

effective NGS-based diagnostic protocol for paediatric epilepsy.  

 

There are practical considerations to the implementation of such a laboratory testing protocol 

in the state health setting, which include but are not limited to cost, available expertise, 

facilities for processing, and computational resources. All these considerations are relevant 

when designing an NGS protocol for genetics-based diagnosis of paediatric epilepsy for 

translation into the South African state health sector if clinical translation to a resource-limited 

service environment is the ultimate goal96.  

 

1.9 Aims and Objectives 

 

The main aim of this project was to develop an NGS-based sequencing protocol for the 

diagnosis of genetic paediatric epilepsies for translation into the testing repertoire of the 

National Health Laboratory Service (NHLS) in the Western Cape. The objectives were as 

follows: 

a. To collect saliva samples (or blood when saliva is not possible) from children with 

refractory epilepsy and their parents at the epilepsy clinics at Red Cross Children’s 

War Memorial Hospital and to extract DNA from those samples. 
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b. To choose an appropriate NGS approach which would be translatable to the South 

African State Healthcare Service, and design a testing method for genetically 

caused paediatric epilepsy based on that NGS approach. 

c. To perform sequencing on the proband DNA using Ion Torrent Next Generation 

Sequencing technology. 

d. To use a range of bioinformatics tools to establish or exclude the pathogenicity in 

the identified sequence variants.  

e. To use cycle sequencing to confirm the presence of variants in the proband and to 

perform parental DNA analysis to determine the presence of de novo or inherited 

changes. 

f. To assess the feasibility of the laboratory and bioinformatics process for potentially 

translation and implementation in the NHLS genetics laboratory. 

 

The secondary aim was to gather preliminary pharmacogenomic data on a group of patients 

with refractory epilepsy as baseline data, to create a foundation for future research on the 

pharmacogenetics of refractory epilepsy in African populations, and to add to the limited 

pharmacogenomic data available for the South African population. The objectives were as 

follows: 

a. To use establish which variants may influence ASM metabolism in study 

participants, making note of which ASMs are used in the South African State 

Healthcare Service and the pharmacogenomic database PharmGKB.  

b. To design an appropriate approach to test for those variants in the study 

participants, or identify a commercially available test for those purposes. 

c. To statistically compare the genotype distributions in the study group to 

genotype distributions general African populations. 

d. To add the collected data to the pharmacogenomic data available for the South 

African population. 
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Chapter 2: Methods and Materials 

 

2.1 Collection of samples and extraction of DNA 

 

This research project was a sub-study of a wider parent study entitled “Precision management 

of epilepsy in South African children” (HREC 676/2017), which aimed to investigate how home 

technology-based monitoring may have the potential to improve the management of children 

with epilepsy in South Africa, in combination with molecular-based diagnoses and 

pharmacogenomic analyses.  

 

The recruitment process of the parent study included the collection of saliva samples from 

participants and their parents. Ethical approval for this sub-study was granted by the Human 

Research Ethics Committee of the Faculty of Health Science, University of Cape Town (HREC 

357/2019). All participants attended the specialised paediatric epilepsy clinic at the Red Cross 

War Memorial Children’s Hospital (RCWMCH) in Cape Town, Western Cape, South Africa. 

Recruitment pamphlets were made available to participants in three different languages 

(Afrikaans, English, and isiXhosa) (Appendix A). Sample collection was performed on 

participants and both their parents, where possible, after obtaining written informed consent.  

 

All participants recruited into the parent project were included in this molecular study. 

Recruitment was based on the following criteria:   

Inclusion criteria: 

i. A phenotype of clinically defined complex epilepsy with pharmacoresistance, defined 

as failure to control seizures despite the prescription of two appropriate ASMs. 

ii. Aged between 4 and 16 years at the time of recruitment. The reasons for this criterion 

were practical, as sampling involved collection of saliva and wearing of a watch to 

monitor physiological symptoms. 

No participants were excluded on the basis of ethnicity or sex. A total of 40 participants were 

recruited, including ten child-parent trios, 23 child-parent duos (all child-mother) and seven 

participants with no recruited parents. 
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Saliva specimens were collected for DNA extraction, as saliva collection is minimally invasive 

and traumatic, especially for children. Samples were collected using the Oragene Saliva and 

Assisted Saliva kits (DNA Genotek, Ottawa, Canada). DNA was extracted according to the 

manufacturer’s instructions for extraction from 4mL of saliva (Appendix B). DNA quantification 

and measurement of the 260/280 and 230/280 ratios, to assess the DNA purity and quality, 

were performed using the NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, 

Waltham, Massachusetts, USA). 

 

2.2 Selection of the analytical approach 

 

Next-generation sequencing is currently the most effective and widely used technology for 

sequence variant detection in heterogeneous disease such as epilepsy. When deciding 

between sequencing approaches, consideration was given to both the technical and practical 

aspects of ES and gene panels, as well as the clinical and ethical considerations of both 

approaches (Table 1). Consideration was given to the following factors:  

i. Choice of the NGS chemistry and the capabilities of the NGS platform available.   

ii. Affordability, such as reagent cost and cost of sequencing at a diagnostically 

appropriate depth of coverage (DOC). 

iii. Requirements and availability of additional instrumentation and/or analytical software. 

iv. Data storage and required computational capacity. 

v. Options for sequencing data re-analysis at a later date.   

vi. Availability of bioinformatic support. 

vii. Ethical considerations, such as incidental findings and the capacity to address them, 

e.g., special consent, the need for an internal policy on handling incidental findings, 

etc.  

 

Given the resource limitations of the South African state healthcare service, logistical and cost-

related aspects were a major consideration in proposing a functioning and feasible NGS 

laboratory protocol. The approach ultimately decided on for this study was a gene panel on 

the Ion Torrent Personal Genome Machine (PGM) in the Division of Human Genetics at the 

University of Cape Town (UCT), as the currently most easily accessible instrument to the local 

diagnostic laboratory.  
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Table 1: Comparison of Exome Sequencing and Gene Panel diagnostic approaches 

Characteristic of 

Sequencing 

Approach 

Exome Sequencing Gene Panel 

Platform 

Requires an NGS instrument 

capable of ES, which may 

affect scalability and cost.  

Panels still possible but may 

require higher throughput for 

cost-effectiveness.     

Can be run on smaller NGS 

platforms, which allow better 

scalability and are more 

economical for low throughput 

environments.  

Not capable of human ES or 

GS.   

Depth of Sequencing 

and Coverage 

Lower on average than gene 

panels. 

May be challenging to reach 

clinical threshold for diagnostic 

purposes. 

Higher rate of exonic/allele 

drop-out than targeted gene 

panels. 

Produces higher depth of 

coverage and on average, 

better gene coverage than ES. 

Regularly exceeds threshold 

required for diagnostic 

purposes. 

Markedly lower drop-out rates 

than ES. 

Reanalysis of Data for 

New Candidate Genes 

Allows for reanalysis of data in 

light of new gene discoveries. 

Reanalysis of new genes is 

not possible.  

Data produced only for the 

genes included in the panel. 

Cost 

On average more expensive 

than gene panels, as produces 

more data. 

More affordable than ES. 

Data Storage and 

Analysis 

Requirements 

Requires extensive data 

storage facilities. 

Requires sophisticated data 

analysis approaches. 

Less data produced. 

Both analyses and data 

storage are more accessible 

and easily implemented. 
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Personnel and 

Expertise 

Requirements 

Implementation of the 

bioinformatic pipelines requires 

highly trained personnel with 

particular expertise. 

More accessible technique. 

Does not require as extensive 

training in order to perform 

process and analyses. 

Incidental Findings 

May result in incidental 

findings. 

Requires set up of laboratory 

and consenting protocols for 

reporting/not reporting.  

No or minimal incidental 

findings. 

 

2.3 Epilepsy gene panel design 

 

The genes selected for inclusion in this panel were chosen via a sequential process, which 

involved several rounds of selection, each based on different criteria (Figure 1). Throughout 

the design process, the ultimate aim was to produce a panel which would: 

a) include the genes commonly implicated in paediatric-onset epilepsies (especially the 

neonatal/infantile-onset DEEs), but  

b) also be broad enough to accommodate a range of phenotypes,  

c) include genes currently known to have precision medicine implications, and  

d) be of manageable size for efficient, affordable, and easy implementation in the local 

diagnostic setting. 

 

Initially, genes were identified through review of epilepsy gene panels available in HICs. The 

panels surveyed, included those offered by clinical genetic testing companies like GeneDX 

(Gaithersburg, Maryland, USA) and Invitae (San Francisco, California, USA), as well as a 

gene panel currently used in research investigating the genetic aetiology of the DEEs at UCT. 

This process resulted in a list of 164 genes for possible inclusion in the panel. 

 

Genes identified from those panels were then reviewed using the existing literature for the 

associated phenotypes (e.g., childhood-onset or adult-onset epilepsy, metabolic or 
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neurological disorders, etc.), function (if currently described), level of association (i.e., proven 

association with multiple lines of evidence), as well as yield of informative findings and the 

availability of precision treatment for variants in those genes24,97. The third round of selection 

involved review of recent literature and online resources for genes, as well as the review of 

the selected genes using the ClinGen Expert Panel resource for epilepsy gene curation 

(https://clinicalgenome.org/affiliation/40005/)24,98 . A summary of the gene selection process 

may be found in Figure 1. A final list of 78 genes (Table 2) was selected to design an Ion 

AmpliSeq™ Panel from Thermo Fisher Scientific (Foster City, CA, USA) (hereafter, “Thermo 

Fisher”), using the online interface for panel design (http://ampliseq.com) linked to the Thermo 

Fisher Scientific website (http://www.thermofisher.com/za).  

 

The final panel design was based on the hg19 build of the human genome, with an amplicon 

range of 125-275 base pairs (Table 3). The 78-gene panel designed for this project consisted 

of 73 genes described by the manufacturer as “On Demand” and five genes incorporated into 

a separate, so-called “spike-in” panel. The “On Demand” genes are genes that have been 

optimised and pre-tested by the manufacturer to maximise the gene coverage and capture, 

and increase the success rate of the sequencing runs. The Ampliseq™ On Demand Panel 

may only be ordered for a relatively small number of reactions (with the number of reactions 

orderable being multiples of 96, 32, and 8) and so the necessity of reordering the panel allows 

for its redesign and/or incorporation of newly discovered/implicated genes. 

 

The spike-in panel comprised of five genes not available “on-demand” (ARX, FOXG1, 

GRIN2D, NR2F1, and PURA) (Table 3). That is, they were not optimised and pre-tested and 

had to be ordered as a separate mini-panel (“spike-in panel”). In summary, an optimised, “On 

Demand” Ion AmpliSeqTM panel of 73 genes and a spike-in panel of 5 genes was ordered from 

Thermo Fisher. 
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Table 2 Genes incorporated in gene panel design (OMIM reference number). 

ALDH7A1  

(107323) 

GABRB1  

(137190) 

MECP2  

(300005) 

SLC35A2  

(314375) 

ALG13  

(300776) 

GABRB2  

(600232) 

MEF2C  

(600662) 

SLC6A1  

(137165) 
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ARX*  

(300382) 

GABRB3  

(137192) 

NPRL2  

(607072) 

SLC6A8  

(300036) 

ATP1A2  

(182340) 

GABRG2  

(137164) 

NPRL3  

(600928) 

SMC1A  

(300040) 

ATP1A3  

(182350) 

GNAO1  

(139311) 

NR2F1*  

(132890) 

SNAP25  

(600322) 

CACNA1A  

(601011) 

GRIN1  

(138249) 

PCDH19  

(300460) 

STX1B  

(601485) 

CACNA1E  

(601013) 

GRIN2A  

(138253) 

PNKP  

(605610) 

STXBP1  

(602926) 

CASK  

(300172) 

GRIN2B  

(138252) 

PNPO  

(603287) 

SYN1  

(313440) 

CDKL5  

(300203) 

GRIN2D*  

(602717) 

POLG  

(174763) 

SYNGAP1  

(603384) 

CHD2  

(602119) 

HCN1  

(602780) 

PRRT2  

(614386) 

SZT2  

(615463) 

CLCN4  

(302910) 

HNRNPU  

(602869) 

PURA*  

(600473) 

TBC1D24  

(613577) 

COL4A1  

(120130) 

IQSEC2 

(300522) 

SCN1A 

(182389) 

TBL1XR1 

(608628) 

DCX  

(300121) 

KCNA2 

(176262) 

SCN1B 

(600235) 

TCF4 

(602272) 

DEPDC5 

(614191) 

KCNB1 

(600397) 

SCN2A 

(182390) 

TSC1 

(605284) 

DNM1 

(602377) 

KCNH5 

(605716) 

SCN3A 

(182391) 

TSC2 

(191092) 

DYRK1A 

(600855) 

KCNQ2 

(602235) 

SCN8A 

(600702) 

UBE3A 

(601623) 

EEF1A2 

(602959) 

KCNQ3 

(602232) 

SIK1 

(605705) 

WDR45 

(300526) 
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FOXG1* 

(164874) 

KCNT1 

(608167) 

SLC13A5 

(608305) 

WWOX 

(605131) 

GABBR2 

(607340) 

KIAA2022 

(300524) 

SLC1A2 

(600300) 

GABRA1 

(137160) 

MBD5 

(611472) 

SLC2A1 

(138140) 

Note “*” denotes genes which are not available as “On Demand” genes and were ordered as a separate 

“spike-in” panel; underlined genes are genes which currently have specific precision medicine treatment 

implications24,46.  

 

Table 3: Details of panel design, taken from the panel design interface at http://ampliseq.com   

 
Ion AmpliSeqTM On 

Demand Panel 
Spike-In Panel 

Genome Human (hg19) Human (hg19) 

Amplicon Range 125-275 bp 125-275 bp 

Panel Size 389.953 kb 9.4kb 

In-Silico Coverage 99% 71.89% 

Number of Primer Pools 2 2 

Pool 1 1018 amplicons 28 amplicons 

Pool 2 1014 amplicons 25 amplicons 

 

The coverage of the genes included in the spike-in panel was predicted by Thermo Fisher 

through an in silico analysis, and provided upon the completion of the panel design. Although 

the predicted coverage was less than 90% for all genes (Table 4), the spike-in panel remained 

included in the analysis due to the importance of including those genes, and the fact that the 

predicted coverage was based on an in silico analysis, and may have performed better in 

practice than predicted. (Also of note, only the coding DNA sequence (CDS) region of genes 

is covered by the On-Demand panel design tool, thus UTR regions are not specifically 

included. The exon padding for every gene design is either 5 bp or 25 bp on the 5’ and 3’ 

ends.) 
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Table 4: Predicted spike-in panel design gene coverage based on in silico analysis, provided 

by Thermo Fisher Scientific  

Gene 

Total 

Number of 

Targeted 

Base Pairs 

Base Pairs 

Predicted to be 

Covered 

Base Pairs 

Predicted to be 

Missed 

Predicted Total 

Coverage 

ARX 1739 1228 511 70,62% 

FOXG1 1480 927 553 62,64% 

GRIN2D 4131 2993 1138 72,45% 

NR2F1 1302 905 397 69,51% 

PURA 979 871 108 88,97% 

 

2.4 DNA quality check assays 

 

Stock DNA was diluted in nuclease free water to a concentration of 50ng/uL. The integrity of 

the diluted DNA was checked by agarose gel electrophoresis, using 1% agarose gels. 

Samples dilutions were loaded onto gels as 1uL of each sample dilution with 3uL of loading 

dye, and 8uL of Gene Ruler 100bp Plus DNA Ladder, followed by electrophoresis at 120V for 

40 minutes. Samples which did not show on the gel were rerun with 2uL of DNA dilution (100ng 

of DNA) loaded onto the gel.  

 

A real-time PCR RNase P amplification assay was performed as a quality control check to 

both quantify and assess the efficiency of DNA amplification for each sample. The assay was 

performed using the TaqMan® RNase P Detection Reagents Kit (Thermo Fisher Scientific, 

USA (catalogue number: 4316831)), according to manufacturer’s instructions (Manual Title: 

Demonstrated Protocol: Sample Quantification for Ion AmpliSeqTM Library Preparation Using 

the TaqMan® RNase P Detection Reagent Kit; Publication Number: MAN0007732).  

 

The construction of a standard curve using DNA of known concentrations is necessary in order 

to quantify sample DNA amplification during the PCR RNase P amplification assay. Prior to 

preparation and quantification of patient samples, solutions of known DNA concentration were 
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prepared with control DNA, provided with the RNase P Detection Reagents kit. Seven tubes 

were prepared, and labelled 1 to 7. 15uL of nuclease-free water was added to each tube. A 

sequential 1:2 dilution was performed: 15uL of control DNA added to tube 1 and mixed by 

vortexing, 15uL of solution from tube 1 was added to tube 2 and mixed by vortexing, with the 

process repeated until the dilution series of seven standard samples was completed, for the 

following concentrations in each tube: 

 

Table 5: DNA concentrations used to construct a standard curve to quantify sample DNA 

amplification.   

Tube Volume (uL) Concentration (ng/uL) 

1 15 5 

2 15 2.5 

3 15 1.25 

4 15 0.625 

5 15 0.3125 

6 15 0.15625 

7 30 0.078125 

 

Patient samples and control DNA solutions were diluted in 1:100 and 1:500 dilutions in 

nuclease-free water. A PCR master mix was prepared using TaqMan® Universal PCR Master 

Mix (2X), 20X RNase P Primer-Probe mix, and nuclease-free water. 17.5uL of master mix and 

2.5uL of either patient sample dilution or control DNA dilution were added to wells in a 96 well 

plate, with each individual sample being added three times for readings in triplicate. Nuclease-

free water was used as a non-template control. Thermocycling was carried out using a Bio-

Rad C1000 Thermo Cycler and a CFX96 Real Time System (Bio-Rad Laboratories, Hercules, 

California, USA). Cycling conditions were as follows: 2 minutes at 50°C; 10 minutes at 95°C, 

then 40 cycles of 15 seconds at 95°C, followed by 1 minute at 60°C. 

 

DNA showing poor amplification with the RNase P assay were subjected to DNA clean-up with 

the OneStepTM PCR Inhibitor Removal Kit or the DNA Clean and ConcentratorTM Kit (both 
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manufactured by Zymo Research (Irvine, California, USA)), with four samples cleaned with 

each kit. Clean-up was not repeated with the other 32 samples due to substantial reduction of 

DNA concentration. 

 

2.5 Next-Generation Sequencing 

 

Next-generation sequencing was performed on 40 proband samples using the Ion Torrent™ 

technology PGM platform (Thermo Fisher Scientific) in the Division of Human Genetics, 

Faculty of Health Science, UCT. The Ion Torrent™ technology sequences DNA through 

“sequencing by synthesis” (also described as ion semi-conductor sequencing). The release of 

hydrogen ions during incorporation of new nucleotides results in changes in hydrogen ion 

concentration (that is, pH level). The difference in hydrogen bonding between guanine and 

cytosine and adenine and thymine base pairs results in changes to the hydrogen ion 

concentrations, which can be monitored and used to determine the sequence of the 

nucleotides being added.  

 

2.5.1 Library preparation 

 

In the context of the Ion Torrent™ NGS technology, library preparation refers to the multi-step 

process of preparing DNA samples for sequencing. Preparation involves the fragmenting of 

DNA, ligating “adaptors” to the DNA and enrichment for the targeted regions by amplification 

(when using on the Ion Torrent™ platform). The non-target DNA is removed. Adaptors are 

nucleotide sequences which enable emulsion PCR, which refers to the amplification of DNA 

in separate individual water-in-oil drops, to avoid the formation of PCR artifacts99. 

 

Each DNA sample was diluted to 1ng/uL, with volumes calculated according to concentrations 

measured by the real-time PCR assay described above. Automated library preparation was 

performed for each sample using the Ion ChefTM Instrument (Thermo Fisher Scientific) and the 

Ion AmpliSeqTM Kit for Chef DL8 kit (Thermo Fisher Scientific), according to manufacturer’s 

instructions (Manual Title: Ion AmpliSeqTM Library Preparation on the Ion ChefTM System; 

Publication Number: MAN0013432). The Ion ChefTM Instrument is a machine which performs 

automated library preparation, once samples have been prepared using the Ion AmpliSeqTM 

Kit for Chef DL8 kit. 15uL of diluted DNA samples were added to 96 well IonCode™ PCR 
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Plates, provided in the Chef DL8 kit. Reagents were thawed at room temperature for 20 

minutes prior to use. Reagents, primer pools used to enrich (through amplification) the regions 

targeted for sequencing, the DNA-containing plate, and a collection tube were loaded onto the 

machine. Samples underwent automatic library preparation in sets of eight, the maximum 

number of samples which can undergo library preparation at one time on the Ion ChefTM 

Instrument. Annealing and extension time was set to four minutes for all samples (as dictated 

by the number of primer pools in the gene panel, according to the manufacturer’s instructions).  

 

Prior to loading of samples on the Ion ChefTM Instrument, the spike-in primer pools were added 

to the parent panel (consisting of the On Demand genes) primer pools. The volume of spike-

in primer pools to be added to the parent panel is dictated by the number of primer pairs in the 

primer pools in the spike-in panel; 6.4uL of each spike-in primer pool was added to its 

corresponding parent panel pool, as per the manufacturer’s instructions. No additional 

quantification of the prepared library was required, as automatic library preparation produces 

libraries at a uniform concentration of 700 picomole (pM).  

 

2.5.2 Templating of DNA onto Ion Sphere Particles 

 

Upon the completion of library preparation, sample amplicons must be attached to microscopic 

beads to undergo clonal amplification prior to actual sequencing. This process, and the loading 

of the samples onto a so-called “chip” for sequencing, is referred to as “templating”. It is 

necessary to determine in advance how many samples should be loaded onto one chip, for 

the most economical use of the reagents, while considering the minimum DOC required for 

the sequencing’s purpose. It was determined that in order to achieve an average DOC of at 

least X300, eight samples should be loaded per one Ion 318TM Chip100.   

 

The concentration of sample libraries loaded onto a chip must also be determined prior to 

templating. Optimal library concentration for loading is influenced by the Ion Sphere particle 

(ISP) loading and levels of polyclonality, and finding the best balance between the two to 

produce “useable reads”. ISP loading refers to the amount of DNA amplicons attached to an 

ISP bead, which influences the amount of data produced by the sequencing run. Too great an 

amount of ISP loading increases the likelihood of polyclonality occurring. Polyclonality refers 

to the attachment of more than one type of amplicon to an ISP bead, resulting in unusable 
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data, due to the production of mixed signals during the ion semiconductor sequencing. An 

appropriate balance between the two is thus required to produce the maximum amount of 

useful and reliable sequencing data. Determining that balance is a key part of panel 

optimisation, as there is no definitive threshold recommended by the manufacturer, rather 

each panel must be individually optimised based on its characteristics and purpose. 

 

In order to determine the optimal conditions for the panel’s use in the clinical sphere, individual 

chips (corresponding to five different sequencing runs) were loaded with different 

concentrations of sample libraries. Sample libraries were diluted from 700pM to a designated 

concentration of 30pM for one run, and 35pM for the other four runs using nuclease-free water. 

Templating of libraries on to Ion 318TM Chips was performed using the Ion ChefTM Instrument 

and Hi-QTM Templating Kits, according to manufacturer’s instructions (Manual Title: Ion PGMTM 

Hi-QTM View Chef Kits User Guide; Publication Number: MAN0014571). Once templating was 

complete, chips were immediately removed from the Ion ChefTM Instrument and placed directly 

for sequencing on the Ion Torrent PGM, or placed in an airtight container and refrigerated until 

sequencing.  

 

2.5.3 Sequencing 

 

Sequencing of samples was performed using the Ion TorrentTM PGMTM System (Thermo Fisher 

Scientific) (Manual Title: Ion PGMTM Hi-QTM View Chef Kits User Guide; Publication Number: 

MAN0014571). Templated chips were placed in the PGM, and the number of flows was set to 

500 (“flow” refers to the process of adding nucleotides to the sequencing reaction to allow for 

strand extension, i.e., sequencing by synthesis.) Five sequencing runs of 8 samples each 

were performed, for a total of 40 samples sequenced.  

 

2.5.4 Data analysis and variant prioritisation 

 

Upon the completion of the sequencing process, each proband was subjected to a variant 

prioritisation workflow to prioritise variants for further investigation. Run progress, finalised run 

information, and quality control metrics were analysed using the Torrent SuiteTM software 

package (Thermo Fisher Scientific) in order to confirm the quality and amount of useable 

sequencing data. Sequencing run data was uploaded from Torrent SuiteTM to the online 
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analysis tool Ion ReporterTM software (version 5.12) (Thermo Fisher Scientific) 

(http://ionreporter.thermofisher.com). The alignment algorithm used by the Torrent SuiteTM 

software to align reads to the reference genome (hg19) was TMAP, a currently unpublished 

algorithm101,102. 

 

A custom workflow was designed for analysis of the sequencing data. The workflow was 

designed (through the selection of various options available on the Thermo Fisher Ion 

ReporterTM Software) to:  

i. Detect and annotate variants in human DNA samples. 

ii. Analyse a single sample at a time. 

iii. Compare the sample sequences to the hg19 reference genome (as these sequencing 

runs were performed at the end of 2019 and throughout 2020).  

iv. Focus on the target regions specific to the panel (using the .bed file generated by Thermo 

Fisher Scientific upon submission of the panel design to specify those regions for the 

software). 

v. Perform annotations using all available annotation sets: 

o Locus, variant type, population frequencies, gene, transcript, genomic location, 

function, coding change, in silico predictions of pathogenicity, designation in 

ClinVar, designation in dbSNP, genotype ontology terms, and OMIM number.   

vi. Have no automatic variant filters. 

vii. Not call CNVs. (This requires baseline data, which was not available at this stage.) 

viii. Not use any additional plug-ins (i.e., additional analyses, such as methylation analysis or 

automated variant calling).  

 

Upon the completion of analysis for each sample, a .tsv file was exported from Ion Torrent for 

the relevant sample. These .tsv files were generated by the software using a .bam file (Binary 

Alignment Map file - the file containing the aligned sequence data), a .bai file (the index file 

which must necessarily accompany a .bam file), and a .vcf file (Variant Call Format file, 

containing all the sequence variations from the reference genome). After being exported, the 

.tsv files were transferred to Microsoft Excel (Microsoft Corporation, Redmond, Washington, 

USA), producing a spreadsheet of variants annotated with the parameters chosen as part of 

the Ion ReporterTM custom analysis workflow design (above).   
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The following filters were applied to the spreadsheet to prioritise variants for further 

investigation: 

 

i. Prior to detailed filtering, a broad check was performed for any recurrent variants 

already published as pathogenic or likely pathogenic in ClinVar. These variants 

would be noted, but the extended variant prioritisation process would be resumed. 

The reason for this initial check, was to ensure that no previously published pathogenic or 

likely pathogenic variants were filtered out because of position or function (e.g., intronic or 

synonymous variants with published evidence of pathogenicity). 

 

ii. The initial filter applied to all the variants was the automatic assessment of the 

quality of reads produced in the sequencing data – that is, the raw data identifying 

the presence of a variant had to pass the Ion TorrentTM quality filters (marked as 

PASS), which is bioinformatically assessed by the software.  

 

iii. All variants were then filtered based on their population frequencies in the 5000 

Exomes project.  The frequency cut-offs were 1) absence from population 

databases for AD genes, and 2) <5% minor allele frequency for variants in AR 

genes.  

Exclusion of AD variants with published MAFs in population databases was based on the 

assumption that variants causative of these early-onset, severe phenotypes will not feature in 

population databases of normal genomic variation. The majority of causative variants for these 

disorders occur de novo in the absence of family history or an affected parent. The <5% cut-

off for AR genes was chosen based on the accepted cut-off for the MAF of rare, Mendelian 

variants103. Variants with population frequencies greater than those cut offs were discarded. 

X-linked genes were filtered using the same 5% minor allele frequency cut-off as autosomal 

recessive genes, though consideration was given to the specific gene and sex of the patient 

under investigation, as not all X-linked epilepsy genes follow typical X-linked dominant or 

recessive inheritance patterns.  

 

iv. All intronic, and synonymous variants, as well as those in the UTR regions and 

regions upstream or downstream of the gene were excluded. Exceptions included 
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synonymous variants affecting splicing (the first/last codon of an exon) and known 

pathogenic variants previously described in the literature and clinical databases, 

such as ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), LOVD 

(https://www.lovd.nl/), or HGMD (https://www.hgmd.cf.ac.uk/).  

 

Subsequent to the prioritisation process described above, quality indicator metrics were also 

assessed. Depth of coverage was assessed, and variants were discarded if the depth of 

coverage was below the diagnostic minimum of 30104. However, in cases where the depth of 

coverage was low, but the variants in question had been previously reported and had other 

good quality indicators, such as the proportion of reads containing the variant, the .bam data 

file would be used to visualise the sequence context of the amplicon using the Integrative 

Genomics Viewer (IGV) (https://software.broadinstitute.org/software/igv). Based on this, a 

discretionary decision would be made on whether or not the variant should be included for 

cycle sequencing confirmation.  (In greater depth, allele balance refers to the percentage of 

reads in which a variant is observed in sequencing data relative to the wild type allele. For 

example, for a heterozygous germline variant in an autosomal dominant gene, the allele 

balance should be close to 50% (or a ratio of 0.5). Allele imbalance may indicate a technical 

artifact from the sequencing process, or may indicate possible mosaicism, which may be 

relevant in certain phenotypes.) 

 

v. Finally, consideration was also given to the strength of association between the 

gene in which a variant was found and the phenotypic presentation of the proband 

under investigation, as multiple candidate variants may be detected per patient.  

For example, in a patient clinically diagnosed with DS, a truncating variant in SCN1A may be 

initially prioritised over variants in other genes. This does not mean that the other variants 

would be discarded, rather, they would be investigated if the SCN1A variant were excluded 

(e.g., if it were present in an unaffected parent). Upon each proband undergoing the variant 

prioritisation process, those variants which passed all the above-described filters were 

selected for direct cycle sequencing confirmation. The variant prioritisation pathway is 

summarised in Figure 2 below. 
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Figure 2 Summary of filtering pipeline to identify variants for further investigation. 
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2.6 Assigning pathogenicity classifications using ACMG criteria 

 

Pathogenicity classifications were assigned to variants through use of the American College 

of Medical Genetics and Genomics (ACMG) guidelines for the interpretation of sequence 

variants105. The ACMG guidelines were developed to enable the use of standardised 

terminology and classification criteria for genetic variants, allowing for greater uniformity in 

how variants are classified and interpreted. Variants identified after sequencing and the 

application of the filtering workflow described above were systematically assessed across a 

range of criteria, such as de novo status, in silico predictions, alignment with expected 

phenotypes, population frequency, etc., to come to final classification. Such assessments 

required access to phenotypic information, which was accessed through the clinical REDCap 

database for the study.  

 

2.7 Variant confirmation with direct cycle sequencing and segregation analysis 

 

Following prioritisation, variants were selected for confirmation with direct cycle sequencing 

and segregation analysis. Pre-designed primers for direct cycle sequencing, specific to the 

regions of the particular genes in which the variants of interest are located, were ordered from 

Thermo Fisher Scientific. Sequencing was performed using the BigDye® Direct Cycle 

Sequencing Kit, according to the manufacturer’s instructions (Protocol Title: BigDye® Direct 

Cycle Sequencing Kit Protocol (PN 4458040C) (Appendix C). 

 

Parental DNA (when available) was tested for the presence of the same variant. Segregation 

analysis is an important step in variant interpretation, as establishing de novo occurrence is 

often a deciding factor determining variant pathogenicity in cases of DEE and other severe 

paediatric epilepsies. In these cases, de novo occurrence, together with clinical evidence, 

would override all in-silico predictions of pathogenicity. Final variant classification and 

relevance to phenotype and treatment were discussed with members of the clinical team 

responsible for the care of the patients.  
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2.8 Pharmacogenetics 

 

The secondary aim of this project was to conduct a preliminary pharmacogenomic exploration 

in the study’s participant group, which reflected the population of the Western Cape, South 

Africa.  

 

2.8.1 Selection of single nucleotide variants for inclusion on a 

pharmacogenomic array 

 

Within the context of minimal published research into the pharmacogenetics of ASMs, 

particularly in the African populations, the approach taken to initiate this preliminary 

exploration incorporated several lines of inquiry. The pharmacogenomic component of this 

study was not looking for disease causing variants, but rather was investigating potential 

associations between variants and drug metabolism, and hence consisted of a mainly 

statistical approach. 

 

A comprehensive search for variants which may influence the absorption, distribution, 

metabolism, excretion, and transport of ASMs in African populations is well beyond the scope 

of this project. It is a research question which will be addressed by future research into the 

pharmacogenetics of ASMs in African populations.  

 

It was within the scope of this project to consider the following: 

1. What pharmacogenomic variants known to be implicated in the metabolism of other 

drugs may also be associated with absorption, distribution, metabolism, excretion, and 

transport (ADMET) of ASMs in this group of probands? 

2. What variants considered to be specifically relevant to ASM metabolism in other 

populations may be present in this study group – that is, would previously identified 

variants associated with ASM metabolism be present in this research group? 

 

Genotyping was performed with the use of pharmacogenomic arrays. Commercially available 

pharmacogenomic arrays were reviewed, and the VeriDose® Core Panel, designed by Agena 
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Bioscience (San Diego, California, USA), and a custom mass array (run on the MassARRAY 

system in combination with MALDI-TOF analysis) manufactured by Inqaba Biotec (Pretoria, 

South Africa) were selected.  

 

The VeriDose® Core Panel consists of 73 genomic variants across 20 well-known absorption, 

distribution, metabolism, excretion (ADME) genes, including 68 single nucleotide variants 

(SNVs) or insertions/deletions (INDELs) and CNVs (See Appendix D for complete list of 

variants on the VeriDose® Core Panel). The VeriDose® Core Panel was thus utilised to 

investigate known ADME variants in the novel context of ASMs and an African population.  

 

To investigate the presence of known ASM ADME variants in an African population, a custom 

mass array was designed to be run by Inqaba Biotec as the technical service provider. The 

online database PharmGKB (https://www.pharmgkb.org/) was used to identify variants in 

genes known to influence ASM metabolism in non-African populations. A sequential filtering 

process was followed to select the variants for inclusion. This process involved investigation 

of which variants influence the metabolism of ASMs commonly prescribed in the public health 

sector in South Africa (listed in Table 6), and review of the level of evidence for clinical 

annotation for each variant. (Clinical annotation here refers to descriptions in literature of 

associations between the variants and influence on the metabolism of each of the respective 

ASMs.)  Levels of evidence are listed on PharmGKB as high, moderate, low, or preliminary 

evidence – only variants with high or moderate levels of evidence were considered for 

inclusion. The initial list of variants for inclusion in the custom mass array was compared to 

the VeriDose® Core Panel, and variants appearing on both lists were removed from the list 

for the custom mass array and only included in the VeriDose® Core Panel. The custom mass 

array was ultimately designed to investigate the presence of eight ASM ADME variants in the 

study population. Those eight variants are listed in Table 7 below. 

 

Table 6 Anti-seizure medications commonly used in the South African Public Health Sector, 

administered to the participants in this study. 

Carbamazepine Lorazepam 

Phenobarbital Oxcarbazepine 

Topiramate Prednisone 



 61

Levetiracetam Stiripentol 

Sodium valproate Vigabatrin 

Valproic acid Prednisolone 

Lamotrigine Methylphenidate 

Clobazam Risperidone 

Phenytoin Lorazepam 

 

Table 7 Variants, and the genes in which they are found, included in this study 

Gene Variant 

EPHX1 rs2234922 

DRD2 rs1800497 

DRD2 rs1799978 

HTR2C rs1414334 

UGT1A4 rs2011425 

EPHX1 rs1051740 

SCN1A rs3812718 

MC4R rs489693 

 

2.8.2 Preparation of DNA samples for pharmacogenomic arrays 

 

DNA from each proband was diluted based on the concentration measured with the NanoDrop 

Spectrophotometer to a concentration of 50ng/uL in a volume of 30uL. The prepared samples 

were subsequently referred to Inqaba Biotech for analysis using both the VeriDose® Core 

Panel and the custom array. 
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2.8.3 Analysis of pharmacogenomic data 

 

Data from the VeriDose® Core Panel and the custom pharmacogenomic array were provided 

in the format of genotype counts in a Microsoft Excel (Microsoft, Redmond, Washington State, 

USA) spreadsheet. All subsequent analyses were carried out independently of Inqaba Biotec. 

Hardy-Weinberg Equilibrium (HWE) analyses were performed for each variant independently 

to assess if genotype and allele frequencies deviated from HWE. Deviation from HWE could 

suggest genotyping errors or a form of natural selection impacting genotype or allele 

frequencies. The Pearson Chi-squared test was performed for each variant in R 

(https://www.r-project.org/), using data for African reference populations available in the online 

database Ensembl (https://www.ensembl.org/), in order to investigate if the distribution of 

genotypes in the study population differed from that in an African reference population (the 

implication being if genotype distributions were significantly different that those variants may 

be involved in the abnormal metabolism of ASMs in the participant group). The Chi-squared 

test could not be performed for certain variants due to genotype distributions consisting of only 

one genotype present in a population, or due to a lack of data for a reference population. 
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Chapter 3: Results 

 

3.1 Collection of samples and DNA extraction from saliva and blood 

 

Forty participants matching the inclusion criteria were recruited from RCWMCH. Recruited 

participants displayed a wide range of symptoms and disease presentations, with a variety of 

working diagnoses suggested by clinicians (Appendix E). The study group comprised of ten 

complete patient-parent trios, 23 patient-parent duos (which were exclusively patient-mother 

duos), and seven patients for which no parental DNA was available. The study group 

comprised of 20 males and 20 females of the self-reported ancestries: Indigenous Black 

African (n = 28), South African Mixed Ancestry (n = 10), Indian (n = 1), and South African 

White (n = 1) (Table 1).  

 

The concentrations of DNA extracted from the patients and parents ranged from 3.19ng/uL to 

2644.62ng/uL (see patients in Table 1, both patients and parents in Appendix F). In cases 

where multiple samples were obtained from the same patient, the samples with the best quality 

indicators were processed moving forward into NGS. All patient DNA was successfully 

processed through NGS and pharmacogenomic analysis.  

 

Table 1 Study participants, designated by study-assigned family numbers*, self-assigned 

ancestry, availability of parental samples, sample DNA concentrations and the quality indicator 

ratios. 

Study-

Assigned 

Number* 

Self-

Reported 

Ethnicity  

Maternal 

Sample 

Paternal 

Sample 

DNA 

Concentration 

(ng/uL) 

260/280 

ratio 

260/230 

ratio 

1 
Mixed 

Ancestry 
X  116.46 1.81 1.17 

2 
Black 

African 
  714.18 1.89 1.61 

3 
Black 

African 
X X 370.80 1.80 1.16 

4 
Mixed 

Ancestry 
X  46.27 1.98 0.95 
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5 
Black 

African 
X  170.97 1.87 1.06 

6 
Black 

African 
  1648.45 1.90 1.50 

7 
Black 

African 
X X 329.73 1.84 1.29 

8 
Black 

African 
  172.73 1.91 0.79 

9 
Black 

African 
X  240.51 1.68 0.82 

11 
Black 

African 
X  1194.25 1.90 1.48 

12 
Black 

African 
X  255.34 1.92 1.13 

13 
Black 

African 
X X 439.61 1.69 0.79 

14 
Black 

African 
  284.07 1.89 1.34 

16 
Black 

African 
X  585.96 1.93 1.46 

18 
Black 

African 
  297.29 1.83 1.34 

19 
Mixed 

Ancestry 
X  272.54 1.79 0.82 

20 
Mixed 

Ancestry 
  157.07 1.52 0.35 

21 
Black 

African 
X X 260.59 1.86 0.89 

22 SA White X X 719.71 1.82 1.77 

24 Indian X X 175.19 1.93 0.87 

25 
Mixed 

Ancestry 
X  1065.33 1.85 1.57 

26 
Black 

African 
X  481.00 1.70 0.98 

27 
Black 

African 
X  419.40 1.94 1.38 
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28 
Black 

African 
X  2644.62 1.98 1.57 

29 
Black 

African 
X  88.48 1.26 0.32 

30 
Black 

African 
X X 22.4 1.87 -2.78 

31 
Black 

African 
X  279.38 1.65 0.65 

32 
Black 

African 
X  484.21 1.87 1.37 

33 
Mixed 

Ancestry 
X  90.70 1.74 0.87 

34 
Mixed 

Ancestry 
X  341.01 1.83 0.75 

35 
Mixed 

Ancestry 
X X 277.18 1.79 0.98 

36 
Black 

African 
X  221.37 1.95 0.91 

41 
Black 

African 
  128.38 1.60 0.60 

42 
Black 

African 
X X 1988.75 1.87 1.87 

44 
Black 

African 
X X 488.03 1.78 1.62 

45 
Black 

African 
X  326.35 1.88 1.00 

46 
Mixed 

Ancestry 
X  291.74 1.63 0.62 

47 
Black 

African 
X  321.74 1.85 1.25 

48 
Mixed 

Ancestry 
X  1156.83 1.87 1.27 

50 
Black 

African 
X  491.72 1.86 1.06 

*Numbers were assigned sequentially, in order of recruitment. Missing numbers reflect 
families that withdrew or were removed from the parent study. 
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3.2 Gene panel  

 

3.2.1 Gene panel technical performance and quality indicators  

 

Based on a desired DOC for diagnostic purposes, ideal template loading was calculated to be 

eight samples run on an Ion 318™ chip, resulting in five sequencing runs of eight samples 

each, for a total of 40 probands sequenced. Templating of the initial run was done using 30pM 

of the prepared library, resulting in 80% usable reads (the percentage of which is determined 

by both Ion SphereTM Particle loading and polyclonality as described in Chapter 2). The 

subsequent four runs templated 35pM of library onto the sequencing chip, achieving 64%, 

69%, 54%, and 60% of usable reads (for runs 2 to 5 respectively). Figure 1A,1B, 1C, 1D, and 

1E present the respective ISP density heat maps, summaries of usable reads, and summaries 

of read length for the five NGS runs performed, generated by the Ion Torrent software upon 

the completion of each run. All runs were completed successfully. Complete run reports for all 

runs, exported from Torrent SuiteTM software, are available in Appendix G. 
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Figure 1 Summary of run data for Run 1-5 of the Refractory Epilepsy gene panel, produced 
by Ion Torrent software upon the completion of sequencing. Figure 1A represents Run 1, 
Figure 1B represents Run 2, Figure 1C represents Run 3, Figure 1D represents Run 4, 
Figure 1E represents Run 5. (Full run reports available in Appendix G.) 

1C 

1D 
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3.2.2 Target Capture and Coverage 

 

The average mean DOC across all targets in 40 probands was X363.51, ranging from X180.5 

to X480.5. The mean sequencing depth across all target regions for each sample can be found 

in Table 2 below. 

 

Table 2 Mean sequencing depth across all targets for each sample in sequencing runs 1-5. 

Run 1 

369.5 

Run 2 

368.3 

392.9 391.8 

407.7 425.5 

391.8 408.4 

392.1 384.2 

330.9 374.8 

206.2 373.1 

290.5 384.8 

Run 3 

418.7 

Run 4 

327.6 

462.8 322.9 

428.6 291.1 

315.8 348.1 

480.5 323.1 

370.3 297.4 

348.6 325.3 

420.5 335.6 

Run 5 

449.0 

463.0 

486.9 

346.1 

180.5 

356.3 

224.3 

324.7 
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Missing sequences were consistently detected by Torrent SuiteTM software in four of the five 

genes in the spike-in panel, localised to exon 1 in FOXG1, exon 2 in ARX, exon 1 in PURA, 

and exons 2, 3, 4 and 13 in GRIN2D (Table 3). The regions surrounding the missing 

sequences were visually inspected in IGV in order to assess the genomic context which may 

have contributed to failed amplification (and thus, failed sequencing). Example images of the 

presentation of missing regions of sequence in IGV may be observed in Figure 2 below. 

 

Table 3 Missing regions of sequence (drop-out) in the genes FOXG1, ARX, PURA, and 

GRIN2D. 

Gene 

(NCBI RefSeq)  

Site of Missing Sequence 

(hg19 Genomic Coordinates) 
Genomic Context 

FOXG1 

(NM_005249.5) 

Exon 1 

(chr14: 29236486 – 29237041) 

GC rich region – extended 

regions of G homopolymers or 

G/C dinucleotide repeats 

ARX 

(NM_139058.3) 

Exon 2 

(chrX: 25031914-25031381) 

GC rich region – stretches of 

G/C homopolymers 

PURA 

(NM_005859.5) 

Exon 1 

(chr5: 139493767-139493996, and 

chr5: 139494220-139494463) 

GC rich region – stretches of 

G/C homopolymers 

GRIN2D 

(NM_000836.4) 

Exon 2 

(chr19: 48897914-48898193) 

GC rich region – stretches of 

G/C homopolymers. 

GRIN2D 

(NM_000836.4) 

Exon 3 

(chr19: 48901649-48901999) 

GC rich region – stretches of G 

dinucleotide and trinucleotide 

repeats 

GRIN2D 

(NM_000836.4) 

Exon 4 

(chr19: 48908133-48908265) 
GC rich region 

GRIN2D 

(NM_000836.4) 

Exon 13 

(chr19: 48945857-48946505, and 

chr19: 48946650-48947076) 

GC rich region – stretches of 

G/C homopolymers. 

Note The genomic context surrounding the missing sequence regions was observed by 
visually inspection of .bam files in IGV. 
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Figure 2 Non-exhaustive examples of missing regions of sequence in 2A PURA and 2B FOXG1, resulting in partial coverage of the respective 
exons. Sequence data from different patients is separated by double grey lines, region of missing sequence is highlighted by red boxes. Note 
the manner in which, across different patients, there is presence of some sequence to varying degrees before a total absence of reads. 
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3.2.3 Variant prioritisation and confirmation results 

 

Once sequencing was complete, the .tsv files of all probands were combined and subjected 

to batch variant filtration as described in Chapter 2. After filtering, 17 variants were identified 

as variants of interest that warranted further investigation. Of these, 12 were confirmed by 

direct cycle sequencing and five were not observed on cycle sequencing, thus deemed to be 

sequencing artifacts (Table 4). All 12 confirmed variants were identified in dominantly inherited 

genes. Seven variants were observed in samples from non-affected parents during 

segregation analysis, and thus discarded as benign (Table 4). The five variants absent from 

(the available) parental samples were classified as pathogenic (n = 3, two in SCN1A, one 

occurring in a patient-parent trio, and the other in a patient-parent duo, and one in GRIN2A, 

occurring in a patient-parent duo), and as VUSs (n = 2, one in GABRG2, and one in GRIN2B, 

both occurring in patient-parent duos) (Table 5). The in silico indicators of pathogenicity for 

those five variants provided by the Ion Reporter software may be found in Appendix H. The 

filtering out of variants after each analytical step is summarised in Figure 3. Observed 

genotypes were aligned to the phenotypes of the patients through review by a multidisciplinary 

team. Detailed phenotypic descriptions of the patients in which those variants were found may 

be found in Table 6.  
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Figure 3 A flow diagram of the drop-off of variants through NGS variant filtration and 
prioritisation, direct cycle sequencing, and segregation analysis. 



 73

Table 4 Variants discarded as artifactual or classified as likely benign or benign 

# 
Gene 

(NCBI RefSeq) 

Variant 

(hg19 Genomic 

Coordinate) 

Type of 

Variant 

Detected on Cycle 

Sequencing 
Segregation Analysis 

1 
UBE3A 

(NM_130839.5) 

c.959A>G 

(chr15: 25616362) 
Missense No - artifact N/A  

2 
IQSEC2 

(NM_001111125.2) 

c.1629delC 

(chrX: 53280128) 

Frameshift 

Deletion 
No - artifact N/A 

3 
SYNGAP 

(NM_006772.2) 

c.3167delG 

(chr6: 33411491) 

Frameshift 

Deletion 
No - artifact N/A 

4 
GABBR2 

(NM_005458.7) 

c.1489_1490insT 

(chr9: 101151175) 

Frameshift 

Insertion 
No - artifact N/A 

5 
HNRNPU 

(NM_031844.2) 

c.2069_2070insA 

(chr1: 245019303) 

Frameshift 

Insertion 
No - artifact N/A 

6 
COL4A1 

(NM_001845.5) 

c.2059C>T 

(chr13:110835376) 
Missense Yes 

Dominantly inherited gene, and detected 

in unaffected parent. 

7 
CASK 

(NM_003688.3) 

c.1186C>T 

(chrX: 41448815) 
Missense Yes 

Dominantly inherited gene, and detected 

in unaffected parent. 

8 
GABRA1 

(NM_001127645.1) 

c.8A>G 

(chr5: 161277824) 
Missense Yes 

Dominantly inherited gene, and detected 

in unaffected parent. 

9 
GRIN1 

(NM_001185090.1) 

c.1394C>T 

(chr9: 140055641) 
Missense Yes 

Dominantly inherited gene, and detected 

in unaffected parent. 
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10 
DEPDC5 

(NM_001242896.2) 

c.2143G>T 

(chr22: 32229939) 
Missense Yes 

Dominantly inherited gene, and detected 

in unaffected parent. 

11 
ALG13 

(NM_001099922.2) 

c.1955G>A 

(chrX: 110970262) 
Missense Yes 

Dominantly inherited gene, and detected 

in unaffected parent. 

12 
ALG13 

(NM_001099922.2) 

c.1955G>A 

(chrX: 110970262) 
Missense Yes 

Dominantly inherited gene, and detected 

in unaffected parent. 
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Table 5 Details, applicable ACMG criteria, and ACMG classification of variants  

Patient 
Identifier 

Gene  
(NCBI RefSeq) 

rs ID and 
ClinVar ID 

Variant 
Type 

Coding Change 
(hg19 Genomic 

Coordinate) 

Amino Acid 
Change 

Zygosity Inheritance 
Applicable ACMG 

Criteria122 

ACMG 

Classification122  

34 
SCN1A 

(NM_006920.5) 

rs1553521567 
 

ClinVar ID: 
530456 

splice 
acceptor 

c.4444-1C>T 
(chr2:166852628) 

N/A Het. 
Not 

established 

 
PVS1 – Splice site 
variant 
 
PM2 – low population 
frequency (ref) 
 
PP4 – expected 
phenotype 
 
PP5 – described as 
pathogenic in online 
databases 
 

Pathogenic 

22 
SCN1A 

(NM_006920.5) 

rs121918624 
 

ClinVar ID: 
12889 

nonsense 
c.664C>T 

(chr2:166909392) 
p.Arg222Ter Het. de novo 

 
PVS1 – nonsense 
mutation 
 
PS2 – de novo 
mutation 
 
PM2 – low population 
frequency 
 
PP4 – expected 
phenotype 
 

Pathogenic 
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PP5 – described as 
pathogenic in online 
databases 
 

31 
GRIN2A 

(NM_001134407.2) 

rs796052549 
 

ClinVar ID: 
205657 

missense 
c.2191G>A 

(chr16:9892299) 
p.Asp731Asn Het. 

Not 
established 

 
PS3 – Published 
functional studies 
supportive of 
damaging effect on 
gene or gene product 
 
PM2 – low population 
frequency 
 
PM5 – A different 
missense variant at 
the same site is 
pathogenic 
 
PP2 – missense 
variant 
 
PP3 – computational 
evidence for 
pathogenicity 
 

Pathogenic 

16 
GABRG2 

(NM_198903.2) 
n/a missense 

c.211A>G 
(chr5:161520937) 

p.Asn71Asp Het. 
Not 

established 

 
PM2 – low population 
frequency 
 
PP2 – missense 
variant 
 

VUS 
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5 
GRIN2B 

(NM_000834.4) 

rs1042339 
 

ClinVar ID: 
245684 

missense 
c.3499G>A 

(chr12:13716673) 
p.Val1167Ile Het. 

Not 
established 

 
PM2 – low population 
frequency 
 
PP2 – missense 
variant 
 
PP4 – expected 
phenotype 
 

VUS 

NOTE “Het.” is an abbreviation for heterozygous. No rs ID or ClinVar ID are available for GABRG2 c.211A>G as it has not been previously 
described or submitted to online databases.  
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Table 6 Detailed phenotypic description of participants in which relevant variants (Table 5) were found 

Detected Variant 

(hg19 Genomic 

Coordinate) 

Age-

at-

onset 

Seizure description 
ASMs and 

response1 

Development 

prior to 

seizure onset 

Current 

development 

Other clinical 

features/ 

conditions 

EEG Imaging 

Working 

Diagnosis 

prior to 

Genetic 

Testing 

SCN1A 

c.4444-1C>T 

(chr2:166852628) 

2 

months 

Initially generalised 

tonic clonic, followed 

by myoclonic jerks. 

 

Right focal seizures at 

2 years of age with 

secondary 

generalisation. 

 

Atonic seizures and 

drop attacks listed, 

but not age of onset.  

 

5-9 seizures a day 

Trialled ASMs: 

Carbamazepine 

Clobazam 

Lamotrigine 

Levetiracetam 

Phenobarbital 

Sodium Valproate 

Topiramate  

 

Carbamazepine 

worsened 

myoclonus. 

 

Lack of seizure 

control so 

different 

combinations 

tried. 

Developmental 

delay prior to 

seizures - not 

smiling by 

seizure onset at 

10 weeks. 

Currently has 

severe ID - no 

evidence of 

neuroregression. 

Initially right 

hemiplegia, now 

spasticity. 

 

Microcephaly, 

prominent ears 

Abnormalities 

described as 

bilateral 

independent 

spiking, more 

marked over left 

hemisphere with 

isolated right 

hemispheric 

slowing.  

 

EEG evolution 

described as 

bilateral slowing 

CT and MRI - 

no observed 

abnormalities 

on scans 

Early Onset 

Epileptic 

Encephalopathy 

SCN1A 

c.664C>T 

(chr2:166909392) 

5 

months 

Initially right focal 

seizures with 

secondary 

generalisation. 

Trialled ASMs: 

Carbamazepine 

Ethosuximide 

Levetiracetam 

Extent of 

developmental 

delay not clear. 

Mild to moderate 

learning 

disability at 

LSEN school. 

None noted 

Occasional 

spindle 

formations and 

MRI - no 

abnormalities  

Dravet 

Syndrome 
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Evolved to multiple 

seizure types: 

prolonged focal, 

unaware, GTC, 

myoclonic jerks. 

 

Seizures a few times 

a week. 

Phenobarbital 

Sodium Valproate 

Topiramate  

 

Levetiracetam 

had no 

observable effect. 

 

Sodium valproate 

observed to 

exacerbate 

neuroregression  

 

Evidence for 

neuroregression: 

early 

development 

normal - 

regression with 

clusters of 

seizures  

 

Loses some 

skills after a lot 

of prolonged 

seizures but 

recovers. 

V waves in 

sleep. 

 

Rare discharges 

from both 

hemispheres 

with wide field 

spread but 

frontal 

predominance. 

GRIN2A 

c.2191G>A 

(chr16:9892299) 

72 

months 

No real change in 

semiology since 

onset. 

 

Left sided clonic jerks 

followed by post-ictal 

sleeping. 

 

Seizures about once 

per day. 

Trialled ASMs: 

Carbamazepine 

Clobazam 

Lamotrigine 

Levetiracetam 

Sodium Valproate 

 

Response not 

recorded.  

Apparently 

normal 

development 

until onset of 

seizures, but 

extent of 

developmental 

delay is unclear 

from records. 

No evidence of 

neuroregression. 

 

Left hemiplegia. 

 

Possible 

cerebral pasly. 

 

Dense cataract 

since birth. 

EEG 

background 

slow for age. 

CT scan: right 

frontoparietal 

low density 

lesion with ex 

vacuo dilation 

of that 

ventricle and 

smaller right 

hemisphere. 

 

Presumed 

right MCA 

infarct 

Epilepsy 

secondary to 

cerebral insult 
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GABRG2 
c.211A>G 

(chr5:161520937) 

36 

months 

Initial left sided 

seizures.  

 

Followed a few 

months later by some 

GTC seizures. 

 

Evolved to include 

drop attacks and 

myoclonic jerks,  

 

Seizures a few times 

a week. 

Trialled ASMs: 

Carbamazepine 

Clobazam 

Lamotrigine 

Levetiracetam 

Phenobarbital 

Sodium Valproate 

Topiramate 

 

Response to 

ASMs not well 

described in 

notes  

Described as 

normal. 

Non-verbal.  

 

Evidence for 

neuroregression: 

normal early 

development - 

speech steadily 

lost over a few 

years. 

Left hemiplegia 

and VII palsy 

 

Bilateral 

cataracts 

removed through 

surgery. 

EEG initially 

normal but 

background 

evolved to 

become slow. 

CT and MRI 

scans: right 

parietal and 

occipital 

atrophy 

corresponding 

to right sided 

PCA infarct.  

 

Left cerebral 

hemisphere 

mild atrophy  

 

Features 

suggest acute 

or chronic 

vascular insult. 

Possible 

Lennox Gastaut 

Syndrome 

secondary to 

vascular insult 

GRIN2B 

c.3499G>A 

(chr12:13716673) 

48 

months 

Initially generalised 

tonic-clonic seizures. 

 

Evolved into 

myoclonic seizures 

about a year later.  

 

Absences noted 

about 6 months later.  

 

Trialled ASMs: 

Carbamazepine 

Clobazam 

Lamotrigine 

Phenytoin 

Sodium Valproate  

Described as 

normal. 

Moderate global 

developmental 

delay. 

 

Developmental 

delay began 

after onset of 

epilepsy and 

accelerated as 

seizure disorder 

evolved. 

None described. 

Symmetrical 4-

5hz theta 

activity with 

intermittent 1-

3Hz transients. 

CT and MRI - 

global atrophy 

Doose 

syndrome 
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Astatic / drops noted 

a year after that.  

 

Seizures once a week 

NOTE All patients met the criteria for being described as refractory to pharmacological treatment. NCBI RefSeq transcript references: SCN1A: 
NM_006920.5; GRIN2A: NM_001134407.2; GABRG2:198903.2; GRIN2B: NM_000834.4. 
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3.3 Pharmacogenomic results 

 

Two analyses were performed: a broad pharmacogenomic analysis involving 68 general 

ADME variants associated with a wide range of drug metabolism phenotypes, and a second, 

more specific analysis focused on eight variants tentatively associated with the metabolism of 

ASMs in non-African populations. Those eight variants were chosen based upon their 

association, described in literature, with ASMs that have been prescribed to local state 

patients, including those participating in this study.  

 

After stratification of the study participants based on ancestry, only the group of Black African 

ancestry was of sufficient size (n = 27) for the Pearson Chi-squared test to be performed, as 

the groups of other ancestries were too small and would have produced inaccurate statistical 

results (Mixed Ancestry n = 11, Indian Ancestry n = 1, European Ancestry n = 1). All results 

below are thus limited to the participants of Black African ancestry. 

 

3.3.1 Veridose® Core Panel analysis 

 

Of the 68 variants under investigation, 38 could not be analysed for Hardy-Weinberg 

equilibrium, nor undergo the Chi-square test, as no variant allele was detected in the study 

population for each of those variants (Table 7).  

 

Table 7 Variants (n=38) in the broad pharmacogenomic analysis which could not undergo 

statistical testing due to the distribution of genotypes. 

Gene Variant 

CYP1A2 

rs12720461 

rs56107638 

rs72547513 

CYP2C9 

rs1799853 

rs56165452 

rs28371686 

rs9332131 

rs9332239 



 83

rs72558187 

rs1304490498 

rs72558190 

CYP2C19 

rs4986893 

rs28399504 

rs56337013 

rs72552267 

rs72558186 

rs41291556 

CYP2D6 

rs35742686 

rs5030655 

rs5030867 

rs5030865 

rs5030656 

rs201377835 

rs5030862 

rs774671100 

dup4125_4133 

rs72549353 

rs72549354 

CYP3A4 

rs55785340 

rs4987161 

rs35599367 

CYP3A5 rs28365083 

F2 rs1799963 

F5 rs6025 

OPRM1 rs1799971 

PNPLA5 rs5764010 

SLCO1B1 rs4149056 

SULT4A1 rs763120 

 

Of the 30 variants which could undergo statistical analysis, one variant (rs59421388 in 

CYP2D6), appeared to be trending towards significance, with a P-value of 0.05 for the Chi-

square test. Two variants (rs1057910 in CYP2C9 and rs7900194 in CYP2C9), could be 

subjected to the HWE analysis but not the Chi-square test due to the distribution of genotypes 
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in the reference population (Table 8). For almost all variants, the genotype distribution in this 

study group was not significantly different to the general African reference population used for 

the analyses. 

 

Table 8 General pharmacogenomic (ADME) variant (n=30) genotype counts, Hardy-Weinberg 

equilibrium P-value, and Pearson’s Chi-squared test P-Value 

Gene Variant 
Genotype 

counts 

Genotype 

counts for 

African 

control 

populations 

HWE P-value 

Pearson’s 

Chi-squared 

Test P-value 

ABCB1 rs1045642 

n = 28 

G/G = 22 

A/G = 6 

A/A = 0 

n = 661 

G/G = 478 

A/G = 168 

A/A = 15 

0.53 0.62 

APOE 

rs429358 

n = 24 

T/T = 15 

C/T = 6 

C/C = 3 

n = 661 

T/T = 356 

C/T = 256 

C/C = 49 

0.10 0.32 

rs7412 

n = 27 

C/C = 20 

C/T = 6 

T/T = 1 

n = 661 

C/C = 530 

C/T = 126 

T/T = 5 

0.53 0.24 

COMT rs4680 

n = 28 

G/G = 10 

G/A = 15 

A/A = 3 

n = 661 

G/G = 348 

G/A = 255 

A/A = 58 

0.45 0.21 

CYP1A2 

rs2069514 

n = 28 

G/G = 18 

G/A = 9 

A/A = 1 

n = 661 

G/G = 307 

G/A = 294 

A/A = 60 

0.92 0.16 

rs762551 

n = 28 

A/A = 11 

C/A = 12 

C/C = 5 

n = 661 

A/A = 213 

C/A = 317 

C/C = 131 

0.59 0.74 
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CYP2B6 

rs28399499 

n = 28 

T/T = 24 

C/T = 4 

C/C = 0 

n = 661 

T/T = 560 

C/T = 93 

C/C = 8 

0.68 0.84 

rs3745274 

n = 28 

G/G = 12 

G/T = 13 

T/T = 3 

n = 661 

G/G = 259 

G/T = 309 

T/T = 93 

0.85 0.86 

CYP2C19 

rs4244285 

n = 28 

G/G = 16 

A/G = 12 

A/A = 0 

n = 661 

G/G = 459 

A/G = 179 

A/A = 23 

0.15 0.14 

rs12248560 

n = 28 

C/C = 19 

C/T = 8 

T/T = 1 

n = 632 

C/C = 384 

C/T = 243 

T/T = 5 

0.89 0.20 

CYP2C9 

rs1057910 

n = 28 

A/A = 26 

C/A = 2 

C/C = 0 

n = 661 

A/A = 658 

C/A = 3 

C/C = 0 

0.84 N/A 

rs7900194 

n = 28 

G/G = 23 

G/A = 5 

A/A = 0 

n = 661 

G/G = 591 

G/A = 70 

A/A = 0 

0.60 N/A 

rs28371685 

n = 28 

C/C = 27 

C/T = 1 

T/T = 0 

n = 661 

C/C = 630 

C/T = 30 

T/T = 1 

0.92 0.95 

CYP2D6 

rs16947 

n = 28 

G/G = 5 

G/A = 11 

A/A = 12 

n = 661 

G/G = 143 

G/A = 304 

A/A = 214 

0.39 0.51 

rs1135840 

n = 19 

G/G = 8 

C/G = 8 

C/C = 3 

n = 661 

G/G = 318 

C/G = 258 

C/C = 85 

0.68 0.86 
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rs3892097 

n = 27 

C/C = 26 

C/T = 1 

T/T = 0 

n = 661 

C/C = 589 

C/T = 64 

T/T = 8 

0.92 0.48 

rs1065852 

n = 28 

G/G = 24 

A/G = 4 

A/A = 0 

n = 661 

G/G = 529 

A/G = 115 

A/A = 17 

0.68 0.61 

rs28371706 

n = 12 

G/G = 7 

A/G = 5 

A/A = 0 

n = 661 

G/G = 420 

A/G = 194 

A/A = 47 

0.36 0.47 

rs59421388 

n = 28 

C/C = 19 

T/C = 7 

T/T = 2 

n = 661 

C/C = 529 

T/C = 122 

T/T = 10 

0.27 0.05 

rs28371725 

n = 28 

C/C = 25 

T/C = 3 

T/T = 0 

n = 661 

C/C = 639 

T/C = 20 

T/T = 2 

0.76 0.08 

CYP3A5 

rs776746 

n = 28 

T/T = 23 

T/C = 5 

C/C = 0 

n = 661 

T/T = 447 

T/C = 190 

C/C = 24 

0.60 0.23 

rs41303343 

n = 28 

D/D = 18 

D/A = 10 

A/A = 0 

n = 661 

D/D = 516 

D/A = 134 

A/A = 11 

0.25 0.12 

rs10264272 

n = 28 

C/C = 20 

C/T = 7 

T/T = 1 

n = 661 

C/C = 474 

C/T = 170 

T/T = 17 

0.70 0.95 

DRD2 rs1800497 

n = 28 

A/A = 5 

A/G = 14 

G/G = 9 

n = 661 

A/A = 91 

A/G = 327 

G/G = 243 

0.91 0.95 
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GLP1R 

rs1042044 

n = 28 

A/A = 6 

C/A = 11 

C/C = 10 

C/T = 1 

n = 661 

A/A = 111 

C/A = 322 

C/C = 228 

C/T = 0 

0.38 0.66 

rs2300615 

n = 28 

T/T = 22 

G/T = 5 

G/G = 1 

n = 661 

T/T = 575 

G/T = 83 

G/G = 3 

0.33 0.07 

rs6923761 

n = 28 

C/C = 27 

G/C = 1 

G/G = 0 

n = 661 

C/C = 643 

G/C = 17 

G/G = 1 

0.92 0.93 

MTHFR 

rs1801131 

n = 28 

T/T = 21 

G/T = 5 

G/G = 2 

n = 661 

T/T = 478 

G/T = 166 

G/G = 17 

0.07 0.27 

rs1801133 

n = 28 

G/G = 25 

G/A = 3 

A/A = 0 

n = 661 

G/G = 549 

G/A = 105 

A/A = 7 

0.76 0.64 

VKORC1 rs9923231 

n = 28 

C/C = 24 

C/T = 4 

T/T = 0 

n = 661 

C/C = 592 

C/T = 66 

T/T = 3 

0.68 0.72 

NOTE The Pearson’s Chi-square test was performed to compare genotype distributions in the study 

participants of Black African ancestry to genotype distributions recorded for the general African 

population in the online database Ensembl. 

 

3.3.2 Custom anti-seizure medication-specific mass array analysis 

 

Analysis of the custom-designed mass array for ASM-associated SNVs, revealed two variants 

(HTR2C rs1414334 and SCN1A rs3812718) deviating from Hardy Weinberg equilibrium. One 

variant, rs1051740 in EPHX1, which is associated with the metabolism of carbamazepine in 

East Asian and European populations, appears to be significantly differently distributed in this 
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research group in comparison with the data available for the general African population, with 

a P-value of 0.02. Two other variants appear to be trending towards significance – rs2234922 

in EPHX1 (associated with carbamazepine metabolism in East Asian populations) with a P-

value of 0.08, and rs3812718 in SCN1A (associated with the metabolism of phenytoin in East 

Asian and European populations) with a P-value of 0.05 (Table 9).  

 

Table 9 ASM-specific variant genotype counts, Hardy-Weinberg equilibrium P-value, and 

Pearson’s Chi-squared test P-Value 

Gene Variant 
Genotype 

Count 

Genotype 

Count in 

African 

Control 

Population 

HWE P-value 

Pearson’s 

Chi-squared 

Test P-value 

EPHX1 rs1051740 

n = 28 

T/T = 16 

T/C = 9 

C/C = 3 

n = 661 

T/T = 492 

T/C = 152 

C/C = 17 

0.34 0.02 

HTR2C rs1414334 

n = 26 

G/G = 15 

G/C = 3 

C/C = 8 

n = 661 

G/G = 254 

G/C = 176 

C/C = 231 

0.001 0.10 

DRD2 rs1799978 

n = 28 

T/T = 16 

T/C = 11 

C/C = 1 

n = 661 

T/T = 459 

T/C = 175 

C/C = 27 

0.59 0.33 

ANKK1 rs1800497 

n = 28 

G/G = 9 

G/A = 14 

A/A = 5 

n = 661 

G/G = 243 

G/A = 327 

A/A = 91 

0.91 0.79 

UGT1A4 rs2011425 

n = 28 

T/T = 27 

G/T = 1 

G/G = 0 

n = 661 

T/T = 562 

G/T = 96 

G/G = 3 

0.92 0.24 

EPHX1 rs2234922 
n = 27 

A/A = 17 

n = 661 

A/A = 278 
0.87 0.08 
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G/A = 9 

G/G = 1 

G/A = 299 

G/G = 84 

SCN1A rs3812718 

n = 24 

C/C = 16 

C/T = 5 

T/T = 3 

n = 661 

C/C = 287 

C/T = 299 

T/T = 75 

0.04 0.05 

NA – 

Intergenic 

variant 

rs489693 

n = 28 

C/C = 8 

C/A = 16 

A/A = 4 

n = 661 

C/C = 179 

C/A = 298 

A/A = 184 

0.37 0.26 

NOTE The Pearson’s Chi-square test was performed to compare genotype distributions in the study 

participants of Black African ancestry to genotype distributions recorded for the general African 

population in the online database Ensembl. 
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Chapter 4: Discussion 

 

4.1 Overview 

 

Forty paediatric patients affected with epilepsy, and their available parents, were recruited into 

this project under the auspices of the parent project, “Precision management of epilepsy in 

South African children”. Thirty eight of the 40 participants donated saliva samples for DNA 

extraction, the remaining two donated blood samples from which DNA was extracted. A gene 

panel consisting of 78 genes was designed for targeted NGS on the Thermo Fisher Scientific 

Ion Torrent platform to facilitate the introduction of cost effective genetics-based diagnostic 

testing for paediatric epilepsy. All 40 participants were successfully sequenced using the gene 

panel. Sequencing data underwent variant prioritisation, followed by variant confirmation by 

direct cycle sequencing, and segregation analysis using available parental DNA. Three 

pathogenic variants were identified: two in SCN1A and one in GRIN2A, with a pickup rate of 

7.5% (3/40). The findings aligned with the electroclinical features in each patient. Two VUSs 

were identified in GABRG2 and GRIN2B. The findings were compatible with the electroclinical 

features in each patient.  

 

 

Participant DNA also underwent pharmacogenomic analyses with both a commercial 

generalised pharmacogenomic panel and a custom-designed SNP array. The generalised 

pharmacogenomic analysis revealed one variant, rs1051740 in EPHX1, which appeared to be 

statistically significantly differently distributed in the study group compared to the reference 

population that was used as a proxy for the general African population (P = 0.02). Three other 

variants analysed with the custom-designed array, rs2234922 in EPHX1, rs3812718 in 

SCN1A, and rs59421388 in CYP2D6, appeared to be trending towards significance. Both, the 

primary and secondary aims of this project, and their objectives, as outlined in Chapter 1, were 

thus achieved.  

 

4.2 Findings 

 

The study group was phenotypically heterogenous, owing to the broad inclusion criteria of the 

parent project (phenotypic details in Appendix E), with all participants falling under the broad 

description of clinically defined complex epilepsy with drug-resistance. The reasons behind 

the age criterion of the study (inclusion criteria being 4-16 years of age at time of recruitment) 
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included the practical consideration that children had to be old enough to wear the watch used 

for biometric monitoring in the parent study. Additionally, collection of saliva samples is 

minimally invasive and traumatic for children above the age of 4, in comparison to the drawing 

of blood.  

 

Collection of saliva with the Oragene Collection kit specifically has additional practical 

advantages over collection of blood samples – the Oragene kit allows saliva samples to be 

stored for a substantial length of time (up to several months) at room temperature until DNA 

is extracted, in contrast to blood samples collected through normal phlebotomy, which must 

be refrigerated and undergo DNA extraction timeously106. This practical advantage was useful, 

as it enabled sampling at different sites, with less risk of sample degradation upon transport 

and prolonged delay prior to extraction. Sampling could also be performed by the participants 

themselves with the aid of instructions, rather than requiring trained personnel to perform 

phlebotomy. The major disadvantage of the Oragene Kit was its expense in comparison to 

other DNA extraction methods (either manual or automated). The advantages of sample 

storage without degradation, which may justify the kit cost, is relevant mainly in the context of 

research, but is not so relevant in the context of routine diagnostic/clinical practice. In this 

study, the participant samples were collected during a process of recruitment into the parent 

study that neared completion before the beginning of this sub-study – the ability to store 

samples was thus important. In contrast, in routine diagnostics, samples would be processed 

much more rapidly, and so a long shelf-life prior to DNA extraction becomes potentially 

redundant.   

 

A disadvantage of the use of saliva samples (in general, not only those collected using the 

Oragene kit) is that the DNA extracted from saliva tends to be of poorer purity than DNA 

extracted from blood. Following extraction from saliva samples, a wide range of DNA 

concentrations were produced (3.19ng/uL to 2644.62nguL). A lower DNA concentration is not 

necessarily a barrier to successful NGS, given the sensitivity of the NGS processes, and the 

low starting DNA concentration required (1ng/uL) to begin NGS. Of greater concern were the 

poor 280/260 and 260/230 quality ratios. The 280/260 ratio is an absorbance ratio measured 

by the NanoDrop Spectrophotometer, which is used to interrogate the purity of a sample. A 

ratio of 1.8 is considered an indicator of “pure” DNA, while deviation of the ratio may indicate 

the presence of contaminants that absorb at or near to 280nm, such as proteins. The 280/260 

ratio across the samples ranged between 1.26 - 2.38, though the majority of samples (61/90, 



 92

67.78%) clustered around a ratio of 1.8 (that is, deviated by 0.1 or less from the ideal ratio), 

and so was deemed acceptable for most patients.  

 

The 260/230 ratio was of greater concern and ranged more widely, from as low as 0.30 to as 

high as 2.50. The 260/230 ratio is a secondary measure of purity, where a reading of 2.0-2.2 

is taken as an indicator of a good quality sample. Abnormal ratios may indicate the presence 

of contaminants that absorb at 230nm, such as EDTA, phenol, and carbohydrates107. No 

sample produced a 260/230 ratio in the expected range of 2.0-2.2, with all but one sample 

producing ratios below that range (Appendix F). This indicates a high level of contamination 

in the samples by contaminants which absorb at 230nm, potentially organic compounds or 

carbohydrates. The reason for this may be the presence of substances in the human mouth, 

such as non-human DNA from bacteria and fungi, food particles, toothpaste, lipstick, and so 

on. However, this contamination may be reduced in the future by careful attention on the part 

of researchers and participants to collection instructions. Such contamination is a trade-off for 

the non-invasive collection of saliva samples, and although studies have found DNA from 

saliva to be consistently of lower quantity and quality than DNA from blood, DNA from saliva 

may often be adequate for traditionally robust genotyping involving fragment analysis or cycle 

sequencing106. Such genotyping processes would require more total DNA than the NGS 

protocol used in this project, but may be less sensitive to the presence of contaminants. Most 

current NGS protocols, however, involve diluting DNA to very low concentrations (1 - 10ng/uL), 

which also dilutes any present contaminants to levels that may no longer compromise the 

success of the downstream applications. Several DNA samples showed poor amplification 

with the RNase P assay and were subjected to clean-up using PCR inhibitor removal kits and 

DNA clean-and-concentrate kits. Subsequently, those samples showed marginally improved 

amplification in the RNase P assay, but at the cost of a dramatic decrease in DNA 

concentration. Due to that decrease in DNA concentration, no further samples were processed 

through the clean-up step, as decreasing the DNA concentration of the samples, whilst not 

impeding NGS processes, could impede or prohibit the success of other downstream 

applications like cycle sequencing, genotyping, or chromosomal arrays.  

 

After all samples had undergone NGS, the average depth of coverage observed for those 

samples ranged from 206.2 to 486.9, with an overall average of 363.51. This is comfortably 

above the desired depth of coverage for diagnostic purposes, validating the use of DNA 

extracted from saliva for NGS applications. However, subsequent pharmacogenomic analysis 

and chromosomal microarray analysis (CMA) (done outside of the scope of this project) were 
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problematic, as some of the DNA samples did not meet the quality control criteria set by the 

technical service providers performing those analyses, even after additional clean-up. The 

pharmacogenomic analyses were performed for all patient samples, but several patient 

samples were not processed through CMA. Thus, when considering future sample collection, 

one of the considerations when choosing saliva should be the type of testing which is planned, 

and the DNA quality required for that testing. It is also worth noting that two patients had DNA 

extracted from blood samples, and those samples, despite one being very low in 

concentration, encountered none of the same issues as the samples extracted from saliva, 

and were successfully and easily processed through all analyses and laboratory procedures. 

In routine local practice, it is thus likely that blood samples will be used more often than saliva 

samples to provide DNA for testing.  

 

The choice of the diagnostic approach, that is, which NGS protocol to develop for translation, 

required the consideration of a range of clinical, technical, and practical factors. Affordability, 

ease and speed of analysis, data storage capacity, and personnel and facility requirements 

were all important considerations for the local setting. Regarding the potential selection of ES 

as the NGS protocol, several aspects were considered. ES produces a lower depth of 

coverage on average than gene panels, and increasing the depth of coverage for ES raises 

its cost. ES also has a high rate of exonic or allele drop-out (higher than the gene panel 

alternative), where certain regions are not sequenced, which may result in false negatives. 

This is due to the enormous breadth of coverage required by ES, in that it must capture the 

entirety of the exome, to produce data for approximately 20 000 genes. A major strength of 

ES in diagnostics (and research) is the option for retrospective re-analysis of sequencing data, 

as new knowledge becomes available, and new clinically relevant genes and variants are 

described.  

 

Whilst ES (and even GS) has been adopted as the first-tier analysis for genetic epilepsy in 

many laboratories in HICs46, the cost of ES is still too high for routine testing in the South 

African public health sector. However, if accessible, it may be more economical to sequence 

a single exome in cases where a phenotypic presentation is particularly complex, rather than 

sequence multiple panels or perform multiple other diagnostic tests. ES requires extensive 

data storage facilities, and sophisticated data analysis approaches to cope with sequencing 

data for over 20 000 genes. Moreover, ES requires highly trained personnel and machines 

with specific capabilities. An additional complication of performing diagnostic ES in a 

genomically underrepresented SSA patient population is the great genetic variation of the SSA 
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population, which is not reflected in international browsers and databases. Compared to other 

ancestries, individuals of African descent have a significantly higher number of previously 

uncharacterised variants, producing larger variant call files, with high numbers of VUSs, 

especially if parental samples are not available to establish de novo occurrence.       

 

Finally, the matter of incidental findings with ES must be considered. Incidental findings refer 

to the detection of pathogenic variants which are not related to the initial reason for testing, 

producing ethical dilemmas related to result delivery and clinical management46. Such ethical 

dilemmas may be exacerbated in contexts where there is a lack of easy access to medical 

geneticists and genetic counselling services. The handling of incidental findings must be 

carefully considered, and protocols are required to be drawn up for individual laboratories, 

based on international recommendations. Incidental findings may arise in ES due to all genes 

being sequenced, not just those related to the disorder under investigation. 

 

Gene panels, as the alternative approach, regularly produce a depth of coverage greater than 

required for diagnostic purposes, allowing for confident and reliable detection of putative 

variants. In terms of depth of coverage, the choice of NGS protocol is thus weighted in favour 

of gene panels. A limitation of gene panels is that re-analysis is not possible to the extent it is 

when performing ED – gene panels are limited by their design, and may only be reanalysed 

in light of new data about the particular genes included in the panel. However, a panel may 

be continually updated and reordered from the manufacturer, a process which could be 

streamlined through active professional relationships between laboratories and commercial 

entities.  

 

Panels, in contrast to ES and GS, produce less data, and both analyses and data storage are 

more accessible and easily implemented. Panels are also an accessible technique which has 

been highly optimised and streamlined by manufacturers. Extensive training is not required to 

perform the sequencing process nor the analysis, and thus the use of panels is more easily 

integrated into pre-existing services. Panels also generally do not produce incidental findings, 

given that all the genes which are sequenced are specific to the disease or disorder under 

investigation. The popular approach in the HICs is that of the so called “virtual panels”, where 

exome data is analysed by targeting bioinformatic pipelines at specific sets of genes. This 

negates the issues of incidental findings, and the ES data is available for future re-
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assessment. However, this pragmatic option cannot be implemented locally at this time, as 

ES is not currently an affordable testing modality in the South African state healthcare setting.   

 

Thus, taking into account the above, gene panels were decided to be the most appropriate 

NGS protocol for the South African public sector diagnostic context. Although this approach 

may be out-of-step with the current recommendations and practices in HICs, where ES is 

offered as first-tier analysis (and GS is entering the diagnostic setting), the implementation of 

a diagnostic protocol in South Africa requires adaptation to fit the local resource-constrained 

setting46,96. Implementation of ES in Africa as a routine first choice diagnostic test will ultimately 

occur, but this is likely to be a gradual process, whereas there is an immediate need for an  

NGS-based test for genetic paediatric epilepsy. The choice of gene panels as the diagnostic 

approach will have the greatest accessibility and utility, and thus will have the most immediate 

beneficial impact in the South African public healthcare sector.  

 

During the process of selecting genes for inclusion in the panel, careful consideration was 

given to the clinical context in which the panel will be used. The majority of recruited patients 

had previously received working clinical diagnoses of DEEs, with drug-resistant seizures since 

infancy. This was relevant to this genetic study as the success of gene discovery and the rate 

of positive findings, with implications for treatment, have been highest in the neonatal/infantile-

onset DEEs46. The panel design was thus aimed mainly at the monogenic DEEs, where 

genetic testing currently has the greatest clinical utility. In African patients with a DEE of an 

assumed genetic cause, most cases occur without any known family history, and are assumed 

to arise from de novo pathogenic variants in autosomal dominant genes. In other regions of 

the world, such as the HICs, this has been observed to be the case, with the majority of DEEs 

being observed to occur due to such de novo variants in AD genes.  It is thus reasonable to 

assume that the same AD genes observed to be causing DEEs in HICs are relevant to the 

DEEs in African patients, especially those genes known to perform important functions in 

development and neurological functioning108. It is thus reasonable to include in this panel those 

AD genes identified as being causative of epilepsy in other, non-African populations.  

 

However, when it comes to recessively inherited epilepsies, there is a possibility that the panel 

was not picking up causative variants in the AR genes in the panel (15 of 78 genes) because 

these genes, identified in non-African populations, are in fact less relevant to African 

populations and variants in other, as yet unknown AR genes are more prevalent in Africa for 
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cases of recessively inherited epilepsy. It should thus be emphasised that although this panel 

has successfully identified epilepsy-causing variants in the patients in this study, once 

translated, it should be continuously curated based on its performance, and updated to keep 

it up to date with new research performed in Africa and elsewhere in the world. 

 

Another consideration for gene selection for the panel was whether the underlying aetiology 

of an epilepsy is identifiable by other means, such as metabolic testing or MRI, and whether 

genetic variant detection is necessary to inform treatment. This, however, was not a de facto 

criterion for the exclusion of genes from the panel, and genes were considered in a case-by-

case manner. For example, ALDH7A1, which causes pyridoxine-deficient epilepsy, was 

included on the panel, even though pyridoxine-deficient epilepsy is detectable by metabolic 

testing. Limited metabolic testing is available in the South African state healthcare service and 

is usually requested in patients whose clinical features may suggest metabolic disease. 

Epilepsies with an underlying metabolic cause present with a range of symptoms, not all of 

which are considered typical presentations68,109. Thus, the inclusion of ALDH7A1 in the gene 

panel would be to enable rapid identification of atypically presenting cases, which is highly 

important considering the high actionability of the metabolic epilepsies and the benefits of 

early treatment. Further examples are genes causing disorders of cortical malformation, which 

may be diagnosed by imaging and treated by surgery110. Such genes were considered 

carefully regarding their inclusion. For example, the AKT3 gene, which is implicated in 

hemimegaloencephaly, was not included on this panel, as hemimegaloencephaly is 

diagnosable by MRI and managed largely by surgery111.   

 

In contrast, the TSC1 and TSC2 genes were included in the panel, even though Tuberous 

Sclerosis Complex (TSC) is characterised by focal cortical malformations detectable on MRI 

and can usually be clinically diagnosed. In many cases though, TSC initially presents with 

epileptic spasms, which is a clinical entity among multiple DEEs. In 2010, the mTOR 

antagonist rapamycin received FDA approval for treatment in TSC patients who cannot be 

treated with surgery112. Patients with DEPDC5-associated familial focal epilepsy with variable 

foci may also exhibit cortical malformations. The DEPDC5-encoded protein is also involved in 

the mTOR pathway, implying possible further use for mTOR inhibitors such as rapamycin or 

everolimus in treatment of those cases113. Thus, inclusion of these genes in this panel, despite 

their association with cortical malformations diagnosable by imaging, was motivated by the 

potential clinical actionability of positive genetic findings. It was also recognised that a germline 

DNA testing approach may not be appropriate for some genes and disorders. For example, 
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the GNAQ gene implicated in Sturge-Weber syndrome was not included in the panel as 

pathogenic variants in GNAQ occur after conception, and are therefore by definition mosaic, 

with a very low risk of recurrence in the family. This somatic mosaicism makes genetic 

diagnosis of Sturge-Weber syndrome difficult and less effective than diagnosis by clinical 

examination and imaging114. Once genes had been selected for inclusion in the panel, they 

were cross-referenced to the ClinGen Expert Panel resource for epilepsy gene curation 

(https://clinicalgenome.org/affiliation/40005/), an important resource on the most up-to-date 

classifications of causative or associated epilepsy genes. Not all the genes included in that 

resource are relevant to this panel (as this panel was designed to be DEE-focused, whilst the 

ClinGen epilepsy database is much broader in scope), but this was a necessary step to double 

check the appropriateness of including the selected genes as genes of definitive clinical 

validity.  

 

Of the 78 genes selected for the panel, 73 were available as “On Demand” genes from Thermo 

Fisher Scientific. Amplicons of the On Demand genes are optimised and pre-tested by the 

company for verified performance and near 100% capture. Five genes (ARX, FOXG1, 

GRIN2D, NR2F1, and PURA) were not available as On Demand genes and had to be ordered 

as a separate “spike-in” panel. Amplicons of the spike-in genes are not pre-tested by the 

manufacturer and the in-silico coverage predicted approximately 70% coverage across that 

entire panel. As a rule, gaps in coverage are related to the difficulty in amplifying a region that 

may be GC-rich or comprised of repetitive sequences (e.g., homopolymer stretches)115. Filling 

these gaps, if they are observed in clinically relevant regions deemed important for the overall 

test performance, may involve ancillary assays, such as cycle sequencing.  

 

Despite the in silico prediction of missing sequences in the spike-in genes, those genes were 

still included due to their clinical relevance, and the fact that the prediction was an in silico 

prediction, whereas in practice those regions may still have been covered. No missing 

sequence was observed in NR2F1. Missing sequences were observed in four genes of the 

spike-in panel, consistently across all samples, in in ARX exon 2, FOXG1 exon 1, GRIN2D 

exons 2, 3, 4, and 13, and in PURA exon 1. The context of the missing sequence regions was 

visually inspected in IGV, all of which mainly consisted of long sections of GC rich regions and 

stretches of homopolymers (described in Chapter 3), likely to cause or contribute to the 

sequence drop-out. Going forward, consideration should thus be given to whether or not, these 

gaps in coverage warrant design of the so-called “filler tests” (e.g., PCR and/or cycle 
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sequencing) or if the limitation should simply be a caveat explained in the diagnostic test 

report.  

 

Regarding ARX, the most commonly occurring pathogenic variants have been observed to 

occur in exon 2116. In one case, the loss of exon 5 was reported to be due to a splice-site 

variant in intron 4 rather than a variant in the exon itself117. It may thus be inferred from 

published data that the missing sequence of exon 2 is particularly problematic and may affect 

the detection of causative variants in ARX, as the commonly reported variants found in exon 

2 would not be detected. It may thus be necessary to design ancillary assays for the ARX 

gene, particularly in cases where patients are presenting with phenotypic features associated 

with pathogenic variants in ARX. Considering FOXG1, that gene consists of only one exon, 

so the missing sequence in that exon is also problematic. However, FOXG1-syndromes have 

been reported to have stereotypical clinical presentations resembling Rett syndrome, and so 

specific testing for variants in FOXG1 by means other than the panel, such as cycle 

sequencing, could be directed by phenotype118. 

 

GRIN2D is a large gene of 13 exons, and despite the drop-out of exons 2-4, a large proportion 

of the gene (nine exons) is still covered. Additionally, actionable variants with precision 

medicine responses have been reported in GRIN2D and so on balance its inclusion in the 

panel remains important, but testing of GRIN2D may have to be supplemented with other 

tests, or the amplicon design may have to be altered to attempt to achieve greater 

coverage46,119. Finally, the missing sequence in PURA presents a complicated scenario. 

Studies on PURA have found pathogenic variants in the gene, though without any clear 

genotype-phenotype correlations, complicating a phenotype directed focus on PURA 

testing120. Additionally, specific treatment recommendations for PURA variants are not yet 

developed120. However, PURA consists of a singular exon, and 871 of 979 base pairs are 

covered (89%), and so its continued inclusion in the panel may be justifiable on that fact. As 

technical advances continue, recommendations for dealing with missing sequence regions 

include improving the detection of missing sequence, while trying to minimise such 

occurrences121. As this panel is translated for diagnostic use, a database of regions which 

tend not be covered by sequencing should be kept to help highlight those regions and 

decrease the likelihood of a false negative due to missing sequence.  
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During sequencing, different concentrations of prepared library were considered for use in the 

templating process, in order to find an appropriate balance between ISP loading and 

polyclonality. For the first sequencing run, a library concentration of 30pM was used, which 

produced 80% usable reads. In the second sequencing run, a concentration of 35pM was 

used, which produced 64% usable reads (Chapter 3, Figure 1A and 1B). Despite the lower 

concentration producing a higher percentage of usable reads, its resulting ISP loading was 

substantially lower (Chapter 3, Figure 1A). As ISP loading is a key step in the amplification of 

DNA during sequencing, the lower loading resulted in fewer total reads than the higher 

concentration (a difference of just over half a million between sequencing runs 1 and 2). As 

such, although the higher concentration of 35pM produced a lower percentage of usable 

reads, it produced more reads overall (and the percentage of usable reads was still deemed 

acceptable). It was therefore decided that the higher concentration would be used for the 

remaining sequencing runs. A greater number of total reads was deemed important as it 

translates into a higher overall DOC, which is a key quality indicator for diagnostics. 

 

Following variant prioritisation, confirmation, segregation analysis, and classification of 

pathogenicity according to ACMG criteria122, five variants of interest were identified in five 

probands: three pathogenic variants (two in SCN1A and one in GRIN2A), and two VUSs in 

GABRG2 and GRIN2B (Chapter 3, Table 5). An important final step in the variant classification 

process was consultation with a multidisciplinary clinical team. 

 

Two pathogenic variants were detected in SCN1A. The first, a c.4444-1C>T splice-site variant, 

is a LoF variant, and has been described before (ClinVar ID: 530456; rs1553521567). The 

variant was detected in a patient clinically diagnosed with early onset epileptic encephalopathy 

prior to genetic testing, who presented with tonic clonic seizures at the age of two months 

(Chapter 3, Table 6). The identification of this has treatment implication for the patient – 

channel blocker medications should be avoided46. The second SCN1A variant, a nonsense 

c.664C>T variant, was identified in a patient clinically diagnosed with Dravet Syndrome, who 

presented with focal seizures with secondary generalised seizures at the age of five months 

(Chapter 3, Table 6). This variant is also predicted to be a truncating LoF variant, previously 

identified and published by several investigators (ClinVar ID: 12889; rs121918624). Channel 

blocker medications should also be avoided for this patient46. Additionally, both these patients 

with pathogenic variants in SCN1A had been included in another internal genetic study at 

UCT, with sequencing performed in another laboratory using Illumina sequencing technology, 

and the results obtained across both studies were the same. This may be seen as additional 
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(internal) quality control step, demonstrating the panel’s ability to pick up on variants if they 

are present and replicate the findings of other diagnostic tests.  

 

The third pathogenic variant was identified as GRIN2A c.2191G>A, which has been described 

before (ClinVar ID: 205657; rs796052549), and is described as a LoF variant in online 

databases. The variant was identified in a patient who presented with left-sided clonic jerks at 

72 months of age, and who also had a dense cataract in the left eye and left-sided hemiplegia. 

The cataract and hemiplegia are considered possible co-morbidities. The initial working 

diagnosis for this patient was epilepsy secondary to a central nervous system insult, but the 

identification of a pathogenic variant in this patient suggests a genetic component to the 

development of epilepsy symptoms and associated co-morbidities, making this patient a 

complicated case of combined genetic and environmental causes of epilepsy and 

developmental delay. The treatment implications for this variant include potential treatment 

with serine, though currently the evidence for this treatment is from retrospective clinical case 

studies, and not clinical trials46.  

 

Regarding the two identified VUSs, GABRG2 c.211A>G has not been described before, while 

GRIN2B c.3499G>A has (ClinVar ID: 245684; rs1042339). GRIN2B c.3499G>A has a “one 

star” rating in ClinVar, essentially indicating conflicting interpretations of pathogenicity across 

different studies. The disease mechanism of action is not described for either of these variants. 

No specific precision medicine treatments are described for GABRG2.  Specific drugs may be 

effective in the case of GRIN2B, but which drug to use depends on the whether the variant is 

GOF or LOF, which is not currently described by any functional studies for the c.3499G>A 

variant46. Reanalysis and reclassification of the VUSs may be possible if more data on 

patients, the variant, or the gene become available over time. Changing or directing clinical 

treatment based on the identification of a VUS is not recommended, but clinicians may use 

their discretion when treating the patients while understanding the limitations of these results. 

 

Demonstrating de novo occurrence by testing the patients’ parents is an essential part of 

variant classification. However, the study group comprised mainly of mother-child duos, as 

recruitment took place in “real-time”, during clinic visits. Owing to the socio-economic realities 

of South Africa, both parents of an affected child may not be available to attend clinics and 

provide DNA samples4. Being able to test both parents is particularly important in epilepsy 

diagnostics, given that most (though not all) causative variants in the severe paediatric 
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epilepsy phenotypes occur de novo in AD genes. Access to patient-parent trios would likely 

raise the panel’s diagnostic yield and/or help to resolve the VUSs, however, the absence of 

DNA from both parents does not preclude identification of pathogenic variants. In some cases, 

requesting the second parent’s sample may be possible as part of genetic counselling. In the 

absence of DNA from both parents, segregation analysis could not be performed on variants 

in two patients in this study, (SCN1A c.4444-1C>T and GRIN2A c.2191G>A), but the variants 

were still classified as pathogenic, based on the functional effect (truncation and predicted 

LoF), absence from population databases, recurrence, and correlation with phenotype, in 

keeping with the ACMG criteria122.  

 

Our panel thus demonstrated a diagnostic yield of 3/40(8%). This is on the lower end of 

diagnostic yields reported in literature123, but this is likely due to the small number of study 

participants selected for the parent study using very broad clinical criteria, a number of whom 

were thought to have infectious or structural aetiologies or contributors. Not excluding patients 

due to suspected or attributed acquired causes is important as dual diagnoses and incorrectly 

ascribed aetiology to infectious causes should be a consideration, and not preclude access to 

epilepsy genetic testing in appropriately selected patients. This approach was taken 

specifically into account when opting to sequence all patients recruited for the parent study, 

and the likely dual diagnosis in Patient 31 of both the pathogenic GRIN2A c.2191G>A variant 

validates this approach.  

 

As more patients, specifically selected for genetic testing by clinicians, undergo sequencing, 

the diagnostic yield is likely to increase. The yield in this group could increase to 5/40 (12.5%), 

should the VUSs be upgraded to likely pathogenic or pathogenic variants in the future. This 

may be possible with access to parental DNA for segregation studies to prove de novo 

occurrence, or new functional studies showing evidence of the deleterious effect of the 

variants. It is equally possible however, that the variants are benign and common among the 

local population, and their absence from international databases is simply due to the current 

underrepresentation of genomic variation in individuals of Sub-Saharan African descent in 

those databases. It is worth noting that the inclusion criteria of a minimum age of 4 years may 

have also affected the diagnostic yield, as it excluded younger children, a section of the 

population more likely to have monogenic epilepsy detectable by the panel. This inclusion 

criterion was for practical considerations for the parent study under which recruitment 

occurred, and will not factor in routine clinical diagnostic testing. Finally, minor alterations to 

the filtering process for identifying variants of interest could also potentially improve the 
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diagnostic yield – filtering for variants in AD genes required variants to be absent in the general 

population, but the use of a very low minor allele frequency (such as 1-2%) may be more 

appropriate to accommodate for genes, variants, and phenotypes associated with which are 

not totally penetrant. 

 

The primary aim of this project was to develop a NGS gene panel for detection of pathogenic 

variants in patients with early-onset, drug-resistant genetic epilepsy. Additional diagnostic 

protocols, such as CMA, to investigate genomic copy number variants, whilst relevant, fell 

outside of the scope of this project. CNV analysis can be performed using NGS panel data, 

especially for exon-level CNVs, but in the diagnostic sphere, the inferred copy number 

changes are generally confirmed with another method, such as MLPA or CMA124. The Ion 

Torrent sequencing platform is able to detect CNVs from NGS data, but this analysis requires 

the generation of what is termed a “baseline”. This baseline requires training data of 

sequencing data from individuals with epilepsy, but epilepsy without a CNV cause – that is, it 

requires sequencing data from cases with confirmed causative pathogenic SNVs in order to 

detect cases of CNV-caused epilepsy. This study’s sample size was not considered sufficient 

to create the baseline required for computational analysis of NGS data to detect CNVs, but as 

that sample size increases, as the panel is used in the diagnostic laboratory, such 

computational analysis should become possible. However, genome wide CNV analysis using 

CMA is a relevant investigation in the DEEs, especially in the phenotypes involving pre-

existing features of intellectual or developmental disabilities125.  

 

For diagnostic completeness, those probands with no informative findings with the NGS panel, 

were selected for CMA by a clinical geneticist, as part of the study’s parent project. Twenty 

patients were referred to the local National Health Laboratory Service (NHLS) for diagnostic 

CMA testing using the Affymetrix CytoScan® 750K array (Thermo Fisher Scientific). Only one 

of the twenty patients had a positive finding (a deletion in the Angelman Syndrome/Prader 

Willi Syndrome region of Chromosome 15q11). This diagnostic rate of 5% is within the range 

of what is expected for CMA diagnostic yields, however, it is only a single result from a small 

sized study group, and so may not necessarily reflect the true rate of CNV-caused epilepsy in 

the population. More patients would have to be tested to confirm that diagnostic rate, and the 

continued application of CMA analysis in tandem with the NGS protocol will be necessary in 

clinical practice for diagnostic completeness46. 
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The secondary aim of this project was to conduct a preliminary exploration of the 

pharmacogenetics of ASMs and drug-resistant epilepsy in the study participants, for exposure 

to pharmacogenomic analysis and to provide direction for future pharmacogenomic research 

into drug-resistant epilepsy in South Africa. This preliminary investigation took a two-pronged 

approach. The first approach utilised a generalised pharmacogenetics panel (the VeriDose® 

Core Panel designed by Agena Bioscience (San Diego, California, USA)) of ADME variants 

previously associated with a collection of different drug metabolism phenotypes, but not 

previously associated with ASM metabolism, to investigate the possibility of these variants 

influencing drug-resistance in the study group. Data analysis was complicated by the small 

sample size and the observed genotype distributions, as 38 variants could not be analysed 

due to uniform genotype distribution across the study group. It is possible that variants were 

not detected because they simply do not exist in the South African population, or that the 

sample size of 40 patients was too small to detect variation.  

 

Following this generalised analysis, one variant, rs28371725 in CYP2D6, was observed to be 

trending towards being significantly differently distributed to the reference population (P = 

0.05). CYP2D6 encodes a highly polymorphic enzyme implicated in the metabolism of 

antidepressants, antipsychotics, and analgesics, amongst other medications126. The 

interpretation of this result is uncertain, however, as this variant was assayed using the 

generalised panel, and it is uncertain which, if any, ASM metabolism is affected. Even if 

replicated in a larger sample set, the meaning of this result is uncertain due to the lack of 

specificity of the assay and the broad effects of the variant on the metabolism of a large 

number of different drugs. 

 

The second approach involved the investigation of variants previously implicated in ASM 

metabolism in non-African populations, to investigate if those results might be replicated in 

this study group, to investigate their possible relevance to African populations. Of these 

variants, rs1051740 in EPHX1, which is implicated in the metabolism of carbamazepine in 

non-African populations, appeared to have a significantly different genotype distribution in the 

study group compared to the reference population used as a proxy for the general African 

population (P = 0.02). The small sample size of the study group necessitates investigation in 

a larger sample set before this result can be reported with confidence. Furthermore, functional 

characterisation is required to understand the variant’s influence on carbamazepine 

metabolism. An additional variant in EPHX1, rs2234922, previously associated with 

carbamazepine metabolism in East Asian populations, appeared to be trending towards 
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significance with a P-value of 0.08. This, again, requires testing in a larger cohort. Potential 

identification of two carbamazepine-associated variants in EPHX1 may point towards future 

pharmacogenomic research study with a specific focus on EPHX1 and carbamazepine 

metabolism in African populations. Such research may provide translatable data and 

diagnostic protocols, such as EPHX1 genotyping prior to carbamazepine prescription.  

 

A variant in SCN1A, rs3812718, which has been observed to be associated with phenytoin 

metabolism in non-African populations, also appeared to be trending towards significance with 

a P-value of 0.05. Phenytoin is a sodium channel blocker, and thus a variant influencing its 

metabolism in SCN1A, a gene strongly associated with channelopathies, is potentially very 

interesting given that phenotypic link127. However, this variant is intronic (it is why this variant 

was investigated by array rather than using the sequencing data produced by the panel), so 

its mechanism of action would be difficult to predict, and again, the result would need to be 

replicated in study group of a larger sample size. 

 

4.3 Challenges and Limitations 

 

One key challenge in this study was the broad phenotypic inclusion criteria used during 

recruitment. This was not necessarily a challenge to the panel design itself, but has likely 

influenced the variant pick-up rate of the panel, which was designed mainly for patients with 

DEE. The true pick-up rate in the local clinical setting will be revealed over time, as the panel 

is used in the diagnostic sphere and patients with more defined phenotypes are referred for 

testing. The panel design was aimed mainly at the monogenic DEEs, as that is the patient 

population with the highest yield of clinically actionable and useful genetic findings. In view of 

the expense of genetic testing in the local setting, gatekeeping will be required to ensure the 

appropriateness of testing. Accurate phenotyping will be imperative, and in this regard, it is 

important to consider the realities of the clinical sector in South Africa.  

 

A shortage of experienced paediatric neurologists entails difficulties in acquiring extensive and 

detailed phenotypic classifications of epilepsy in patients. Patients who should qualify for 

testing may “slip through the cracks”, especially at non-tertiary health centres, and especially 

if they have already been diagnosed with an assumed infectious or structural cause of their 

epilepsy. An aspect of successful implementation would thus require the development of 
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decision making tools to aid clinicians in deciding whether or not to refer a patient for genetic 

testing96. This is a particularly important aspect considering the beneficial effects a genetic 

diagnosis can have in directing treatment and improving prognoses, and considering the 

importance of choosing a correct diagnostic course in resource-constrained settings96. 

 

Another key challenge was the collection of DNA from both parents for each proband, and a 

low proportion in the study group of proband-parent trios. This is a common challenge in the 

South African context, and may be addressed over time and through communication with 

patients and health care providers to enable access to both parents. Though not ideal, the 

lack of parental DNA does not prevent the identification of a causative variant in every case, 

as described above. Two pathogenic variants were successfully identified without full 

segregation analysis being performed. The technical challenges also include the sequence 

drop-out in the spike-in panel. As commercial service and technology providers expand their 

list of optimised genes, those genes may well be optimised and this challenge 

circumnavigated. Until such time, this limitation may either be factored into the diagnostic test 

reports, or fill-in assays may be performed to cover the missing regions.  

 

A key limitation of the pharmacogenetics portion of the project, was the small sample size of 

the study group which precluded any definitive conclusions based on the results, as was 

expected for this preliminary investigation. This challenge may be overcome in future studies 

through prolonged and collaborative recruitment drives. Whilst the small cohort size was not 

a factor for the NGS panel design and identification of disease-causing variants, it was a 

limitation of the pharmacogenetics portion of the study, as pharmacogenetics analysis 

investigates statistical associations, where strength of associations depends on sample size. 

An additional challenge for the pharmacogenetics analysis was the lack of population data for 

SSA populations, which limited the investigation and comparison of variant frequencies. One 

limitation of the study may be that the reference population used as a proxy for the general 

African population for these analyses included West and East African populations, which may 

be very distinct from Southern African populations, due to the innate high genetic diversity 

present across African populations.  
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4.4 Future Work/Directions 

 

Enabling the support of a successful translation of the panel designed in this study into the 

diagnostic laboratory service for the DEEs is an important part of future work. This includes 

continuous curation of the panel to keep it up to date with the most current research and data. 

Establishing multidisciplinary team communication for feedback and discussion of findings will 

help establish the diagnosis and direct the care of patients. A key element will involve teaching 

and both clinical and genetic training of a range of professional groups and stakeholders, 

including doctors, nurses, and genetic counsellors96. More epilepsy research in local 

populations and research on other common epilepsy phenotypes will also be required to 

ensure the successful pick up of all possible causative variants in individuals of African 

descent. Easier access to databases of African variation will also be required in order to 

access allele frequencies to interpret novel (previously undescribed) variants. Finally, perhaps 

one of the most important aspects of successful translation will be ensuring investment from 

the South African state healthcare service, in order for appropriate funding to be allocated for 

the wide-scale provision of the panel as a routine service96. 

 

A key next step in pharmacogenomic research for epilepsy is recruitment of large cohorts for 

establishing statistically significant associations. Pharmacogenomic research on epilepsy 

requires complex and careful planning, and appropriate study design is essential for 

generating informative and useful results. The extensive phenotypic and genetic heterogeneity 

of epilepsy complicates recruitment and study design, and rare phenotypes and genotypes 

create difficulties in recruiting large cohorts. Establishing collaborations across multiple 

research centres will be an important step in ensuring adequate recruitment and study sample 

sizes. Refining the inclusion criteria for pharmacogenomic analysis, and focusing studies on 

drug resistance to a singular, specific ASMs, especially those widely used in the local state 

healthcare setting, may be one way of maximising the informativity of study results. Adverse 

drug reactions could also aid in directing research; extreme phenotypic reactions such as an 

ADR could act as inclusion criteria to ensure the selection of a research cohort in which some 

kind of abnormal ASM metabolism is present. However, this would have to be in the cases 

where the ADR was known to be a result of innate metabolism, rather than drug-drug 

interactions or other non-innate biological factors. Additionally, proteomic or transcriptomic 

research into particular types of drug resistance displayed, such as delayed or fluctuating drug 

resistance, could give insight at the non-genetic level into the metabolic mechanisms at play 
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in drug resistance, and thus allow for direction at the genetic level to new variants or genetic 

factors. 

 

This study investigated variants already tentatively associated with ASM metabolism, but the 

investigation of what novel variants may be influencing ASM metabolism in African populations 

is also of great importance. That question would have to be addressed by substantial 

exploratory research including the use of a range of molecular techniques to identify and 

characterise new variants, such as ES, GS, and functional studies. Such research would 

require substantial investment of time and resources, but could ultimately produce results that 

would not just have benefit in Africa, but also across other regions, in combatting the 

substantial levels of ASM resistance observed globally. Additionally, this research is likely to 

become more accessible and easier to implement as genomic research in general increases 

in African populations and more data, especially sequencing data, becomes available to 

researchers. 

 

4.5 Conclusion 

 

The main outcome of this project was the successful development of an NGS-based 

diagnostic protocol for paediatric epilepsy using the gene panel approach, and the panel is 

now ready for translation to and validation in the local diagnostic testing laboratory. This will 

enable access to genetic testing for paediatric epilepsy for a far greater range of patients and 

families, and help enable research into genetic epilepsy in South Africa. Moreover, the genetic 

cause of epilepsy was identified in three study participants, with treatment implications in two 

(patients with variants in SCN1A). The pharmacogenomic analysis in this project did not reveal 

specific insights owing to the small study group size, but provided both exposure to 

pharmacogenomic analysis, and may potentially be used as a basis for further research into 

the pharmacogenetics of epilepsy in larger African cohorts, such as potentially investigating 

the influence of variants in EPHX1 on the metabolism of carbamazepine. 
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Appendix A – Patient recruitment information pamphlet (English 

version) 

 

PRECISION MANAGEMENT OF EPILEPSY IN SOUTH AFRICAN 
CHILDREN (PME STUDY) 

PATIENT INFORMATION SHEET  

What you should know about this research study:  

We give you this information so that you may read about the purpose, nature, risks, and 
benefits of this research study.  

 Routine care is based upon the best available treatment and is provided with the 
goal of helping the individual patient.   

 The main goal of research studies is to gain knowledge that may help future 
patients.  

 We cannot promise that this research will benefit you or your child.   
 Your participation is voluntary. 
 You have the right to refuse to take part, or agree to take part now and change 

your mind later.  
 Whatever you decide, it will not affect your child’s regular care.  

Please review this information form carefully.  Ask any questions you have before you 
make a decision.  

Purpose of this study:  

You are being asked to allow your child to participate in a research study of new ways 
to try and understand more about difficult to control epilepsy in children. This includes 
closer monitoring and understanding some of the inherited contributions to the cause 
of epilepsy and to the body’s handling of medication.   

The purpose of this study is to establish if these new approaches are feasible in South 
Africa and show signs of being helpful in the future to improve the treatment of children 
with difficult to control epilepsy in our country.  

Your child was selected as a possible participant in this study because he or she has 
complicated epilepsy which requires more than one antiepileptic drug to help in 
treatment. 

Study procedures:  

The project can be considered in two parts.  

Firstly, we are looking at the feasibility of monitoring day to day events more closely 
using modern technology. This will include a cell phone app which will allow for close 
recording of events in your child’s life as well as have other features such as 
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medication reminders. In addition, for children that will be suited to wearing a device 
similar to a watch, this will be used to monitor more direct information about your child. 

Secondly, specific genetic tests related to epilepsy will be done on your child’s DNA 
sample. DNA is the substance our genes and inherited material is made up of. This 
provides an instruction “code” that directs how our body is built and how it functions.  
Your child’s DNA will be tested for small changes known to have an effect on how a 
person handles and responds to certain medication. This area of study is called 
pharmacogenomics and is thought to be one of the reasons why some people may not 
improve on a specific medication or why they may get more side effects. These 
changes vary between populations and very few studies have has been done in Africa 
so this will be valuable information.  

In addition, if the cause of your child’s epilepsy is unknown and thought to possibly be 
due to a change in a gene that has been shown to cause epilepsy, your child’s DNA 
will also be tested for changes in these specific epilepsy genes. Knowing if there is a 
specific genetic cause for epilepsy may help doctors to decide on the best treatment 
as well as give parents more information. There is no testing available in South Africa 
at the moment for these genetic changes and part of this study is to develop such 
testing. If your child is to have epilepsy gene testing, you will also be asked for a sample 
in case we need to compare particular findings in your child’s DNA with his or her 
parents in order to help decide on the significance of such genetic changes.  

Although this study will not provide all the answers, we expect it will give us a good 
indication on how we can use these new ways of thinking about a condition like 
epilepsy in a South African setting to improve the way children with epilepsy can be 
treated in the future.  

What is required from you and your child? 

Your child will continue to receive all routine care for their epilepsy including medication 
and clinic visits. Participation in the study will not in any way change this unless 
information comes to light as a result of the study that would be directly beneficial to 
your child’s care.   

Home monitoring:  

You will be assisted to download a cell phone app and shown how to enter information 
into it about your child and relevant daily events such as seizures. This can be 
expected to take not more than 5 minutes a day but may need a few entries to be made 
in a day. In addition your child will be given a home monitoring device that is similar to 
a watch worn on the wrist if it is thought that your child would be able to tolerate this. 
The device would have to be worn at all times except during bathing or swimming and 
while recharging the battery. It would gather information on what is happening with 
your child on an ongoing basis.  These devices have been used before in studies in a 
number of countries involving many children with different conditions and have been 
well tolerated and not found to have any negative effects. The information collected via 
this monitoring will be stored on a secure database which only the study investigators 
will have access to.   

No information that directly identifies you or your child such as names, address or date 
of birth will be stored on the phone app. Only the research team and your Doctor will 
have access to the data collected.  

Samples for DNA testing  

Saliva sample:  
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Samples for DNA extraction will be taken from your child by saliva sampling if at all 
possible. In older children this is simply spitting into a container but in younger children, 
it may mean collecting the saliva by putting small soft sponges into his or her mouth.  

Blood sample: 

 If it is not possible to get a suitable saliva sample, we will ask to take 2-4ml (less than 
a teaspoonful) of blood from your child to obtain DNA. For all children, the DNA will be 
tested for small changes which contribute to the way in which medications are handles 
in the body (pharmacogenomics variants). If your child is thought to possibly have a 
genetic cause of their epilepsy, DNA (from the same sample) will also be tested for 
possible disease-causing changes in genes known to be associated with epilepsy. 

After the study, extracted DNA will be stored in the DNA Registry of the Division of 
Human Genetics (HREC REF 217/2010) under a specific DNA code, for an unspecified 
period of time if you consent to such storage.  

Will you be informed of the results?  

No, individual results will not be provided as this is a research study to gather 
information rather than a test for a specific individual. Having said that, all results will 
be looked at by the study doctors and if there is a result that they believe is important 
for your child’s medical care, that result will be shared with your child’s doctor. We will 
provide feedback to you on the overall outcomes of the study through a summary 
report. 

Voluntarily participation & confidentiality 

• Participation is completely voluntary for both your child and for you.  
• You have the right to refuse to participate in the study.  
• A decision to refuse will not affect your child’s treatment now or in the future.  
• You are free to withdraw consent at any time.  
• All information given will remain strictly confidential. All information and each 

specimen will be stored in a secure location and assigned an anonymous code 
known only to the investigators working on the project.  

• You may request to have your child’s DNA sample removed from the Repository 
and discarded at any time during or after completion of the study. 

• This study is being conducted according to the principles of the Declaration of 
Helsinki (Brazil 2013), which looks after the interest of the participants.  

What if something goes wrong? 

If you have any problems with the device or phone app you will be asked to contact 
Aparito (the tech providers) on email via support@aparito.com. The research nurse or 
Dr Fieggen can assist you with this if necessary.  We plan to disclose any relevant 
safety information to the Data and Safety Monitoring Committee (DSMC) as they have 
role to evaluate whether the study should be terminated to ensure the safety of the 
participants. 

It is considered very unlikely for anything serious to go wrong in this study but the 
University of Cape Town (UCT) undertakes to provide immediate medical care in the 
event of your child suffering any significant deterioration in health or well-being from 
any unexpected sensitivity or toxicity, that is caused by his or her participation in the 
study.  UCT has appropriate insurance and guidelines to that to manage any  trial-
related injury in keeping with the guidelines outlined by the Association of the British 
Pharmaceutical Industry, ABPI 1991. UCT reserves the right not to provide 
compensation if, and to the extent that, your injury came about because you chose not 
to follow the instructions that you were given while you were taking part in the study. 
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Your right in law to claim compensation for injury where you prove negligence is not 
affected. Copies of these guidelines are available on request. 

Benefits and/or compensation  

We cannot and do not guarantee or promise that you or your family will receive any 
benefits from this study. The research is however conducted with a view to improving 
care for children with epilepsy. Participation may therefore have a long-term benefit in 
helping to improve the diagnosis and treatment of epilepsy in South African children. 

You will not be compensated or paid for taking part in the study but there will not be 
any additional costs to you for participation and any costs incurred as direct result of 
the study will be covered by the study funding.  

Study discontinuation criteria  

You may voluntarily withdraw your child from the study at any time. Your child may also be 
withdrawn from the study at the discretion of the investigators at any time. This can be due to 
one of the following reasons: 

1. Any Serious Adverse Event that is considered possibly related to study 
intervention  

2. Major protocol violations 
3. Any other situation where the investigator believes that continuation of study is 

contrary to the best interest of the subject. 

Future research  

With your consent, your child’s DNA (and yours if relevant) will be stored in case further 
genetic studies become available in the research study area of epilepsy.   Although 
future research that uses your child’s samples may possibly lead to the development 
of new products, no financial compensation will be provided to you should this occur.  

Who to contact if you have any questions?  

 

 

 

You can also contact Dr Fieggen at 021 4066298 or 0832854707 or at 
karen.fieggen@uct.ac.za.  

Participants may contact the Human Research Ethics Committee at UCT with any 
questions or concerns about their rights or welfare as research participants: tel: +27 
21 406 6338; fax: +27 21 406 6411; Email: nosi.tsama@uct.ac.za or 
shuretta.thomas@uct.ac.za 

 

  

082 396 0105 pmestudy@gmail.com  
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Appendix B – Manufacturer’s instructions for DNA isolation from 

saliva collected in Oragene kits 

 

DNA ISOLATION FROM SALIVA 

Oragene Kit 

1. Invert Oragene saliva tube to mix and incubate at 50ᵒC for an hour 

2. Transfer saliva into a 15 ml Greiner tube 

3. Add 1/25 volume (i.e. 4 ml sample= 160 μl of PrepIt) of the Oragene DNA 

purifier and vortex thoroughly 

4. Incubate at -20ᵒC for 10 minutes and centrifuge at 2400 rpm for 10 minutes 

5. Transfer the supernatant into a clean 15 ml tube, add 2X Volume of 

Absolute Ethanol and invert to mix 

6. Centrifuge tubes for 10 minutes at 2400 rpm, decant the supernatant 

7. Re-suspend pellet in ice cold 70% ethanol and invert to mix 

8. Centrifuge at 2400 rpm for 10 minutes and decant supernatant 

9. Allow the pellet to air dry at least for 2 hours 

10. Reconstitute pellet in 200 μl 1X TE buffer for at least 2 days. 
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Appendix C – Thermo Fisher BigDye® Direct Cycle Sequencing Kit 

Protocol (PN 4458040C), pg. 7-17 
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Appendix D – VeriDose® Panel list of genes at time of research 
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Appendix E – Condensed description of recruited participant phenotypes recorded by clinicians at 

RCWMCH and recorded in the REDCap database 

Patient 
Identifier Sex Ancestry 

Age-of-
Onset 

(Months) 
Condensed Description of Phenotype 

1 Female 
Mixed 

Ancestry 
72 months 

Current Seizure Frequency: A few times a week. 
 
Current Seizure Morphology: Patient described as “becoming strange”, displays incoherent 
speech and becomes afraid, twitches left eye, hand and leg, becomes drowsy after seizures. 
Seizures triggered by fever and anxiety attacks.  
 
Seizure Evolution: No specific changes observed since onset. 
 
Development: Currently in mainstream school but struggling to keep up – no evidence of 
neuroregression. 
 
EEG: Abnormality described as excess slowing mixed frequencies (7-8hz). 
 
Imaging: CT and MRI – calcification observed. 
 
Working Diagnosis: Focal epilepsy related to right frontoparietal calcification 

2 Male 
Black 

African 
112 

months 

Current Seizure Frequency: Once a day 
 
Current Seizure Morphology: Focal onset 
 
Seizure Evolution: Right sided focal onset, unaware, seizures sometimes tonic and 
generalised. Seizures were very frequent and sometimes clustered; seizures are shorter now. 
Seizures documented as reducing to a few a month at a few visits, but more often occur daily 
with no consistent pattern of increase or decrease. Seizures have clustered before with upper 
respiratory tract infection.  
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Development: No developmental delay before seizure onset. Currently learning difficulties and 
cognitive delay that is global and particularly in working memory. Poor attention, slow 
processing speed, and difficulties with complexity and abstract thinking. Level of 4-6yr old at 
aged 12. Evidence of neuroregression. normal development prior to seizures with cognitive 
regression following onset. 
 
EEG: EEG background normal.  
 
Imaging: CT scan and MRI. No abnormalities on scans.   
 
Working Diagnosis: Medically refractory epilepsy with regression 

3 Male 
Black 

African 60 months 

Current Seizure Frequency: 1-3 per month 
 
Current Seizure Morphology: Right hand gets stiff – tonic-clonic seizures. 
 
Seizure Evolution: Focal onset with secondary generalisation. 
 
Development: No developmental delay prior to seizure onset. Early development normal – 
global developmental delay since seizures, which appears to be getting worse. 
 
EEG: Symmetrical high amplitude delta transients with occipito-temporal theta activity - 3-4hz 
and 2-3hz transients on 2nd EEG. 
 
Imaging: MRI – no abnormalities on scan. 
 
Working Diagnosis: Complex seizure disorder 

4 Female 
Mixed 

Ancestry 
3 months 

Current Seizure Frequency: 1-3 per month 
 
Current Seizure Morphology: Goes blue and stiff, eyes roll to one side. 
 
Seizure Evolution: Right focal seizures with secondary generalisation - tonic seizures often 
nocturnal, some absence and myoclonic seizures. 
 
Development: No evidence of neuroregression. 
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EEG: Background normal. 
 
Imaging: CT and MRI scans – focal cortical dysplasia observed on scan - left subependymal 
nodules and left pachygyria/polymicrogyria.  
 
Working Diagnosis: Epilepsy secondary to migrational brain abnormality 

5 Male 
Black 

African 
48 months 

Current Seizure Frequency: Once a week. 
 
Current Seizure Morphology: Generalised tonic-clonic seizures. Seizures trigged by fever or 
illness. 
 
Seizure Evolution: Initial generalised tonic-clonic seizures evolved into myoclonic seizures 
about a year later and absences noted about 6 months later. Astatic seizures/drops noted a 
year after that. 
 
Development: Moderate global developmental delay. Evidence of neuroregression - 
developmental delay began after onset of epilepsy and accelerated as seizure disorder 
evolved. 
 
EEG: Symmetrical 4-5hz theta activity with intermittent 1-3Hz transients. 
 
Imaging: CT and MRI scans – global atrophy observed on scans. 
 
Working Diagnosis: Doose syndrome 

6 Female 
Black 

African 
96 months 

Current Seizure Frequency: 1-3 per month 
 
Current Seizure Morphology: Generalised, febrile, and focal seizures all observed. Becomes 
restless, eyes and head deviate to left then left arm and leg become stiff. 
 
Seizure Evolution: Generalised tonic-clonic seizures, first seizure was myoclonic seizure 
 
Development: Developmental delay prior to seizure onset - details not provided but thought in 
in early years to have HIV related encephalopathy with global delay. Was slow to learn to 
walk.  
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EEG: Bifrontal focal slowing. 
 
Imaging: CT and MRI scans - right temporoparietal encephalomalacia suggestive of previous 
vascular insult. 
 
Working Diagnosis: Epilepsy likely secondary to HIV encephalopathy with vascular 
insult 

7 Female 
Black 

African 
48 months 

Current Seizure Frequency: 1-3 per month. 
 
Current Seizure Morphology: Right sided focal seizures preceded by aura and associated with 
loss of awareness. Fever triggers seizures. 
 
Seizure Evolution: Initially just febrile seizures, progressed to current seizure morphology. 
 
Development: Learning problems - mild developmental delay. No evidence of 
neuroregression. 
 
EEG: No abnormalities observed on EEG background. 
 
Imaging: CT and MRI scans – no abnormalities observed. 
 
Working Diagnosis: Not specified in record. 

8 Male 
Black 

African 
20 months 

Current Seizure Frequency: A few times a week. 
 
Current Seizure Morphology: Myoclonic seizures with some drop attacks. 
 
Seizure Evolution: Recurrent febrile seizures then atypical absences - drop attacks from age 
3, and now myoclonic seizures. Fever triggers seizures. 
 
Development: Also has cerebral palsy. Severe global developmental delay with left 
hemiplegia. Evidence of neuroregression - progressive falling behind as seizure disorder 
evolved. 
 
EEG: Generalised slowing on EEG background. 
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Imaging: CT and MRI scans – global atrophy observed. 
 
Working Diagnosis: Doose syndrome 

9 Male 
Black 

African 
60 months 

Current Seizure Frequency: 1-3 per month. 
 
Current Seizure Morphology: Eyes roll up, head turns to side, and jerking. Fevers and illness 
trigger seizures.  
 
Seizure Evolution: Also developed atonic drops and myoclonic jerks after generalised tonic-
clonic events started - timeline not clear. 
 
Development: Evidence of neuroregression - had normal development early until seizures 
became a problem with gradual decline in intellectual function. 
 
EEG: Abnormal slowing with severe encephalopathy and a right posterior focus. 
 
Imaging: CT and MRI scans – calcification observed but MRI normal. 
 
Working Diagnosis: Lennox-Gastaut syndrome or neurocysticercosis? 

11 Female 
Black 

African 
48 months 

Current Seizure Frequency: 1-3 per month 
 
Current Seizure Morphology: Left focal seizures with loss of awareness.  
 
Seizure Evolution: Not noted in records. 
 
Development: Global developmental delay. Evidence of neuroregression - normal early 
development with some slowing of skill acquisition since epilepsy but no loss of skills noted.  
 
EEG: Slow for age - 3-4Hz. 
 
Imaging: CT and MRI scans – MRI was normal, but possible signs of hypoxic-ischaemic 
encephalopathy on CT. 
 
Working Diagnosis: Refractory undiagnosed focal epilepsy. 
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12 Female 
Black 

African 
3 months 

Current Seizure Frequency: Once a day. 
 
Current Seizure Morphology: Generalised clonic. Also occasional jerks and possibly atypical 
absences.  
 
Seizure Evolution: Initial general tonic-clonic, then myoclonic and drop attacks and then 
atypical absence and some focal unaware seizures. 
 
Development: Right hemiplegia, developmental delay before onset of seizures, was less 
responsive than would be expected. Evidence for neuroregression - initial mild global 
developmental delay evolved into severe global development delay as seizure disorder 
progressed.  
 
EEG: Symmetrical mix of frequencies with runs of sharply contoured activity. 
 
Imaging: CT and MRI scans – evidence of HIE, calcification, focal cortical dysplasia - left 
parafalcine region. 
 
Working Diagnosis: Early Onset Epileptic Encephalopathy 

13 Male 
Black 

African 
112 

months 

Current Seizure Frequency: 1-3 per month. 
 
Current Seizure Morphology: Myoclonic seizures with atypical absences but more recently 
focal tonic left sided seizures. 
 
Seizure Evolution: Initially only in sleep - myoclonic unaware. Recent focal left sided tonic 
events. 
 
Development: Had bacterial meningitis hydrocephalus with ventriculoperitoneal shunt. Post 
meningitis development was delayed - normal before. Has hemiplegia. Currently has severe 
intellectual disability with left hemiplegia and autism spectrum features. Evidence for 
neuroregression - only following meningitis not since onset of epilepsy although autism 
features only noted subsequent to seizures. 
 
EEG: Generalised slowing. 
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Imaging: CT scan - ventriculoperitoneal shunt, right cerebral volume loss in keeping with 
previous infarct. 
 
Working Diagnosis: Epilepsy secondary to cerebral insult. 

14 Male 
Black 

African 8 months 

Current Seizure Frequency: 5-9 a day. 
 
Current Seizure Morphology: Atypical absences, myoclonic jerks, left focal seizures - 2-3 times 
a month longer focal seizures. Fever triggers seizures. 
 
Seizure Evolution: Initially febrile then general tonic-clonic, evolved into left focal seizures with 
myoclonic jerks, atypical absences, and atonic seizures. 
 
Development: Evidence of neuroregression - progressively bigger gap between age related 
and actual function as epilepsy disorder progressed.  
 
EEG: Slow background. 
 
Imaging: CT and MRI scans – no abnormalities. 
 
Working Diagnosis: Lennox-Gastaut Syndrome 

16 Male 
Black 

African 
36 months 

Current Seizure Frequency: A few times a week. 
 
Current Seizure Morphology: Left focal seizures, occasional myoclonic jerks. 
 
Seizure Evolution: Initial left sided seizures followed a few months later by some GTC 
seizures, evolved to include drop attacks and myoclonic jerks. 
 
Development: Left hemiplegia and VII palsy. Evidence of neuroregression - normal early 
development - speech steadily lost over a few years. 
 
EEG: No abnormalities described. 
 
Imaging: CT and MRI scans - right parietal and occipital atrophy corresponding to right sided 
PCA infarct. Left cerebral hemisphere mild atrophy features suggest acute chronic vascular 
insult. 



 143 

 
Working Diagnosis: Possible Lennox-Gastaut Syndrome secondary to vascular insult. 

18 Male 
Black 

African 
69 months 

Current Seizure Frequency: 1-3 per month 
 
Current Seizure Morphology: Myoclonic seizures – body “jerks”. Seizures triggered by 
infection and fever.  
 
Seizure Evolution: Initially general tonic-clonic with right sided focal onset and myoclonic 
seizures, now mostly myoclonic seizures.  
 
Development: Evidence of neuroregression - early development apparently normal but 
function got worse with evolving seizure disorder. 
 
EEG: No background abnormality described in records. 
 
Imaging: CT and MRI imaging – possibly focal area of cystic encephalomalacia left-mid-
parietal lobe on MRI; old infarct observed on CT - hypodense region in left frontoparietal area. 
 
Working Diagnosis: Not specified in record. 

19 Female 
Mixed 

Ancestry 
8 months 

Current Seizure Frequency: A few times a week. 
 
Current Seizure Morphology: Tonic, clonic, and focal seizures, start mostly during sleep. 
Seizures triggered by fever. 
 
Seizure Evolution: Admitted with GTC but history obtained of spasms which evolved into 
multiple seizures - tonic, myoclonic, GTC and drop attacks – initial diagnosis of Lennox-
Gastaut. 
 
Development: Evidence of neuroregression - as epilepsy syndrome evolved developmental 
delay got worse. 
 
EEG: No abnormalities described. 
 
Imaging: CT and MRI scans – global atrophy observed. 
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Working Diagnosis: Early Onset Epileptic Encephalopathy 

20 Female 
Mixed 

Ancestry 
15 months 

Current Seizure Frequency: 1-3 per month. 
 
Current Seizure Morphology: Right sided focal seizures - hand and face; sometimes aware 
and sometimes unaware, with absences and loss-of-consciousness too. Seizures triggered by 
fever and illness. 
 
Seizure Evolution: Not described in record. 
 
Development: Hemiplegic cerebral palsy; developmental delay before seizure onset – born 
extremely premature and displayed delayed development from birth.  
 
EEG: No abnormalities described.  
 
Imaging: CT and MRI scans - left ventriculomegaly ex vacuo dilatation. 
 
Working Diagnosis: Focal seizures secondary to brain haemorrhage. 

21 Female 
Black 

African 
16 months 

Current Seizure Frequency: A few times a week 
 
Current Seizure Morphology: Generalised tonic clonic a few times a month on average - 
"blank episodes” associated briefly with head drop more often, a few times a week. 
 
Seizure Evolution: 2005 – generalised tonic clonic; 2006 – tonic; 2007 – myoclonic seizures 
and drop attacks; 2007/8 - atypical absences. 
 
Development: Profound intellectual disability; evidence for neuroregression - early 
development not concerning but stagnated for around 3 years - never walked but was sitting 
and crawling at 8 months and 15 months. May have lost a few skills. Recorded as having 
more single words then fewer words. 
 
EEG: Mobile EEG showed generalised slowing and suppression but earlier EEG during sleep 
taken same day was normal. A follow up awake EEG was normal. 
 
Imaging: CT and MRI scans – showed global atrophy. 
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Working Diagnosis: Lennox-Gastaut Syndrome 

22 Male European 5 months 

Current Seizure Frequency: A few times a week 
 
Current Seizure Morphology: Prolonged focal unaware seizures, generalised tonic clonic 
seizures, myoclonic jerks. Seizures triggered by being tired, warm, or excited. 
 
Seizure Evolution: Initially focal right sided seizures with secondary generalisation, then 
evolved to multiple seizure types. 
 
Development:  Mild to moderate learning disability; at LSEN school. Evidence of 
neuroregression - early development was normal – has displayed regression. 
 
EEG: Occasional spindle formations and V waves in sleep. 
 
Imaging: MRI – no abnormalities observed. 
 
Working Diagnosis: Dravet Syndrome 

24 Female Indian 48 months 

Current Seizure Frequency: 1-3 per month 
 
Current Seizure Morphology:  At night patient snores and become confused, but unclear if 
seizures. Seizures triggered by sleep? Seizures also triggered by fever and strong emotions. 
 
Seizure Evolution: Febrile seizures followed by myoclonic jerks; some generalised tonic clonic 
seizures and then occasional drop attacks with infrequent generalised tonic clonic seizures 
related to fever. 
 
Development: Learning problems; evidence for neuroregression - no developmental concerns 
prior to seizures - maybe worsening developmental delay.  
 
EEG: No abnormalities described. 
 
Imaging: None. 
 
Working Diagnosis: Doose Syndrome  



 146 

25 Female 
Mixed 

Ancestry 
114 

months 

Current Seizure Frequency: 1-3 per month 
 
Current Seizure Morphology:  Right sided focal seizures starting at right leg to right hand, all 
stiff. Sometimes generalised tonic clonic with secondary generalisation, or not, as onset not 
always witnessed. 
 
Seizure Evolution: Similar pattern of seizures throughout. 
 
Development: In Grade 10, and coping. 
 
EEG: No abnormalities described.  
 
Imaging: CT and MRI scans - hypodensity suspected on CT but subsequent MRI normal. 
 
Working Diagnosis: Focal Motor Seizures. 

26 Male 
Black 

African 
8 months 

Current Seizure Frequency: Once a day. 
 
Current Seizure Morphology: Falls to the left, becomes stiff, then wakes up. 
 
Seizure Evolution: History of infantile spasms; then myoclonic jerks, atonic seizures, and focal 
tonic seizures. 
 
Development: Cerebral palsy with right hemiplegia; possible developmental delay prior to 
seizure onset - possibly spasms about 8 months, so unsure as epilepsy only diagnosed at 7 
months of age. Evidence for neuroregression - seems developmental status may have 
worsened after seizure onset. 
 
EEG: No abnormalities described.  
 
Imaging: MRI scan - ex vacuo dilatation of left ventricle. Old lacunar infarct in left basal 
ganglia. 
 
Working Diagnosis: Lennox-Gastaut Syndrome possibly secondary to infarct 
 



 147 

27 Male 
Black 

African 
7 months 

Current Seizure Frequency: 1-3 per month 
 
Current Seizure Morphology: Right sided focal, unaware seizures. Seizures triggered by fever. 
 
Seizure Evolution: Initially generalised tonic clonic but evolved to be right sided with loss of 
awareness; still some generalised tonic clonic with fever. 
 
Development: Left Hemimegaloencephaly; severe intellectual disability; dysmorphology – 
epicanthic folds. 
 
EEG: No described abnormalities. 
 
Imaging: MRI scan – focal cortical dysplasia - left hemimegaloencephaly. 
 
Working Diagnosis: Hypomelanosis of LTO with hemimegaloencephaly 

28 Male 
Black 

African 
24 months 

Current Seizure Frequency: A few times a week. 
 
Current Seizure Morphology: Drop attacks, atypical absences, some generalised tonic clonic 
seizures. 
 
Seizure Evolution: Not described in record. 
 
Development: Scaphocephaly or synostosis? Initial normal motor development but presented 
at age 2 with developmental delay and then a short time afterwards seizure noted. Evidence of 
neuroregression - initially seemed just developmentally delayed but seems has been a 
regressive element as seizure disorder has evolved. Dysmorphology – scaphocephaly noted.  
 
EEG: Slow. 
 
Imaging: MRI scan – no abnormalities noted.  
 
Working Diagnosis: Lennox-Gastaut Syndrome 

29 Female 
Black 

African 
60 months 

Current Seizure Frequency: 1-3 per month. 
 
Current Seizure Morphology: Eyes roll back, clonic jerks, drowsy postictally.  
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Seizure Evolution: Not described in records. 
 
Development: Development delayed prior to seizure onset – speech delayed, but no motor 
delay. Developmentally delayed, attends K1 LSEN.  
 
EEG: Awake high voltage 2-3hz delta – sleep admixture theta and delta. 
 
Imaging: CT and MRI scans - Ill-defined hyperintensity in deep white matter with cerebral 
shrinkage. 
 
Working Diagnosis: Refractory epilepsy. 

30 Male 
Black 

African 
7 months 

Current Seizure Frequency: 1-3 per month. 
 
Current Seizure Morphology: Focal left sided seizures - turns to side then eyes up with 
stiffening limbs. 
 
Seizure Evolution: Always had a focal element - initially right then left but more recently 
seizures start on left. 
 
Development: Previously had TB meningitis; does not talk but mumbles. Cannot sit. Evidence 
of neuroregression. 
 
EEG: Generalised slowing.  
 
Imaging: CT scan - hydrocephalus and cerebral swelling and 2 high density foci along falx – 
tuberculoma? Subsequently bilateral hemisphere tuberculoma. Subsequently bilateral 
hemisphere and right basal ganglia infarcts. 
 
Working Diagnosis: Epilepsy following TB meningitis. 

31 Female 
Black 

African 
72 months 

Current Seizure Frequency: Once a day. 
 
Current Seizure Morphology: Left sided clonic jerks followed by post ictal sleeping.  
 
Seizure Evolution: No real change in semiology. 
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Development: Left hemiplegia with a potential cerebral palsy cause. Dense cataract in left eye 
potentially since birth. All seemed fine until left sided weakness and focal seizures at 6 months 
of age. Has had cataract surgery and attends school for the visually impaired.  
 
EEG: Slow for age. 
 
Imaging: CT scan - right frontoparietal low density lesion with ex vacuo dilation of that ventricle 
and smaller right hemisphere - presumed right MCA infarct. 
 
Working Diagnosis: Epilepsy secondary to cerebral insult  

32 Female 
Black 

African 
10 months 

Current Seizure Frequency: 1-3 per month. 
 
Current Seizure Morphology: Right sided focal and unaware seizures. Seizures triggered by 
fever.  
 
Seizure Evolution: Focal seizures and then drop attacks. 
 
Development: Right hemiplegia and Sturge Weber syndrome. Developmental delay observed 
before seizures, with mildly delayed milestones. No evidence of neuroregression. Port wine 
stain birthmark.  
 
EEG: No abnormalities described in record. 
 
Imaging: CT scan – evidence of HIE. Angiomatosis and left hemiatrophy, left parietal infarct on 
25/04/15. 
 
Working Diagnosis: Sturge Weber syndrome with parietal infarct 

33 Male 
Mixed 

Ancestry 
3 months 

Current Seizure Frequency: Once a day 
 
Current Seizure Morphology: Myoclonic jerks 
 
Seizure Evolution: Infantile spasms from 3 months then episodes of staring  and eye deviation 
from sleep at 5 years of age with abnormal EEG, then evolved into more generalised clonic 
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"shaking" a year later (complex partial seizures) then myoclonic / astatic seizures described at 
7 years of age with tonic posturing of arms. 
 
Development: Moderate developmental delay; evidence of neuroregression – displayed 
normal development prior to onset of spasms. 
 
EEG: Hypsarrhythmia. Evolved to bitemporal slowing more over left temporal area on 2nd 
telemetry, mostly symmetrical ay 8hz. Spindle formations and V wave recorded right 
centrotemporal area, frontal and left occipital in sleep more generalised spike wave or 
polyspike. 
 
Imaging: CT and MRI scans – focal cortical dysplasia – right temporoparietal dysplasia. 
 
Working Diagnosis: Early Onset Epileptic Encephalopathy 

34 Male 
Mixed 

Ancestry 
2 months 

Current Seizure Frequency: 5-9 a day. 
 
Current Seizure Morphology: About 3 myoclonic jerks that are short lived per day, 3 
generalised tonic clonic seizures in last 4 months. Seizures triggered by fever. 
 
Seizure Evolution: Initially GTC followed by myoclonic jerks at 6 months; right focal at 2 years 
of age with secondary generalisation. Atonic seizures and drop attacks listed but not age of 
onset. 
 
Development: Right hemiplegia initially, now spasticity. Developmental delay observed prior to 
start of seizures – was not smiling by seizure onset at 10 weeks of age. Severe intellectual 
disability. Has microcephaly and prominent ears.  
 
EEG: Bilateral independent spiking more marked over left hemisphere with isolated right 
hemispheric slowing. 
 
Imaging: CT and MRI scans – no abnormalities noted. 
 
Working Diagnosis: Early Onset Epileptic Encephalopathy 

35 Female 
Mixed 

Ancestry 
60 months 

Current Seizure Frequency: 5-9 a day. 
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Current Seizure Morphology: Myoclonic and astatic seizures and atypical absences; 
occasional GTC. 
 
Seizure Evolution: Initially myoclonic asymmetrical seizures with atypical absences - 'drop" 
episodes started about 1 year later. 
 
Development: Learning difficulties. Evidence of neuroregression - normal development until 
onset of seizures then increasing inattention and inability to cope with schoolwork. 
 
EEG: Background became slow - bilateral mixed frequencies 3hz 3-4hz transients and 4-5Hx 
theta activity with overriding beta activity. 
 
Imaging: MRI scan – no abnormalities observed. 
 
Working Diagnosis: Doose syndrome 

36 Female 
Black 

African 
14 months 

Current Seizure Frequency: 1-3 per month. 
 
Current Seizure Morphology: Complex absence seizures, triggered by fever. 
 
Seizure Evolution: Initial GTCS triggered by fever then right focal tonic seizures, atonic head 
drops and staring spells. 
 
Development: Neuronal migration disorder; developmental delay observed prior to onset of 
seizures, global delay noted from a few months. Had motor delay prior to seizure onset. 
Evidence of neuroregression - as seizure disorder progressed rate of cognitive decline and 
developmental delay increased. Has epicanthic folds and microcephaly. 
 
EEG: Became slow - no post LPH rhythms when awake. 
 
Imaging: CT and MRI scans - pachygyria and lissencephaly – potentially calcification.  
 
Working Diagnosis: Lennox-Gastaut syndrome secondary to neuronal migrational 
abnormality 

41 Female 
Black 

African 
12 months 

Current Seizure Frequency: 1-3 per month. 
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Current Seizure Morphology: Left focal seizures with loss of consciousness and residual left 
hemiplegia. Seizures triggered by fever.  
 
Seizure Evolution: Febrile GTC to left focal seizures. 
 
Development: Moderate global developmental delay. Evidence of neuroregression - normal 
early development with slowing of development as seizure disorder progressed. 
 
EEG: On video background somewhat attenuated with right hemisphere dominated by almost 
continuous PLED spike waves, max from right frontocentral regions at 2 HZ maximum in 
sleep, left hemisphere abnormal, poorly formed, and slow in keeping with encephalopathic 
state.  
 
Imaging: CT and MRI scans - 1st MRI normal ,2nd subtle swelling hemisphere with loss of 
sulcal markings. Area right high parietal region showing increase signal on FLAIR. SPECT 
asymmetrical perfusion temporal region - left greater than right.  
 
Working Diagnosis: Refractory epilepsy syndrome 

42 Male 
Black 

African 
48 months 

Current Seizure Frequency: Once a week 
 
Current Seizure Morphology: Left sided focal seizures.  
 
Seizure Evolution: In retrospect likely always focal element with secondary generalization. 
 
Development: Moderate intellectual disability.  
 
EEG: No abnormalities described in record.  
 
Imaging: CT and MRI scans – no abnormalities observed. 
 
Working Diagnosis: Focal epilepsy 

44 Male 
Black 

African 
From birth 

Current Seizure Frequency: A few times a week. 
 
Current Seizure Morphology: Screams, postures, tonic seizures. Seizures triggered by fever.  
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Seizure Evolution: Neonatal focal seizures with generalisation but also myoclonic jerks early 
on. Comment of GTC after first year. 
 
Development: Severe global developmental delay with spasticity and dystonia. 
 
EEG: Background suppressed.  
 
Imaging: Ultrasound, CT, and MRI scans – no abnormalities observed. 
 
Working Diagnosis: Early Onset Epileptic Encephalopathy 

45 Female 
Black 

African 
2 months 

Current Seizure Frequency: 1-3 per month 
 
Current Seizure Morphology: Right sided tonic, unaware. Seizures triggered by fever.  
 
Seizure Evolution: Initially GTC recorded, then tonic spasms. 
 
Development: Severe global developmental delay with hemiplegia. Evidence of 
neuroregression - immediate neonatal period normal but floppy and delayed on presentation 
with epilepsy. 
 
EEG: Hypsarrhythmia with burst suppression. 
 
Imaging: MRI scan - left hemimegaloencephaly with pachygyria. 
 
Working Diagnosis: Ohtahara syndrome 

46 Female 
Mixed 

Ancestry 
126 

months 

Current Seizure Frequency: 1-3 per month.  
 
Current Seizure Morphology: Prodrome headache and nausea, legs give, can evolve to GTC 
seizures. Seizures triggered by headaches and heat.   
 
Seizure Evolution: Started with abnormal experiences - seeing and hearing things with altered 
awareness, then shaky episodes with altered awareness, evolved to include GTC seizures. 
 
Development: Learning difficulties; evidence of neuroregression - was doing fine since 
seizures started but some difficulties subsequently with learning. 
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EEG: No abnormalities described in record.  
 
Imaging: MRI scan – no abnormalities described. 
 
Working Diagnosis: Multifocal seizure disorder 

47 Male 
Black 

African 
37 months 

Current Seizure Frequency: 1-3 per month 
 
Current Seizure Morphology: Myoclonic jerks, more frequently tonic seizures with secondary 
generalisation. Seizures triggered by fever.  
 
Seizure Evolution: Not described in record.  
 
Development: Had meningitis at 3 years of age. Global developmental delay. Evidence of 
neuroregression - normal development prior to seizure onset followed by loss of skills, but 
static global developmental delay now. 
 
EEG: No abnormalities described in record. 
 
Imaging: CT scan – global atrophy. White matter low density suggestive of 
leukoencephalopathy. 
 
Working Diagnosis: Lennox-Gastaut syndrome 

48 Female 
Mixed 

Ancestry 
35 months 

Current Seizure Frequency: 1-3 per month. 
 
Current Seizure Morphology: Eyes roll, tonic seizures, becomes sleepy - preceded by 
screams, myoclonic jerks. Seizures triggered by fever and infection. 
 
Seizure Evolution: Right focal precipitated by fever followed by a number of afebrile GTC; later 
blank spells and then more clusters of GTC a few months after atonic drop attacks noted, and 
episodes of eyes and mouth flickering and jerks. 
 
Development: Relatively normal? No evidence of neuroregression.  
 
EEG: No abnormalities described in record. 
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Imaging: CT and MRI scans – no abnormalities observed.  
 
Working Diagnosis: Lennox-Gastaut syndrome 

50 Male 
Black 

African 
29 months 

Current Seizure Frequency: 1-3 per month 
 
Current Seizure Morphology: Right sided twitching of face and right side with loss of 
continence and becomes unaware. Seizures triggered by fever.  
 
Seizure Evolution: Generalised tonic clonic seizures associated with fever.  
 
Development: Learning difficulties.  
 
EEG: No abnormalities described in record. 
 
Imaging: MRI scan – evidence of HIE. 
 
Working Diagnosis: Potential HIE 
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Appendix F – NanoDrop readings of DNA extracted from participant 

samples, detailing tissue from which DNA was extracted, 

concentrations, and quality indicators 

Family 
Sample 

Donor 

Sample 

Type 

Concentration 

(ng/uL) 

260/280 

ratio 

260/230 

ratio 

1 Patient Saliva 116.46 1.81 1.17 

1 Patient Saliva 141.54 1.80 0.68 

1 Parent Saliva 71.16 1.67 0.66 

1 Parent Saliva 159.75 1.64 0.53 

2 Patient Saliva 319.32 1.97 1.65 

2 Patient Saliva 714.18 1.89 1.61 

3 Patient Saliva 100.10 1.78 1.11 

3 Patient Saliva 370.80 1.80 1.16 

3 Parent Saliva 7.77 1.35 0.30 

3 Parent Saliva 6.90 1.63 0.32 

3 Parent Saliva 4.43 1.72 0.45 

3 Parent Saliva 295.53 1.75 1.34 

3 Parent Saliva 400.84 1.82 1.24 

4 Patient Saliva 46.27 1.98 0.95 

4 Parent Saliva 215.67 1.77 1.19 

4 Parent Saliva 714.49 1.85 1.16 

5 Patient Saliva 170.97 1.87 1.06 

5 Parent Saliva 51.53 1.73 0.59 

6 Patient Saliva 1648.45 1.90 1.50 

7 Patient Saliva 329.73 1.84 1.29 

7 Parent Saliva 1367.52 1.85 1.28 

7 Parent Saliva 2069.54 1.86 1.44 

8 Patient Saliva 172.73 1.91 0.79 

9 Patient Saliva 115.59 1.87 1.06 

9 Patient Saliva 240.51 1.68 0.82 

9 Parent Saliva 963.48 1.87 1.85 

11 Patient Saliva 1194.25 1.90 1.48 

11 Parent Saliva 1443.80 1.89 1.57 

12 Patient Saliva 255.34 1.92 1.13 
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12 Parent Saliva 859.24 1.84 1.42 

13 Patient Saliva 439.61 1.69 0.79 

13 Parent Saliva 870.48 1.84 1.83 

13 Parent Saliva 828.38 1.82 1.60 

14 Patient Saliva 284.07 1.89 1.34 

16 Patient Saliva 585.96 1.93 1.46 

16 Parent Saliva 1153.74 1.76 1.19 

18 Patient Saliva 297.29 1.83 1.34 

19 Patient Saliva 272.54 1.79 0.82 

19 Parent Saliva 242.37 1.74 1.04 

20 Patient Saliva 157.07 1.52 0.35 

21 Patient Saliva 260.59 1.86 0.89 

21 Parent Saliva 117.50 1.47 0.47 

21 Parent Saliva 498.48 1.81 1.46 

22 Patient Blood 719.71 1.82 1.77 

24 Patient Saliva 175.19 1.93 0.87 

24 Parent Saliva 743.98 1.89 1.66 

24 Parent Saliva 1687.25 1.86 1.55 

25 Patient Saliva 1065.33 1.85 1.57 

25 Parent Saliva 1479.96 1.79 1.24 

26 Patient Saliva 481.00 1.70 0.98 

26 Parent Saliva 836.83 1.85 1.46 

27 Patient Saliva 419.40 1.94 1.38 

27 Parent Saliva 628.12 1.79 1.24 

27 Patient Saliva 3.19 2.38 0.39 

27 Patient Saliva 23.66 2.09 2.50 

28 Patient Saliva 2644.62 1.98 1.57 

28 Parent Saliva 2209.44 1.97 1.66 

29 Patient Saliva 88.48 1.26 0.32 

29 Parent Saliva 1821.46 1.89 1.37 

30 Patient Blood 22.4 1.87 -2.78 

30 Parent Saliva 1398.84 1.93 1.69 

30 Parent Saliva 1995.22 1.85 1.44 

31 Patient Saliva 279.38 1.65 0.65 

31 Parent Saliva 1880.70 1.81 1.27 
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32 Patient Saliva 484.21 1.87 1.37 

32 Parent Saliva 1440.77 1.85 1.92 

33 Patient Saliva 90.70 1.74 0.87 

33 Parent Saliva 157.74 1.53 0.46 

34 Patient Saliva 341.01 1.83 0.75 

34 Parent Saliva 1996.34 1.88 1.62 

35 Patient Saliva 277.18 1.79 0.98 

35 Parent Saliva 1091.99 2.00 1.90 

35 Parent Saliva 117.70 1.64 0.61 

36 Patient Saliva 221.37 1.95 0.91 

36 Parent Saliva 145.57 1.53 0.42 

41 Patient Saliva 128.38 1.60 0.60 

41 Parent Saliva 125.05 1.77 0.71 

42 Patient Saliva 201.53 1.76 0.85 

42 Parent Saliva 658.08 1.87 1.64 

42 Parent Saliva 1988.75 1.87 1.87 

44 Patient Blood 488.03 1.78 1.62 

44 Parent Saliva 572.44 1.71 1.27 

44 Parent Saliva 688.60 1.85 1.55 

45 Patient Saliva 326.35 1.88 1.00 

45 Parent Saliva 565.71 1.87 1.63 

46 Patient Saliva 291.74 1.63 0.62 

46 Parent Saliva 1948.94 1.83 1.45 

47 Patient Saliva 321.74 1.85 1.25 

47 Parent Saliva 425.31 1.81 1.58 

48 Patient Saliva 1156.83 1.87 1.27 

48 Parent Saliva 396.70 1.83 1.46 

50 Patient Saliva 491.72 1.86 1.06 

50 Parent Saliva 711.26 1.90 1.65 

Note An abnormal 280/260 ratio may indicate the presence of proteins or phenol; an abnormal 260/230 

ratio may indicate chemical contamination of the sample by organic compounds. Multiple DNA samples 

were sometime available from one individual, hence the disparity between the total number of 

participants and the total number of samples. 
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Appendix G – Full Run Reports exported from Torrent Suite™ 

Software 
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Appendix H – Condensed Ion Reporter table and in silico indicators of pathogenicity for the five verified 

variants of interest 

Gene NCBI RefSeq 
hg19 Genomic 

Coordinate 
Coding 
Change 

Protein 
Change Function 

ClinVar 
Designation rs ID 

OMIM 
ID 

SIFT 
Score 

PolyPhen 
Score 

Grantham 
Score 

FATHMM 
Score 

phyloP 
Score 

SCN1A NM_006920.5 chr2:166852628 
c.4444-
1C>T 

p.? 
splice 

acceptor 
Pathogenic rs1553521567 182389 - - - - 9.81 

SCN1A NM_006920.5 chr2:166909392 c.664C>T p.Arg222Ter nonsense Pathogenic rs121918624 182389 - - - - 7.76 

GRIN2A NM_001134407.2 chr16:9892299 c.2191G>A p.Asp731Asn missense 
Pathogenic/Likely 

pathogenic 
rs796052549 138253 0.02 1.0 23.0 0.92 7.68 

GABRG2 NM_198903.2 chr5:161520937 c.211A>G p.Asn71Asp missense 
Uncertain 

significance - 137164 0.04 0.145 23.0 - 7.05 

GRIN2B NM_000834.4 chr12:13716673 c.3499G>A p.Val1167Ile missense 
Uncertain 

significance 
rs1042339 138252 0.4 0.0 29.0 0.94 1.89 

 




