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Abstract
Objective: This study was undertaken to develop a novel pathway linking ge-
netic data with routinely collected data for people with epilepsy, and to analyze 
the influence of rare, deleterious genetic variants on epilepsy outcomes.
Methods: We linked whole-exome sequencing (WES) data with routinely col-
lected primary and secondary care data and natural language processing (NLP)-
derived seizure frequency information for people with epilepsy within the Secure 
Anonymised Information Linkage Databank. The study participants were adults 
who had consented to participate in the Swansea Neurology Biobank, Wales, be-
tween 2016 and 2018. DNA sequencing was carried out as part of the Epi25 col-
laboration. For each individual, we calculated the total number and cumulative 
burden of rare and predicted deleterious genetic variants and the total of rare and 
deleterious variants in epilepsy and drug metabolism genes. We compared these 
measures with the following outcomes: (1) no unscheduled hospital admissions 
versus unscheduled admissions for epilepsy, (2) antiseizure medication (ASM) 
monotherapy versus polytherapy, and (3) at least 1 year of seizure freedom versus 
<1 year of seizure freedom.
Results: We linked genetic data for 107 individuals with epilepsy (52% female) 
to electronic health records. Twenty-six percent had unscheduled hospital admis-
sions, and 70% were prescribed ASM polytherapy. Seizure frequency information 
was linked for 100 individuals, and 10 were seizure-free. There was no significant 
difference between the outcome groups in terms of the exome-wide and gene-
based burden of rare and deleterious genetic variants.
Significance: We successfully uploaded, annotated, and linked genetic sequence 
data and NLP-derived seizure frequency data to anonymized health care records 
in this proof-of-concept study. We did not detect a genetic influence on real-world 
epilepsy outcomes, but our study was limited by a small sample size. Future 
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1   |   INTRODUCTION

Epilepsy is one of the most common neurological condi-
tions, affecting approximately 50 million people world-
wide.1 People with epilepsy face significant physical 
health, mental health, and social problems in addition to 
the ongoing risk of seizures.2 It is established that genet-
ics plays a key role in epilepsy etiology, and significant 
advances have been made in understanding its underly-
ing genetic architecture.3 For example, we now know that 
both single-gene/polygenic rare and common genetic 
variants contribute to the risk of developing epilepsy.4,5

Understanding the cause of a person's epilepsy or 
correctly identifying their epilepsy syndrome will guide 
clinical management and prognostication. However, two 
people with the same epilepsy syndrome or cause for their 
epilepsy may have differing outcomes, for example, differ-
ent responses to medication, seizure frequencies, or risks 
of epilepsy-related death. Many factors may influence 
these outcomes, with genotype playing an important part. 
Pharmacogenomic studies have identified genes associated 
with poor response to antiseizure medications (ASMs), 
such as mutations in genes encoding CYP enzymes, trans-
porter genes, and genes associated with seizures that are 
also linked to pharmacoresistance, such as SCN1A.6,7

Sudden unexplained death in epilepsy (SUDEP), the 
most severe epilepsy outcome, is associated with an in-
creased polygenic burden and a greater presence of po-
tentially deleterious variants. However, no single locus 
has an association with SUDEP.8 Can similar genome 
burden associations be found in common epilepsies with 
more drug-resistant seizures or real-world outcomes like 
epilepsy-related hospital admissions?

Using routinely collected data for epilepsy research has 
many advantages, including less recruitment bias (whole 
populations can be studied), the relative ease of using data 
from different health sources, and that the data have already 
been collected.9–11 The use of genetic sequencing in routine 
clinical practice and clinical trials is increasing, with most 
patients in the near future being likely to have some form of 
genetic sequencing as part of their routine care.12,13 There is 
an exciting opportunity, therefore, to use this routinely col-
lected genetic data to study the effect of epilepsy genotypes on 
clinically relevant epilepsy outcomes on a population level.

In this capability pathfinder project, we linked ge-
netic data with routinely collected health data, including 
that derived from clinic letters using a natural language 
processing (NLP) application, within the world-leading 
Secure Anonymised Information Linkage (SAIL) Data-
bank, to study genetic influences on epilepsy outcomes 
in Wales. Our objectives were to (1) develop a novel path-
way to link genetic data with anonymized routinely col-
lected data for people with epilepsy; (2) develop methods 
to analyze genetic sequencing data within a trusted re-
search environment for anonymized routinely collected 
data; and (3) use successful completion of (1) and (2) to 
study the influence of rare, deleterious genetic variants 
on the risk of ASM polytherapy, unscheduled hospital 
admissions for epilepsy, and increased seizure frequency.

2   |   MATERIALS AND METHODS

2.1  |  Participants

We selected individuals from within the Swansea Neurol-
ogy Biobank (SNB). SNB participants were recruited from 

studies will require larger (WES) data to establish genetic variant contribution to 
epilepsy outcomes.

K E Y W O R D S

antiseizure medication, genetic variant burden, natural language processing, seizure 
frequency, unscheduled admission

Key Points

•	 We investigated the influence of rare, delete-
rious genetic variants on real-world epilepsy 
outcomes

•	 We linked WES data to routinely collected 
health care data on unscheduled hospital ad-
missions, ASM therapy, and seizure frequency

•	 Gene variant annotation, data linkage, and 
analysis were performed within the Secure 
Anonymised Information Linkage Databank's 
trusted research environment

•	 No association between the genetic burden and 
unscheduled hospital admissions, ASM polyther-
apy, and increased seizure frequency was seen

•	 Future studies will require larger WES data to 
establish genetic variant contribution to epi-
lepsy outcomes
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      |  3FONFERKO-SHADRACH et al.

National Health Service neurology clinics with sex, eth-
nicity, and detailed epilepsy and medical history recorded 
from interviews and medical notes review. All individuals 
in this study had given informed written consent to share 
their genetic and clinical data anonymously with the SAIL 
Databank.

Whole-exome sequencing (WES; Illumina HiSeqX 
platform) was performed at the Broad Institute as part 
of the Epi25 collaborative. Epi25 is a global collaborative 
(2014 to present), with the aim of exome sequencing up 
to 25 000 patients with epilepsy across the world (http://
epi-25.org/). SNB has participated in the project from its 
onset, and exomes were repatriated by downloading data 
from the Broad Institute central core. Our cohort for this 
study was submitted to Years 1–3 of Epi25 and derived 
from patients who donated samples primarily between 
2016 and 2018. Epilepsy diagnosis was verified for all par-
ticipants prior to Epi25 submission and categorized into 
focal or generalized onset.14 Detailed phenotypic data 
from the SNB database and Epi25 WES data (Variant Call 
Format, VCF v4.2 files) for 111 individuals were used in 
this project.

2.2  |  Routinely collected data and 
data linkage

The SAIL Databank is a privacy-protecting trusted re-
search environment holding a repository of routinely col-
lected anonymized health, social, and administrative data 
for the Welsh population, and provides infrastructure 
for linkage and access to project-specific data.15 Person-
identifiable information is separated from nonidentifi-
able data and is encrypted and substituted with a unique 
anonymous field used for data linkage.16 Primary care 
data in the SAIL Databank are held in the Welsh Longi-
tudinal General Practice dataset and contain dated and 
coded clinical events from general practitioners (GPs) for 
approximately 85% of the Welsh population. The dataset 
includes symptoms, diagnoses, and treatments recorded 
during primary health care consultations and coded using 
the Read Code system.17 Secondary care data in the SAIL 
Databank are held in the Patient Episode Database for 
Wales and contain diagnostic and treatment information 
relating to inpatient/day case episodes for Welsh patients, 
using the International Classification of Disease version 
10 (ICD-10) and Office of Population Census and Surveys 
version 4 diagnostic and procedural codes.

We uploaded phenotypic and demographic data from 
the SNB together with WES variant files (VCF 4.2 files) 
for the study cohort into the SAIL Databank using the 
established split-file approach.18 We linked these data 
to the primary and secondary care datasets within the 

SAIL Databank. We used the Extraction of Epilepsy 
Clinical Text (ExECT) NLP pipeline to extract seizure 
frequency information from epilepsy clinic letters from 
the medical notes of the individuals within the study 
group.19 In a representative sample of letters, the ExECT 
V2 pipeline extracted seizure frequency with a precision, 
recall, and F1 score of 74%, 64%, and 69% per item and 
92%, 83%, and 88% per letter, respectively.20 We derived 
seizure severity scores (SSSs) from the quantifiable ex-
pressions of seizure frequency.21 These expressions were 
converted to daily rates; for time periods expressed as a 
range (e.g., 3–4 weeks), the lower number was selected 
as the denominator; when seizures were expressed as a 
range (e.g., 5–10 seizures), the higher number was se-
lected as the numerator, so as to avoid underestimating 
the reported rate. SSSs range from 1 (seizure-free for 
≥2 years) to 7 (daily seizures). We uploaded this infor-
mation into the SAIL Databank, linking it to the primary 
care and WES data (Figure 1).

2.3  |  Epilepsy cohort definitions and  
outcomes

We used primary care Read Codes to identify epilepsy 
diagnoses (Read v2 “F25”), ASM prescriptions (Read v2 
“dn%” and “do%”), and dates within the primary care re-
cords dataset.22 The earliest date of ASM prescription or 
epilepsy diagnosis was set as the beginning of the study 
window for each patient (not earlier than January 1, 2000) 
and the latest as the end (not later than December 31, 
2019). To identify unscheduled hospital admissions for 
epilepsy, we used admission method codes “21” and “29,” 
in combination with the ICD-10 G40 diagnosis.

We created three outcome groups for analysis: (1) study 
participants without unscheduled hospital admission for 
epilepsy as a primary cause of admission compared to 
those with at least one such admission, (2) Study partic-
ipants prescribed one ASM (monotherapy) versus those 
prescribed two or more ASMs for at least 6 months (poly-
therapy), and (3) Individuals who were seizure-free for 1 
year or more (SSS = 1 or 2) versus those with <1 year of 
seizure freedom (SSS > 2).

2.3.1  |  Gene variant annotation and analysis

VCF files were annotated within the SAIL Databank 
using ANNOVAR (version: 2019Oct24)23 with gene-
based and filter-based annotations.24 Genetic variants 
were defined as rare if the allele frequency was <.001 
in the gnomAD exome collection (v2.1.1) and they did 
not occur more than twice within the study group. We 
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4  |      FONFERKO-SHADRACH et al.

defined genetic variants as damaging if their Combined 
Annotation-Dependent Depletion (CADD) score was 
≥15.25

Exome-wide burden analysis
We defined the exome-wide gene burden score as the cu-
mulative sum of CADD PHRED scores for all rare variants 
for that individual.8 We also counted the number of rare 
and damaging variants for each individual.26

Gene-based analysis
For each individual, we noted the number of rare and 
damaging variants in genes (1) associated with epilepsy, 
that is, epilepsy genes, neurodevelopment-associated epi-
lepsy genes, and epilepsy-related genes5,8,27 (Data S1); and 
(2) associated with drug metabolism and/or drug trans-
porters, that is genes encoding phase 1 drug-metabolizing 

enzymes and genes encoding drug transporters28 
(Data  S1). We compared Residual Variation Intolerance 
Scores (RVISs) in each of the groups identifying the most 
intolerant genes.29

We performed the exome-wide and gene-based analy-
sis for the three outcome groups.

We used R Statistical Software (v4.1.2) for statistical 
analysis and graphs within the SAIL Databank.30 We 
used the Wilcoxon rank sum test when comparing the 
groups.

3   |   RESULTS

We linked 107 SNB patient exomes with SAIL health care 
data. A total of 105 had a primary care ASM prescrip-
tion record, 104 had epilepsy classification information 

F I G U R E  1   Genetic data linkage and analysis within the Secure Anonymised Information Linkage (SAIL) Databank. The green 
rectangle represents data within the SAIL Databank. *Ninety-nine had a diagnosis of epilepsy in GP records, but all individuals in the cohort 
had epilepsy, as their diagnosis was confirmed before the Epi25 submission. AF, allele frequency; ANNOVAR, variant annotation tool; ASM, 
antiseizure medication; CADD, Combined Annotation-Dependent Depletion; ExECT, Extraction of Epilepsy Clinical Text; GP, general 
practitioner; NLP, natural language processing; PEDW, Patient Episode Database for Wales; SNB, Swansea Neurology Biobank; WLGP, 
Welsh Longitudinal General Practice dataset.
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      |  5FONFERKO-SHADRACH et al.

(Table 1), and all were of White Western European eth-
nicity. The earliest GP event year relating to epilepsy (di-
agnosis or ASM prescription) was 2000, and the latest was 
2019, giving a study window of 19 years (mean follow-up 
per patient = 12 years, range = 2–19 years).

3.1  |  Hospital admissions

There was no significant difference in the exome-wide 
or gene-based analysis in individuals with no unsched-
uled epilepsy hospital admissions (n = 79) compared to 
those with unscheduled epilepsy admissions (n = 28; 
Figure 2A). A total of 562 (7.1 per person) and 168 (6.0 
per person) unique qualifying (rare and damaging) 
variants in 501 and 145 genes were identified in the no 
admissions and the admissions groups, respectively. Var-
iants in two genes associated with epilepsy, CACNA1C 
and KCNQ1, were exclusively present in the admissions 
group (both affecting fewer than five individuals). Quali-
fying variants were seen in three drug metabolism and 
transporter genes, with CYP2D6 variants being present 
exclusively in the no admissions group (Figure 3). CAC-
NA1C and KCNQ1 are among the top 3% of genes intoler-
ant to damaging variants (RVIS ranking), with CYP2D6 
being among the most tolerant 96%.

3.2  |  ASM therapy

There was no significant difference, in the exome-wide or 
gene-based analysis, between people who were on ASM 
monotherapy (n = 32) and polytherapy (n = 73; Figure 2B). 

A total of 249 (7.8 per person) and 469 (6.4 per person) 
unique qualifying variants in 214 and 415 genes were 
identified in the monotherapy and polytherapy groups, re-
spectively. There were a number of variants for epilepsy-
associated genes exclusive to both groups, with the 
polytherapy group having more genes from among the top 
3% of genes intolerant to damaging variants (RVIS rank-
ing). There were no specific drug metabolism and trans-
porter genes with qualifying variants that were uniquely 
associated with polytherapy (Figure  3). Two intolerant 
genes CACNA1C and KCNQ1 (in the top 3% of intolerant 
genes) were present in all three groups, the unscheduled 
admissions, polytherapy, and not seizure-free groups.

3.3  |  Seizure frequency

SSSs were calculated for 100 study participants (see Materials 
and Methods). Of those, 10 individuals were seizure-free for 
>1 year (SSS = 1 or 2), and 90 were experiencing seizures (at 
least one seizure per year to daily seizures; SSS > 2). There was 
no significant difference between the groups in the exome-
wide analysis. Sixty-two (6.2 per person) and 684 (7.6 per 
person) unique qualifying variants in 62 and 586 genes were 
identified in the seizure-free and not seizure-free groups, re-
spectively (Figure 3). One epilepsy-associated gene was found 
in the seizure-free group and 15 in the non seizure-free group, 
including CACNA1C, KCNQ1. Two less tolerant genes (top 
4%), SCN5A and TRAK1, are also present in the polytherapy 
group. Variants of CHD2 and KCNH2 were present exclu-
sively in the not seizure-free group, both from the top 4% of 
the least tolerant genes. A small number of variants of ABCG2 
were present exclusively in the not seizure-free group.

T A B L E  1   Total study and outcome group characteristics.

Characteristic All

Admissions ASM therapyb Seizure frequencyc

Admissions
No 
admissions Polytherapy Monotherapy

>1 year 
seizure 
freedom

<1 year 
seizure 
freedom

Total 107 28 (26%) 79 (74%) 73 (69%) 32 (31%) 10 (10%) 87 (90%)

Mean age, years 41 40 41 42 37 41 41

Male 47 (44%) 9 (32%) 38 (48%) 32 (44%) 14 (44%) 4 (40%) 36 (41%)

Female 60 (56%) 19 (68%) 41 (52%) 41 (56%) 18 (56%) 6 (60%) 51 (59%)

Focal epilepsya 73 (70%) 19 (68%) 54 (71%) 54 (76%) 18 (58%) 5 (56%) 61 (72%)

Generalized 
epilepsya

31 (30%) 9 (32%) 22 (29%) 17 (24%) 13 (42%) 4 (44%) 24 (28%)

Note: Age was calculated for the end of the study.
Abbreviations: ASM, antiseizure medication; SAIL, Secure Anonymised Information Linkage; SNB, Swansea Neurology Biobank.
aThere was no record of ASM prescriptions for two individuals, so there are 105 individuals in the ASM therapy outcomes group.
bSeizure frequency scores were extracted for 100 individuals (see Materials and Methods), but only 97 could be linked within the SAIL Databank to sex/age 
data, and 94 had diagnostic information in SNB (66 focal and 28 generalized).
cEpilepsy classification was not available for three individuals.
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4   |   DISCUSSION

4.1  |  Main findings

We were able to import, annotate, and link genetic data, 
NLP-derived seizure frequency, and routinely collected 
electronic health care records for people with epilepsy 
within the SAIL Databank trusted research environment. 
This is a novel pathfinder project that has overcome sev-
eral significant methodological hurdles and capability 
refinements. The pipeline developed in this project has 
the potential for other epilepsy (and other disease) stud-
ies. Using unscheduled hospital admissions, ASM poly-
therapy, and active seizures as a measure of more difficult 
to control epilepsy, we investigated the genetic burden of 
individuals with epilepsy by direct linkage with their rou-
tinely collected health care data.

We did not find any significant differences, in terms 
of overall or gene-specific burden of rare and damaging 
genetic variants, between our three epilepsy outcome 
groups. We found two genes with qualifying variants 

present in the unscheduled admissions, polytherapy, and 
active seizures groups that are intolerant to damaging 
variants, namely CACNA1C and KCNQ1.

CACNA1C encodes the alpha-1 subunit of a voltage-
dependent L-type calcium channel expressed in human 
heart and brain.31,32 Pathogenic variants in CACNA1C 
have been associated with a variety of phenotypes, in-
cluding cardiac rhythm disorders as well as neurode-
velopmental disorders including epilepsy and epileptic 
encephalopathies.31,32 Voltage-gated calcium channels 
are targets for ASMs, and a CACNA1C haplotype has 
been previously associated with drug-resistant epilepsy.33 
KCNQ1 encodes a voltage-gated potassium channel, pre-
dominately expressed in cardiac tissue but also expressed 
in the brain. Pathogenic KCNQ1 variants can cause both 
long QT syndrome and epilepsy.34–36 ABCG2 is an ATP-
binding cassette transporter primarily associated with 
breast cancer37 that has also been investigated in the con-
text of drug-resistant epilepsy, with no association being 
found.38,39 A systematic review and meta-analysis did not 
identify an association between ABCG2 polymorphisms 

F I G U R E  2   Violin plots for 
cumulative Combined Annotation-
Dependent Depletion (CADD) score for 
qualifying variants (left) and the number 
of qualifying variants (right) for (A) 
people with epilepsy and no unscheduled 
hospital admissions (green) and people 
with epilepsy and hospital admissions 
(yellow), (B) people on antiseizure 
medication (ASM) monotherapy for 
epilepsy (light blue) compared to those 
on polytherapy (light purple), and (C) 
individuals who are seizure-free (orange) 
compared to those who are not seizure-
free (blue–gray). Qualifying variants are 
defined as rare and damaging (Materials 
and Methods). The width of the plots 
represents the probability density, and 
medians are shown on the graphs.
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      |  7FONFERKO-SHADRACH et al.

and ASM response,40 but a recent case–control study of 
drug-resistant epilepsy in children suggested an associa-
tion with a specific variant.41 There have not been reports 
of an association between the variants found in our cohort 
of not seizure-free individuals and epilepsy.

4.2  |  Comparison to other studies

A study from the Electronic Medical Records and 
Genomics initiative used an algorithm to identify chil-
dren with drug-resistant epilepsy (excluding struc-
tural causes and syndromic epilepsies) from routinely 
collected data.42 They compared results from a drug 
transporter gene panel (82 genes) from 96 children 
with drug-resistant epilepsy, 343 children with drug-
responsive epilepsy, and 896 controls. They found an 
association between NTRK2 variants and drug-resistant 
epilepsy.42 There were no qualifying NTRK2 variants in 

our analysis. To our knowledge, no other studies have 
linked genetic data to epilepsy outcomes derived from 
routinely collected health records.

Studies investigating genetic burden and epilepsy out-
comes have used clearly defined and differing seizure 
improvement measures to differentiate between ASM 
responders and nonresponders.43,44 These studies are 
therefore difficult to compare to our results, but apart 
from findings relating to individual variants and specific 
ASMs,45 no polygenic risk for drug resistance relating to 
seizure response has been identified.46–48

4.3  |  Study strengths

We used well-phenotyped data with epilepsy specialist-
confirmed diagnoses and subtypes. Seizure frequency 
data are not normally available in electronic health re-
cords, and we were able to use an NLP pipeline to add 

F I G U R E  3   Genes with qualifying (rare and damaging) variants in (A) those without unscheduled hospital admissions (green) compared 
to those with (yellow), (B) those on monotherapy (light blue) compared to those on polytherapy (light purple), and (C) those who are 
seizure-free (orange) compared to those who are not seizure-free (blue–gray). The Venn diagrams show the genes with qualifying variants 
in each outcome group as well as those common to both groups for all genes (first column), epilepsy genes (second column), and drug 
metabolism and transporter genes (third column).
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8  |      FONFERKO-SHADRACH et al.

seizure frequency information from clinic letters. We 
have created a gene variant annotation, filtering, and 
data linkage pipeline within the SAIL Databank trusted 
research environment that paves the way for future up-
scaled studies. The facility to reannotate variant files 
within the trusted research environment allows for 
reannotation without further data uploads when new 
variant datasets become available. Using routinely col-
lected data allows for participants' information to be up-
dated over time without any additional costs and with 
lower risk of loss to follow-up. Our work enables future 
population-level genetic studies using routinely col-
lected data in both epilepsy and other diseases. Lastly, 
the quality, accuracy, and coverage of the gene variants 
are well provisioned through the Broad Institute Epi25 
collaborative and are methodologically robust to ex-
clude false variant calls.

4.4  |  Study weaknesses

Our study was based on a small sample of individu-
als and is underpowered for gene variant association 
analysis. The sample size was limited by the number of 
participants with appropriate consent for genetic data 
linkage within the SAIL Databank. The characteristics 
of the patient group are not representative of the gen-
eral epilepsy population (e.g., a greater proportion of 
people with drug-resistant epilepsy and no children). 
Using WES rather than whole-genome sequencing 
(WGS) is less powerful in discovering disease variants 
and misses non-coding expression, splicing, and epige-
netic variation.49

In our study, stratification by epilepsy type or syn-
drome was not possible due to cohort size. We appreci-
ate, however, that epilepsy syndromes and/or epilepsy 
types are themselves associated with epilepsy outcomes 
as well as having differing genetic variant profiles.3,5 Un-
tangling this association between genetic variation asso-
ciated with epilepsy type/syndrome and outcomes will 
require a significantly larger, well-phenotyped epilepsy 
cohort.

At the same time, it is important to remember that 
many people with epilepsy do not have a specific epilepsy 
syndrome or subtype and understanding the broader ef-
fects of genetic variation is important in clinical practice.

Our outcome measures are only an approximation for 
more difficult to control epilepsy; some people may be 
seizure-free on polytherapy, whereas some people may 
have multiple seizures on monotherapy. Hospital admis-
sions may reflect other issues, such as access to care/ser-
vices, not just seizure/epilepsy severity, and we have not 
accounted for comorbidities in our analysis. Our measures 

of seizure frequency rely on documentation within clinic 
letters, and the numbers of clinic letters available for each 
individual in the cohort were not the same. It might be 
expected that people with more frequent seizures are re-
viewed more frequently in a specialist clinic, resulting in 
more detailed seizure frequency records.50

5   |   CONCLUSIONS

We successfully uploaded, annotated, and linked genetic 
sequence data to anonymized health care records, aug-
menting the data with seizure frequency information from 
NLP. We established a pathway that can be followed by 
other studies, using different health indicators, or linking 
to other data sources. Our study did not detect a genetic 
influence on real-world epilepsy outcomes and requires a 
larger WES/WGS sample size.
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