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Background: The anti-seizure medication vigabatrin (VGB) is effective for controlling seizures, especially infantile spasms. However, use is limited by VGB-associated visual field loss (VAVFL). The mechanisms by which VGB causes VAVFL remains unknown. Average peripapillary retinal nerve fibre layer (ppRNFL) thickness correlates with the degree of visual field loss (measured by mean radial degrees). Duration of VGB exposure, maximum daily VGB dose, and male sex are associated with ppRNFL thinning. Here we test the hypothesis that common genetic variation is a predictor of ppRNFL thinning in VGB exposed individuals. Identifying pharmacogenomic predictors of ppRNFL thinning in VGB exposed individuals could potentially enable safe prescribing of VGB and broader use of a highly effective drug.

Methods: Optical coherence topography (OCT) and GWAS data were processed from VGB-exposed individuals (n = 71) recruited through the EpiPGX Consortium. We conducted quantitative GWAS analyses for the following OCT measurements: (1) average ppRNFL, (2) inferior quadrant, (3) nasal quadrant, (4) superior quadrant, (5) temporal quadrant, (6) inferior nasal sector, (7) nasal inferior sector, (8) superior nasal sector, and (9) nasal superior sector. Using the summary statistics from the GWAS analyses we conducted gene-based testing using VEGAS2. We conducted nine different PRS analyses using the OCT measurements. To determine if VGB-exposed individuals were predisposed to having a thinner RNFL, we calculated their polygenic burden for retinal thickness. PRS alleles for retinal thickness were calculated using published summary statistics from a large-scale GWAS of inner retinal morphology using the OCT images of UK Biobank participants.

Results: The GWAS analyses did not identify a significant association after correction for multiple testing. Similarly, the gene-based and PRS analyses did not reveal a significant association that survived multiple testing.

Conclusion: We set out to identify common genetic predictors for VGB induced ppRNFL thinning. Results suggest that large-effect common genetic predictors are unlikely to exist for ppRNFL thinning (as a marker of VAVFL). Sample size was a limitation of this study. However, further recruitment is a challenge as VGB is rarely used today because of this adverse reaction. Rare variants may be predictors of this adverse drug reaction and were not studied here.
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1. Introduction

The anti-seizure medication (ASM) vigabatrin (VGB) was first licensed in 1989 as an adjunctive therapy for individuals with focal seizures (Russell-Eggitt et al., 2000). VGB irreversibly inhibits GABA transaminase leading to increased intracellular concentrations of GABA, a major neurotransmitter in inhibitory central nervous system pathways (Jacob et al., 1990; Davies, 1995; Ben-Menachem, 2011).

The use of VGB, however, is limited by the risk of vigabatrin-associated visual field loss (VAVFL). First reported in 1997 (Eke et al., 1997), VAVFL has been shown to effect up to 44% of VGB-exposed adults and 29% of infants (Lawden et al., 1999; Maguire, 2010; Biswas et al., 2020), and is characterized by irreversible concentric peripheral field loss with temporal and macular sparing (Wild et al., 1999). VAVFL is usually assessed using perimetry (Nousiainen et al., 2001; Paul et al., 2001; Clayton et al., 2013), which has inherent limitations (Clayton et al., 2013). Optical coherence topography (OCT) provides a quantification of peripapillary retinal nerve fibre layer (ppRNFL) thickness that has been shown to correlate strongly with visual field size in people with VAVFL, and is easier and more reliable to undertake (Lawthom et al., 2009; Clayton et al., 2011; Moseng et al., 2011; Kjellström et al., 2014).

The correlation between visual field size and ppRNFL thickness in individuals with VAVFL has led to the suggestion that retinal ganglion cell (RGC) loss may contribute to the retinal pathology leading to visual dysfunction in VAVFL. Furthermore, in VGB-exposed individuals OCT-quantified ppRNFL loss was most frequently observed in the superior and inferior quadrants (Clayton et al., 2011), with early involvement of the nasal superior sector (Clayton et al., 2012), while the temporal region appeared unaffected (Clayton et al., 2011, 2012), suggesting that certain populations of RGC may be more vulnerable (Clayton et al., 2012). However, there is no clear evidence as to whether RGCs are the primary target for VGB toxicity, or whether RGC loss occurs secondary to other retinal cell pathology (Clayton et al., 2011), and the exact mechanism by which VGB causes VAVFL remains unknown (Heim and Gidal, 2012). Studies in animal models have shown that VGB damages the cone photoreceptors, bipolar cells, and the retinal ganglion cells (Duboc et al., 2004; Wang et al., 2008; Jammoul et al., 2010; Chan et al., 2020) as well as driving changes in mitochondria (Vogel et al., 2017). Animal models exposed to VGB display an increased concentration of GABA in the retina (Yee et al., 1998; Chan et al., 2020).

As a result of VAVFL, licensing authorities have restricted the use of VGB. Today, VGB is licensed for use as an adjunctive therapy in focal epilepsy where other drugs have failed, and where the benefits of the treatment outweigh the risk of VAVFL, and as a monotherapy in the treatment of infantile spasms (EMA, 2018; Bresnahan et al., 2020; FDA, 2020). In individuals with infantile spasms particularly those with tuberous sclerosis complex (TSC), studies have shown that VGB is more effective than hormone therapy and steroids and should be used as the first drug to treat this condition (Chiron et al., 1997; Vigevano and Cilio, 1997; Hancock and Osborne, 1999; Chiron, 2016; Messer and Knupp, 2020; Schubert-Bast and Strzelczyk, 2021). Identifying genetic predictors of VAVFL could potentially enable safe prescribing of VGB and broader use of an otherwise highly effective medication. Previous studies have been unsuccessful in identifying genetic predictors of VAVFL; a candidate gene approach correlating VAVFL and genetic variation across six candidate genes (SLC6A1, SLC6A13, SCL6A11, ABAT, GABRR1, and GABRR2) found three significant associations between single tagging SNPS and visual field size. However, these findings did not replicate in an independent cohort (Kinirons et al., 2006). Another candidate gene approach, focused on ornithine-aminotransferase, did not find clinically significant genetic variation relevant to VAVFL (Hisama et al., 2001).

In this study we set out to identify genetic predictors of ppRNFL thinning in VGB exposed individuals. This aim was supported by the objectives of (1) conducting a quantitative GWAS of OCT measurements in people exposed to VGB, (2) identifying genetic predictors of ppRNFL thinning in VGB-exposed individuals using gene-based analysis of GWAS summary statistics and (3) determining whether individuals exposed to VGB have a polygenic burden for a thinner retinal thickness using polygenic risk scoring (PRS) analysis.



2. Methods

All participants (or their legal guardians in the case of individuals with intellectual disability) provided written, informed consent for this study. Ethical approval was provided by the relevant ethics boards at each study site; Beaumont Hospital (study code 14/44). The University College London (UCL) Queen Square Institute of Neurology (study code 11/LO/2016) and the University Medical Centre, Utrecht (study codes 09/352 and 18–466).


2.1. Cohort and data description

We studied samples from the EpiPGX Consortium, contributed from the following three sites: the Royal College of Surgeons in Ireland (RCSI, Dublin, Ireland), University College London (UCL) Queen Square Institute of Neurology (London, United Kingdom), and the University Medical Centre (Utrecht, Netherlands). To be included in the study, individuals had to have been exposed to VGB and had OCT performed (post drug exposure) using a standard protocol (see optical coherence tomography methods below). Where VAVFL was present, it must have led to withdrawal or dose reduction of VGB, and not be attributed to another cause by treating clinicians or the phenotyping clinician. Previous brain surgery for epilepsy was an exclusion criterion, given surgery can lead to visual defects which would confound the results (Marino and Rasmussen, 1968; van Lanen et al., 2018).



2.2. Optical coherence tomography

All research participants underwent ppRNFL imaging using spectral-domain optical coherence tomography (Cirrus HD_OCT, software version 5.0 and 7.01.290; Carl Zeiss Meditec, Dublin, CA). The optic disc cube 200×200 protocol was used to measure ppRNFL thickness. This protocol has a 6×60-mm grid of data generated by acquiring 200 horizontal scans which are composed of 200 A-scans centred over the optic disc. The glaucoma analysis algorithm was used to measure ppRNFL thickness. When using this algorithm, a 3.46-mm diameter circle of data made up from 256 A-scans is used to measure ppRNFL thickness (Clayton et al., 2012).

We used nine different quantitative OCT thickness measurements in our analysis: (1) average retinal nerve fiber layer, (2) inferior quadrant, (3) nasal quadrant, (4) superior quadrant, (5) temporal quadrant, (6) inferior nasal sector, (7) nasal inferior sector, (8) superior nasal sector and (9) nasal superior sector, according to published methods (Clayton et al., 2011).



2.3. Imputation and quality control

DNA from study participants were genotyped using a combination of Illumina (San Diego, CA) OmniExpress-12 v1.1 and OmniExpress-24 v1.1 single nucleotide polymorphism (SNP) arrays. Imputation and pre imputation quality control processes were performed as detailed elsewhere (McCormack et al., 2018).

After imputation and merging of the samples, samples with >90% call rate, SNPs with >90% INFO score, >95% call-rate, MAFs >1% and HWE deviations p > 1e-6 were kept. To ensure genetic homogeneity within the analytic dataset, the top two genetic principal components (PCs) were calculated using PLINK (Purcell et al., 2007) and plotted using ggplot2 (Wickham, 2016). Any outliers on the PCA plot were removed from further analysis.

We ran power calculations to determine the study’s statistical power in R, using a previously published protocol developed for quantitative traits (R Core Team, 2022).



2.4. GWAS and univariate analysis

Quantitative GWAS analyses were conducted on the 9 quantitative OCT measurements (see optical coherence tomography section above) using SNPTEST and applying the ‘em’ model (Marchini et al., 2007). Sex, cumulative dose, maximum daily dose, and duration of prescription of VGB (years) were included as covariates in the SNPTEST model as these factors have been reported to be correlated with ppRNFL thinning (Clayton et al., 2012). We also included as covariates (in SNPTEST) the first 4 PCs from PCA analysis (see Imputation and quality control section above) to control for population stratification. Manhattan and quantile-quantile plots (QQ plots) were generated for each analysis using the R package qqman (Turner, 2018).



2.5. Gene-based testing

Gene-based testing (via VEGAS2 (Mishra and Macgregor, 2015)) was used to identify genes containing multiple risk variants that individually are weakly associated with a univariate trait. VEGAS2 works by first assigning SNPs to genes based on the genomic location and then calculating gene-based empirical association p-values (Liu et al., 2010; Mishra and Macgregor, 2015). Briefly, for a given gene with n SNPs, single SNP association p values are first converted to upper-tail chi-squared statistics with one degree of freedom (df). The gene-based test statistic is the sum of all (or a pre-defined subset) of the chi-squared 1 df statistics within that gene (Liu et al., 2010; Mishra and Macgregor, 2015).

In each analysis, VEGAS2 assigned 5,954,017 SNPs to 20,489 genes. We set the gene boundaries to include Intergenic SNPs in high linkage disequilibrium (r2 > 0.8) with SNPs within a gene (0kbldbin). We used the European reference panel in the VEGAS2 analysis. We applied Bonferroni correction to control for multiple testing, with the threshold for significance set p < 2.71 × 10−7 (i.e., 0.05/(no. of genes X no. of OCT measurements)).

We cross referenced results of our gene-based testing with 26 genes with ocular function that were previously shown to be differentially expressed in mice exposed to VGB, compared to the controls (Walters et al., 2020).



2.6. Polygenic risk scoring

PRS alleles for retinal thickness were calculated using the summary statistics from a GWAS of inner retinal morphology using OCT images of 31,434 UK Biobank participants (Currant et al., 2021). We conducted individual PRS analyses for each of the nine OCT measurements detailed above.

Eight p value thresholds (0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 1) were used to select PRS alleles. We corrected for multiple testing using Bonferroni correction by multiplying the results by the number of thresholds and by the number of OCT measurements. Statistical analyses of the data were carried out in R.4.0.2 (R Core Team, 2022).

We included the following covariates in the PRS analysis; sex, cumulative dose, maximum daily dose, duration of prescription of VGB (years) and 4 PCs. We used PRSice-2 to calculate the risk scores and to generate a linear regression model and estimate β-coefficients and standard errors for each PRS analysis (Choi and O’Reilly, 2019).

Schematic diagram of methods is shown in Figure 1.

[image: Figure 1]

FIGURE 1
 Schematic diagram of the methodology.





3. Results


3.1. Cohort

The study cohort consisted of 140 people with epilepsy exposed to VGB. After excluding individuals that had epilepsy surgery and completing QC, 71 individuals were brought forward for the GWAS. A description of the cohort is provided in Table 1.



TABLE 1 Patient cohort description.
[image: Table1]



3.2. GWAS

To identify univariate, common genetic predictors of ppRNFL thinning (as a marker of VAVFL) in VGB-exposed individuals we conducted GWAS of nine quantitative OCT measurements of ppRNFL with the cohort of 71 VGB-exposed individuals. No single variant reached the threshold for genome-wide significance (5 × 10−8). We detected subthreshold (p = 7.28489e-08) signal at chromosome 6 in the superior nasal sector analyses, containing gene EYS. EYS is expressed in the retina and may play a role in the stability of the ciliary axoneme in both rods and cones (Alfano et al., 2016; McGuigan et al., 2017). Genetic variants in this gene are associated with retinitis pigmentosa (Messchaert et al., 2018; Yang et al., 2020; Suvannaboon et al., 2022). Genomic inflation factors range from 1.02 to 1.05, suggesting population structure was adequately controlled for. The lack of inflation in the tails of the Q-Q plots could be considered as evidence against a polygenic trait, although the dataset is of a limited size. Results are shown in Supplementary Figures S1–S9.



3.3. Gene-based testing

We next applied gene-based testing to test the hypothesis that predictors of ppRNFL thinning (as a marker of VAVFL) could be identified at the genic level rather than the univariate level. None of the 9 quantitative OCT measurement analyses reached the significance threshold p < 2.71× 10−7 (see methods).

We then compared the gene-based testing results with previously published gene-expression analysis. Walters et al. identified 26 ocular function genes, that showed evidence of differential expression in mice exposed to VGB, compared to the controls (Walters et al., 2020). We examined these 26 genes in our analyses to see if there was an enrichment of gene-based signal. Of the 26 candidate genes, we observed nominal significance for SLC25A13, ENPP2, and CALCRL, but none survived correction for multiple testing (see Table 2).



TABLE 2 Results of the VEGAS2 gene-based testing analysis, for SLC25A13, ENPP2, and CALCRL.
[image: Table2]



3.4. Polygenic risk scoring

To determine if individuals exposed to VGB had a predisposition to having a thinner RNFL as quantified by a PRS, we tested the correlation between polygenic burden for retinal thickness in our samples, to determine if our cohort were predisposed to having a thinner retina using previously published summary statistics for retinal thickness (Currant et al., 2021) (see methods). These analyses did not produce an association significant after correction for multiple testing. (See Table 3; Figure 2). for results of the average RNFL thickness PRS and Supplementary Tables S1–S8 and for the other 8 OCT measurements.



TABLE 3 Results for retinal thickness PRS correlated with average ppRNFL in VGB-exposed patients.
[image: Table3]
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FIGURE 2
 Average ppRNFL PRS results bar plot. X-axis shows the different p value thresholds used and the y axis shows the R2 of the PRS model used, on top of each bar plot is the uncorrected p value for that analysis.




3.5. Power calculation

Our power calculations (see methods) for the GWAS analysis indicated we were powered (80%) to detect a variant that explains 56% of the trait variance. Results are shown in the Supplementary Figure S10.




4. Discussion

We set out to identify common genetic predictors for VGB-induced ppRNFL thinning (as a marker of VAVFL). We did this under univariate, multivariate, and polygenic models with GWAS data and a range of OCT measurements. We were unable to identify a significant association with ppRNFL thinning in individuals exposed to VGB under any of the models tested.

However, when the VEGAS2 results were compared with previously published gene expression analysis, we found SLC25A13 was nominally significant for 3 of the 9 OCT traits tested, ENPP2 was found to be nominally significant in 2 out of 9 OCT traits tested and CALCRL was also found to be significant in 2 out of 9 OCT traits tested. Mutations in SLC25A13 can cause citrin deficiency, which may result in neonatal intrahepatic cholestasis (Kobayashi et al., 1999; Nguyen et al., 2023). Visual dysfunction can occur in individuals with cholestasis (Fahnehjelm et al., 2011). ENPP2 encodes autotaxin, which has phosphodiesterase and phospholipase activity (Koike et al., 2009; Perrakis and Moolenaar, 2014). Studies have shown that individuals with glaucoma have increased levels of autotaxin in their aqueous humor (Honjo et al., 2018; Ho et al., 2020). Cao et al., showed that SNPs that map to CALCRL are associated with actuate primary angle closure glaucoma (Cao et al., 2009). More work is needed to determine the potential link between dysregulation of SCL25A13, ENPP2 and CALCRL and ppRNFL thinning in individuals exposed to VGB.

Our PRS analysis set out to determine if individuals exposed to VGB had an increased polygenic burden of having a thinner retinal nerve fiber layer. These quantitative PRS analyses were all negative, with no association between ppRNFL thickness and exposure to VGB. A limitation of this analysis was that the cohort was not stratified by presence of VAVFL.

A major limitation of this study was the sample size. A larger sample size would obviously provide more power to identify a pharmacogenomic association, but recruitment is a challenge as VGB is rarely prescribed today in adults because of this adverse reaction. However, our results suggest that a common pharmacogenomic variant explaining >56% of risk of developing ppRNFL thinning caused by exposure to VGB is unlikely to exist. As well as the limited sample size, study participants were treated with VGB many years ago, and covariate information was sometimes missing. Our study participants were all of European ancestry, so further work is needed in other ethnic backgrounds.

A larger international consortium/effort to identify genetic predictors for ppRNFL thinning in individuals exposed to VGB, could enable a GWAS (or meta-analysis) with more participants, to increase statistical power. As this drug is still commonly prescribed in children with infantile spasms with TSCs, it would be also be possible to conduct a longitudinal genetic study to identify if these children also develop ppRNFL thinning due to exposure to VGB.

In conclusion, this study suggests that if pharmacogenomic predictors of VGB-induced ppRNFL thinning (as a marker of VAVFL) exist, they are likely to be of relatively small effect size or are driven by rare variants. Further analyses will need larger numbers or sequencing of rare variants.



5. Contribution to the field statement

Vigabatrin is an effective drug in the treatment of epilepsy. However, its use is limited by drug-associated permanent visual field loss. Identifying genetic predictors of this adverse reaction could enable safer, more widespread use of an otherwise very effective treatment for seizure control. In this context, we conducted various univariate and polygenic assessments of the role of common genetic variation, at the genomic level, in predicting this adverse drug reaction. We did not detect any effects that survived multiple correction. This work is an important contribution to the field as it suggests that common, univariate genetic predictors of clinically relevant effect (defined here as a variant explaining >56% of trait variance) probably do not exist for this adverse reaction. The work would suggest focusing genetic efforts on rare variants, detectable by exome and genome sequencing.
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