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Objective: Antiseizure medications (ASMs) are first line therapy for seizure disorders. Their effects on arrhythmias, especially the risk of arrhythmias associated with lacosamide (LCM), levetiracetam (LEV), and perampanel (PER), have been intensely investigated.

Methods: We searched four databases (PubMed, EMBASE, Cochrane Library, and Web of Science) until August 6, 2023. We used a common effects model and reported data as pooled incidence with 95% CIs. Meta-analyses were conducted to elucidate the risk of arrhythmias with different drugs, and Egger’s regression was performed to detect publication bias analysis.

Results: We included 11 clinical trials with 1,031 participants. The pooled incidence of arrhythmias in the LEV group was 0.005 (95% CI: 0.001-0.013), while it was 0.014 in the LCM group (95% CI: 0.003-0.030). Publication bias analyses indicated no significant bias in the LEV group (t = 0.02, df = 4, p-value = 0.9852) but a significant bias in the LCM group (t = 5.94, df = 3, p-value = 0.0095). We corrected for this bias in the LCM group using the trim-and-fill method, which yielded a similar pooled incidence of 0.0137 (95% CI: 0.0036-0.0280), indicating good reliability. Due to insufficient studies, we could not conduct a meta-analysis for PER, and we analyzed them in our systematic review.

Conclusion: The use of LCM significantly elevated the risk of arrhythmias, while LEV had non-significant arrhythmogenic effects. As for the arrhythmogenic effects of PER, more clinical trials are needed in the future.
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1 Introduction

Antiseizure medications (ASMs) are the first line treatment for seizure disorders (1, 2). There is a growing body of evidence that some ASM’s are associated with an increased risk for cardiac arrythmias (3–6). We performed a systematic review to determine the relative risk of arrythmias on three common newer generation ASMs: lacosamide (LCM), levetiracetam (LEV), and perampanel (PER). It has been reported that about 80% of patients experience symptom relief when taking medication, and approximately 50% of those who undergo medication withdrawal are successful in preventing recurrence of epileptic seizures (7). However, despite the effectiveness of ASMs in controlling seizures and reducing their frequency and severity (8), approximately one-third of patients still experience recurrent seizures. It is important to note that ASM is a double-edged sword, as it can cause adverse reactions such as arrhythmia, which is often observed in patients with epilepsy (4, 9). Both epilepsy and ASMs were found to be associated with an elevated risk of cardiovascular diseases. ASMs prolong the QT interval by closing ion channels or delaying their opening, thereby affecting cardiac rhythm and increasing the risk of arrhythmias in susceptible individuals, which provides a pathophysiological basis for ASM-induced arrhythmias (10–12).

The drug interactions and adverse effects of ASMs are great challenges for the quality of life of people with epilepsy (13). Cardiac arrhythmias, in particular, can directly affect the lives of patients with epilepsy.

We chose three newer and more commonly used ASMs, namely, LEV, LCM, and PER. As a newer ASM, LEV is emerging as a versatile drug compared to metformin and aspirin. It has been used for the treatment of epilepsy, pain, ulcerative colitis, and Parkinson's disease, as well as cognitive and psychiatric disorders, and therefore its side effects deserve our attention (14–17). LCM enhances slow sodium channel inactivation in both the brain and heart, which reduces the channel availability over a long period, particularly during epileptic seizures, and reduces interictal discharges (18). LCM-related arrhythmias have also been investigated (19). PER has often been used as an adjunctive drug in epilepsy. Since the FDA approved it for use as a single agent in treating epilepsy, its monotherapy has become a hot research topic (20).

The purpose of this study is to preliminarily evaluate the incidence of cardiac arrhythmia with the use of three ASMs (LCM, LEV, and PER), and provide guidance for the treatment and management of epilepsy.

The meta-analysis is registered in PROSPERO, registration number CRD42023458029 (Supplementary file 3). It was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (Figure 1).



2 Materials and methods
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FIGURE 1
 Literature search process and study selection profile. We obtained 495 articles through a search across four databases; following screening, we ultimately selected 11 pertinent publications.



2.1 Inclusion and exclusion criteria


2.1.1 Inclusion criteria

1. Study: Randomized controlled trials (RCTs) or clinical trials

2. Participants: Patients with epilepsy

3. Interventions: Patients with epilepsy who were treated with LEV, PER, or LCM as a monotherapy

4. Outcomes: The outcomes including any type of arrhythmias or unclassified arrhythmias.



2.1.2 Exclusion criteria

1. Treatment of diseases other than epilepsy

2. The detailed data on efficacy and safety profiles were not available

3. Patients have other diseases that affect arrhythmias

4. Pregnant women with epilepsy

5. No adverse reactions related to arrhythmia were found or ECG monitoring was not mentioned in the safety analysis.




2.2 Search strategy and study selection

We searched PubMed, Cochrane Library, EMBASE, and Web of Science databases up to August 6, 2023. We utilized both subject headings and free text terms in our search strategy to ensure a comprehensive search. Our search terms included “ASM”, perampanel/PER”, “levetiracetam/LEV”, “lacosamide/LCM”, “arrhythmias”, and “monotherapy”. In the search for the articles on PER, we added "monotherapy" into our search strategy, since many studies used PER as adjuvant therapy. The detailed search strategy is described in Supplementary file 2. Additionally, references included in eligible research and reviews were checked to see whether any additional studies met our eligibility requirements.

Two independent investigators (Yulong Li and Shen Su) searched the databases and screened the articles according to the inclusion and exclusion criteria. Any disagreement were resolved through discussion with a third investigator.



2.3 Data extraction and quality assessment

We extracted the following data into an Excel spreadsheet from each study with a predefined form consisting of the author, publication year, country, type of study, number of arrhythmias, types of arrhythmias, number of patients, mean/median age, female proportion, doses used for LEV, PER, and LCM, and mode of administration.

The Cochrane risk of bias tool, RoB 2, was used to evaluate the quality of the RCTs. It includes six items: randomization process, deviations from intended interventions, missing outcome data, measurement of the outcome, selection of the reported result, and overall bias. The risk of bias in each item was rated as low, some concerns, or high.



2.4 Data synthesis and analysis

After extracting the data, we first calculated the proportions. Then, we tested the normality of our data using the Shapiro–Wilk test. If they were normally distributed, we directly used the proportions as the effect sizes. However, if the distribution was skewed, they would be transformed to approximate a normal distribution using the most suitable one from the following transformation methods: logit transformation; arcsine transformation; Freeman–Tukey double arcsine transformation, and log transformation.

We used a meta-analytical approach with data synthesis techniques to investigate associations of arrhythmias incidence with the use of LEV and LCM. We estimated the pooled incidence rates and their corresponding 95% confidence intervals (95% CIs). Heterogeneity between the included studies was assessed using the I2 test. I2 > 50% was considered indicative of significant heterogeneity. We conducted meta-analyses using the Mantel–Haenszel method. A random effects model was used if I2 ≥ 50%, and a common effects model was used if I2 < 50% and p >0.05. The results of our meta-analyses were presented as pooled incidences and their 95% CIs, as shown in the forest plots. A p-value of < 0.05 was considered statistically significant.

If there was a significant heterogeneity across studies, subgroup analyses or funnel plots would be conducted to further explore the source of heterogeneity. All the above statistical analyses were performed using R 4.2.3.




3 Results

The initial database search yielded a total of 495 articles. After removing 145 duplicate records, 350 articles were eligible. After screening the titles and abstracts, 322 articles were excluded. After the full-text screening, 17 articles were excluded. Finally, 11 RCTs or clinical trials were included in this meta-analysis. The PRISMA flowchart (Figure 1) shows the study selection process.


3.1 Study and participant characteristics

The detailed demographics and study characteristics are shown in Supplementary Table S1. A total of 11 articles with 1,031 epileptic patients were included in our meta-analyses, including six articles on LEV (21–26) and five articles on LCM (27–31). Among these 11 studies, there were six RCTs and five clinical trials, according to the type of study. However, all the included studies conducted safety analyses, with one or more types of cardiac arrhythmias as outcomes.

The articles on PER were not sufficient enough for us to carry out a meta-analysis. The qualitative description of previous articles on PER is presented in the “Discussion” section.



3.2 Quality assessment of the included studies

The included studies were assessed for study quality using RoB 2. Among the 11 included articles, 10 did not exhibit a high-risk of bias, indicating the overall good quality of the included studies. All studies demonstrated baseline comparability. However, it should be noted that some studies were clinical trials and blinding could not be fully implemented. The results of the quality assessment are shown in Figures 2, 3.
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FIGURE 2
 Literature quality evaluation results. The RoB 2 tool produces a risk-quality rating scale, with low risk accounting for about 70 percent of the total and high risk for about 10 percent.
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FIGURE 3
 Literature quality evaluation results. Street light map generated simultaneously by the RoB 2 tool, containing only one high-risk “light”.




3.3 Efficacy outcomes


3.3.1 Meta-analyses

The 11 included articles studied a total of 1,031 epileptic patients, including 567 patients who had LEV and 464 patients who had LCM. As for the outcomes, there were 4 cases with arrhythmias in the LEV group and 11 cases in the LCM group. The incidences of arrhythmias were 0.71% and 2.37% for the LEV and LCM groups, respectively.

For the LEV group, the arcsine transformation (p=0.155) best fitted a normal distribution among the transformation methods when calculating the effect size. For the LCM group, the Freeman-Tukey dual arcsine transformation best fitted a normal distribution (p=0.1634). The heterogeneities in both groups were not statistically significant (LEV group: I2=0, p=0.56; LCM group: I2=0, p=0.57). We collected the safety profiles from the included articles and meta-analyzed these data. Notably, due to the observed substantial heterogeneities in both LEV and LCM groups, we employed a common-effects model, which inherently accounts for both within-study and between-study variances. The results of our common-effects model showed that the pooled incidence rates of cardiac arrhythmias were 0.005 in the LEV group (95%CI 0.001; 0.013) and 0.014 in the LCM group (95%CI 0.003; 0.030), as illustrated in two forest plots (Figures 4, 5).
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FIGURE 4
 Forest plot of arrhythmia incidence in the LEV group. The pooled incidence of arrhythmias in LEV group is 0.005 (0.001-0.013) with the common effect model.


[image: Figure 5]

FIGURE 5
 Forest plot of arrhythmia incidence in the LCM group. The pooled incidence of arrhythmias in LCM group is 0.014 (0.003-0.030) with the common effect model.


Figures 4, 5 reveal extreme values; therefore, we removed one article from the LEV group and one article from the LCM group which were the sources of these extreme values. After the exclusion, we further conducted meta-analyses separately for the LEV and LCM groups, as shown in supplementary material (Supplementary Figures S1, S2). The results of the meta-analyses showed that after the exclusion, pooled incidences of arrhythmias were 0.005 in the LEV group (0.001-0.012), and 0.018 in LCM group (0.006-0.034), which showed slight differences with the results before the exclusion.



3.3.2 Subgroup analysis

Subgroup analyses by dosage were conducted in both groups. Based on the dosage of LEV, participants in the LEV group were divided in the low-dose LEV group (less than 60mg/kg) and the high-dose LEV group (equal to 60mg/kg). We conducted meta-analyses on the subgroups. The pooled incidence rate of arrhythmias in the low-dose LEV group was 0.004 (95% CI 0.000-0.017) and the rate in the high-dose LEV group was 0.006 (95% CI 0.001-0.017), both of which were similar to the previous pooled incidence of 0.005 in the primary meta-analysis. It can be inferred that changes in dosage do not affect the risk of arrhythmias associated with LEV (Supplementary Figure S3).

In the LCM group, participants were divided into two subgroups based on the dosage: one group received a fixed dosage of LCM, while the other group received three stepwise dose increases until effective seizure control was achieved. Using a random-effects model, the pooled incidence of arrhythmias in the fixed dosage group (0.031, 95% CI 0.000-0.091) was higher than that in the stepwise dose increase group (0.020, 95% CI 0.007-0.037), indicating that dosage might be a factor influencing the risk of arrhythmias associated with LCM (Supplementary Figure S4).



3.3.3 Publication bias

We conducted Egger’s regression method to test the publication bias in both the LEV and LCM groups, showing no publication bias in the LEV group (t = 0.02, df = 4, p-value = 0.9852) and a substantial publication bias in the LCM group (t = 5.94, df = 3, p-value = 0.0095). We used the trim-and-fill method to adjust for the publication bias and produced a new funnel plot (Supplementary Figure S5). After the adjustment, we obtained a pooled incidence of 0.0137 (95% CI 0.0036-0.0280), which was only slightly different from our initial result of 0.0140, indicating a publication bias within an acceptable range.





4 Discussion

The primary findings of our study indicate the pooled incidence of cardiac arrythmias for LCM was 1.4% (I2=0, p=0.57) versus 0.5% for LEV (I2=0, p=0.56), which is important and provides evidence for clinicians to weigh the relative risk of cardiac arrhythmias in two commonly used ASMs. It also supplements the research on drug induced arrhythmias.

In 2021, the World Health Organization initiated a resolution on epilepsy and other neurological disorders and called for improving the prevention and diagnosis of neurological disorders (including epilepsy) as well as the treatment and rehabilitation of patients (32). Although they are frontline treatment for epilepsy, ASMs have two major drawbacks, including adverse reactions and drug resistance (33).

As a representative ASM, LCM blocks sodium channels and enhances their slow inactivation (34–36). Previous studies did not show a significant effect of LCM on cardiac safety, with the exception of prolonging the PR interval rather than the QR interval (37, 38). According to drug developer records obtained from the FDA, LCM can cause atrioventricular block and ventricular tachycardia. Therefore, LCM should be used with caution in patients with other contributing factors for arrhythmia, including pre-existing cardiovascular conduction disease, medications that affect cardiac conduction system, and diabetic neuropathy (19). Recent studies reported that ventricular tachycardia (29.4%) was the most commonly observed LCM-related arrhythmia, followed by new-onset atrial fibrillation (17.6%), complete heart block (17.6%), Mobitz type 1 atrioventricular block (11.8%), sinus pauses (11.8%), pulseless electrical activity (5.9%), and QRS complex widening (5.9%). As mentioned above, conduction block is a common adverse effect of LCM, following ventricular tachycardia and atrial fibrillation. Traditional sodium channel blocking agents, such as carbamazepine and phenytoin sodium, might have synergistic effects with LCM, and therefore LCM should be used with caution when used with other drugs (11, 39).

Compared to LCM, LEV has better safety and efficacy although it may have cardiac toxicity (40). A case report found that the pharmacokinetics of LEV in overdose appeared to be similar to therapeutic LEV dosing after analyzing a case of LEV poisoning (41). Two previously RCTs used healthy subjects who took LEV as the intervention group, with healthy subjects who had LEV as reference. The two groups showed no significant differences in QT interval, PR interval, Tpe/QT ratio, and Tp-e/QTc ratio (42, 43). However, in some case reports, patients with pre-existing heart disease experienced worsened cardiovascular conditions after taking LEV treatment, suggesting the cardiac effects of LEV (44, 45). Another common ASM is PER which has been used as both adjuvant therapy and monotherapy (46). PER is a selective non-competitive AMPA receptor antagonist that works by reducing excessive glutamate-mediated neurotransmission to control epileptic seizures, and it is a potential broad-spectrum ASM (35, 47). However, a previous study showed that PER did not exert effects on cardiac repolarization and did not prolong the QT interval in healthy participants after taking PER for seven days (48). What is more, a very recent study also suggested that PER could reduce the risk of arrhythmias by activating the parasympathetic nerves (49). Although arrhythmia-related adverse reactions of PER are not common, possible long-term adverse effects of PER remain to be uncovered.

Our meta-analyses showed that in patients with epilepsy, the pooled incidences of arrhythmias were 1.4% and 0.5% for the LCM and LEV group, respectively. The Council for International Organizations of Medical Sciences (CIOMS) recommends that the frequency of adverse reactions is expressed as very common (>=1/10), common or frequent (>=1/100 and <1/10), uncommon or infrequent (>=1/1000 and <1/100), rare (>=1/10000 and <1/1000), and very rare (<1/10000) (50). According to the CIOMS criteria, LCM can be rated as "frequent" while LEV can be rated as "infrequent". Since our articles on PER were insufficient, we could not rate PER based on the CIOMS criteria. This may imply that when a novel drug is introduced into the market, there are insufficient eligible studies on it and some of its long-term adverse effects remain undiscovered.

Both LEV and LCM are the first-line treatment options for focal epilepsy (1). LCM selectively acts on slow sodium channel inactivation and prolongs sodium channel inactivation, thereby reducing the excitability of neurons. LEV binds to the unique synaptic vesicle protein 2A (SV2A) to decrease the rate of vesicular release, thereby reducing the release of the neurotransmitter GABA (51). A study on the safety of LCM and LEV reported that LCM was more likely to induce arrhythmias than LEV (52), which was consistent with our conclusion that LEV was safer than LCM for arrhythmia treatment. LEV was the first choice for adjunctive treatment of refractory epilepsy. PER and LCM showed no advantage in efficacy and safety than LEV (53). Since the psychiatric side effects of LEV and PER are common, individualized medication of LEV and PER is recommended.

As an old ASM, phenytoin sodium has both adverse and protective effects on the heart. One RCT we included used phenytoin sodium in the control group, and the incidence of arrhythmia related to phenytoin sodium was 0.023, which was higher than our pooled incidences in LEV and LCM groups from our meta-analyses. Intravenous phenytoin sodium has severe adverse effects including severe arrhythmias, skin reactions, ventricular fibrillation, and even death (54). Phenytoin sodium also can reduce the activity of the cardiac ryanodine receptor 2 to provide cardio protection (55).

Lamotrigine (LTG) is an old ASM which inhibits the release of the excitatory neurotransmitters via blocking voltage-sensitive sodium channels (56). A RCT suggested that it was a better choice for the treatment of focal epilepsy than LEV (57, 58). Compared to LCM, LTG may have additional effects on calcium channels and therefore is more likely to cause arrhythmias. Compared with LEV, LCM, and PER, LTG has more allergic reactions which cause indirect non-pharmacologic arrhythmias, and therefore we did not select it in our study. A study found that LTG at therapeutic doses might be linked to modest, non-dangerous QRS widening (59)(60). Another study showed that a toxic plasma concentration level of LTG was associated with an elevated risk of cardiovascular death in elderly LTG users (61).

Another old ASM, oxcarbazepine (OXC), is a sodium channel blocker that stabilizes hyperexcitable neuronal membranes (62). OXC is not recommended for elderly patients with a history of cardiac conduction abnormalities or ventricular arrhythmias (63). A meta-analysis of LEV and OXC as monotherapy showed that their adverse effects did not differ much, but LEV had better seizure control (64). A study showed that epileptic patients who took carboxamide derivatives (including OXC) had a higher risk of arrhythmia than epileptic patients without medication and those without epilepsy (3). Conversely, in a model of male Sprague-Dawley rats, it has been suggested that OXC might serve as a therapeutic agent for ischemia and reperfusion brain (cerebellar) injury induced by cardiac arrest (65).

However, our study also has some limitations. Firstly, not all of the included studies were RCTs. There were insufficient RCTs focusing on the relationships between drugs and cardiac arrhythmias. Secondly, epilepsy itself may lead to cardiac arrhythmias, which might cause confounding bias (66). Thirdly, we could not conduct a subgroup analysis by age. We did not have the raw data on the age of all the participants, and the criteria for dividing participants in age subgroups were not consistent across the included studies. Finally, our sample size was still relatively small. Therefore, the pooled incidences of arrhythmia might be underestimated.

PER has often been used as adjunctive therapy for epilepsy with excellent effectiveness (67). Since the FDA approved PER for use as monotherapy for focal epilepsy, PER showed favorable retention rates and safety profiles (68). Two meta-analyses of RCTs showed that PER had no arrhythmia-related adverse effects (69, 70). However, the rates of other adverse reactions to PER are not extremely low. Most of these adverse reactions are tolerable and mild, and few are severe or life-threatening. On the contrary, some studies have suggested a cardioprotective effect of PER (49), although the number of studies was limited.

Furthermore, ASMs need to be taken for a long time. Patients with epilepsy should undergo regular electrocardiogram monitoring while using ASM to detect the occurrence of cardiac arrhythmias in advance, which is beneficial and necessary for their long-term survival (3). The occurrence of cardiac arrhythmias in patients with epilepsy cannot be solely attributed to ASMs, as epilepsy itself can affect the patients' cardiac rhythm. Perhaps for inpatients with epilepsy who frequently experience cardiac arrhythmias, adding antiarrhythmic drugs to ensure the safety of their hearts could be considered. Discontinuation of the relevant ASM or dose reduction is the preferred measure (71). Mesylate may be considered as an additional treatment to antiepileptic therapy, particularly for patients experiencing cardiac arrhythmias (72). Alternatively, new ASMs can be developed to achieve high effectiveness and safety (73, 74). Additionally, interactive remote patient monitoring devices may be a better way to detect the occurrence of arrhythmias in patients with epilepsy (75).



5 Conclusion

The pooled incidence of LCM-related arrhythmia was approximately 0.014, while the pooled incidence of LEV-related arrhythmia was slightly lower at 0.005, suggesting that cardiac arrhythmia as an adverse reaction of LCM and LEV is worth paying attention to. Clinicians should be alert to the drug-induced arrhythmias of all three ASMs when applying them. By monitoring the electrocardiographic manifestations in patients with epilepsy, medication adjustments can be made to achieve better treatment outcomes.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

YL: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, Writing – original draft. SS: Formal analysis, Investigation, Writing – review & editing. HL: Project administration, Supervision, Validation, Writing – review & editing. MZ: Writing – review & editing. LY: Project administration, Supervision, Writing – review & editing. XM: Investigation, Software, Writing – review & editing. YS: Conceptualization, Methodology, Funding acquisition, Project administration, Resources, Supervision, Validation, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of the People’s Republic of China (Grant no. 82071453).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2024.1295368/full#supplementary-material



References

 1. Jin, K. Medical Treatment of Epilepsy. Brain Nerve. (2023) 75:347–51. doi: 10.11477/mf.1416202337

 2. Abou-Khalil, BW. Update on Antiseizure Medications 2022. Continuum. (2022) 28:500–35. doi: 10.1212/con.0000000000001104 

 3. Wang, J, Huang, P, Yu, Q, Lu, J, Liu, P, Yang, Y , et al. Epilepsy and Long-Term Risk of Arrhythmias. Eur Heart J. (2023) 44:3374–82. doi: 10.1093/eurheartj/ehad523 

 4. Zaccara, G, Lattanzi, S, and Brigo, F. Cardiac Adverse Effects of Antiseizure Medications. Expert Opin Drug Saf. (2022) 21:641–52. doi: 10.1080/14740338.2022.2023128

 5. Auerbach, DS, Biton, Y, Polonsky, B, McNitt, S, Gross, RA, Dirksen, RT , et al. Risk of Cardiac Events in Long Qt Syndrome Patients When Taking Antiseizure Medications. Transl Res. (2018) 191:81–92.e7. doi: 10.1016/j.trsl.2017.10.002 

 6. Bunschoten, JW, Husein, N, Devinsky, O, French, JA, Sander, JW, Thijs, RD , et al. Sudden Death and Cardiac Arrythmia with Lamotrigine: A Rapid Systematic Review. Neurology. (2022) 98:e1748–60. doi: 10.1212/wnl.0000000000200164 

 7. Beghi, E. The Epidemiology of Epilepsy. Neuroepidemiology. (2020) 54:185–91. doi: 10.1159/000503831

 8. Vidaurre, J, and Herbst, J. New Antiepileptic Drugs. Medicina. (2019) 79:48–53.

 9. Shorvon, SD. Drug Treatment of Epilepsy in the Century of the Ilae: The First 50 Years, 1909–1958. Epilepsia. (2009) 50:69–92. doi: 10.1111/j.1528-1167.2009.02041.x 

 10. Lu, YT, Lin, CH, Ho, CJ, Hsu, CW, and Tsai, MH. Evaluation of Cardiovascular Concerns of Intravenous Lacosamide Therapy in Epilepsy Patients. Front Neurol. (2022) 13:891368. doi: 10.3389/fneur.2022.891368 

 11. Yadav, R, Schrem, E, Yadav, V, Jayarangaiah, A, Das, S, and Theetha, KP. Lacosamide-Related Arrhythmias: A Systematic Analysis and Review of the Literature. Cureus. (2021) 13:e20736. doi: 10.7759/cureus.20736 

 12. Zaccara, G, and Lattanzi, S. Comorbidity between Epilepsy and Cardiac Arrhythmias: Implication for Treatment. Epilepsy & behavior: E&B. (2019) 97:304–12. doi: 10.1016/j.yebeh.2019.05.038 

 13. Zaccara, G, and Perucca, E. Interactions between Antiepileptic Drugs, and between Antiepileptic Drugs and Other Drugs. Epilep Disord. (2014) 16:409–31. doi: 10.1684/epd.2014.0714

 14. Belete, D, Jacobs, BM, Simonet, C, Bestwick, JP, Waters, S, Marshall, CR , et al. Association between Antiepileptic Drugs and Incident Parkinson Disease. JAMA Neurol. (2023) 80:183–7. doi: 10.1001/jamaneurol.2022.4699 

 15. Kishi, T, Hayakawa, H, Kawamoto, Y, Nakao, Y, Narita, T, Nishimoto, K , et al. Levetiracetam for Bipolar Disorder: Consideration from a Systematic Review. Bipolar Disord. (2022) 24:834–5. doi: 10.1111/bdi.13255 

 16. Kumar, A, Maini, K, and Kadian, R. Levetiracetam In: Statpearls. Treasure Island (FL): StatPearls Publishing. NCBI Bookshelf, Bookshelf ID: NBK499890.

 17. Zhang, YY, Wang, L, Guo, H, Han, TT, Chang, YH, and Cui, XC. Levetiracetam Attenuates Diabetes-Associated Cognitive Impairment and Microglia Polarization by Suppressing Neuroinflammation. Front Pharmacol. (2023) 14:1145819. doi: 10.3389/fphar.2023.1145819 

 18. Talha Özgün, O, Kandemir Yılmaz, M, Mert Atmaca, M, Keskin Güler, S, Buluş, E, Duman, A , et al. Efficacy and Tolerability of Immediate Switch from Sodium Channel Blockers to Lacosamide. Epilepsy Behav. (2023) 145:109355. doi: 10.1016/j.yebeh.2023.109355 

 19. Prescribing Information of Vimpat (2021). Available at: https://www.accessdata.fda.gov/drugsatfda_docs/label/2021/022253s049,022254s039,022255s031lbl.pdf.

 20. Release, EN. Approval of Antiepileptic Drug Fycompa® in Japan for Monotherapy and Pediatric Indications for Partial-Onset Seizures, as Well as a New Formulation. (2021) Available at: https://www.eisai.com/news/2020/pdf/enews202004pdf.pdf (Accessed December 20, 2021).

 21. Appleton, RE, Rainford, NE, Gamble, C, Messahel, S, Humphreys, A, Hickey, H , et al. Levetiracetam as an Alternative to Phenytoin for Second-Line Emergency Treatment of Children with Convulsive Status Epilepticus: The Eclipse Rct. Health Technol Assess. (2020) 24:1–96. doi: 10.3310/hta24580 

 22. Chamberlain, JM, Kapur, J, Shinnar, S, Elm, J, Holsti, M, Babcock, L , et al. Efficacy of Levetiracetam, Fosphenytoin, and Valproate for Established Status Epilepticus by Age Group (Esett): A Double-Blind, Responsive-Adaptive. Randomised Controlled Trial. Lancet. (2020) 395:1217–24. doi: 10.1016/s0140-6736(20)30611-5 

 23. Gowda, VK, Romana, A, Shivanna, NH, Benakappa, N, and Benakappa, A. Levetiracetam Versus Phenobarbitone in Neonatal Seizures - a Randomized Controlled Trial. Indian Pediatr. (2019) 56:643–6. doi: 10.1007/s13312-019-1586-3 

 24. Kapur, J, Elm, J, Chamberlain, JM, Barsan, W, Cloyd, J, Lowenstein, D , et al. Randomized Trial of Three Anticonvulsant Medications for Status Epilepticus. New England Journal of Medicine. (2019) 381:2103–13. doi: 10.1056/NEJMoa1905795 

 25. Lee, JW, Alam, J, Llewellyn, N, Hurwitz, S, Bubrick, EB, Sarkis, RA , et al. Open Label Trial of Add on Lacosamide Versus High Dose Levetiracetam Monotherapy in Patients with Breakthrough Seizures. Clin Neuropharmacol. (2016) 39:128–31. doi: 10.1097/wnf.0000000000000144 

 26. Sharpe, C, Reiner, GE, Davis, SL, Nespeca, M, Gold, JJ, Rasmussen, M , et al. Levetiracetam Versus Phenobarbital for Neonatal Seizures: A Randomized Controlled Trial. Pediatrics. (2020) 145. doi: 10.1542/peds.2019-3182 

 27. Ben-Menachem, E, Dominguez, J, Szász, J, Beller, C, Howerton, C, Jensen, L , et al. Long-Term Safety and Tolerability of Lacosamide Monotherapy in Patients with Epilepsy: Results from a Multicenter, Open-Label Trial. Epilepsia Open. (2021) 6:618–23. doi: 10.1002/epi4.12522 

 28. Ben-Menachem, E, Grebe, HP, Terada, K, Jensen, L, Li, T, De Backer, M , et al. Long-Term Safety and Efficacy of Lacosamide and Controlled-Release Carbamazepine Monotherapy in Patients with Newly Diagnosed Epilepsy. Epilepsia. (2019) 60:2437–47. doi: 10.1111/epi.16381 

 29. Husain, AM, Lee, JW, Kolls, BJ, Hirsch, LJ, Halford, JJ, Gupta, PK , et al. Randomized Trial of Lacosamide Versus Fosphenytoin for Nonconvulsive Seizures. Annals of neurology. (2018) 83:1174–85. doi: 10.1002/ana.25249 

 30. Misra, UK, Dubey, D, and Kalita, J. Comparison of Lacosamide Versus Sodium Valproate in Status Epilepticus: A Pilot Study. Epilepsy Behav. (2017) 76:110–3. doi: 10.1016/j.yebeh.2017.07.005 

 31. Ngampoopun, M, Suwanpakdee, P, Jaisupa, N, and Nabangchang, C. Effectiveness and Adverse Effect of Intravenous Lacosamide in Nonconvulsive Status Epilepticus and Acute Repetitive Seizures in Children. Neurology Research International. (2018) 2018:1–5. doi: 10.1155/2018/8432859 

 32. Winkler, AS, Leonardi, M, Michael, BD, Abd-Allah, F, Carroll, W, and Guekht, A. A Who Resolution on Epilepsy and Other Neurological Disorders. Lancet Neurol. (2021) 20:171–2. doi: 10.1016/s1474-4422(21)00026-0

 33. Perucca, E, Perucca, P, White, HS, and Wirrell, EC. Drug Resistance in Epilepsy. Lancet Neurol. (2023) 22:723–34. doi: 10.1016/s1474-4422(23)00151-5

 34. Abou-Khalil, BW. Update on Antiepileptic Drugs 2019. Continuum. (2019) 25:508–36. doi: 10.1212/con.0000000000000715 

 35. West, PJ, Saunders, GW, Remigio, GJ, Wilcox, KS, and White, HS. Antiseizure Drugs Differentially Modulate Θ-Burst Induced Long-Term Potentiation in C57bl/6 Mice. Epilepsia. (2014) 55:214–23. doi: 10.1111/epi.12524 

 36. Rogawski, MA, Tofighy, A, White, HS, Matagne, A, and Wolff, C. Current Understanding of the Mechanism of Action of the Antiepileptic Drug Lacosamide. Epilepsy Res. (2015) 110:189–205. doi: 10.1016/j.eplepsyres.2014.11.021 

 37. Kropeit, D, Johnson, M, Cawello, W, Rudd, GD, and Horstmann, R. Lacosamide Cardiac Safety: A Thorough Qt/Qtc Trial in Healthy Volunteers. Acta Neurol Scand. (2015) 132:346–54. doi: 10.1111/ane.12416 

 38. Rudd, GD, Haverkamp, W, Mason, JW, Wenger, T, Jay, G, Hebert, D , et al. Lacosamide Cardiac Safety: Clinical Trials in Patients with Partial-Onset Seizures. Acta Neurol Scand. (2015) 132:355–63. doi: 10.1111/ane.12414 

 39. Chua-Tuan, JL, Cao, D, Iwanicki, JL, and Hoyte, CO. Cardiac Sodium Channel Blockade after an Intentional Ingestion of Lacosamide, Cyclobenzaprine, and Levetiracetam: Case Report. Clin Toxicol. (2015) 53:565–8. doi: 10.3109/15563650.2015.1040157 

 40. Wood, KE, Palmer, KL, and Krasowski, MD. Correlation of Elevated Lamotrigine and Levetiracetam Serum/Plasma Levels with Toxicity: A Long-Term Retrospective Review at an Academic Medical Center. Toxicol Rep. (2021) 8:1592–8. doi: 10.1016/j.toxrep.2021.08.005 

 41. Page, CB, Mostafa, A, Saiao, A, Grice, JE, Roberts, MS, and Isbister, GK. Cardiovascular Toxicity with Levetiracetam Overdose. Clin Toxicol. (2016) 54:152–4. doi: 10.3109/15563650.2015.1115054 

 42. Altun, Y, and Yasar, E. Effects of Valproate, Carbamazepine and Levetiracetam on Tp-E Interval, Tp-E/Qt and Tp-E/Qtc Ratio. Ideggyogyaszati szemle. (2020) 73:121–7. doi: 10.18071/isz.73.0121 

 43. Siniscalchi, A, Scaglione, F, Sanzaro, E, Iemolo, F, Albertini, G, Quirino, G , et al. Effects of Phenobarbital and Levetiracetam on Pr and Qtc Intervals in Patients with Post-Stroke Seizure. Clin Drug Investig. (2014) 34:879–86. doi: 10.1007/s40261-014-0243-9 

 44. Issa, NP, Fisher, WG, and Narayanan, JT. Qt Interval Prolongation in a Patient with Lqt2 on Levetiracetam. Seizure. (2015) 29:134–6. doi: 10.1016/j.seizure.2015.04.006 

 45. Huberman, MA, Mallar, C, and Kalika, PM. Neonatal Cardiac Arrest Following Lacosamide Treatment: A Case Report. Pediatr Neurol. (2023) 149:184–6. doi: 10.1016/j.pediatrneurol.2023.09.004 

 46. Hoy, SM. Lacosamide: A Review in Focal-Onset Seizures in Patients with Epilepsy. CNS Drugs. (2018) 32:473–84. doi: 10.1007/s40263-018-0523-7 

 47. Potschka, H, and Trinka, E. Perampanel: Does It Have Broad-Spectrum Potential? Epilepsia. (2019) 60:22–36. doi: 10.1111/epi.14456 

 48. Yang, H, Laurenza, A, Williams, B, Patten, A, Hussein, Z, and Ferry, J. Lack of Effect of Perampanel on Qt Interval Duration: Results from a Thorough Qt Analysis and Pooled Partial Seizure Phase Iii Clinical Trials. Epilepsy Res. (2015) 114:122–30. Epub 2015/06/20. doi: 10.1016/j.eplepsyres.2015.04.010 

 49. Dono, F, Evangelista, G, Consoli, S, Rodorigo, D, Russo, M, Carrarini, C , et al. Perampanel Enhances the Cardiovagal Tone and Heart Rate Variability (Hrv) in Patients with Drug-Resistant Temporal Lobe Epilepsy. Seizure. (2022) 99:16–23. doi: 10.1016/j.seizure.2022.04.013 

 50. CIOMS Working Group V. Current Challenges in Pharmacovigilance: Pragmatic Approaches. (2001). 122. Available at: https://cioms.ch/publications/product/current-challenges-in-pharmacovigilance-pragmatic-approaches-report-of-cioms-working-group-5/#description.

 51. Howard, P, Remi, J, Remi, C, Charlesworth, S, Whalley, H, Bhatia, R , et al. Levetiracetam. J Pain Symptom Manag. (2018) 56:645–9. doi: 10.1016/j.jpainsymman.2018.07.012

 52. Ragoonanan, D, Tran, N, and Levesque, M. Safety and Tolerability of Intravenous Push Lacosamide and Levetiracetam. J Pharm Pract. (2023) 36:1056–60. doi: 10.1177/08971900221087955 

 53. Wang, H, Wang, H, Liu, Y, Zhao, J, Niu, X, Zhu, L , et al. Efficacy and Safety of Five Broad-Spectrum Antiseizure Medications for Adjunctive Treatment of Refractory Epilepsy: A Systematic Review and Network Meta-Analysis. CNS Drugs. (2023) 37:883–913. doi: 10.1007/s40263-023-01029-0 

 54. Zaccara, G, Giorgi, FS, Amantini, A, Giannasi, G, Campostrini, R, Giovannelli, F , et al. Why We Prefer Levetiracetam over Phenytoin for Treatment of Status Epilepticus. Acta Neurol Scand. (2018) 137:618–22. doi: 10.1111/ane.12928 

 55. Ashna, A, van Helden, DF, Dos Remedios, C, Molenaar, P, and Laver, DR. Phenytoin Reduces Activity of Cardiac Ryanodine Receptor 2; a Potential Mechanism for Its Cardioprotective Action. Molecular pharmacology. (2020) 97:250–8. doi: 10.1124/mol.119.117721 

 56. Messenheimer, JA. Lamotrigine. Epilepsia. (1995) 36:S87–94. doi: 10.1111/j.1528-1157.1995.tb06002.x

 57. Cerulli Irelli, E, Cocchi, E, Morano, A, Gesche, J, Caraballo, RH, Lattanzi, S , et al. Levetiracetam Vs Lamotrigine as First-Line Antiseizure Medication in Female Patients with Idiopathic Generalized Epilepsy. JAMA Neurol. (2023) 80:1174–81. doi: 10.1001/jamaneurol.2023.3400 

 58. Marson, A, Burnside, G, Appleton, R, Smith, D, Leach, JP, Sills, G , et al. The Sanad Ii Study of the Effectiveness and Cost-Effectiveness of Levetiracetam, Zonisamide, or Lamotrigine for Newly Diagnosed Focal Epilepsy: An Open-Label, Non-Inferiority, Multicentre, Phase 4, Randomised Controlled Trial. Lancet. (2021) 397:1363–74. doi: 10.1016/s0140-6736(21)00247-6 

 59. FDS Communication. Studies Show Increased Risk of Heart Rhythm Problems with Seizure and Mental Health Medicine Lamotrigine (Lamictal) in Patients with Heart Disease. (2021). Available at: https://www.fda.gov/media/147183/download.

 60. Restrepo, JA, MacLean, R, Celano, CM, Huffman, JC, Januzzi, JL, and Beach, SR. The Assessment of Cardiac Risk in Patients Taking Lamotrigine; a Systematic Review. Gen Hospital Psychiatry. (2022) 78:14–27. doi: 10.1016/j.genhosppsych.2022.06.004 

 61. Chen, S, Fukasawa, T, Ikeda, A, Takeuchi, M, Shimotake, A, Yoshida, S , et al. Adherence to and Persistence with Lacosamide, Perampanel, Lamotrigine, and Levetiracetam in Adult Patients with Focal Epilepsy in Japan: A Descriptive Cohort Study Using a Claims Database. Heliyon. (2023) 9:e15017. doi: 10.1016/j.heliyon.2023.e15017 

 62. Shorvon, S. Oxcarbazepine: A Review. Seizure. (2000) 9:75–9. doi: 10.1053/seiz.2000.0391

 63. Jankovic, SM, and Dostic, M. Choice of Antiepileptic Drugs for the Elderly: Possible Drug Interactions and Adverse Effects. Expert Opin Drug Metab Toxicol. (2012) 8:81–91. doi: 10.1517/17425255.2012.645535 

 64. Kharel, S, Ojha, R, and Khanal, S. Levetiracetam Versus Oxcarbazepine as Monotherapy in Newly Diagnosed Focal Epilepsy: A Systematic Review and Meta-Analysis. Brain Behav. (2022) 12:e2779. doi: 10.1002/brb3.2779 

 65. Kim, YH, Lee, TK, Lee, JC, Kim, DW, Hong, S, Cho, JH , et al. Therapeutic Administration of Oxcarbazepine Saves Cerebellar Purkinje Cells from Ischemia and Reperfusion Injury Induced by Cardiac Arrest through Attenuation of Oxidative Stress. Antioxidants. (2022) 11. doi: 10.3390/antiox11122450 

 66. van der Lende, M, Surges, R, Sander, JW, and Thijs, RD. Cardiac Arrhythmias During or after Epileptic Seizures. J Neurol Neurosurg Psychiatry. (2016) 87:69–74. doi: 10.1136/jnnp-2015-310559 

 67. Ryvlin, P, Cucherat, M, and Rheims, S. Risk of Sudden Unexpected Death in Epilepsy in Patients Given Adjunctive Antiepileptic Treatment for Refractory Seizures: A Meta-Analysis of Placebo-Controlled Randomised Trials. Lancet Neurol. (2011) 10:961–8. doi: 10.1016/s1474-4422(11)70193-4 

 68. Yamamoto, T, Gil-Nagel, A, Wheless, JW, Kim, JH, and Wechsler, RT. Perampanel Monotherapy for the Treatment of Epilepsy: Clinical Trial and Real-World Evidence. Epilepsy Behav. (2022) 136:108885. doi: 10.1016/j.yebeh.2022.108885 

 69. Lavu, A, Aboulatta, L, Abou-Setta, AM, Aloud, B, Askin, N, Rabbani, R , et al. Efficacy and Safety of Perampanel in Epilepsy: A Systematic Review and Meta-Analysis of Randomised Controlled Trials. Seizure. (2022) 102:54–60. doi: 10.1016/j.seizure.2022.09.020 

 70. Liu, P, Zhu, Z, and Wu, H. The Safety of Perampanel in Different Disorders and Doses: A Meta-Analysis. Seizure. (2023) 106:22–8. doi: 10.1016/j.seizure.2023.01.013 

 71. Edwards, IR, and Aronson, JK. Adverse Drug Reactions: Definitions, Diagnosis, and Management. Lancet. (2000) 356:1255–9. doi: 10.1016/s0140-6736(00)02799-9

 72. Wróblewska, D, Rudkowska, M, Banach, M, and Borowicz-Reutt, KK. Interactions of Mexiletine with Novel Antiepileptic Drugs in the Maximal Electroshock Test in Mice: An Isobolographic Analysis. Neurochem Res. (2018) 43:1887–96. Epub 2018/08/18. doi: 10.1007/s11064-018-2606-8 

 73. Ikram, M, and Rasheed, S. Genetics of Dravet Syndrome and Its Targeted Therapy by Nanomedicine: A Roadmap for Future Treatment of Drug Resistant Seizures. Current Mol Pharmacol. (2023) 16:475–93. doi: 10.2174/1874467215666220819143105 

 74. Movahedpour, A, Taghvaeefar, R, Asadi-Pooya, AA, Karami, Y, Tavasolian, R, Khatami, SH , et al. Nano-Delivery Systems as a Promising Therapeutic Potential for Epilepsy: Current Status and Future Perspectives. CNS Neurosci. (2023) 29:3150–9. doi: 10.1111/cns.14355 

 75. Leo, DG, Buckley, BJR, Chowdhury, M, Harrison, SL, Isanejad, M, Lip, GYH , et al. Interactive Remote Patient Monitoring Devices for Managing Chronic Health Conditions: Systematic Review and Meta-Analysis. J Med Internet Res. (2022) 24:e35508. doi: 10.2196/35508


Copyright
 © 2024 Li, Su, Zhang, Yu, Miao, Li and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fneur-15-1295368-g005.jpg
Weight

Total (random effect, 95% CI)

0.014 [0.003; 0.030]

Study Events Total Proportion [95% CI] (common) Proportion
Ben-Menachem et al, 2021 3 106 0028 [0.004;0.071] 228% —t
Husain et al., 2018 1 35 0.029 [0.000; 0.119] 76%
Ngampoopun et al., 2018 h 11 0.091[0.000; 0.350] 25%
Ben-Menachem et al, 2019 s zs oompusocy s | ——
Misra et al., 2017 1 33 0.030[0.000; 0.126] 72% T
Total (common effect, 95% CI) 464 0.014[0.003; 0.030] 100.0% ‘

—

T

Heterogeneiy: Tau'

: Chi? =293, df = 4 (P = 0.57); = 0.00%

0

002

T
004

T T T
006 008 01
Rate of Arrhythmias

T
012

d
014





OPS/images/fneur-15-1295368-g003.jpg
® . e
® ...

0000000000 ®
e L L Y )
e LYY Y Y Y Y

o s s 2o @@ E @ @ F @ OO
v @ - @@ F - 0O~ OO

= >

S bS] 1

S ;5 2 8

o 8 3

8 A S 5

g . s D b
L a o o A =S . = o~
- g 8 8 98 % 9
- % o 8 38 8 8 4 3
: 21 & &8 =« 3 e« 8
o £ R BNe Smie s ig e Su
S 8 Y oa s & W S
ﬁ.m.,a.m.uh..amlm.u

a R 5 o« i
B g 2 9 % g ¢ 8§ 6 B § g
o 5 5 2 8 s
205 2 % % o= 4 2 § 3 2 4
4 % 8 o 4 8 & E 5 § : ¥
5 & § 3 § 8 & & & 2 & 2





OPS/images/fneur-15-1295368-g004.jpg
Weight

Study Events Total Proportion [95% CI]  (common) Proportion
Appleton et ., 2020 1 132 0008 [0.000;0.029] 2.3%
Chamberiain et al, 2020 1180  0.006(0.000;0022) 37%
Lee etal., 2019 0 36 0000(0.000;0.026) 63% H—
Sharpe etal., 2020 1 19 0.053(0.000;0.194] 34% +
GOWDA etal, 2019 0 50 0000(0.000;0.019) asn  Mt——
Kapur etal., 2019 1 150  0.007 [0.000; 0.026] 26.5% —H—
Total (common effect, 95% CI) 567 0.005[0001;0.013]  100.0% ‘
Total (random effect, 95% CI) 0.005 [0.001; 0.013] - |
T T 1

Heterogenety: Tau” < 0.001; Chi°






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Risk assessment of arrhythmias related to three antiseizure medications: a systematic review and single-arm meta-analysis



		1 Introduction



		2 Materials and methods



		2.1 Inclusion and exclusion criteria



		2.1.1 Inclusion criteria



		2.1.2 Exclusion criteria









		2.2 Search strategy and study selection



		2.3 Data extraction and quality assessment



		2.4 Data synthesis and analysis









		3 Results



		3.1 Study and participant characteristics



		3.2 Quality assessment of the included studies



		3.3 Efficacy outcomes



		3.3.1 Meta-analyses



		3.3.2 Subgroup analysis



		3.3.3 Publication bias















		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/fneur-15-1295368-g001.jpg
Records removed before

Records identified from*: screening:
Databases (n =495) Duplicate records removed
PUBMED=47 > (n =145)
Web of science=35 Records marked as ineligible
Embase=381 by automation tools (n =0 )
Cochrane=32 Records removed for other

reasons (n =0 )

Records screened »| Records excluded**
(n=350) (n=322)

Reports assessed for eligibility Reports excluded:

(n=28) > NOT RCT or clinical trial (n = 6)

Do not contain independent arrhythmia data (n = 6)
Do not have qualified patients (n =2 )

Which is not monotherapy (n=1)

Do not have access to the full text (n=2)

Studies included in meta-
analysis
(n=11)
Reports of included studies
(n=11)






OPS/images/fneur-15-1295368-g002.jpg
As percentage (intention-to-treat)

essromeno e cuscom. |
P E——

Randomization process

wlowrisk ~Some concerns mHigh risk





OPS/images/cover.jpg
, frontiers | Frontiers in Neurology

Risk assessment of arrhythmias
related to three antiseizure
medications: a systematic review
and single-arm meta-analysis












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers = Frontiers in Neurology






