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Objective: Several clinical trials have suggested that fenfluramine (FFA) is effective for the treatment of epilepsy in Dravet syndrome (DS) and Lennox–Gastaut syndrome (LGS). However, the exploration of its optimal target dose is ongoing. This study aimed to summarize the best evidence to inform this clinical issue.

Materials and methods: We searched PubMed, Embase (via Ovid), and Web of Science for relevant literature published before December 1st, 2023. Randomized, double-blind, placebo-controlled studies that evaluated the efficacy, safety, and tolerability of FFA in DS and LGS were identified and meta-analysis was performed according to doses. The study was registered with PROSPERO (CRD42023392454).

Results: Six hundred and twelve patients from four randomized controlled trials were enrolled. The results demonstrated that FFA at 0.2, 0.4, or 0.7 mg/kg/d showed significantly greater efficacy compared to placebo in terms of at least 50% reduction (p < 0.001, p < 0.001, p < 0.001) and at least 75% reduction (p < 0.001, p = 0.007, p < 0.001) in monthly seizure frequency from baseline. Moreover, significantly more patients receiving FFA than placebo were rated as much improved or very much improved in CGI-I by both caregivers/parents and investigators (p < 0.001). The most common treatment-emergent adverse events were decreased appetite, diarrhea, fatigue, and weight loss, with no valvular heart disease or pulmonary hypertension observed in any participant. For dose comparison, 0.7 mg/kg/d group presented higher efficacy on at least 75% reduction in seizure (p = 0.006) but not on at least 50% reduction. Weight loss (p = 0.002), decreased appetite (p = 0.04), and all-cause withdrawal (p = 0.036) were more common in 0.7 mg/kg/d group than 0.2 mg/kg/d. There was no statistical difference in other safety parameters between these two groups.

Conclusion: The higher range of the licensed dose achieves the optimal balance between efficacy, safety, and tolerability in patients with DS and LGS.

Clinical trial registration: https://www.crd.york.ac.uk/PROSPERO/, identifier CRD42023392454.

Keywords
 fenfluramine; dose-related; drug-resistant epilepsy; DRAVET syndrome; Lennox–Gastaut syndrome


1 Introduction

Despite the existence of multiple anti-epileptic drug regimens, drug-resistant epilepsy (DRE) remains a major problem (1, 2). Dravet syndrome (DS) and Lennox–Gastaut syndrome (LGS) are common drug-resistant developmental and epileptic encephalopathies in infancy and early childhood; both have diverse seizure types and are often accompanied by serious cognitive deterioration and psychiatric and intellectual impairment (3–5). Severe decline in quality of life tends to leave patients with DS or LGS desperate for novel antiseizure medications (ASMs) to improve their condition. Currently, the first-line medication options for DS include valproate (VPA) and clobazam (CLB) (5), whereas VPA, lamotrigine, and topiramate (TPM) are usually the preferred choices for LGS (4, 6, 7). Considering the limited therapeutic effect of these ASMs, some relevant clinical trials are ongoing, which have led to the preliminary verification of newly discovered antiseizure drugs, such as stiripentol (STP) and cannabidiol (CBD) for DS, and rufinamide, CBD, and felbamate for LGS, followed by their approval in several countries and regions (8–12). More recently, fenfluramine (FFA) has gained prominence as a possible alternative to treat both DS and LGS, as well as other DREs (13–20).

FFA, a serotonergic medication, is an amphetamine derivative and a racemic mixture of D- and L-enantiomers (6). Initially, a high dose of FFA was widely accepted in combination with phentermine (Fen-Phen) for the treatment of obesity in 1984 and gained significant popularity in overweight women (21, 22). However, owing to accumulating evidence that its chronic use could result in the increasing incidence of valvular heart disease (VHD) and pulmonary hypertension (PAH), it was withdrawn from the market in 1997 (23–27). At the same time, as Aicardi et al. (28) and Clemens et al. (29) presented early data from single case reports and small case series demonstrating a significant reduction in seizure frequency when FFA was added to the existing treatment regimen, the anti-epileptic effects of FFA have gradually received increasing attention. Subsequently, clinical trials of low-dose FFA to treat DRE, including DS, LGS, CDKL5 deficiency disorder (CDD), and sunflower syndrome were gradually underway (9, 14, 30–33). In this systematic review and meta-analysis, we analyzed the results of large double-blind placebo-controlled trials, which preliminarily confirmed the efficacy and safety of low-dose FFA in DREs at doses up to 0.7 mg/kg/day (maximum: 26 mg/day) to provide further evidence for the optimal use of FFA in DREs (16–19).



2 Materials and methods

This meta-analysis was performed following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (11). The study was registered with PROSPERO (CRD42023392454).


2.1 Data sources and search strategy

All randomized, placebo-controlled, double-blind trials were identified by searching PubMed, Embase (via Ovid), and Web of Science before December 1st, 2023, with no language restrictions. The search terms included (1) fenfluramine, fintepla, pondimin and (2) drug-resistant epilepsy, refractory epilepsy, Lennox–Gastaut syndrome, Dravet syndrome, severe myoclonic epilepsy in infancy, west syndrome, infantile spasm, CDKL5 deficiency disorder, Doose syndrome, Rasmussen Syndrome, Sturge–Weber syndrome. The two groups of keywords were combined with Boolean “AND” and synonymous terms were combined with Boolean “OR.” The reference lists of the full-text reports were screened to identify other relevant studies. Any disagreements were resolved by consensus among the reviewers.



2.2 Inclusion criteria


2.2.1 Study design

Randomized controlled trial (RCT).



2.2.2 Subjects

Patients diagnosed with DRE, including DS and LGS, without VHD or PAH before enrollment.



2.2.3 Intervention

Different doses of FFA (0.2, 0.4, or 0.7 mg/kg/day) were administered, with a placebo as the control group.



2.2.4 Outcomes

Detailed data on responder events, withdrawal events, and treatment-related adverse events (TEAEs) are available.




2.3 Exclusion criteria


2.3.1 Study design

Non-RCTs, including retrospective and observational studies, case reports, and open-label studies were excluded.



2.3.2 Subjects

Non-DRE.



2.3.3 Outcome

No detailed data were accessible to assess efficacy and safety.




2.4 Data extraction and quality assessment

Two reviewers (Y.C.X and D.C) independently extracted the following data from the eligible studies: first author, year of publication, NCT registration number, trial region, patient characteristics (age range, sex, and ASMs), study duration, and necessary outcome events (responder, withdrawal, and TEAE). The evidence was evaluated according to the guidelines for assessing the risk of bias in the Cochrane Handbook (34). Any disagreements were resolved by consensus among the reviewers.



2.5 Data synthesis and analysis

The primary outcome was a reduction in monthly seizure frequency (MSF; convulsive seizure in DS and drop seizure in LGS) of at least 50% from baseline, while the secondary outcomes were a reduction in MSF of at least 75% from baseline, near seizure freedom (seizure frequency ≤ 1), seizure freedom, caregiver/parent or investigator- rated Clinical Global Impression Improvement (CGI-I) scales. TEAEs were selected as safety endpoints. The analysis was performed by calculating the risk ratios (RR), and 95% confidence intervals (95% CI) of the data (34). The results were visualized using forest plots. Statistical heterogeneity was estimated using the I2 statistic as follows: p>0.10 was considered as low heterogeneity, and fixed effects model was used; if p ≤ 0.10, a fixed- or random-effects model was adopted for I2 < 40% or ≥ 40%, respectively (35). Subgroup analysis was conducted to investigate the differences in efficacy and adverse effects of the three doses of FFA in DS. Sensitivity analyses were conducted through leave-one-out meta-analyses to assess the influence of individual studies on the overall treatment effect estimate. A p-value <0.05 was considered significant for all analyses, and all tests were two-tailed. All statistical analyses were performed using Stata 15.1 software.




3 Results


3.1 Literature search

We initially obtained 742 results from a literature search, of which 326 from Embase (via Ovid), 138 from PubMed, 275 from Web of Science, and 3 from reference lists, among which 356 were excluded as they were duplicates. After reviewing the titles, abstracts, and keywords, 139 articles were excluded because the content was not directly related. Then, 243 trials were excluded by irrelevance, or non-target study type or outcomes. Finally, four RCTs were included in this meta-analysis. The detailed literature screening process is shown in Figure 1.
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FIGURE 1
 The study selection process for this meta-analysis.




3.2 Study characteristics

A total of 612 participants were included in this study. The four retrieved trials were all phase 3 multicenter RCTs with sample sizes of 263, 119, 87, and 143, respectively. The four studies reported the efficacy and safety of three doses [0.2 mg/kg/d (17–19), 0.4 mg/kg/d (16), and 0.7 mg/kg/d (17–19)] of FFA as adjunctive therapy in DS and LGS. In four RCTs, Nabbout et al. (16) included patients with DS receiving STP, while Lagae et al. (18) specifically excluded patients with inadequate pharmacokinetic data of FFA-STP drug interactions. The most common ASMs recorded by the participants were VPA, CLB, TPM, and levetiracetam. The entire treatment period was 14 or 15 weeks and consisted of two phases: a titration period (2 or 3 weeks) and a maintenance period (12 weeks). The baseline characteristics of the included studies are presented in Table 1.



TABLE 1 The baseline characteristics of the included studies.
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3.3 Quality assessment of the included studies

According to the Cochrane Risk of Bias Assessment Tool, random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, outcome data integrity, reporting bias, and other biases were fully considered and assessed. In the studies of Lagae et al. (18), Knupp et al. (19), and Sullivan et al. (17), we considered “other bias” as “unclear risk.” As Lagae et al. (18) mentioned in their study, the presence of side effects known to be associated with FFA might lead patients or caregivers suspicious of receiving FFA, thus inducing subjective feelings and an inability to accurately report the seizure frequency. Nevertheless, Nabbout et al. (16) noted no relevant evidence regarding the above conjecture according to the results of post-hoc analysis. All of the remaining items were considered to be of low risk and high quality.



3.4 Primary efficacy outcomes

A total of 168 patients in the FFA group (42.9%) and 19 patients in the placebo group (8.7%) showed a reduction in MSF of at least 50% from baseline. Different doses of FFA [0.2 mg/kg/d: RR =3.44, 95%CI: 2.04, 5.82], p < 0.001; [0.4 mg/kg/d: RR = 11.77, 95%CI: 2.95, 46.89], p < 0.001; [0.7 mg/kg/d: RR = 4.95, 95%CI: 2.09, 11.72], p < 0.001 all presented better efficacy over placebo, while the pooled RR of 4.54 (95% CI: 2.84, 7.26) indicated a significant antiseizure effect of FFA over placebo (p < 0.001) (Figure 2).
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FIGURE 2
 Forest plot of at least 50% reduction in MSF from baseline. CI, confidence interval; FFA, fenfluramine; MSF, monthly seizure frequency; PBO, placebo.




3.5 Secondary efficacy outcomes

A reduction in MSF of at least 75% from baseline was achieved in 102 patients (26.0%) in the FFA group versus seven patients (3.2%) in the placebo group. Different doses of FFA [0.2 mg/kg/d: RR = 5.40, 95%CI: 2.32, 12.55], p<0.001; [0.4 mg/kg/d: RR = 15.35, 95%CI: 2.12, 111.18], p = 0.007; 0.7 mg/kg/d: RR = 9.17, 95%CI: 4.05, 20.74], p<0.001 all showed a certain number of advantages compared to the placebo. The overall RR was 7.90 [(95%CI: 4.51, 13.83), p < 0.001] and the corresponding forest plots are shown in Figure 3. We observed no significant differences between different doses of FFA and placebo as to near seizure freedom (seizure frequency ≤ 1) (p = 0.137, p = 0.098, p = 0.050) but the overall efficacy showed a significant difference [RR = 6.07, (95%CI: 1.99, 18.53)] (Figure 4). Similarly, no significant differences between different doses of FFA and placebo were observed in seizure freedom (p = 0.373, p = 0.489, p = 0.261) but the overall efficacy showed a significant difference [RR = 3.68, (95%CI: 1.31, 10.32)] (Figure 5).
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FIGURE 3
 Forest plot of at least 75% reduction in MSF from baseline. CI, confidence interval; MSF, monthly seizure frequency; FFA, fenfluramine; PBO, placebo.
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FIGURE 4
 Forest plot of near seizure freedom. CI, confidence interval; FFA, fenfluramine; MSF, monthly seizure frequency; PBO, placebo.
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FIGURE 5
 Forest plot of seizure freedom. CI, confidence interval; FFA, fenfluramine; MSF, monthly seizure frequency; PBO, placebo.


Regarding the CGI-I scale, more patients in the FFA group (0.2, 0.4, 0.7 mg/kg/d) were considered by the caregivers/parents (p < 0.001, p = 0.208, p < 0.001) and investigators (p < 0.001, p = 0.008, p < 0.001) to have a much improved or very much improved rating. The total RR were [4.52, (95% CI: 3.18, 6.41), p < 0.001] and [4.44, (95% CI: 3.14, 6.29), p < 0.001], respectively.



3.6 Safety

Table 2 shows the adverse events of different doses of FFA recorded in the four studies. TEAEs occurred in 350 patients (89.3%) in the FFA group and 173 patients (79.0%) in the placebo group [RR (95% CI) = 1.14 (0.99, 1.31), p = 0.08], although with no statistically significant difference. Among the adverse effects, the two groups showed significant differences in decreased appetite [RR (95% CI) = 3.34 (2.14, 5.20), p < 0.001], diarrhea [RR (95% CI) = 2.60 (1.48, 4.53), p = 0.0007], fatigue [RR (95% CI) = 2.27 (1.04, 4.96), p = 0.04] and weight loss (loss ≥7%) [RR (95% CI) = 4.60 (1.90, 11.14), p = 0.0007]. Nevertheless, no statistically significant difference was found between the FFA group and placebo group in dropping out for any reason [RR (95% CI) = 1.24 (0.56, 2.74), p = 0.60] and side effects or lack of efficacy [RR (95% CI) = 1.80 (0.69, 4.67), p = 0.23]. In the group of 0.2 mg/kg/d FFA, significant differences were observed in decreased appetite [RR (95% CI) = 2.43 (1.38, 4.28), p = 0.003] and diarrhea [RR (95% CI) = 2.61 (1.34, 5.09), p = 0.005]. In the group of 0.4 mg/kg/d FFA, no significant differences were observed in adverse effects. And In the group of 0.7 mg/kg/d FFA, significant differences were observed in TEAE [RR (95% CI) = 1.23 (1.05, 1.44), p = 0.01], decreased appetite [RR (95% CI) = 4.01 (2.38, 6.78), p<0.001], diarrhea [RR (95% CI) = 2.25 (1.14, 4.44), p = 0.02], and weight loss [RR (95% CI) = 5.76 (1.86, 17.82), p = 0.002], but no significant difference were found between the FFA group and placebo group in dropping out for any reason and side effects or lack of efficacy (All p>0.05).



TABLE 2 Adverse events.
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3.7 Comparison of different doses

We also separately conducted a comparative analysis of 0.2 mg/kg/d and 0.7 mg/kg/d FFA about their efficacy and safety (only Knupp et al.’s study had 0.4 mg/kg/d group and was not appropriate for dose analysis considering its unique on add-on with STP). In this comparison, 0.7 mg/kg/d showed significantly higher efficacy than 0.2 mg/kg/d in ≥75% reduction in MSF [RR (95% CI) =1.65 (1.16, 2.44), p = 0.006], whereas no statistical difference was found in terms of ≥50% reduction in MSF [RR (95% CI) =1.39 (0.95, 2.02), p = 0.086] with random-effects model (I2 = 56.2%, p = 0.102). However, we found the heterogeneity was mainly derived from Knupp et al.’s study (19) and the total effect of ≥50% reduction in MSF became significant as we removed it from the pooled effect [RR (95% CI) = 1.66 (1.25, 2.19)]. For other efficacy outcomes, there was no statistical difference comparing 0.7 mg/kg/d with 0.2 mg/kg/d in near seizure freedom and complete seizure freedom (All p>0.5).

Regarding the CGI-I scale, more patients in the 0.7 mg/kg/d group were considered by the caregivers/parents [RR (95% CI) =1.44 (1.10, 1.88), p = 0.008] and investigators [RR (95% CI) =1.53 (1.16, 2.02), p = 0.002] to have a much improved or very much improved rating.

Decreased appetite, diarrhea, fatigue, and weight loss were commonly reported adverse events in all four studies. In comparison, 0.7 mg/kg/d FFA caused more patients to get weight loss [RR (95% CI) =1.53 (1.16, 2.02), p = 0.002] and decreased appetite [RR (95% CI) = 2.05 (1.03, 4.50), p = 0.04] than 0.2 mg/kg/d FFA. No statistically significant difference was observed in the comparison of occurrence of all TEAE, diarrhea, and fatigue (All p>0.5). On withdrawal rate, 0.7 mg/kg/d FFA had a higher risk for dropping out for any reason than 0.2 mg/kg/d [RR (95% CI) =2.30 (1.05, 5.03), p = 0.036] but no significant difference was found in dropping out for side effects or lack of efficacy between the two different doses [RR (95% CI) =2.60 (0.94, 7.20), p = 0.066].



3.8 Subgroup analysis and sensitivity analysis

As Lagae et al. (18), Nabbout et al. (16) and Sullivan et al. (17) all explored the efficacy and safety of FFA in DS, we excluded one article about FFA in the treatment of LGS and further analyzed the difference in efficacy (≥ 50% and ≥ 75% reduction in MSF, near seizure freedom, and complete seizure freedom) and safety (drop out for any reason and side effects or lack of efficacy) between different doses of FFA for DS. And statistically significant differences were found in all efficacy outcomes. The overall pooled RR [95%CI] were 6.83[4.32, 10.81], 11.62[5.49, 24.60], 14.66[3.55, 60.60], 6.96[1.58, 30.63] for ≥50% and ≥ 75% reduction in MSF, near seizure freedom, and complete seizure freedom, respectively. However, no significant differences were found in TEAE, SAE, dropping out for any reason and dropping out for side effects or lack of efficacy between different doses of FFA in DS (All p>0.5). We performed sensitivity analyses for at least ≥50% reduction in MSF which showed high heterogeneity between studies (p<0.10), and the total effect was within the range of 95% CI (2.84–7.26), which suggested the results were stable and reliable in this meta-analysis (Figure 6).

[image: Figure 6]

FIGURE 6
 Sensitivity analysis of at least 50% reduction in MSF from baseline. CI, confidence interval.





4 Discussion

FFA is a novel adjunctive ASM for DRE (36). Serotoninergic activity, which raises serotonin (5-hydroxytryptamine) levels in the brain by inducing their release from vesicular storage sites and also by inhibiting their reuptake to increase GABAergic signaling, is thought to be the primary anti-epileptic mechanism of FFA (37–39). In addition, FFA also reacts with sigma-1 receptors which may bind to N-methyl-D-aspartate (NMDA) and G-protein coupled receptors to control Ca2+ influx to decrease glutamatergic excitability and then exerts a potential anti-epileptic effect (22, 39, 40). In this study, we investigated the efficacy, safety, and tolerability of different doses of add-on FFA in the treatment of both DS and LGS.

Consistent with the findings reported by Damavandi et al. (41), our meta-analysis observed a significant reduction in seizure frequency among patients treated with fenfluramine, reinforcing the drug’s efficacy in managing DS and LGS. Furthermore, our dose-specific analysis echoes the discussions by Dini et al. (42) on the critical need for tailored treatment approaches, particularly in optimizing dosing regimens to balance efficacy with safety. When concentrated on different doses of FFA, 0.7 mg/kg/d FFA was more effective than 0.2 mg/kg/d FFA in reducing at least 75% seizure frequency. No statistical difference was found in terms of ≥50% reduction in MSF and heterogeneity was mainly derived from Knupp et al. (19) and the total effect changed when left it out (RR [95% CI] = 1.66[1.25, 2.19]). As the 0.4 mg/kg/d dose was used in only one study by Nabbout et al. (16) and the included patients were treated with STP simultaneously, we cannot draw a hasty conclusion on its efficacy over other doses. We also took the CGI-I scores of patients rated by investigators and caregivers/parents into consideration. More investigators and parents believed that patients in the 0.7 mg/kg/d FFA group experienced better conditions, which further reflected the convincing anti-epileptic efficacy of FFA.

Significant difference was found in the TEAE between FFA and the placebo group. In comparison, FFA was more likely to cause decreased appetite, diarrhea, fatigue, and weight loss, which may be associated with the earliest clinical use of FFA as an appetite suppressant (43). A higher dose of FFA was associated with a higher risk for side effects such as decreased appetite, and weight loss. Nevertheless, the overall incidence of withdrawal events due to adverse effects or lack of efficacy between the 0.7 and 0.2 mg/kg/d FFA was not statistically significant. Therefore, considering the safety and tolerability of FFA, a higher range of licensed doses may be a better choice to treat DRE (DS and LGS).

In four trials, none of the participants developed VHD or PAH. Moreover, a subsequent 3-year open-label trial on DS treated with low-dose FFA (maximum dose: 0.7 mg/kg/d) conducted by Agarwal et al. (44) found that none of the 327 patients progressed to VHD or PAH at any time within the trial phase, suggesting a good long term safety profile of the adjunctive FFA for DS and LGS. Meanwhile, drug–drug interaction-related studies showed no distinct impact of FFA on the pharmacokinetics of anti-epileptic drugs that are commonly used for DS and LGS. However, as STP may affect the metabolism of FFA (45–47), Nabbout et al. (16) reduced the daily dose of adjunctive FFA when combined with STP. The optimal dose of FFA with STP still requires further investigation.

Apart from DS and LGS, studies on FFA for the treatment of other DREs are also ongoing (15). A small sample size study of FFA for CDD conducted by Devinsky et al. (14) recruited six patients with CDD and initially demonstrated that 0.4 mg/kg/d and 0.7 mg/kg/d FFA decreased seizure frequency with no distinct adverse effects. An open-label trial preliminarily validated the therapeutic effect of low-dose FFA (no more than 0.7 mg/kg/d) in nine patients with sunflower syndrome, with ≥70% reduction in seizure frequency achieved in six of the nine patients who completed a 3-month core study (33). No serious adverse effects, such as lethal cardiac disease, were observed in any of these studies. Meanwhile, another study applying FFA as an adjunct to the treatment of five different types of developmental and epileptic encephalopathies (DEEs) (SYNGAP1 Encephalopathy, STXBP1 Encephalopathy With Epilepsy, Inv Dup (15) Encephalopathy, Multifocal or Bilateral Malformations of Cortical Development, Continuous Spike and Waves During Slow Sleep) is also enrolling patients in a non-controlled clinical trial (NCT05232630), which focuses on assessing seizure frequency, intensity, and duration before and after FFA treatment. Moreover, “non-epileptic outcomes,” such as variations in cognitive activity, level of alertness, impulsivity/self-control, gait stability, and other alterations may also be detected during the interview and physical examination. These studies are expected to demonstrate the crucial role of low-dose FFA in DRE and promote its clinical application.

Our study has some limitations. As the number of RCTs included was small, there was a lack of comprehensive persuasiveness. Efficacy of FFA administered at 0.4 mg/kg/day was explored in only one study (16). Evidence for the efficacy, safety, and tolerability of FFA comes from short-term treatments. Thus, long-term outcomes are essential to further explore the optimal dose of FFA. In addition, few studies evaluated the impact of FFA on cognitive functions with DRE. Preliminary results show that FFA was associated with improvement in everyday executive functions in 28% of children with DS (48). As current studies on FFA do not focus much on the “non-epileptic outcomes” of epileptic encephalopathies, such as cognitive, psychiatric, and intellectual outcomes, it may be a vital direction for future analysis.



5 Conclusion

Taken together, the higher range of the licensed dose prescribed for seizure control showed significantly higher efficacy and fair safety for DS and LGS. Decreased appetite and weight loss seem dose-dependent. No VHD or PAH were observed even at the highest dose.



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

YX: Conceptualization, Formal analysis, Investigation, Methodology, Writing – original draft. DC: Conceptualization, Formal analysis, Investigation, Methodology, Writing – review & editing. LL: Conceptualization, Supervision, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Acknowledgments

We would like to thank Editage (www.editage.cn) for English language editing.



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.



References

 1. Fattorusso, A, Matricardi, S, Mencaroni, E, Dell'Isola, GB, di Cara, G, Striano, P , et al. The Pharmacoresistant epilepsy: an overview on Existant and new emerging therapies. Front Neurol. (2021) 12:674483. doi: 10.3389/fneur.2021.674483 

 2. Löscher, W, Potschka, H, Sisodiya, SM, and Vezzani, A. Drug resistance in epilepsy: clinical impact, potential Mechanisms, and new innovative treatment options. Pharmacol Rev. (2020) 72:606–38. doi: 10.1124/pr.120.019539 

 3. Trivisano, M, and Specchio, N. What are the epileptic encephalopathies? Curr Opin Neurol. (2020) 33:179–84. doi: 10.1097/wco.0000000000000793

 4. Camfield, C, and Camfield, P. Twenty years after childhood-onset symptomatic generalized epilepsy the social outcome is usually dependency or death: a population-based study. Dev Med Child Neurol. (2008) 50:859–63. doi: 10.1111/j.1469-8749.2008.03165.x 

 5. van Rijckevorsel, K. Treatment of Lennox-Gastaut syndrome: overview and recent findings. Neuropsychiatr Dis Treat. (2008) 4:1001–19. doi: 10.2147/NDT.S1668 

 6. Strzelczyk, A, and Schubert-Bast, S. Expanding the treatment landscape for Lennox-Gastaut syndrome: current and future strategies. CNS Drugs. (2021) 35:61–83. doi: 10.1007/s40263-020-00784-8 

 7. Samanta, D. Management of Lennox-Gastaut syndrome beyond childhood: a comprehensive review. Epilepsy Behav. (2021) 114:107612. doi: 10.1016/j.yebeh.2020.107612 

 8. Brigo, F, Striano, P, Balagura, G, and Belcastro, V. Emerging drugs for the treatment of Dravet syndrome. Expert Opin Emerg Drugs. (2018) 23:261–9. doi: 10.1080/14728214.2018.1552937

 9. Strzelczyk, A, and Schubert-Bast, S. A practical guide to the treatment of Dravet syndrome with anti-seizure medication. CNS Drugs. (2022) 36:217–37. doi: 10.1007/s40263-022-00898-1 

 10. Zhang, LL, Wang, J, and Wang, CZ. Efficacy and safety of antiseizure medication for Lennox-Gastaut syndrome: a systematic review and network meta-analysis. Dev Med Child Neurol. (2022) 64:305–13. doi: 10.1111/dmcn.15072 

 11. Wheless, JW, Fulton, SP, and Mudigoudar, BD. Dravet syndrome: a review of current management. Pediatr Neurol. (2020) 107:28–40. doi: 10.1016/j.pediatrneurol.2020.01.005 

 12. Bonanni, P, Ragona, F, Fusco, C, Gambardella, A, Operto, FF, Parmeggiani, L , et al. Cannabidiol use in patients with Dravet syndrome and Lennox-Gastaut syndrome: experts' opinions using a nominal group technique (NGT) approach. Expert Opin Pharmacother. (2023) 24:655–63. doi: 10.1080/14656566.2023.2187697 

 13. Verrotti, A, Striano, P, Iapadre, G, Zagaroli, L, Bonanni, P, Coppola, G , et al. The pharmacological management of Lennox-Gastaut syndrome and critical literature review. Seizure. (2018) 63:17–25. doi: 10.1016/j.seizure.2018.10.016 

 14. Devinsky, O, King, L, Schwartz, D, Conway, E, and Price, D. Effect of fenfluramine on convulsive seizures in CDKL5 deficiency disorder. Epilepsia. (2021) 62:e98–e102. doi: 10.1111/epi.16923 

 15. Dini, G, Tulli, E, Dell’Isola, GB, Mencaroni, E, di Cara, G, Striano, P , et al. Improving therapy of Pharmacoresistant epilepsies: the role of Fenfluramine. Front Pharmacol. (2022) 13:13. doi: 10.3389/fphar.2022.832929 

 16. Nabbout, R, Mistry, A, Zuberi, S, Villeneuve, N, Gil-Nagel, A, Sanchez-Carpintero, R , et al. Fenfluramine for treatment-resistant seizures in patients with Dravet syndrome receiving Stiripentol-inclusive regimens a randomized clinical trial. JAMA Neurol. (2020) 77:300–8. doi: 10.1001/jamaneurol.2019.4113 

 17. Sullivan, J, Lagae, L, Cross, JH, Devinsky, O, Guerrini, R, Knupp, KG , et al. Fenfluramine in the treatment of Dravet syndrome: results of a third randomized, placebo-controlled clinical trial. Epilepsia. (2023) 64:2653–66. doi: 10.1111/epi.17737 

 18. Lagae, L, Sullivan, J, Knupp, K, Laux, L, Polster, T, Nikanorova, M , et al. Fenfluramine hydrochloride for the treatment of seizures in Dravet syndrome: a randomised, double-blind, placebo-controlled trial. Lancet. (2019) 394:2243–54. doi: 10.1016/s0140-6736(19)32500-0 

 19. Knupp, KG, Scheffer, IE, Ceulemans, B, Sullivan, JE, Nickels, KC, Lagae, L , et al. Efficacy and safety of Fenfluramine for the treatment of seizures associated with Lennox-Gastaut syndrome a randomized clinical trial. JAMA Neurol. (2022) 79:554–64. doi: 10.1001/jamaneurol.2022.0829 

 20. Riva, A, Coppola, A, Di Bonaventura, C, Elia, M, Ferlazzo, E, Gobbi, G , et al. An Italian consensus on the management of Lennox-Gastaut syndrome. Seizure. (2022) 101:134–40. doi: 10.1016/j.seizure.2022.07.004 

 21. Fishman, AP. Aminorex to fen/phen - an epidemic foretold. Circulation. (1999) 99:156–61. doi: 10.1161/01.Cir.99.1.156 

 22. Samanta, D. Fenfluramine: a review of pharmacology, clinical efficacy, and safety in epilepsy. Children. (2022) 9:1159. doi: 10.3390/children9081159 

 23. Douglas, JG, Munro, JF, Kitchin, AH, Muir, AL, and Proudfoot, AT. pulmonary-hypertension and fenfluramine. BMJ. (1981) 283:881–3. doi: 10.1136/bmj.283.6296.881 

 24. Connolly, HM, Crary, JL, McGoon, MD, Hensrud, DD, Edwards, BS, Edwards, WD , et al. Valvular heart disease associated with fenfluramine-phentermine. N Engl J Med. (1997) 337:581–8. doi: 10.1056/nejm199708283370901

 25. Rothman, RB, and Baumann, MH. Appetite suppressants, cardiac valve disease and combination pharmacotherapy. Am J Ther. (2009) 16:354–64. doi: 10.1097/MJT.0b013e31817fde95 

 26. Abenhaim, L, Moride, Y, Brenot, F, Rich, S, Benichou, J, Kurz, X , et al. Appetite-suppressant drugs and the risk of primary pulmonary hypertension. N Engl J Med. (1996) 335:609–16. doi: 10.1056/nejm199608293350901

 27. Manson, JE, and Faich, GA. Pharmacotherapy for obesity - do the benefits outweigh the risks? N Engl J Med. (1996) 335:659–60. doi: 10.1056/nejm199608293350910

 28. Aicardi, J, Gastaut, H, and Mises, J. Syncopal attacks compulsively self-induced by VALSALVAS maneuver associated with typical absence seizures-a CASE-report. Arch Neurol. (1988) 45:923–5. doi: 10.1001/archneur.1988.00520320125029 

 29. Clemens, B. Dopamine agonist treatment of self-induced pattern-sensitive epilepsy-a CASE-report. Epilepsy Res. (1988) 2:340–3. doi: 10.1016/0920-1211(88)90044-7 

 30. Thiele, EA, Bruno, PL, Vu, U, Geenen, K, Doshi, SP, Patel, S , et al. Safety and efficacy of add-on ZX008 (Fenfluramine HCl Oral solution) in sunflower syndrome: an open-label pilot study of 5 patients. Neurology. (2020) 94:4274. doi: 10.1212/WNL.94.15_supplement.4274

 31. Patel, S, Geenen, KR, Dowless, D, Bruno, PL, and Thiele, EA. Follow-up to low-dose fenfluramine for sunflower syndrome: a non-randomized controlled trial. Dev Med Child Neurol. (2023) 65:961–7. doi: 10.1111/dmcn.15492 

 32. Hong, W, Haviland, I, Pestana-Knight, E, Weisenberg, JL, Demarest, S, Marsh, ED , et al. CDKL5 deficiency disorder-related epilepsy: a review of current and emerging treatment. CNS Drugs. (2022) 36:591–604. doi: 10.1007/s40263-022-00921-5 

 33. Geenen, KR, Doshi, SP, Patel, S, Sourbron, J, Falk, A, Morgan, A , et al. Fenfluramine for seizures associated with sunflower syndrome. Dev Med Child Neurol. (2021) 63:1427–32. doi: 10.1111/dmcn.14965 

 34. Cumpston, M, Li, TJ, Page, MJ, Chandler, J, Welch, VA, Higgins, JPT , et al. Updated guidance for trusted systematic reviews: a new edition of the Cochrane handbook for systematic reviews of interventions. Cochrane Database Syst Rev. (2019) 10:ED000142. doi: 10.1002/14651858.Ed000142 

 35. Lattanzi, S, Brigo, F, Trinka, E, Zaccara, G, Cagnetti, C, del Giovane, C , et al. Efficacy and safety of Cannabidiol in epilepsy: a systematic review and Meta-analysis. Drugs. (2018) 78:1791–804. doi: 10.1007/s40265-018-0992-5 

 36. Frampton, JE. Fenfluramine: a review in Dravet and Lennox-Gastaut syndromes. Drugs. (2023) 83:1143. doi: 10.1007/s40265-023-01919-z 

 37. Fuller, RW, Snoddy, HD, and Robertson, DW. Mechanisms of effects of d-fenfluramine on brain-serotonin metabolism in rats-uptake inhibition versus release. Pharmacol Biochem Behav. (1988) 30:715–21. doi: 10.1016/0091-3057(88)90089-5 

 38. Martin, P, Reeder, T, Sourbron, J, de Witte, PAM, Gammaitoni, AR, and Galer, BS. An emerging role for Sigma-1 receptors in the treatment of developmental and epileptic encephalopathies. Int J Mol Sci. (2021) 22:8416. doi: 10.3390/ijms22168416 

 39. Rodriguez-Munoz, M, Sanchez-Blazquez, P, and Garzon, J. Fenfluramine diminishes NMDA receptor-mediated seizures via its mixed activity at serotonin 5HT2A and type 1 sigma receptors. Oncotarget. (2018) 9:23373–89. doi: 10.18632/oncotarget.25169 

 40. Shen, RY, and Andrade, R. 5-Hydroxytryptamine(2) receptor facilitates GABAergic neurotransmission in rat hippocampus. J Pharmacol Exp Ther. (1998) 285:805–12.

 41. Tabaee Damavandi, P, Fabin, N, Giossi, R, Matricardi, S, Del Giovane, C, Striano, P , et al. Efficacy and safety of Fenfluramine in epilepsy: a systematic review and Meta-analysis. Neurol Ther. (2023) 12:669–86. doi: 10.1007/s40120-023-00452-1 

 42. Dini, G, Di Cara, G, Ferrara, P, Striano, P, and Verrotti, A. Reintroducing Fenfluramine as a treatment for seizures: current knowledge, recommendations and gaps in understanding. Neuropsychiatr Dis Treat. (2023) 19:2013–25. doi: 10.2147/ndt.S417676 

 43. Odi, R, Invernizzi, RW, Gallily, T, Bialer, M, and Perucca, E. Fenfluramine repurposing from weight loss to epilepsy: what we do and do not know. Pharmacol Ther. (2021) 226:107866. doi: 10.1016/j.pharmthera.2021.107866 

 44. Agarwal, A, Farfel, GM, Gammaitoni, AR, Wong, PC, Pinto, FJ, and Galer, BS. Long-term cardiovascular safety of fenfluramine in patients with Dravet syndrome treated for up to 3 years: findings from serial echocardiographic assessments. Eur J Paediatr Neurol. (2022) 39:35–9. doi: 10.1016/j.ejpn.2022.05.006 

 45. Boyd, B., Smith, S., Farfel, G.M., and Morrison, G. (2019). A phase 1, single-dose, open-label pharmacokinetic study to investigate the drug-drug interaction potential of ZX008 (fenfluramine HCL oral solution) and cannabidiol. United States; Conference: 48th National Meeting of the child neurology society. Charlotte 

 46. Martin, P, Czerwiński, M, Limaye, PB, Ogilvie, BW, Smith, S, and Boyd, B. In vitro evaluation suggests fenfluramine and norfenfluramine are unlikely to act as perpetrators of drug interactions. Pharmacol Res Perspect. (2022) 10:e00959. doi: 10.1002/prp2.959 

 47. Schoonjans, AS, Roosens, L, Dewals, W, Paelinck, BP, and Ceulemans, B. Therapeutic drug monitoring of fenfluramine in clinical practice: pharmacokinetic variability and impact of concomitant antiseizure medications. Epilepsia. (2022) 63:686–96. doi: 10.1111/epi.17162 

 48. Bishop, KI, Isquith, PK, Gioia, GA, Knupp, KG, Scheffer, IE, Nabbout, R , et al. Fenfluramine treatment is associated with improvement in everyday executive function in preschool-aged children (<5 years) with Dravet syndrome: a critical period for early neurodevelopment. Epilepsy Behav. (2023) 138:138. doi: 10.1016/j.yebeh.2022.108994 


Copyright
 © 2024 Xu, Chen and Liu. 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/xhtml/Nav.xhtml




Contents





		Cover



		Optimal dose of fenfluramine in adjuvant treatment of drug-resistant epilepsy: evidence from randomized controlled trials



		1 Introduction



		2 Materials and methods



		2.1 Data sources and search strategy



		2.2 Inclusion criteria



		2.2.1 Study design



		2.2.2 Subjects



		2.2.3 Intervention



		2.2.4 Outcomes









		2.3 Exclusion criteria



		2.3.1 Study design



		2.3.2 Subjects



		2.3.3 Outcome









		2.4 Data extraction and quality assessment



		2.5 Data synthesis and analysis









		3 Results



		3.1 Literature search



		3.2 Study characteristics



		3.3 Quality assessment of the included studies



		3.4 Primary efficacy outcomes



		3.5 Secondary efficacy outcomes



		3.6 Safety



		3.7 Comparison of different doses



		3.8 Subgroup analysis and sensitivity analysis









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















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

Optimal dose of fenfluramine in
adjuvant treatment of
drug-resistant epilepsy: evidence
from randomized controlled trials












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Neurology






OPS/images/fneur-15-1371704-g005.jpg
Risk Ratio %

Study (Year) FFAON  PBON @5%Ch Weight
FFA 0.2mg/kg/d
Lagae (2019) 339 040 718(038,13450) 1097
Knupp (2022) 189 87 098(006,1538) 2248
nz nar 301(049,1861) 3345
FFA 0.4mg/kg/d
Nabbout 2019) 143 0144 307013,7330) 1099
143 [z 307001373300 1099
FFA 0.7mg/kg/d
Lagae (2019) 340 040 700037,13128) 1111
Knupp (2022) 87 1187 033001807 3334
Sulivan (2023) 618 oug 1300(075,2245%) 1.1
9175 075 420(107,1648) 5556
Heterogeneity between groups: p =0 954
Overall, MH 141346 2346 368(131,1032) 10000
(=00%,p=0518)

T T
0039062 Favours Placebo 1 Favours Fenfluramine 256





OPS/images/fneur-15-1371704-g006.jpg
Meta-analysis estimates, given named study is omitted
Lower CI Limit © Estimate Upper CI Limit

Lagac (2019)

Knupp (2022)

Sullivan (2023)

Nabbout (2019)

Lagae (2019)

Knupp (2022)

Sullivan (2023) -
2.522.84 454 726 8.82






OPS/images/fneur-15-1371704-g003.jpg
Risk Ratio %

Study (Year) FFANN  PBO NN (@s%ch Weight
FFA 0.2mg/kg/d
Lagae (2019) 939 1140 ——e————  om@2e 76
Knupp (2022) 10589 87 - 3260093 1148 2340
Sulivan (2023) 13146 248 —_—— 678(162,2842) 1510
7a eTs ks 5402321255 4611
FFA 0.4mglkgld H
Nabbout (2019) 15043 1144 —————— sBEe2me 16
1543 144 —_ —— wsxsenms e
FFA 0.7mglkg/d '
Lagae (2019) 2040 1140 — e 2000@82 14198 771
Knupp (2022) 1287 387 —_— 400(1.17,1368) 2313
Sulivan (2023) 2348 218 e 1150 (287,46.10) 1542
55175 6175 =l 917(405,2074) 4627
Heterogeneity between groups: p = 0.517 1
Overall, MH 02362 130994 <> 790(451,1383) 10000
(*=00%,p=0579)
T T
0078125 128

Favours Placebo

Favours Fenfluramine





OPS/images/fneur-15-1371704-g004.jpg
Risk Rafio %

Study (Year) FFADN  PBON (95% CI) Weight
FFA 0.2mg/kg/d
Lagae (2019) 539 0140 128(064,19729) 1518
Knupp (2022) 2189 87 1960182117 2191
Sulivan (2023) 046 04 (nsuficient data)
M s 400(064,2499) 3709
FFA 0.4mg/kg/d
Nabbout (2019) 543 014 125(064,197.44) 1515
543 o4a 125(064,197.49) 1515
FFA 0.7mg/kg/d
Lagae (2019) 1040 00 21.00(127,34666) 1581
Knupp (2022) 87 187 100(006,1573) 1637
Sulivan (2023) 848 o 17.00(1.01,28651) 1558
w7 s 696(100,483%) 4777
Heterogeneity between groups: p = 0,621
Overal, DL a2 2304 607(199,1853) 10000

T T
0039062  Favours Placebo 1 Favours Fenfluramine 256





OPS/images/fneur-15-1371704-t001.jpg
Study Epilepsy Intervention Sex(M/F)  Course of Concomitant Adverse events

design type Age treatment ASMs
(mean + SD)

Knuppetal. | RCT LGS FFAO7mglkg/d  46/41,1448 Titration 2w Valproate (all forms),  Decreased appetite, Somnolence,
a5 Phase 3 FFAO2mglkg/d  46/43,13+8 Maintenance 12w Clobazam, Fatigue, Pyrexia, Diarrhea,
PBO 54/33,1347 Lamotrigine, Vomiting
Levetiracetam,
Rufinamide
Lagaeetal.  RCT DS FFAO7mghkgd  21/19,88+44  Titration 2w Valproate (all forms), | Decreased appetite, Diarrhea,
a6 Phase 3 FFAO2mghkgd  22/17,90+45  Maintenance 12w Clobazam, Nasopharyngitis, Lethargy,
PBO 21/19,92£5.1 Lamotrigine, Somnolence, Pyrexia, Fatigue,
Levetiracetam Seizure, Vomiting, Weight
decrease, Fall
Nabbout RCT DS FEAO4mghkg/d  23/20,88+46  Titration 3w Stiripentol, Clobazam  Decreased appetite, Pyrexia,
etal.(18)  Phase3 PBO 27117,94+5.1 Maintenance 12w Valproate, Topiramate,  Fatigue, Diarrhea,
Levetiracetam Nasopharyngitis, Lethargy,
Bronchitis
Sullivan RCT DS FFAO7mghkgd  22/26,9.4:53  Titration 2w Clobazam, Diarrhea, Pyrexia, Fatigue,
etal.(17)  Phase3 FFAO2mg/kg/d  24/22,96844  Maintenance 12w | Levetiracetam, Nasopharyngitis, Blood glucose
PBO 27/21,9.0443 Topiramate, Valproate | decreased, Decreased appetite,
(all forms) Somnolence, Tremor

Cl, confidence interval; FFA, Fenfluramine; MSF, monthly seizure frequency; PBO, Placebo; R, risk ratio.





OPS/images/fneur-15-1371704-t002.jpg
Adverse effect
FEA 02mykg/d
TEAE
SAE
Blood gucose decreased
Decreased Appette
Diarrhea
Pyrexia
Fatigue
Weightloss
FEA 0.Amgky/d
TEAE
SAE
Blaod glucose decreased
Decreased appetite
Diarrhea
Pyrexia
Fatigue
FEA 0.7 mykg/d

TEAE

E
Blood glucose decreased
Decreased Appetite
Diarthea

Pyresia

Fatigue

Weight loss

Cl, confidence interval; FFA, Fenfluramine; PBO, Placebo; RR, risk ratio.
Bold value mean the corresponding p-value was <0.05 and the difference was statistically significant.

3

3

FFA

175

135

175
175
175
175

175

175

135

175
175
175
175

175

PBO

175

135

175
175
175
175

175

175

135

175
175
175
175

175

116(0.97,1.38]

158 [0.41,607)
191(077.4.75)
243(1.38,4.28)
261(134,5.09)
0961055,1.67]
145 [0.54,392]

278(070,11.07)

102095, 1.11]
088(0.32,2.40]
307 (06,1438
38911.60,9.48]
341(101,11.55]
281(097.8.16]
281(097.8.16]

1.23 (105, 1.44]
2591095,7.06]
1.33(05,3.55]
401(238,6.78]
225 (114,444
0791026,2.44]
215(109,4.23]

576(1.86,17.82]

p value

016
0.002

0.005





OPS/images/fneur-15-1371704-g001.jpg
Identification

Screening

Included

742 records identified through database searching: Embase via
Ovid: 326, Pubmed: 138, Web of science: 275, reference lists: 3

386 records after

duplications removed

247 records assessed
for eligibility

356 records excluded
for duplications

139 records excluded
for irrelevance

243 records excluded, with
reasons: Irrelevance: 79,

Review: 74, Meeting abstract:
37, Patent: 35, non-RCTs: 12,
Editorial Materials: 4, letter: 2






OPS/images/fneur-15-1371704-g002.jpg
Risk Ratio %
Study (Year) FFANN  PBOAN (95% CI) Weight
FFA 0.2mg/kg/d
Lagae (2019) 1539 5140 e 308(124,765 1477
Knupp (2022) 25/89 9587 — 272(1.35,548) 19.09
Sullivan (2023) 2146 48 R — 730(234,2280) 123

61174 1775 <>: 344204582 4508
FFA 0.4mg/kg/d !
Nabbout (2019) 23043 244 ———————  n7eeen 8%

2343 244 —————— umee4ws 856

FFA 0.7mg/kg/d
Lagae (2019) 2740 5140 —_— 540(231,1260) 1596
Knupp (2022) 22187 987 — 244(119,500 1876
Sulivan (2023) 35148 348 —%—— 11673853537 1164

875 ATHTS O 4950200, 1172) 4636
Heterogeneily between groups: p = 0.244 |
Overal, DL 168302 36304 <> 454(284,726) 100,00
(F =442%, p=0097)

T T
015625 FavoursPlacebo 1 Favours Fenfluramine 64





