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Epilepsy is one of the most common neurological chronic disorders, with an estimated prevalence of 0. 5 – 1%. Currently, treatment options for epilepsy are predominantly based on the administration of symptomatic therapy. Most patients are able to achieve seizure freedom by the first two appropriate drug trials. Thus, patients who cannot reach a satisfactory response after that are defined as pharmacoresistant. However, despite the availability of more than 20 antiseizure medications (ASMs), about one-third of epilepsies remain drug-resistant. The heterogeneity of seizures and epilepsies, the coexistence of comorbidities, and the broad spectrum of efficacy, safety, and tolerability related to the ASMs, make the management of these patients actually challenging. In this review, we analyze the most relevant clinical and pathogenetic issues related to drug-resistant epilepsy, and then we discuss the current evidence about the use of available ASMs and the alternative non-pharmacological approaches.
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INTRODUCTION

Over the past 20 years, a significant number of antiepileptic drugs, more appropriately defined as antiseizure medications (ASMs), were developed and licensed. However, at least 30% of people with epilepsy have drug-resistant epilepsy (DRE), so they remain refractory to common pharmacological treatments (1). The International League Against Epilepsy (ILAE) refers to drug-resistant epilepsy as the failure of adequate trials of two tolerated, appropriately chosen, and used ASM schedules, whether as monotherapy or in combination, to achieve sustained seizure freedom (2). According to this definition, an observational study analyzed the response to ASMs in hospitalized patients with newly diagnosed epilepsy and showed that the first and second drug regimens were successful in 49.5 and 36%, respectively. In this regard, all the therapies with ASM after the failure of the first two drugs had a significantly lower rate of success (from 12.5 to 22.2%) (3). According to these data, the chances of controlling seizures seem to drastically decline after the failure of the second ASM. Some clinicians would avoid trying other pharmacological treatments in those patients who may befit from surgical treatment with a higher percentage of success (4). The concept of pharmacoresistance not only implies intractable seizures, but the underlying pathogenesis is responsible for structural and neurobiochemical changes that also cause cognitive and neuropsychiatric disturbances and psychosocial dysfunction (5). Due to the extreme variability of DRE patients phenotypes and the lack of a unique shared definition of ASM effectiveness in achieving seizure freedom, it remains challenging to compare clinical trials and define practice guidelines. However, according to ILAE, who tried to give an operational definition, an ASM is deemed effective if there is a seizure-free period of classically 12 months or of at least three times the longest pretreatment inter-seizure interval (2). Pharmacological therapy should be appropriately chosen for the epileptic syndrome and the type of seizures and administered for a minimum of 6 months at an adequate dosage (6). Optimal effective dose range and frequency of administration depend on individual response, ongoing comorbidities, and medication tolerability, with adverse side effects limiting further the choice of ASMs (7). Therefore, it is clear that patients with DRE represent a spectrum of different clinical and neurobiological pictures rather than a group of patients with the same disease, requiring a complex approach to several issues that we will further try to focus on.

The aim of this review is to outline an overview of the most relevant clinical and pathogenetic issues related to DRE, and examine a practical approach with ASMs, the potential of novel emerging ASMs, and alternative non-pharmacological therapies for patients with DRE.



THE BURDEN OF DRUG-RESISTANT EPILEPSY

Despite the wide variation in DRE definition, a recent epidemiological systematic review reported an overall incidence proportion of DRE ranging from 0.06 to 0.51% and a prevalence ranging from 0.11 to 0.58%. Among the analyzed studies, the pooled estimate prevalence of DRE was 0.30 (95% CI: 0.19–0.42), consistent with what has been frequently reported in the literature. The pooled incidence proportion was 0.15 (95% CI: 0.11–0.19) in children, and 0.34% (95% CI: 0.06–0.62) in adults, with an overall pooled incidence of 20% (95% CI 0.14–0.27) (8).

Common causes of treatment failure are poor compliance and an inappropriate selection of ASM due to epileptic seizures misdiagnosis. A trust based relationship with patients and their families is mandatory to ensure a good understanding of the problem and optimal adherence to the prescribed drug regimen. On the other hand, a “false pharmacoresistance” should be ruled out in any patient presenting difficult-to-treat seizures. Causes of apparent pharmacoresistant epilepsy are the misdiagnosis of psychogenic non-epileptic events as seizures and the inability to identify the correct type of epilepsy leading to inappropriate drug selection. Other issues that could lead to “false pharmacoresistance” are the prescription of inadequate drug dosage and incorrect assessment of the response to treatment with overdiagnosis of side effects (i.e., drug interactions leading to increased side effects and poor tolerability) (9).

As a further complication, even patients correctly labeled as pharmacoresistant can have phases of long complete remission (pharmacoresponsive) alternating with a relapsing course (pharmacoresistant). However, in a study cohort of adults with DRE, among patients with a 12-months seizure remission period, the risk of seizure relapse remained high (71.2% at 5 years). Therefore, it is reasonable to be cautious when discussing the likelihood of stable remission (10).

It is noteworthy that people with DRE have from 2 to 10 times higher risk of sudden death compared to the general population. The sudden unexpected death in epilepsy (SUDEP) is defined as sudden, unexpected death of someone with epilepsy who is otherwise healthy, in which no other causes of death may be found when an autopsy is done. The death often occurs during the night, and it can be witnessed or not, without necessary evidence of a recent convulsive seizure (11). The risk of SUDEP is inversely related to seizure control, especially in patients with a higher rate of convulsive seizures and long-standing epilepsy (12, 13). The causes of this epilepsy-related death have been extensively analyzed in several studies, but definite predictive factors of SUDEP are still lacking. In this regard, the only way to prevent this complication in pharmacoresistant patients is to optimize seizure control.

Besides SUDEP and other causes of premature death in people with DRE (e.g., seizure-related accidents, cerebral neoplasms, and neurodegenerative diseases underlying symptomatic epilepsies), many different comorbidities may affect these patients. Cognitive and neuropsychiatric disorders such as depression and anxiety in adults, attention deficit with hyperactivity disorder, autism spectrum disorders, and neurobehavioral problems in children are more common than in the general population (14, 15). These comorbidities worsen language and social skills, adversely affecting long-term psychosocial functioning. The spectrum of disabilities can vary broadly, resulting from underlying structural, functioning, or genetic etiopathology that has led to seizures or the negative effect of ASM therapies. In rare selected cases, a targeted therapy on the underlying cause of epilepsy can ameliorate both seizures and cognitive dysfunctions, as the ketogenic diet for GLUT1 deficiency syndrome. In many epileptic encephalopathies, prompt initiation of an effective ASM therapy may improve cognitive and neurobehavioral symptoms (16). However, these comorbidities could persist despite an adequate ASM therapy with seizure freedom, maybe due to synaptic reorganization or impaired neurogenesis, and even more represent an adjunctive management issue in DRE patients. Furthermore, other diseases such as migraine, cardiovascular disorder, asthma, osteoarthritis, and gastroesophageal reflux have a higher incidence in people with epilepsy. The mechanisms of association identified vary from casual, causative, resultant, bidirectional, or shared risk factors. For instance, epilepsy can be caused by comorbidities like cerebrovascular diseases or perinatal stroke, or vice versa aspiration pneumonia, and seizure-related fracture can be considered resultant comorbidities of epilepsy. Sometimes the conditions share the same risk factors or the same genetic disorder responsible for both, or in other cases, the relationship is bidirectional as in autism spectrum disorders (17).



PREDICTIVE RISK FACTORS

Discerning patients who are at higher risk of drug refractoriness could be helpful. Several studies have attempted to identify predictive factors for DRE development, but they all lack a unique shared definition of drug refractoriness and are affected by the heterogeneity of the examined population. Diagnosing certain types of epileptic syndromes in pediatric age already means giving a prognostic evaluation of drug resistance: Lennox-Gastaut syndrome (LGS), early infantile epileptic encephalopathy, Dravet Syndrome (DS), or Rasmussen encephalitis are almost pharmacoresistant, maybe due to the intrinsic neurobiological pattern underlying epilepsy (7). Several clinical factors have been associated with DRE, such as age at onset of epilepsy (<1 year), etiology, abnormal neuroimaging, the coexistence of neuropsychiatric disorders or intellectual disability, history of prolonged febrile seizures, or status epilepticus, and the presence of specific EEG abnormalities (18). Seizure onset during the neonatal period is more likely associated with a higher risk of developing DRE than epilepsy onset later in life. Idiopathic epilepsies have a lower risk of pharmacoresistance than symptomatic epilepsy, which means epilepsy with underlying structural abnormalities such as cortical dysplasia, mesial temporal sclerosis, tuberous sclerosis, or vascular lesions. Focal seizures are suggested to have a higher risk compared to generalized seizures (18). Gender is not regarded as a risk factor, while family history is still controversial according to different studies (9, 18). The number of seizures occurring in the year before starting treatment, previous history of drug abuses, and family history of epilepsy in first-degree relatives were positively associated with DRE, according to Chen and colleagues (18). Overall, in a cohort of patients with newly diagnosed epilepsy of all types, more than half of the patients became seizure-free during treatment with a first ASM, about 15% became seizure-free during treatment with a second or a third drug, while only 3% of epilepsy cases was controlled by treatment with two drugs. This suggests that an inadequate response to the initial ASM therapy is more likely associated with the development of refractory epilepsy (19). Furthermore, also time to achieving seizure freedom could be a prognostic value for long-term outcome in epileptic patients. According to a post-hoc analysis on patients treated for focal epilepsy, patients who were seizure-free at 6 months had a 90% chance of being seizure-free at 12 months, whereas those not seizure-free at 6 months had only a 45% chance of being seizure-free at 12 months, suggesting that the clinical response at 6 months was an excellent predictor of response at 12 months (20).



PATHOGENESIS

The mechanisms underlying DRE are not completely known. The pathogenesis of drug resistance is likely variable and multifactorial, with several mechanisms acting together in a given patient (6). In this regard, besides clinical evidence, experimental models provide better characterization and understanding of the putative mechanisms of ASM failure. The hypothesized mechanisms of drug resistance may be intermingled and comprise disease-related mechanisms, drug-related mechanisms, and genetic mechanisms.

According to the “transporter hypothesis,” the increased expression or function of multidrug efflux proteins in human epileptic brain tissue and in animal models of DRE decreases the effectiveness of ASMs, irrespective of their target of action (21, 22). The ATP-dependent P-glycoprotein (P-gp) is the product of the human multidrug-resistance-1 (MDR1; ABCB1) gene, and due to its broad substrate specificity, it plays a role in restricting brain entry of multiple different drugs. This protein is located in brain capillary endothelial cells that form the blood-brain barrier (BBB) and acts together with other multidrug resistance proteins in order to protect the brain from intoxication by lipophilic xenobiotics that otherwise would cross the BBB by passive diffusion (22, 23). This mechanism is the basis of treatment failure of different brain tumors, brain infections, and several other brain disorders (22). Several ASMs show similar chemical structures to P-gp substrates, thus the increased expression of P-gp and other efflux pumps may limit their entry across the BBB, conferring a multidrug-resistant epilepsy phenotype (24). However, evidence supporting overexpression of P-gp in epileptogenic brain tissues is controversial, with the role of other multidrug resistance proteins still unknown (21). The overexpression of drug efflux proteins seems to be restricted to epileptic focus sparing adjacent normal tissue, explaining the absence of fewer neurotoxic side effects in ASMs refractory patients than responsive ones (25). Furthermore, whether the overexpression in DRE patients is intrinsic (genetic) or acquired as a consequence of uncontrolled seizures or chronic ASM treatment remains unclear. The experimental evidence supports the transported hypothesis since ASM non-responders show higher expression of P-gp at the BBB than responders in rat models. Moreover, overexpression of P-gp is associated with lower brain levels of ASMs in rodents, and above all, the inhibition of P-gp by tariquidar counteracts resistance to ASMs in a rat model of temporal lobe epilepsy (TLE) (11, 22). However, the transporter hypothesis is still controversial, and further studies are needed to assess better the clinical relevance of efflux transporters overexpression at the BBB.

The “pharmacokinetic hypothesis” suggests that the overexpression of efflux transporters is localized in the peripheral organs, such as liver, intestine, and kidneys, thus decreasing ASM plasma levels and the amount of ASM available to cross the BBB. In this regard, multidrug transporters expression is not necessarily restricted to the brain but may also occur in other organs and tissues. Animal studies do not support this hypothesis, and evidence for it is quite limited (11).

Alternatively, the “target hypothesis” postulates that acquired epilepsy-induced alterations to the structure or the functionality of ASMs target molecules lead to a reduction in their response to treatment (26). This theory is primarily based on studies with carbamazepine (CBZ) on voltage-dependent sodium channels in hippocampal neurons of patients with mesial TLE. The use-dependent block of voltage-sodium channels of dentate granule cells by CBZ was completely lost in patients with CBZ resistant epilepsy, compared with neurons from patients without mesial TLE. The same results were obtained blocking voltage-sodium channels with pilocarpine rat models for CBZ and phenytoin (PHT) (26, 27), but not with other ASMs such as lamotrigine (LTG) and valproic acid (VPA) (27). It still remains unclear if the loss of sodium channel sensitivity in CBZ resistant patients could be extended to other ASMs with similar mechanisms of action. Consistent with the target hypothesis, other sites of action like GABAa receptors have been studied. Alteration in sensitivity of GABAa receptors has been reported in animal models of DRE, but no clinical evidence supports it (9, 28). Therefore, even though the target hypothesis appears to be conceivable, the evidence so far available is still limited.

Furthermore, epilepsy may induce structural alterations that include neurodegeneration, axonal sprouting, synaptic reorganization, neurogenesis, and gliosis, which are the basis of the “neural network hypothesis” (29). These changes cause the formation of an abnormal neural network that would lead to ASMs resistance. Hippocampal sclerosis supports this theory; thus, it is thought to play a causal role in the onset of pharmacoresistance in TLE, while following surgical resection often reverses resistance (30). However, alterations in the neural network do not lead to refractoriness in all epileptic patients, suggesting the requirement of other causal factors acting together (24). Experimental evidence highlights the findings that hippocampal damage is related to ASM resistance in a rat model of DRE.

On the contrary, the “intrinsic severity hypothesis” regards pharmacoresistance as an inherent property of epilepsy-related to disease severity (31). High seizure frequency is a reliable factor of pharmacoresistance; however, it is not the only predictor of pharmacoresistance. Animal models exhibiting very high seizure frequency are usually non-responders, even though some of non-responders epileptic rats may also have low seizure frequency. Therefore, little evidence supports this hypothesis.

The “genetic hypothesis” identifies in gene single polymorphisms variants the reason for the different susceptibility to pharmacoresistance in patients with epilepsy (32). This hypothesis is based on the concept that there is an endogenous variation in people with epilepsy, leading to a reduced chance of controlling seizures with ASMs. Unfortunately, there are not yet generally accepted genetic associations to support the model of syndrome-independent mechanisms of drug resistance driven by genetic variation, since so far, the studies available are of limited size, involving different patients groups and only selected single polymorphisms variants (e.g., SCN1A, ABCB1) (33).

Neuroinflammation and BBB dysfunction may play an important role as potential mechanisms in promoting and sustaining epileptic activity (34–36). An enhanced BBB permeability is present in experimental models and clinical conditions. A BBB dysfunction is usually associated with a concomitant neuroinflammatory response in the same tissue areas. In all these conditions, there is a P-gp induction in brain vessels and astrocytes. Neuroinflammation and BBB dysfunction are, therefore, hallmarks of an epileptogenic zone in various forms of DRE and in animal models of acquired epilepsies (11). In this regard, preclinical studies in experimental models of acute seizures and chronic epilepsy showed that neuroinflammation in brain areas of seizure onset and generalization plays a pivotal role in neuronal hyperexcitability underlying seizure generation. Microglia and astrocytes are crucially involved in both the induction and perpetuation of the inflammatory response to epileptogenic injuries or seizures; other contributors are neurons, cell components of the BBB, and leukocytes (37). Furthermore, specific inflammatory molecules and pathways have been identified to influence outcomes in various experimental models of epilepsy (38). Growing evidence demonstrates that neuroinflammation, BBB changes in permeability, astrocytic dysfunction lead to epileptogenesis, epilepsy progression, and ASM resistance (11, 37, 38). Antibody-mediated encephalopathies are inflammatory brain diseases increasingly recognized as a cause of seizures and status epilepticus, which are refractory to conventional ASMs but may benefit from immunotherapy. An early diagnosis of these conditions leads to a tailored treatment with immunomodulatory agents, and, in most cases, symptomatic treatment with ASMs can be discontinued after the acute phase. The subsequent risk of developing chronic epilepsy is relatively low (10–15%) and may vary depending on the target antigen and prompt immunotherapy. Chronic epilepsy after antibody-mediated encephalopathies is usually characterized by drug-resistant seizures that may result from an ongoing inflammatory process that persists beyond the acute phase or as sequelae due to irreversible changes altering the neuronal networks and persisting after the inflammatory process resolves (34, 39).



PHARMACOLOGICAL THERAPY IN DRUG-RESISTANT EPILEPSY


Monotherapy vs. Rational Polytherapy at New ASMs Era

Despite recent advances in the field of epilepsy and the introduction of new ASMs over the past 20 years, the management of DRE remains complex and leaves many questions unanswered. Pharmacological therapy is the mainstay of refractory epilepsy management, and in this class of patients, polytherapy should be carefully evaluated, accounting of risk/benefit ratio in terms of efficacy and tolerability, as well as the compliance of the patient. The most important questions by physicians about choosing ASMs in patients with DRE are “how can I select patients with DRE candidate to polytherapy, and how can I conduct the optimal treatment regimen for them?.” The lack of proper evidence-based guidelines that may guide the physician in the choice of the most effective and appropriate drug regimens makes the management of DRE patients complicated. However, we further discuss theoretical recommendations that can guide the clinician to the so called “rational polytherapy” for DRE. This process necessitates systematic ASMs trials after the failure of at least two drug regimes properly tried.

First-generation ASMs were limited in numbers, mechanisms of action, pharmacokinetic (strong inducers or inhibitors), and tolerability profile due to a high rate of adverse events (AEs). Only one randomized controlled trial (RCT) comparing CBZ as monotherapy with combination therapy of CBZ and VPA as initial treatment regimen in patients with untreated generalized tonic-clonic and/or partial seizures was conducted: the outcomes were in favor of combination therapy even if not statistically significant, but this combination showed relevant pharmacokinetic drug interactions (40). Before being accepted on the market, new ASMs underwent rigorous RCTs in patients taking from one to three ASMs, showing the superiority of new ASMs to the placebo as add-on therapy. Evidence shows better pharmacological profiles, including linear pharmacokinetics, less potential for drug interactions, and different mechanisms of actions that may be combinate in the association therapy. After many years of use in polytherapy, new ASMs have been studied in comparative monotherapy RCTs. Some of them are now also indicated as first-line drugs for focal-onset seizures or specific types of epilepsy (41–43).

The aim of polytherapy in pharmacoresistant patients is to identify ASMs combinations that maximize efficacy and minimize side effects (40). There are limited human clinical studies on the best combinations of ASMs; therefore, the choice of a second or third drug in a rational polytherapy should also account for animal studies and empirical considerations (44). Experimental animal models allowed to assess pharmacodynamic interactions in combination therapy that are primarily related to the mechanisms of actions of ASMs, through isobolographic analysis or direct measurement of therapeutic index. Desirable effects of combination therapy should be an antiseizure supra-additive effect (synergy effect) and possibly neurotoxic antagonism or neurotoxic infra-additive effect (45, 46). Higher incidence of AEs and lower efficacy were detected in clinical trials that compared combinations of drugs with sodium-channel blocking effects, compared to combination therapy of a sodium-channel blocker and a drug with a different mechanism of action like a GABAergic drug (47–49). Hence, the hypothesis of ASMs synergistic interactions driven by mechanisms of action, according to which the choice of ASMs combination based on different mechanisms of action may increase the treatment effectiveness. In a large population-based study on patients with focal seizures, it emerged that ASMs regimens with different mechanisms of action had better results both in treatment duration and in the risk of hospitalization and admission to emergency departments (50).

The combination with the best evidence for synergism in human studies is VPA with LTG. The synergistic interaction between these ASMs was reported in several studies, which demonstrated a major response rate with the use of LTG as add-on therapy with VPA compared to the addition of LTG to CBZ or PHT (51). The association of VPA with ethosuximide (ETX) was regarded more effective than VPA or ETX as monotherapy in children with difficult to treat absence seizures (52). Other combination regimens studied in a cohort of patients with focal seizures are LTG-LEV (53) and lacosamide (LCM)-LEV (54, 55). The synergic effect of these ASMs combination may result from the association of different mechanisms of action. Indeed, LCM enhances voltage-gated sodium channels slow inactivation, while LEV modulates synaptic neurotransmitter release through binding the synaptic vesicle protein SV2A in the brain (53, 54). Association regimens of LTG-TPM and VPA-LEV in adults could be useful, although with a low level of evidence (56, 57). A good level of evidence subsists for the use of stiripentol (STP) as add-on therapy in combination with clobazam (CLB) and VPA in children and adolescents with DS. STP was approved as adjunctive therapy for DS in Europe in 2007, following in Japan (2012), Canada (2012), and the USA (2018) (58). Two controlled trials performed in 2000 (59) and 2002 (60) in young patients with DS who were already receiving VPA and CLB treatment showed a significantly higher response rate in those treated with STP than placebo. These results were confirmed by subsequent observational retrospective and prospective long-term studies in terms of seizure control, reduction of prolonged seizures, number of episodes of status epilepticus, and hospitalizations. The anti-seizure effects of STP observed in DS may result from two different mechanisms. One pharmacokinetic, which provides the increase of CLB active metabolites mediated by STP, and one regarding the mechanism of action of STP, is an enhancement of gamma-aminobutyric acidergic transmission through post-synaptic GABA receptors in a site of action different from benzodiazepines (58). Finally, other new ASMs such as eslicarbazepine acetate, gabapentin, and zonisamide have proven to be effective as additional drugs in the treatment of DRE (44). However, even with the increasing interest in new ASMs and their recommended use in DRE, none of them have proven their superiority over conventional ASMs in head-to-head comparison studies in terms of efficacy (61).

The other issues regarding the use of rational polytherapy are the different pharmacokinetic and AEs profiles and the consequences of drug-drug interactions. As mentioned before, older ASMs have many interactions with other drugs (ASM or others), mostly mediated by their effect on the cytochrome P450 as enzymatic inhibitors or inducers. For example, when considering the association between VPA and LTG, it is important to consider that VPA acts as a potent enzymatic metabolic inhibitor; thus, it can reduce the clearance of LTG, increasing its haematic level and, therefore, the probability of LTG-induced hypersensitivity or tremor development (62). In this contest, the physician should slowly titrate LTG, starting with lower doses of the latest (44). CBZ, phenobarbital (PB), and PHT are instead inducer-enzymes that can reduce the levels of anticoagulants, oral contraceptives, or immunosuppressants. Furthermore, these older ASMs have a spectrum of AEs that range from VPA-associated hepatotoxicity and encephalopathy to bone marrow suppression induced by CBZ, PHT, and PB (63). Conversely, new ASMs have fewer pharmacokinetic interactions (most of them are weak enzyme inducers or inhibitors) and better tolerability profiles; hence, they are optimal candidates for combination therapy (64). In this regard, LEV has the fewest pharmacological interactions, and together with TPM and zonisamide is widely used in polytherapy. Some new ASMs have specific contraindications, such as LCM, rufinamide, and retigabine in patients with long QT syndrome, as well as TPM, zonisamide, and LEV in patients with neuropsychiatric comorbidities because of increased risk of anxiety, depression, and psychosis (44). It is interesting to highlight that the use of polytherapy does not necessarily imply an increase of AEs. According to some studies, the risk of AEs was similar between patients in monotherapy and polytherapy, and patients belonging to the second group were even able to tolerate higher total drug load (TDL, ratio of prescribed daily dose defined by WHO) compared to those in monotherapy. Authors suggested that the onset of AEs in polytherapy was not strictly related to the number of drugs but rather to the type and the dosage of the ASMs chosen and the individual susceptibility (65, 66) (see Table 1).


Table 1. In this table, the main ASMs combinations in several human studies are showed.
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Therefore, choosing an optimal ASMs regimen for a pharmacoresistant patient in a rational polytherapy needs to consider many variables not only regarding the pharmacodynamic and pharmacokinetic aspects of ASMs, but also patient-related factors such as age, compliance, comorbidities, and concomitant medications. Finally, epilepsy syndrome and seizure types should guide the physician in the choice of the best ASMs in the management of DRE.



Antiseizure Medications in Refractory Epileptic Syndromes

Idiopathic epileptic syndromes comprise a wide variety of focal and generalized epilepsies, mostly affecting children or adolescents, that have in common a known or presumed genetic origin and a recognizable electroclinical pattern. The majority of these patients usually show spontaneous remission or achieve seizure freedom with treatment, but a subset of them (20–30%) may present ongoing seizures despite a first and second-line ASM therapy. Treatment options in pharmacoresistant childhood absence epilepsy syndrome (CAE) which does not respond to ETX, VPA, or LTG in monotherapy as first choice ASMs, could benefit from the combination of VPA and LTG (67). As reported before, this combination showed a synergistic interaction and may be substantially more effective used in duotherapy rather than either one apart. The association of VPA and ETX in CAE has been shown to be effective in children refractory to either VPA or ETX in monotherapy (52), although no more recent studies have compared VPA-ETX combination with VPA-LTG. Other ASMs that may be tried in case of failure of these options include CLB, zonisamide, and TPM; notably, PHT, CBZ, and barbiturates are ineffective and contraindicated in absence seizures (67, 68). Furthermore, well-defined developmental and epileptic encephalopathies such as DS, LGS, and early-onset epileptic encephalopathy of infancy are instead constitutively pharmacoresistant and almost always require combination therapy. In the context of developmental and epileptic encephalopathies, DS represents a prototype of pharmacoresistant epileptic syndrome (69). It is a genetic condition primarily associated with loss-of-function mutations in SCN1A, a gene encoding for voltage-gated sodium channels, with the resulting loss of action in gamma-aminobutyric acid (GABA)ergic interneurons. As mentioned before, STP was first approved as adjunctive therapy in DS in combination with VPA and CLB, which are the first-line drugs in the pharmacological management of these patients. The use of TPM could be considered a second-line therapy as an alternative to STP in add-on therapy with CLB and VPA (70). Besides, emerging clinical trials have demonstrated the efficacy in seizure-control of new pharmacological therapies for DS, further discussed below in the text: cannabidiol (CBD) and fenfluramine (FFA). CBD has reached class I evidence of efficacy as an ASM in DS in addition to other medications and could be used as second-line therapy with or without STP. There is promising clinical evidence for the use of FFA on low-dose in DS, but efficacy and safety are still to be confirmed (58).

LGS is one of the most severe pediatric epileptic encephalopathies, accounting for 1–10% of all childhood epilepsies and a peak of incidence between the 3rd and 5th year of age. It has a relatively heterogeneous etiology (genetic, structural, metabolic, or unknown), a specific pattern of multiple seizure types (tonic, atonic, drop attacks), EEG abnormalities, and typical refractoriness to treatment with only short remission periods (71). RCTs of monotherapy and head-to-head comparison of add-on ASMs are currently lacking for these patients. VPA is still considered the first-line therapy for the treatment of newly diagnosed LGS. LTG is often regarded as the best choice in case of failure of VPA, with the highest efficacy against drop attack seizures, while contraindicated in myoclonic seizures because of its potential worsening effect. Rufinamide, TPM, and CLB have been shown to be effective in combination therapy with a good level of evidence as well. Zonisamide, LEV, perampanel (PER), and FFA may have a possible efficacy in this syndrome, although the level of evidence is not yet consistent (71). On the other hand, CBD has obtained a good class of evidence of efficacy in LGS as in DS; hence its use should be encouraged whenever other treatments have failed (72, 73).



A Practical Approach for the Management of Patients With Drug-Resistant Epilepsy

Generally, newly diagnosed patients with epilepsy are initially treated with monotherapy since the evidence shows that 50% of patients with untreated epilepsy achieve prolonged seizure control (>12 months) with a first drug regimen (74). According to several experts, polytherapy should be considered only after the failure of at least two or three monotherapies (75–77). Nevertheless, recent evidence suggests to choose duotherapy as an alternative to second drug monotherapy after failure of the initial monotherapy, thus obtaining seizure remission of 15–20% with about 60% of patients that may achieve seizure freedom after the second drug trial (41, 78).

Patients who failed to respond to the second drug trial, either in monotherapy or duotherapy, satisfy the ILAE criteria for DRE definition and should be referred to dedicated epilepsy centers (2). However, they should be re-assessed (i.e., with prolonged video-EEG, neuroimaging) to eventually make the correct diagnosis of epilepsy type or exclude the causes of pseudo-pharmacoresistance mentioned above in this review. Patients who may benefit from surgical treatment like those caused by focal epileptogenic lesions have a higher likelihood of seizure remission (about 60–80%) if they are promptly referred to specialized centers rather than continue subsequent drug trials. Otherwise, if the lesion cannot be completely surgically resected without consequent neurologic morbidities, systematic trials of a second duotherapy or a triple therapy may be required, with a lower percentage of remission (41, 78). Thus, selecting potential candidates for polytherapy represents a crucial step and leads to relevant practical implications in order to increase the possibility of seizure control. Nevertheless, the addition of a fourth drug should be rather avoided, as the use of more than three drugs raises the likelihood of AEs, compared to a scarce improvement of seizure control (79). If a 5th or 6th drug trial with duo-triple or quadruple therapy failed, other alternative therapies should be evaluated. Vagus nerve stimulation (VNS) or ketogenic diet may be actively pursued. If the patient has already been treated with previous ASMs, it is crucial to carefully evaluate administration doses, efficacy, and the spectrum of AEs of previously given drugs.



Emerging Antiseizure Medications to Overcome Drug Resistant Epilepsy

Despite the development of a huge number of ASMs in the last decades, about 30% of patients with epilepsy is refractory to medical treatment and are in dire need of new treatment options to both successfully control seizures and improve quality of life (2). Due to the multifactorial genesis of DRE and the difficulty to understand how different mechanisms could interplay each other in the same patient or group of patients, the task of overcoming drug resistance with new pharmacological treatments remains still challenging.

Recently approved ASMs as add-on treatment in patients with focal seizures, with or without secondarily generalization, and primary generalized tonic-clonic seizures are PER and brivaracetam (BRV). PER is a first-in-class, non-competitive α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) receptor antagonist, and it acts as a potentially broad-spectrum ASM. PER efficacy in patients with drug-resistant focal epilepsy was assessed in 3 double-blind randomized placebo-controlled phase III clinical trials (RCTs 304, 305, 306) and in an open-label extension trial (study 307) (80–84). The approved use of PER for primary generalized tonic-clonic (PGTC) seizures was based on a double-blind randomized placebo-controlled trial (study 332) that provides ILAE Class I evidence of reduced seizure frequency in refractory idiopathic generalized epilepsy (study 332) (85, 86).

BRV is currently approved for adjunctive treatment in patients with focal onset seizures. Similar to levetiracetam (LEV), BRV acts by binding SV2A vesicles with a high affinity and a linear pharmacokinetic profile. In adults with drug-refractory focal epilepsy, add-on BRV has been proven to be effective to reduce seizure frequency and fairly well-tolerated. Further studies are needed to draw definitive conclusions about its efficacy in non-LEV-naive participants and evaluate its long-term safety profile (87). Increasing evidence also supports its prescription to pediatric patients thanks to its efficacy and tolerability profile (88).

Among the new molecules studied for DRE, CBD, and FFA have demonstrated good evidence of efficacy in clinical trials in DRE. In one of the first clinical trials, CBD—the non-psychoactive compound derived from cannabis—has been approved as a purified CBD oral solution in combination therapy with CLB in DS and LGS patients from the age of 2 years (72). CBD has a distinctive chemical structure and mechanism of action compared to other new ASMs and represents the first in this new class of drugs. At clinically significative concentrations, it does not show psychoactive effects, but it acts on multiple targets as an anti-seizure molecule, including antagonism of G protein-coupled receptor 55 (GPR55), desensitization of transient receptor potential of vanilloid type 1 (TRPV1) channels, and positive allosteric modulation of GABAa receptors (72, 89). A first phase II, randomized, double-blind, placebo-controlled trial of CBD was performed on children and adolescents with DS (90, 91); then two phase III, randomized, double-blind, placebo-controlled trials demonstrated CBD effectiveness and safety as an adjunctive drug in patients with LGS, especially for the control of drop attack seizures (92, 93). An open-label extension study confirmed these data (94). No dose-response correlation (10 vs. 20 mg/kg/day) was found in a subsequent meta-analysis (95), but recent evidence showed that adjunctive CBD at the dose of 10 or 20 mg/kg/day led to similar reductions in convulsive seizure frequency for both dosage of 10 and 20 mg/kg/day, with better safety and tolerability profile for the 10 mg/kg/day dose (96). Common AEs linked to CBD were vomiting, fatigue, pyrexia, decreased appetite, somnolence, lethargy, and diarrhea (72). Whether any of the therapeutical and adverse effects of CBD could be related to the association with CLB as a concomitant medication is yet to be established. Indeed, evidence suggested that CBD significantly affects levels of CLB/N-desmethylclobazam, throughout the effect on the cytochrome p450 as inhibitor enzyme (97). However, even the likelihood synergistic effect, robust data indicate that CBD is both effective with or without the association to CLB (98–100). On the other hand, the use of FFA as ASM emerged in an unusual way since it was first approved as a weight-loss drug, then withdrawn in 1997 because of cardiac effects (valvular hypertrophy and pulmonary hypertension) (101). FFA is an amphetamine derivative and exerts its antiseizure effect by disrupting vesicle storage of serotonin, inhibiting its reuptake from the synapse, and by positive modulation on sigma 1 receptor. Furthermore, its metabolite norfenfluramine shows a high affinity for serotonin receptors in the brain (especially on 5HT2C and 1D, 5HT2A not clear) (102). Thus, FFA has been continued to use, as reported in many case series, in children with different types of epilepsy, among which pharmacoresistant patients (58). A group of child neurologists in Belgium continued to use FFA in children with DS at lower doses, showing encouraging results (103). The efficacy of the use of FFA in seizure control has been analyzed in several studies involving pediatric patients with DS and LGS (104–107). In a perspective, open-label study involving patients with DS treated with FFA at the mean dose of 0.35 (0.16–0.69) mg/kg/day for a median period of 1.5 years, it resulted in a median seizure reduction of 75% (104). Two multicenter, double-blind, placebo controlled, randomized clinical trials including children with DS treated with STP-inclusive FFA drug regimens (with variable dose from 0.2 to 0.7 mg/kg/day, maximum 30 mg/die), showed a greater response rate in term of reduction in convulsive seizures in the group treated with FFA compared to placebo, with no cardiac side effects observed (105, 106). The lack of cardiac AEs resulted from lower doses used as an ASM (20–30 mg/die maximum) compared to weight loss drug doses (up to 60 mg/day) (108). The most common non-cardiovascular AEs were anorexia, diarrhea, nasopharyngitis, lethargy, somnolence, and pyrexia. The same results of efficacy, safety, and tolerability, even if less consistent in terms of the number of clinical trials performed, were achieved for the use of FFA in LGS at different dose regimens (from 0.1 to 0.8 mg/kg/day). Randomized controlled trials are still ongoing; thus in the next future, we will be able to confirm these results (102, 107).

Besides CBD and FFA, there are emerging promising studies on the use of cenobamate and padsevonil as well, widely discussed by Loscher et al. (11). According to the “target hypothesis” mentioned above, one of the current approaches in the research of new effective molecules for DRE is the development of more effective ASM by revised target-based drug discovery. In this scenario, it has been designed padsevonil, a compound with a mechanism of action similar to LEV and brivaracetam, but with a higher affinity on presynaptic SV2 proteins and a broader effect on different SV2 subtypes. Currently, padsevonil is undergoing a phase III trial in patients with multidrug-resistant focal seizures (109). Cenobamate has been studied with the same rationale, and it is a new ASM recently approved for the treatment of partial-onset seizures in adults, which works enhancing inhibitory currents through GABAa receptor modulation and decreasing excitatory sodium current (110).

Another interesting approach at the age of genomic is “precision medicine.” The advent of genomic technologies now allows to characterize the genetic background of epilepsy better, and it is slowly changing the way to classify epileptic syndromes. Different patterns of gene mutations could underlie the same epileptic syndrome and be responsible for different drug-response, and mutations of the same gene may result in different phenotypes (11). The list of genes carrying rare pathogenic variants is growing rapidly. These discoveries have led to rational treatment strategies, including a better selection of ASMs from those existing or repurposing drugs previously not used for epilepsy.

Indeed, in some cases, it is possible to correct specific metabolic defects (e.g., the ketogenic diet for GLUT1 deficiency, or pyridoxine for pyridoxine-dependent epilepsies) (111), avoid ASMs that can potentially aggravate the pathogenic defect (e.g., the administration of sodium channel blocking drugs in SCN1A-related DS), contrast the functional defect caused by gene mutation using existing ASMs (e.g., using sodium channel blockers in SCN8A or SCN2A pathogenetic variants with gain-of-function effect), or using medications already available in the market for other indications (e.g., memantine used to treat epileptic encephalopathy caused by GRIN2A mutation of NMDA glutamate receptors) (112). Nonetheless, the only two validated examples of this precision medicine are the use of everolimus in Tuberous Sclerosis Complex-associated focal epilepsy and the use of CBD and FFA in DS, while most of the reported interesting gene-specific treatments are only based on case reports or short-term studies (113).




ALTERNATIVES TO PHARMACOLOGICAL TREATMENT IN DRUG-RESISTANT EPILEPSY

The best and potentially resolutive alternative to ASMs for patients with refractory epilepsy is surgical treatment, whenever it is possible. In some cases delaying surgery may worsen the post-surgical chances to achieve seizure freedom; therefore, it is crucial to promptly identify patients who are potential candidates for intervention, as discussed above. Focal lesions commonly resected in focal epilepsy include hippocampal sclerosis and focal cortical dysplasia, with a greater success shown in patients with MRI lesions that are concordant to clinical seizures (114, 115). However, in a significant number of patients, the epileptogenic zone cannot be identified or surgically treated because of its localization within functional brain tissue. For this group of patients, neurostimulation is becoming an increasingly accepted alternative or complementary treatment to pharmaceuticals (116). Nowadays, several neurostimulation modalities are available for DRE, either invasive, requiring a surgical procedure to implant the device, or non-invasive, with no permanent device implantation required. Some devices provide continuous stimulation (open loop), whereas others deliver stimulation based upon detected brain activity (closed-loop). Among invasive methods, the most studied and established neurostimulation approach is VNS, followed by deep brain stimulation (DBS), the more recent responsive neurostimulation (RNS), and chronic subthreshold cortical stimulation (CSCS). Non-invasive alternatives are transcutaneous vagus nerve stimulation (tVNS), trigeminal nerve stimulation (TNS), transcranial magnetic stimulation (TMS), and transcranial direct current stimulation (tDCS) (117, 118). Unfortunately, despite the growing number of devices for neurostimulation, there is relatively poor knowledge about the underlying mechanisms and a lack of guidelines or general consensus across epilepsy centers on when and how to use these treatments.

VNS has been approved in the USA by Food and Drug Administration (FDA) as an adjunctive treatment for DRE in 1997, but its use has also been studied in other fields of medicine (e.g., depression, heart failure, stroke, and tinnitus) (119). Although initially approved for partial-onset seizures in people aged over 12 years, VNS is now used in adults and children with DRE not eligible for resective surgery, suffering from either focal or generalized seizures (120). This approach consists of periodic electrical stimulation delivered to the vagus nerve supplied by a programmable pulse generator, generally implanted subcutaneously under the left clavicle and connected to a lead wire wrapped around the vagus nerve distal to the recurrent laryngeal nerve. Stimulation of the left vagus nerve is preferred because it is thought to have less likely cardiac effects (e.g., bradycardia) rather than the right nerve that innervates the sinoatrial node directly (119). The exact mechanism of action of VNS on seizure control is not yet fully understood. It possibly involves first the nucleus tractus solitarius, which consequently projects to other crucial regions such as locus coeruleus, raphe nuclei, thalamus, hypothalamus, and limbic circuit. Therefore, modulation of noradrenergic and serotoninergic projections seems to be relevant, as demonstrated by increased levels of serotonin or its precursor in patients treated with VNS. Concording with the antiseizure effect, other amino acid changes in CNS reported after VNS are increased levels of the inhibitory neurotransmitter GABA and decreased levels of excitatory amino acid aspartate (121). An altered function of the limbic system, reticular activating system, and cortical structures (i.e., orbitofrontal cortex, temporal lobes) showed by functional neuroimaging, and the even stronger evidence of desynchronising effect on EEG scalp registration of VNS are thought to contribute to the antiseizure effect of this treatment (119). Traditional VNS includes baseline stimulation (open-loop) and magnet mode (on-demand). Baseline stimulation is the primary operating paradigm in which the device continually cycles with an intermittent stimulation active 24 h per day with on and off periods (e.g., 30 s on and 5 min off). Magnet mode stimulation allows the patient or caregiver to deliver adjunctive stimulation at the occurrence of a seizure, triggered by swiping a magnet over the pulse generator (122). Responsive VNS is a modern approach based on closed-loop auto-stimulation, which automatically delivers stimulation triggered by ictal tachycardia, a marker for seizure onset occurring in >80% of both generalized and focal seizures (119, 122). Generally, it is recommended to start with baseline stimulation 2 weeks after device implantation. In the setting of the device, stimulation parameters to be modulated include pulse width (starting with 250–500 μs), frequency of pulses (starting from 20 to 30 Hz), and duration of on/off times (generally 30 s on and 5 min off). Output current is initially set to 0.25 mA and gradually increased to therapeutic levels (1.25–2.0 mA), depending on patient clinical response and tolerability. Evidence from main RCTs performed on drug-resistant patients treated with VNS showed a responder rate (at least 50% reduction in seizure frequency) of 26–40% (123). The high stimulation paradigm resulted significantly better in reducing seizure rate compared to low frequency VNS (risk ratio 95% CI ranging from 1.13 to 2.64) (124). Only one RCT was conducted in children and showed no statistically significant difference in seizure frequency reduction between high and low stimulations (125). VNS is well-tolerated, with no significant differences in terms of AEs between the two stimulation paradigms. The main AEs reported are hoarseness, cough, dyspnea, pain, paresthesia, nausea, and headache (124). High-quality evidence from RCTs focused on focal epilepsies in adult patients with DRE, and however observational studies suggest VNS may also be effective in generalized epilepsies (119).

DBS is an invasive non-pharmacological treatment approved by FDA in 2018 for DRE in adults (>18 years) when surgical resection is contraindicated. A predetermined (open-loop) electrical stimulation to deep brain structures such as the anterior nucleus of the thalamus (ANT), hippocampus (HC), the centromedian nucleus of the thalamus (CMT), cerebellum, and globus pallidus, is delivered throughout implanted electrodes connected to a pulse generator. Although the mechanism is not completely understood, DBS is thought to disrupt networks responsible for seizure propagation in which thalamic activity is involved, resulting in reducing interictal discharges (118). In the SANTE (Stimulation of the Anterior Nucleus of the Thalamus for Epilepsy) trial, 110 adult patients with localization-related epilepsy were enrolled and showed a median seizure rate reduction of 40% after the 3-month blinded phase and of 69% after 5 years of follow up (126, 127). According to a recent review, stimulation of the anterior nucleus of the thalamus (ANT) and hippocampus (HC) has been shown to decrease the frequency of refractory seizures, with half of all patients enrolled in clinical studies experimenting 46–90% seizure reduction for ANT-DBS and 48–95% with HC-DBS (128). On the contrary, less evidence of efficacy is available for the stimulation of other targets, and no RCT involved pediatric patients (118, 128). Even if generally well-tolerated, the most frequent AEs reported in the SANTE trial were pain in the implant site and paresthesias (126). A higher rate of depression and memory impairment was detected in the active group compared to sham stimulation, even if not confirmed at the 5 years follow-up study (127). Noteworthy, certain seizure types and syndromes appear more sensible to the stimulation of specific targets, such as HC stimulation for temporal epilepsies and CMT stimulation for LGS and generalized seizures (129, 130).

Another neurostimulation approach for DRE is RNS, which is based on a closed-loop device capable of detecting specific patterns of epileptogenic activity and delivering focal stimulation to abort seizure activity. It consists of a pulse generator implanted under the scalp, a depth lead placed through stereotactic software in the ictal onset zone or a subdural lead implanted through a burr hole and positioned on the desired cortical area, and an external programmer by which it is possible to modulate detection and stimulation parameters upon patient characteristics (131). Main RNS indications are the treatment of adult patients with focal DRE, who have focal-onset seizures with no more than two epileptogenic foci and who have three or more disabling seizures per month. In addition to seizure frequency reduction, RNS allows long-term electrocorticography, useful for tracking seizure detections over time or determining the exact laterality of seizure onset (118, 131). An RCT showed a median seizure reduction of 53% in 256 adult patients 2 years after implantation (132). As demonstrated in other neurostimulation modalities (e.g., DBS), both percentages of seizure reduction and responder rate continued to improve over time in follow-up studies (133–135). No severe AEs were reported, but those typical of other neurostimulation devices, whereas the improved quality of life and cognitive domains were long-term registered (134). On the contrary, there is no adequate evidence for RNS use in pediatric age.

Similar to VNS, chronic subthreshold cortical stimulation (CSCS) targets the ictal cortical focus area but with a continuous subthreshold stimulation (open-loop) (136). However, few data on clinical data are now available and only based on retrospective studies. In addition to the invasive neurostimulation modalities described above, TMS, tDCS, tVNS, and TNS are recently emerging as non-invasive alternative approaches.

In TMS an external magnetic flux applied on the scalp generates intracranial currents, which can excite action potentials and modulate specific cortical circuits, thus reducing the probability of seizure recurrence. Even if it is safe (the most AE reported is migraine after stimulation) and used in the treatment of several conditions such as depression, migraine, pain, or movement disorders, evidence of efficacy in patients with DRE is of low quality due to either a relatively small and heterogeneous number of patients enrolled in the studies and non-unique results in terms of seizure reduction (137, 138).

As for TMS, the use of tDCS has been validated for many neurological and psychiatric diseases (i.e., Parkinson, pain, depression, motor function, and cognition) and epilepsy, as well. tDCS delivers direct current to targeted cortical regions through the application of scalp electrodes (anode and cathode), which can decrease (cathodal) cortical excitability, suppress seizures, and interfere with epileptiform discharges seen on EEG (139). According to different studies, there is moderate to very-low quality evidence that repeated tDCS is effective in drug-resistant patients, in particular with mesial temporal lobe epilepsy, hippocampal sclerosis, and LGS (117, 139, 140). Transcutaneous VNS (tVNS) and trigeminal nerve stimulation (TNS) have been investigated in small studies. Although well-tolerated, there is low-quality evidence of efficacy for DRE treatment (117).

In summary, current data available support the efficacy and the safety of VNS, DBS, RNS, and tDCS for DRE in adult patients, mainly with focal seizure onset epilepsy. Other approaches are generally well-tolerated, but not yet supported by adequate evidence. Noteworthy, caution should be suggested when applying VNS in patients with apnea or DBS in those with depression or cognitive impairment because of a possible worsening of these symptoms (117).

Among non-pharmacological treatments for DRE there is the ketogenic diet. This strict dietary regimen has been generally reserved for a specific group of children with DRE and is characterized by high-fat and low-carbohydrate levels, which mimic fasting (141, 142). However, it is not usually long-term used due to concerns about effects on growth and overall health. Due to a lack of RCTs and the small number of patients enrolled in the studies reviewed, the evidence for the use of ketogenic diet for DRE results of low to very low quality; thus further researches are needed, especially for adults (143). Nevertheless, if well-tolerated, the ketogenic diet may remain a valid option for drug-resistant patients.



CONCLUSIONS

The management of drug-refractory patients is definitely still a great challenge for physicians. The heterogeneity of clinical manifestations, in terms of both seizure semeiology and course, with variable and often unpredictable periods of remission and relapses in patients with DRE, makes it difficult to compare clinical studies and define guidelines. The pathogenetic theories known so far, based mainly on pre-clinical studies, do not give a unique and integrated explanation of drug resistance, but only of some mechanisms that may underlie it and could become the target of new molecules developed by research. Although not resolving and burdened by unavoidable side effects and drug-drug interactions in patients undergoing polytherapy, pharmacological treatment remains the first and main approach to achieve long-term seizure control. After a correct diagnostic classification and the selection of patients candidates for resective surgery, it is mandatory to have adequate knowledge of the drugs, with their pharmacodynamic and pharmacokinetic profile, possible adverse effects, and the most effective pharmacological associations, in order to choose adequate drug regimens tailored on the patient. In the new second, third, and last generation ASM era, rational polytherapy has acquired more relevance, thanks to the development of drugs that have different and potentially synergistic mechanisms of action, as well as better safety and efficacy profiles compared to first generation ASMs. Therefore, before considering a patient completely unresponsive to drug therapy, it is necessary to re-assess the diagnosis of epilepsy itself and, whenever available, the genetic background (as seen, in some cases, even genetics can lead to choose one type of drug rather than another) and critically consider previous drugs administered to try subsequent more adequate therapeutic regimens. Alternative non-pharmacological approaches such as electrical stimulation and diet therapy are also promising, but they are not long-term resolutive from the evidence we have so far.
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Efficacy

VPA + LTG > CBZ or
PHT+ LTG

VPA + ETX> VPA Or
ETX as monotherapy

LTG + LEV > LEV as
monotherapy

LCM + LEV > LCM +
other ASMs (e.g., VPA,
TPM, PB)

VPA + CLB + STP
>>>VPA+ CLBin
duotherapy

Potential drug-drug interaction and side effects

VPA-LTG combination shows supra-additive or additive effects.

VPA acts as an enzymatic metabolic inhibitor, thus the addition of LTG to VPAled to @
redluction in lamotrigine clearance, resulting in an increase of its plasma
concentration.

“This combination augments the probability of lamotrigine-induced hypersensitivity
and the development of both postural and action tremor.

Lamotrigine should be slowly titrated with smallinitial dose.

The interaction between VPA and ETX in terms of pharmacokinetic effects is not clear.
It may lead to elevated serum ETX levels, even if neurotoxic effects are less than
additive antiseizure effects.

Supra-aditive effect. Levetiracetam has not been reported to cause relevant
pharmacokinetic drug interactions. It is not an enzyme-inducer, thus an interaction
with LCM seems unlikely.

Supra-additive effect (may be due to different mechanism of actions)

A clinically relevant interaction between LEV with LOM seems unlikely. Attention must
be paid to using LCM in patients with arrhythmias or long QT syndrome and LEV in
patients with neuropsychiatric disorders.

The supra-adidiive efect of the STP-CLB combination may be due to
pharmacokinetic drug interactions, as STP is known to act by inhibiting the
metabolism of norclobazam, thus increasing its serum levels and possibly leading to
more side effects (neurotoxicity effect).

Common side effects are drowsiness and loss of appetite.

Seizure types
and/or epileptic
syndromes

Focal refractory
seizures;
no-specified DRE;
possible
combination
therapy for
absence seizures
©7).

Absence seizures

Idiopathic
generalized
epilepsy and
post-traumatic
focal epilepsy
Focal onset
seizures in adults.

Dravet Syndrome

The comparison of efficacy between different associations is simplified by major or minor symbols (>;<). The combination of valproate (VPA) with lamotrigine (LTG) has been widely
assessed in several studies (some of these mentioned above) and reached the best level of evidence of efficacy. Potential adverse events related to drug-drug interactions and seizure
types/epileptic syndromes of the population studied are aiso reported. VPA (valproic acid); LTG (lamotrigine); ETX (ethosuximide); CBZ (carbamazepine); CBZ-CR (controlled-release
carbamazepine); PHT (phenytoin); LEV (levetiracetam); TPM (topiramate); PB (phenobarbital); CLB (clobazam); LCM (lacosamide); STP (stiripentol).
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