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Abstract   

 

Despite the availability of many antiepileptic drugs (AEDs) (old and newly developed) and, 

as recently suggested, their optimization in the treatment of patients with uncontrolled 

seizures, more than 30% of patients with epilepsy continue to experience seizures and have 

drug-resistant epilepsy; the management of these patients represents a real challenge for 

epileptologists and researchers. Resective surgery with the best rates of seizure control is 

not an option for all of them; therefore, research and discovery of new methods of treating 

resistant epilepsy are of extreme importance. In this article, we will discuss some innovative 

approaches, such as P-glycoprotein (P-gp) inhibitors, gene therapy, stem cell therapy, 

traditional and novel antiepileptic devices, precision medicine, as well as therapeutic 

advances in epileptic encephalopathy in children; these treatment modalities open up new 

horizons for the treatment of patients with drug-resistant epilepsy. 

 

 

  

1. Introduction 

  

For decades, the epilepsy community has addressed the burden of drug-resistant epilepsy 

by focusing on the development of new antiepileptic drugs (AEDs) and advancing epilepsy 

surgery techniques. These approaches have resulted in some success, but the percentage 

of patients with drug-resistant epilepsy has not changed substantially. More than 30% of 

individuals with epilepsy have persistent seizures despite the use of appropriate therapies, 

i.e., they have drug-resistant epilepsy [1–3]. Therefore, investigating and discovering new 

ways and strategies to treat epilepsy is of paramount significance. There are multiple 

approaches in the pipeline to treat drug-resistant epilepsy. In this article, we are going to 

discuss some of the interesting and innovative approaches, which are potentially opening 

new horizons in treating patients with drug-resistant epilepsy. We have to mention that many 

of these plausible strategies need to be validated and should be tested in large double-blind 

randomized clinical trials. 

 

2. P-glycoprotein inhibitors 

 

One of the mechanisms that has been put forward in drug-resistant epilepsy is removal of 

AEDs from the epileptogenic tissue through excessive expression of multidrug efflux 

transporters such as P-glycoproteins [P-gp; the encoded product of the human multidrug 

resistance-1 (MDR-1; ABCB1) gene] [4]. It has been shown that MDR-1 is overexpressed, 

and there is overactivity of P-gp in brain tissue of rats and humans with drug-resistant 

temporal lobe epilepsy (TLE) [5–7]. It is proposed that P-gp is overexpressed at the luminal 

side of the brain capillary endothelial cells, where it acts as an efflux pump to lower the 

interstitial concentration of AEDs in the vicinity of the epileptogenic tissue and thereby 

render the epilepsy resistant to treatment with AEDs [4–8]. 

 

Hypothetically, adjunctive use of a P-gp inhibitor can be used to counteract drug resistance 

and could be efficacious in decreasing seizure frequency in patients with drug-resistant 

epilepsy [9]. In an open-label pilot study, Asadi-Pooya and coworkers investigated 19 adult 

patients with drug-resistant TLE [10]. Baseline seizure type and seizure count were 

determined. Patients were divided randomly into two groups. Group A received verapamil, 
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P-gp inhibitor, 120 mg per day (n = 13) and group B received 240 mg a day (n = 6) in 

addition to background AEDs. All patients were followed for eight weeks. The proportion of 

responders, i.e., patients with at least a 50% reduction in seizure frequency from baseline, 

was tabulated. Seven patients (36.8%) were responders, including three patients (50%) in 

group B, two of whom achieved seizure freedom. Four patients (30.7%) in group A 

responded favorably to verapamil [10]. Because of the lack of placebotreated control group, 

however, no definite conclusions can be drawn from this study. 

 

Several AEDs frequently used in the treatment of epilepsy are substrates of P-gp both in 

rodents (gabapentin, lamotrigine, phenobarbital, phenytoin, and topiramate) and in humans 

(phenytoin, phenobarbital, lamotrigine, and levetiracetam) [11]. Adjunctive use of P-gp 

inhibitors in patients with drug-resistant epilepsy is an interesting approach that requires 

testing in well-controlled studies. Several compounds already in clinical use, including 

verapamil, nifedipine, quinidine, amiodarone, nicardipine, quinine, tamoxifen, and 

cyclosporin A are able to inhibit P-gp [12]. Identifying an optimal P-gp inhibitor that is potent, 

efficacious and well-tolerated, in patients with drug-resistant epilepsy who are taking specific 

AEDs, is desirable. 

 

3. Gene therapy 

 

Focal epilepsy is more likely to be drug-resistant than idiopathic generalized epilepsy. This 

means that treatments targeted to the epileptogenic zone could, in principle, overcome some 

of the limitations of small molecules that are not selective for the epileptic tissue. Of the 

region-targeted treatments that have been proposed are intracranial electrical or transcranial 

stimulation, local drug delivery, cooling devices, cell transplant, and gene therapy. Gene 

therapy has the theoretical advantage that it can achieve selective manipulation of neuronal 

or circuit excitability targeted to specific populations of neurons within a confined region of 

the brain. The following section reviews some of the gene therapy strategies that have 

shown promise in preclinical models. 

 

Several important considerations need to be taken into account in developing gene therapy 

for clinical translation, namely the choice of viral vector, promoter, and transgene [13]. 

 

With respect to the viral vector, the overwhelming majority of current clinical trials of gene 

therapy for other Central Nervous System (CNS) diseases rely on adeno-associated viral 

vectors (AAVs) to deliver genes to neurons. These are replication-incompetent viral particles 

derived from viruses that are not known to be associated with any human pathology. Many 

types (especially AAV1, AAV2, AAV5, AAV8, and AAV9) are able to infect neurons. They 

differ with respect to their ability to spread within the tissue where they are injected. There 

has been considerable recent interest in an engineered capsid that confers the ability to 

cross the blood–brain barrier, in principle allowing systemic delivery [14]. However, this was 

achieved through a process of directed evolution in a mouse strain, and considerable further 

work would be required to develop a similar variant for use in humans. Thus, for the 

foreseeable future, AAVs will need to be injected directly into the brain parenchyma. Other 

viral vectors have been tested in the past. Neither adenovirus nor herpes simplex is likely to 

be suited for use in epilepsy, but retroviruses such as lentivirus (derived from human 

immunodeficiency virus (HIV)) shares with AAV the ability to infect neurons and lead to 

stable expression of transgenes. Lentiviral vectors (lentivectors) are Ribonucleic acid (RNA) 
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viruses that contain the reverse transcriptase gene, and the transgenes can integrate in the 

host genome. This raises the theoretical risk of disrupting oncogenes. However, this is 

unlikely to be a limitation to the use of lentivectors in the CNS because neurons are 

postmitotic. It is, furthermore, possible to reduce the risk of insertional mutagenesis by using 

an integrationincompetent variant [15]. Lentivectors have the advantage over AAV that they 

have a larger packaging capacity, allowing larger genes to be included, or with larger 

regulatory elements. 

 

As for promoters, different viral vectors have different intrinsic tendencies to infect subtypes 

of neurons and glia, but these on their own do not allow highly specific cell types to be 

targeted. The optimal promoter would also achieve a level of expression of the transgene 

that is sufficient to achieve a moderate alteration in cell properties without toxicity that can 

arise from endoplasmic reticulum stress. There have been several advances in identifying 

neuron-type specific promoters. The Calcium/calmodulin-dependent protein kinase II 

(CamKII) promoter can be packaged in an AAV or lentivector and biases expression towards 

forebrain excitatory neurons, and is therefore suitable for therapies that aim to manipulate 

the excitability of pyramidal neurons in the neocortex and hippocampus, granule cells of the 

dentate gyrus, and other excitatory principal cells. Targeting inhibitory interneurons has, until 

recently, been difficult because the promoters specific for GammaAminobutyric Acid 

(GABAergic) neurons are large or poorly defined. Nevertheless, the mDlx synthetic 

enhancer–promoter construct shows promise in mice [16]. 

 

With respect to transgenes, the gene therapies that have been reported in preclinical trials 

have generally been designed rationally, in the sense that they build on the simple 

hypothesis that the excitation–inhibition balance is disrupted in epilepsy. They can be broken 

down into several general principles: 

 

(i) Neuropeptide overexpression. Several neuropeptides have inhibitory effects on 

neurons, acting through G protein-coupled receptors that are expressed in the 

brain. The mechanisms by which they are normally released are, however, poorly 

understood. Gene therapy with either galanin [17] or neuropeptide Y [18] have 

shown promising effects. Because Neuropeptide Y (NPY) acts on both 

proexcitatory Y1 and proinhibitory Y2 receptors, combined gene therapy using 

NPY and Y2 has been proposed as suitable for clinical translation [19]. 

(ii) Potassium channel overexpression. Potassium channels represent a very large 

family of genes, most of which encode proteins that have to assemble as 

tetramers. They differ with respect to their neuron-type and neuron compartment 

(dendrites vs. axons) expression and to their biophysical properties (voltage 

dependence, activation and inactivation kinetics). Overexpression of the Shaker-

type potassium channel Kv1.1 has been shown to be effective in both preventing 

epileptogenesis and suppressing seizures [20]. Overexpression of the channel 

leads to a moderate decrease in both neuronal excitability and neurotransmitter 

release from axon terminals [21]. 

(iii) Chemogenetics. Gene therapy, in common with surgery and cell therapy, is 

irreversible in that introduction of genes into the brain cannot easily be undone. 

Although preclinical studies have generally shown that antiepileptic gene therapy 

restricted to a small area of the brain is well tolerated, it is difficult to extrapolate 

from the rodent brain to the human brain, especially if it is necessary to target a 
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large epileptogenic zone that overlaps with eloquent cortex. Chemogenetics 

refers to using gene transfer to express a receptor that is insensitive to 

endogenous neurotransmitters but is sensitive to exogenous drugs that can be 

given on demand. Promising results have been obtained using an inhibitory 

Designer Receptor Exclusively Activated by a Designer Drug (DREADD) derived 

from the human M4 muscarinic receptor, hM4D (Gi) [22]. This inhibitory G 

protein-coupled receptor is insensitive to acetylcholine but sensitive to a number 

of compounds including some atypical antipsychotic drugs that could, in principle, 

be repurposed for use as part of a receptor–drug therapeutic combination. On-

demand suppression of seizures using hM4D (Gi) has been demonstrated in a 

rodent model [23]. This approach allows a more refined gene therapy than 

irreversible and permanent gene transfer of potassium channels or 

neuropeptides, because the dosage of the activating drug can be adjusted to find 

an optimum that minimizes interference with normal brain function while 

suppressing seizures. It could also be administered on demand in the event of 

clusters of seizures or status epilepticus. 

(iv) A further refinement of chemogenetics consists of using a receptor that detects 

pathological elevations of the endogenous neurotransmitter glutamate and 

inhibits neurons. This dispenses with the need to give a drug. Successful 

attenuation of seizures was achieved with a glutamate-gated chloride channel 

derived from the nematode Caenorhabditis elegans [24]. The glutamate 

sensitivity of the channel was increased by mutating an amino acid, to allow it to 

detect extracellular glutamate concentrations in the low micromolar range, 

consistent with evidence that glutamate is pathologically elevated in human 

epilepsy. Although this strategy is attractive, because it removes the need to use 

a drug together with the gene therapy, the use of a nonmammalian receptor calls 

for further work to determine whether there is a risk of immunogenicity. 

 

In summary, gene therapy is a promising approach to treat refractory epilepsy, which builds 

on fundamental knowledge of seizure mechanisms. 

 

4. Stem cell therapy 

 

Persistence of seizures in acquired epilepsies is associated with substantial loss of inhibitory 

GABAergic interneurons and their axon terminals. Such observations have led to the 

hypothesis that grafting of new GABAergic interneurons into epileptic foci would enhance the 

inhibitory synaptic neurotransmission and suppress the occurrence of spontaneous seizures. 

Indeed, various investigations in diverse animal models of epilepsy have reported that 

grafting of GABAergic precursor cells derived from fetal brain into epileptic regions can 

reduce seizures [25]. Notably, the precursor cells derived from the medial ganglionic 

eminence (MGE) of the embryonic brain provided maximal efficacy for suppressing seizures 

[25–29]. Currently, MGE cells are considered the most appropriate donor cell types for 

treating epilepsy as these cells exhibit pervasive migration, differentiate into multiple 

subclasses of GABAergic interneurons, get incorporated into the hippocampal circuitry, 

enhance inhibitory neurotransmission in the hippocampus, and significantly suppress the 

occurrence of spontaneous seizures. 
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Grafting of human MGE (hMGE)-like GABAergic progenitors generated from embryonic 

stem cells has also been found to be effective in suppressing seizures and reversing 

seizure-related comorbidities in a mouse model of epilepsy [30]. The hMGE graft-derived 

GABAergic interneurons have also been shown to increase inhibitory synaptic transmission 

in the epileptic hippocampus through an apt integration with the host neural circuitry. Even 

so, MGE cell therapy has not progressed to clinical investigation because the use of human 

fetal MGE cells is impractical, owing to ethical issues and the difficulty in acquiring the 

required aggregate of human fetal MGE tissues. Though the availability of hMGE cells 

derived from human embryonic stem cells has relatively attenuated ethical concerns, their 

use does not allow patient-specific cell therapy. Because such treatments require immune 

suppression for prolonged periods after grafting, unpleasant side effects and slow graft 

rejection may occur over time. An approach of patient-specific cell therapy using human-

induced pluripotent stem cells (hiPSCs) would likely alleviate the need for long-term immune 

suppression after grafting as well as improve the long-term survival and integration of grafts. 

Therefore, the hMGE progenitors derived from hiPSCs appear to be the most suitable donor 

cell types for grafting in epilepsy, as the use of such cells is not associated with ethical 

issues and is also compatible with a patient-specific cell therapy, particularly for nongenetic 

epilepsies. 

 

Recently, human MGE-like (hMGE) cells generated from hiPSCs through a directed 

differentiation method were grafted into the hippocampi of rats that underwent status 

epilepticus [31]. Such grafting resulted in significantly diminished frequency and intensity of 

spontaneous seizures as well as reduced Electroencephalography (EEG) power in interictal 

periods. The grafted hiPSC-hMGE cells displayed robust long-term survival, pervasive 

migration to various hippocampal subfields and differentiated mostly into GABAergic 

interneurons expressing different calcium-binding proteins (parvalbumin and calretinin) and 

neuropeptides (neuropeptide Y and somatostatin). The axons from graft-derived 

interneurons made synaptic contacts on the soma and dendrites of the host dentate granule 

cells and Ammon's horn (CA1) pyramidal neurons. The study also showed that graftderived 

interneurons were directly involved in the suppression of spontaneous seizures. This 

phenomenon was evident from an increased seizure activity when graft-derived interneurons 

were silenced in an experiment using donor hiPSC-hMGE cells transduced with AAV5 vector 

carrying hSyn-hM4Di-mCherry DREADDs. Grafting of hMGE cells also maintained higher 

levels of normal neurogenesis, with reductions in abnormal neurogenesis, loss of host 

interneurons, and aberrant mossy fiber sprouting [31]. Moreover, epileptic animals receiving 

hMGE cell grafts displayed improved cognitive function and reduced depressive-like 

behavior. These improved outcomes may be related to reduced seizures, maintenance of 

normal neurogenesis at higher levels, and reduced abnormal neurogenesis mediated by 

hMGE cell grafts because both persistent seizures and impaired neurogenesis in chronic 

epileptic conditions contribute to cognitive and mood dysfunction [32–34]. 

 

Thus, hiPSC-MGE cell therapy approach has the potential for developing patient-specific cell 

therapy for nongenetic epileptic conditions such as TLE. However, clinical trials using 

hiPSC-derived cells have been limited so far because of the perceived safety issues. Some 

of these include propensity of induced pluripotent stem cells (iPSCs) for exhibiting epigenetic 

alterations and genomic instability [35] and the concern that the presence of even a few 

pluripotent stem cells in the graft cell suspension may cause teratoma or undesired 

differentiation into a broad range of somatic cells, if they exhibit incessant proliferation after 
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transplantation. In the study by Upadhya and colleagues, minor fractions of graft-derived 

cells displayed proliferative activity and expressed markers of neural progenitor cells at ~ 5 

months after grafting, but none of the graft-derived cells expressed pluripotent stem cell 

markers [31]. Nonetheless, for clinical translation, it would be necessary to make sure that 

postmitotic MGE cells displaying genomic stability are employed. Future studies will, 

therefore, need to investigate the efficacy of purified hiPSC-derived MGE cells that have 

been screened for genomic stability and also partially differentiated into GABAergic 

interneurons at the time of grafting. Additionally, before the transition into the clinic setting, 

the appropriate dose of MGE cells required for functional improvements needs to be 

assessed. 

 

Likewise, for clinical translation, the consequences of hiPSC-MGE cell grafting into the 

hippocampus in the chronic phase of epilepsy on seizures and on related comorbidities must 

be evaluated critically. Such studies are vital, as the most suitable candidates for stem cell 

therapy would be patients presenting drug-resistant epilepsy or those who are considered 

for hippocampal resection surgery. Patients with pharmacoresistant epilepsy also develop 

severe comorbidities such as cognitive impairments and depression. Hence, comprehensive 

studies assessing the survival, integration, and proficiency of grafts placed into the epileptic 

brain region of animals that have displayed spontaneous seizures for several months and 

persistent cognitive and mood dysfunction are crucial. Such studies may uncover diminished 

survival, differentiation, and integration of graft-derived interneurons due to adverse 

microenvironmental changes in the chronically epileptic brain regions, which may require the 

application of appropriate graft augmentation strategies [25]. 

 

5. Traditional and novel antiepileptic devices 

 

Neurostimulation techniques deliver electrical or magnetic currents to modulate neuronal 

activity to achieve seizure suppression using invasive and noninvasive modalities. 

 

Vagal nerve stimulation (VNS) is a European community (CE)marked and Food and Drug 

Administration (FDA)-approved adjunctive treatment for patients with refractory epilepsy that 

is routinely available in many epilepsy centers and used in more than 100,000 patients 

worldwide. It comprises a programmable pulse generator implanted in the subclavicular 

region and a bipolar lead that connects the generator to the left vagal nerve in the neck. 

Typical stimulation parameters are the following: N 1.5–2.0 mA output current (range: 0–3.5 

mA), 250–500 μs pulse width (130–1000 μs), and 20–30 Hz signal frequency (1–30 Hz) 

delivered with a 30 s ON (7–60 s)/5 min OFF (0.2–180 min) duty cycle [36]. The mechanism 

of action is incompletely understood but involves – among others – afferent vagal nerve 

fibers modulating the activity of brainstem nuclei such as the nucleus of the solitary tract (the 

predominant afferent target) and its multitude of downstream projections including the locus 

coeruleus and the raphe nucleus with widespread noradrenergic and serotonergic 

projections in the brain. The efficacy of VNS was demonstrated in two large randomized 

controlled trials showing a 50% or more reduction in seizure frequency in 31% (low-

stimulation 13%, p = 0.02) and 23.4% (low-stimulation 15.7%, p N 0.05) of patients (VNS 

randomized clinical trials (RCT) 1 and 2). Forty-four percent of patients showed a ≥ 50% 

seizure reduction after 2 and 3 years of open-label extended follow-up. Other open-label and 

uncontrolled trials have confirmed ≥ 50% seizure reductions in 50 to 64% of patients after a 
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mean follow-up of 3 to 59 months. Seizure freedom at long-term follow-up is observed in 

less than 10% of patients. Side effects are typically mild and tend to improve over time.  

These include hoarseness, throat paresthesia or pain, coughing, and dyspnea occurring 

during the stimulation ON periods and almost always resolve with adjustment of parameter 

settings. A few intraoperative cases of severe bradycardia and/or asystole have been 

described. Sudden unexpected death in epilepsy (SUDEP) rate is lower in VNS-treated 

patients [37,38]. A novel feature of the newest VNS models is the ability to detect ictal 

tachycardia and then automatically deliver additional stimulation to abort the seizure or 

reduce seizure duration and/or severity and long-term seizure frequency [39,40]. 

 

Cortical and deep brain stimulations are invasive intracranial neurostimulation techniques 

that have been investigated as a treatment option for patients with refractory epilepsy since 

more than 40 years. Following positive results in two large randomized controlled clinical 

trials, FDA approval has been granted to both responsive stimulation of the ictal onset zone 

(RNS) (2013) and anterior thalamic deep brain stimulation (2018) as a treatment for patients 

with medically refractory focal epilepsy (Sante trial and Neuropace trial) [41,42]. In the 

blinded phase of the Sante trial, a 29% greater seizure reduction was found in the active 

versus the control group. Responder rates by 2 and 6 years were 54% and 68% 

respectively. In the RNS trial, there was a 20% greater seizure reduction in the 12-week 

blinded phase, and median seizure frequency reductions were between 48% and 66% over 

3 to 6 years postimplantation [43,44]. The most relevant reported side effects were 

depressive mood and memory impairment, besides local side effect of the implantation. The  

best  seizure outcome  has  been obtained  in patients in whom 2 or more of 4 contacts were 

effectively placed in the anterior nucleus of the thalamus [45]. 

 

After promising results in a pilot trial, a larger RCT (n = 50) was initiated by De Giorgio to 

evaluate the efficacy, tolerability, and safety of noninvasive transcutaneous bilateral 

stimulation of the supraorbital branches of the trigeminal nerve (TNS) [46]. The 50% 

responder rate (30.2 versus 21.1%, p = 0.31) and percentage seizure frequency reduction (− 

16.1 versus − 10.5%, p = 0.51) were not statistically significantly different between the high 

(assumed therapeutic) and the low (assumed subtherapeutic) stimulation group over the 

entire 18-week stimulation period (primary outcome measure). Subgroup analysis did show 

increasing efficacy over time with a significant number of 50% responders after 18 weeks in 

the high-stimulation group only (40.5 versus 15.6%). Adverse events were mild: anxiety 

(4%), headache (4%), and skin irritation (14%). Open-label extended follow-up studies 

reported inconclusive results. 

  

Transcranial direct current stimulation (tDCS) does not induce action potentials but may 

modulate neuronal excitability by changing the  resting  membrane  potential  by  constant  

transcranial  delivery of weak currents (1–2 mA) via two electrodes. Cathodal tDCS is 

hypothesized to suppress seizures by inducing membrane hyperpolarization and has been 

investigated in six RCTs. Three studies evaluated the effect of a single 20-minute session of 

cathodal tDCS. While 2 studies found a significant reduction in the number of interictal 

epileptiform discharges in patients with malformations of cortical development and in 

children with focal epilepsy, only Assenza and colleagues found a statistically significant and 

clinically relevant 71% reduction in seizure frequency compared with sham stimulation 

(+25%) in patients with TLE in the week following tDCS [47–49]. Three studies evaluated the 

effect of 3 to 5 sessions of cathodal tDCS. One study reported a significant 99.8% reduction 
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in seizure frequency in 22 patients with Lennox–Gastaut syndrome on the fifth day of tDCS 

applied over the primary motor cortex. After 4 weeks, seizure frequency was still significantly 

lower in the tDCS (56.0% reduction) compared with the sham group. Additionally, a 

significant reduction in interictal epileptiform discharges was demonstrated. The other 2 

studies evaluated the effects of tDCS in refractory TLE. San-Juan and colleagues reported 

significant reduction in seizure frequency following 3 (− 43.4%) and 5 (− 54.6%) sessions of 

tDCS compared with placebo after two months (not after one month). Differences in 50% 

responder rate did not achieve statistical significance. Others performed a crossover study 

with 12 patients and showed a significant − 84.2% reduction in seizure frequency compared 

with baseline in the sinusoidal tDCS group but not in the sham group (− 12.6%). However, 

they did not directly compare both groups. This was also the case for the 50% responder 

rate, with 83.3% and 16.7% 50% responders in the tDCS and sham group, respectively. Half 

of the patients were even seizure-free in the month following active tDCS. Reported adverse 

events are rather mild and include tingling sensations, mild itch, moderate headache, and 

the occurrence of skin burn under the reference electrode [47,49]. 

 

Transcranial magnetic stimulation uses magnetic fields to stimulate nerve cells in the brain 

as deep as 2 cm. Low-frequency repetitive Transcranial magnetic stimulation (TMS) has 

been shown to induce long-lasting reductions in cortical excitability and, consequently, has 

been proposed as a treatment for epilepsy. Eight RCTs (n = 11 to 64) have evaluated the 

efficacy of 5 to 10 days low-frequency (0.33–1 Hz) Repetitive transcranial magnetic 

Stimulation (rTMS) in patients with refractory focal epilepsy. In most of these studies, the 

epileptogenic focus was targeted (vertex in case of multifocal or nonlocalizable), but in 2 

trials, the vertex was the target independent of the localization of the epileptogenic region. 

Five studies compared active (assumed therapeutic) with sham stimulation, one compared 

two stimulation intensities (20 and 90% of resting motor threshold), and one evaluated 2 

different stimulation parameters differing in the number of pulses per session (1500 versus 

3000 pulses). Only three trials could demonstrate a significant reduction in seizure frequency 

compared with baseline. One study showed a significantly lower seizure frequency after two 

weeks of high-stimulation rTMS (8.9 to 1.8 seizures per week) but not low-stimulation rTMS 

(8.6 to 8.4 seizures per week), corresponding to a significant 80.6% greater reduction in 

seizure frequency with the first group. Another study found a significant 72% reduction in 

seizure frequency in the active rTMS group compared with baseline. This was not found in 

the control group, but an active comparison between both groups was not reported. In the 

study of Tergau and colleagues, actively treated patients experienced a significant 

approximately 40% reduction in seizure frequency compared with baseline, but this 

difference was not significant when compared with the placebo group. Reported adverse 

events include headache, dizziness, and tinnitus, but in none of the RCTs, these occurred at 

statistically significantly higher rates in the active treatment group [50–52]. In conclusion, 

although there is some evidence that rTMS is safe and well-tolerated;, there is insufficient 

evidence that proves its efficacy in reducing seizure frequency in patients with refractory 

epilepsy. Unresolved questions remain with regard to patient selection, the optimal 

stimulation protocol (parameters and target), the duration of the putative treatment effect, 

and how to adequately blind participants. 

 

Transcutaneous VNS (tVNS) was developed as a noninvasive alternative to vagus nerve 

stimulation and stimulates the auricular branch of the vagus nerve. Two uncontrolled open-

label trials demonstrated 50–55% reductions in seizure frequency, with similar numbers of 
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patients experiencing a ≥ 50% reduction in seizure frequency. Results in 3 randomized 

controlled trials were mixed. Bauer and colleagues (n = 76) found no significant difference 

between 1-Hz (assumed subtherapeutic) and 25-Hz (assumed therapeutic) stimulation 

groups in terms of seizure frequency reduction or 50% responder rates, although seizure 

frequency was − 34.2% lower compared with baseline only in the 25-Hz group [53]. A study 

with 47 patients found a statistically significant lower monthly seizure frequency after 12 

months of stimulation in the treatment group (assumed therapeutic stimulation of Ramsay 

Hunt zone) compared with the control group (stimulation of earlobe) and to baseline (around 

40% decrease) [54]. Another study (n = 144) demonstrated a statistically significant 

treatment effect between transcutaneous auricular vagus and nonvagus nerve stimulation in 

terms of seizure frequency (− 42.6 versus − 11.5%) and 50% responder rates (41.0 versus 

27.5%) [55]. Side effects of transcutaneous VNS include local skin irritation and headache. 

More, large, and welldesigned RCTs are needed to confirm these promising results. 

 

6. Precision medicine 

 

The U.S. National Research Council defines precision medicine as ‘the tailoring of medical 

treatment to the individual characteristics of each patient’, specifying that ‘it does not literally 

mean the creation of drugs or medical devices that are unique to a patient, but rather the 

ability to classify individuals into subpopulations that differ in their susceptibility to a 

particular disease, in the biology and/or prognosis of those diseases they may develop, or in 

their response to a specific treatment. Preventive or therapeutic interventions can then be 

concentrated on those who will benefit, sparing expense and side effects for those who will 

not’ [56]. The term ‘precision medicine’ is often used interchangeably with the term 

“personalized medicine”, although it has been suggested that ‘precision medicine’ is a better 

wording to make it clear that it does not involve application of unique treatments designed 

for each individual [56]. 

 

In a broad sense, a component of precision medicine has been part of epilepsy 

management for many decades — in fact, AEDs are usually selected after careful 

consideration of individual characteristics such as seizure types, epilepsy syndrome, 

comorbidities, comedications, and expected vulnerability to specific adverse effects [57]. 

However, in recent years, the term ‘precision medicine’ in epilepsy is increasingly used to 

describe medical treatments that target specifically the mechanisms responsible for the 

manifestations of the disease in individual patients [58]. Unlike conventional treatments, 

precision treatments are delivered rationally based on the identification of the molecular 

etiology of the epilepsy and elucidation of the underlying functional mechanisms. At the 

current state of knowledge, most of the advances that have been made in the area of 

precision medicine for epilepsy stem from the discovery of epilepsy genes and the related 

discipline of pharmacogenomics [58–61]. 

 

The use of the ketogenic diet to treat glucose transporter 1 (GLUT1) deficiency syndrome is 

probably the best example of precision medicine applied to epilepsy [62]. In patients with 

GLUT1 deficiency, the uptake of glucose into the brain is impaired because of a solute 

carrier family 2 member 1 (SLC2A1) gene mutation that impairs the efficiency of the GLUT1 

transporter in the blood–brain barrier. The ketogenic diet provides neurons with an 

alternative source of energy, thereby compensating for the consequences of the metabolic 

defect [62]. Other examples of precision medicine include the use of phenytoin for the 
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treatment of epileptic encephalopathies caused by the sodium voltage-gated channel alpha 

subunit 8 (SCN8A) mutations resulting in the gain-of-function of the sodium channel Nav 1.6, 

[63], or the use of everolimus to control treatment-resistant focal seizures associated with 

tuberous sclerosis complex (TSC) [64]. At least in the case of everolimus for focal epilepsy 

associated with TSC, efficacy has been clearly demonstrated in a doubleblind parallel-group 

adjunctive-therapy randomized controlled trial in which exposure to trough everolimus 

concentrations of 3–7 ng/mL (low exposure, n = 117) and 9–15 ng/mL (high exposure, n = 

130) was compared with placebo (n = 119) [64]. The proportion of patients with a ≥ 50% 

reduction in seizure frequency (compared with baseline) during the 12-week maintenance 

period was 15.1% in the placebo group, 28.2% in the low-exposure group (p = 0.0077), and 

40.0% in the high-exposure group (p = 0.0001). 

 

Another application of precision medicine relates to avoidance of AEDs that cause 

worsening of seizures by aggravating the underlying molecular defect — for example, 

sodium channels such as carbamazepine, phenytoin, and lamotrigine are generally best 

avoided in patients with Dravet syndrome and other epilepsies caused by sodium 

voltagegated channel alpha subunit 1 (SCN1A) mutations leading to loss of function of Nav 

1.1 [60,65–67]. Other examples of genomic-guided precision therapies have been reviewed 

recently [59,60,67]. 

 

In recent years, application of next generation sequencing has accelerated the discovery of 

new epilepsy genes, with these discoveries often having treatment implications [60,68]. 

Indeed, diagnostic genetic studies in individual patients are increasingly coupled with 

functional studies at molecular level, which include the screening for compounds that may 

counteract the functional defect [69]. Not uncommonly, these compounds are often drugs 

already available in the market for other indications. Not surprisingly, in a publicly accessible 

database of prescribable drugs with efficacy in experimental epilepsies, the list of appealing 

candidates for repurposing is highly enriched with drugs that target proteins of known causal 

human epilepsy genes [70]. 

 

Examples of repurposable drugs for which some evidence of potential clinical efficacy is 

already available include memantine for earlyonset epileptic encephalopathy due to gain-of-

function glutamate ionotropic receptor NMDA type subunit 2A (GRIN2A) mutations [71] and 

quinidine for epilepsies caused by pathogenic variants of genes encoding for potassium 

channels, particularly potassium sodiumactivated channel subfamily T member 1 (KCNT1) 

[table]. Gain-offunction KCNT1 pathogenic variants have been found to cause a spectrum of 

severe focal epilepsies with onset in early infancy, including some cases of West syndrome, 

of epilepsy of infancy with migrating focal seizures, and of early-onset severe autosomal 

dominant nocturnal frontal lobe epilepsy [72,73]. In in vitro studies, quinidine has been found 

to variably reverse the pathogenic gain-of-function of the affected potassium channels 

[72,73]. Clinically, quinidine has been reported to be beneficial in some patients with severe 

epilepsies caused by gain-of-function mutations of KCNT1 [74–77] and, possibly, potassium 

sodium-activated channel subfamily T member 2 (KCNT2) [78], although lack of therapeutic 

benefit and/or cardiac toxicity in individuals with these epilepsies has also been reported 

[75–82]. Notably, a randomized double-blind trial of quinidine in 6 patients with severe 

autosomal dominant nocturnal frontal lobe epilepsy (ADNFL) associated with KCNT1 gain-

of-function mutations failed to show any efficacy, possibly because serious cardiac toxicity 

occurring at low doses prevented the achievement of potentially ‘therapeutic’ serum 
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quinidine levels [82]. The reason for the conflicting results on the efficacy and safety of 

quinidine in epilepsies due to KCNT1 mutations is unclear. One possibility is that different 

pathogenic variants have different sensitivity to quinidine [73]. Age factors may also be 

important, because it has been suggested that children below 4 years of age are more likely 

to respond to quinidine than older patients [77] [table]. In any case, these data demonstrate 

the need for caution in interpreting results of single-case reports and the need for careful 

preclinical and clinical evaluation of novel precision therapies before such treatments can be 

considered established. 

 

Overall, available evidence indicates that precision therapies are applicable to an important 

percentage of individuals with rare as well as common forms of epilepsy [67,83], and drug 

design and drug development are increasingly being influenced by precisionmedicine 

approaches [61,83–85]. 

 

Although extensive research currently focuses on genome-guided therapies, important 

opportunities also exist in other areas. As described in the next section, examples include 

the use of immunosuppressive therapies for autoimmune epilepsies [86] and the research 

on treatments targeting neuroinflammation in epilepsies where inflammatory mechanisms 

are likely to play a pathogenic role [87]. In the future, selection of patients for precision 

therapies is likely to rely to an important extent on the use of biomarkers as indicators of the 

underlying etiology of the disease, or as predictors of response to specific treatments [88]. 

 

7. Advances in the therapy of epileptic encephalopathies in children 

 

Here, we discuss the introduction of new AEDs, immunotherapy, and development of 

precision therapy. There are a number of studies evaluating the efficacy of 

Adrenocorticotropic hormone (ACTH), hormonal therapy in general (either ACTH or oral 

steroids), and vigabatrin in West syndrome showing that in patients with nontuberous 

sclerosis, hormonal therapy is superior to vigabatrin and that ACTH may be more effective 

than oral steroids. These studies have resulted in the current guidelines of using hormonal 

therapy first, unless the patient has tuberous sclerosis, and were reviewed elsewhere 

previously [89–91]. However, other than these studies, there is a lack of controlled studies of 

the therapy of other epileptic encephalopathies and a need for more investigations in this 

area [92]. Cannabidiol has recently been approved for the therapy of seizures associated 

with Dravet syndrome and with Lennox–Gastaut syndrome [93,94]. Fenfluramine promises 

to be another medication that may be helpful in these syndromes [95]. Many other 

medications are under study: some involve mechanisms similar to known AEDs like GABA A 

receptor agonists, some involve novel mechanisms such as stimulation  of  melatonin  

receptors,  some are repurposed drugs previously used for other indications as described 

below, and others with yet unknown mechanisms of action [96]. 

 

Immunotherapy involves therapy of infantile and childhood epileptic encephalopathies as 

well as therapy of autoimmune epilepsies caused by autoimmune encephalitis. Hormonal 

steroid therapy remains the mainstay of therapy for infantile spasms. The addition of 

vigabatrin to hormonal therapy as initial therapy in cases of new-onset infantile spasms does 

not appear to improve outcome [97]. In the special situation of TSC, vigabatrin is a drug of 

first choice for infantile spasms. Current ongoing research (EPISTOP study) is aiming to 

determine if therapy with vigabatrin started in young infants before onset of seizures can 
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prevent the development of later spasms or epilepsy [98]. Steroid therapy is also used for 

later-onset epileptic encephalopathies. In a series of 147 patients with electrical status 

epilepticus in sleep (ESES), steroid therapy (oral and or pulse steroids) had better efficacy 

than other therapies [99]. Pulse steroid therapy with methylprednisolone given on three 

consecutive days and repeated monthly for 4–6 months is emerging as an alternative to 

daily steroid administration to avoid side effects of daily steroid therapy [100]. However, 

controlled prospective studies regarding this alternative are still lacking. Intravenous 

immunoglobulin (IVIG) has been used for the therapy of Landau– Kleffner syndrome and 

other intractable epilepsy syndromes and epileptic encephalopathies, but the definitive 

placebo-controlled studies have not been performed, and thus, a recent Cochrane review 

concluded that definitive conclusions about its efficacy cannot be made at this stage [101–

103]. A case report of Landau–Kleffner syndrome associated with a GRIN2A mutation 

described a patient whose syndrome responded only to steroid and IVIG therapy despite the 

presumed genetic etiology [104]. Therapy of autoimmune encephalitis currently consists of 

the following [105]: first-line immunotherapy includes intravenous steroids over 3–5 days 

(may need to be repeated if needed), IVIG (over 2 days then monthly), and plasmapheresis. 

However, plasmapheresis is usually only effective at temporarily removing peripheral 

antibodies. In addition, duration and intervals of intravenous steroids and IVIG vary. For 

children not showing improvement within 2 weeks, or declining on a first-line therapy, 

escalating therapy to second-line treatments is recommended. Rituximab and 

cyclophosphamide are considered second-line agents, although cyclophosphamide is used 

less commonly in children than in adults. Antibodies to intracellular antigens such as 

glutamic acid decarboxylase (GAD) encephalitis may benefit from more intense 

immunotherapy at diagnosis because these antibodies are associated with more destructive 

inflammatory responses. Hashimoto encephalitis is, in about half the cases, highly 

responsive to steroids. Intravenous methylprednisolone is used most often, although oral 

prednisone is also reported from 6 weeks to several years. Intravenous immunoglobulin, 

rituximab, mycophenolate mofetil, and methotrexate have also been used. Novel 

antiinflammatory therapies such as anakinra, the human recombinant IL1-Ra receptor 

antagonist, may prove to be effective based on initial encouraging limited experience [106]. 

This agent is currently being investigated as a potential immunotherapy of the febrile 

infection-related epilepsy syndrome (FIRES). 

 

Gene therapy, which is approved for one type of retinopathy and for certain leukemias and 

lymphomas, has now reached human trials in a number of disorders that can be associated 

with epilepsy. These include Canavan disease, infantile and late infantile neuronal ceroid 

lipofuscinosis (NCL), mucopolysaccharidoses (MPS) IIIA and IIIB, Aromatic L amino acid 

decarboxylase (AADC) deficiency, and metachromatic leukodystrophy. Enzyme replacement 

is another example of precision therapy and now is available for NCL type II, which is 

consistently associated with severe epilepsy [107] as well as for other types of lysosomal 

storage diseases that may be associated with epilepsy including Gaucher disease type I, 

and MPSI II IVA and VI. Examples of distant downstream “precision” therapy are many and 

relate to recognition of etiology (usually the type of gene mutation)-related side effect or 

response to specific AEDs or repurposed drugs. Adverse effects precision-related 

recommendations include the following: with SCN1A mutations — avoid sodium channel 

drugs like lamotrigine, with DNA Polymerase Gamma, Catalytic Subunit (POLG) mutations 

— avoid valproate because of potential hepatotoxicity, with human leukocyte antigen (HLA) 

B*15:02 allele positivity — avoid carbamazepine because of risk of Stevens–Johnson's 
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syndrome, and with myoclonic epilepsy — sodium channel drugs can worsen myoclonus. 

There are also reports of levetiracetam very infrequently aggravating other types of 

myoclonus, such as juvenile myoclonic epilepsy [108]. More data are available regarding 

precision therapy-related recommendations since drug repurposing research is currently 

very active [59]. There are multiple companies, core facilities, and institutes engaged in that 

(for example, Broad Institute Repurposing Hub https://clue.io/repurposing). Also, there is a 

database for that for epilepsy, i.e., the Drug repurposing for epilepsy Prescribable Drugs with 

Efficacy in Experimental Epilepsies (PDE3) database: www. liverpool.ac.uk/D3RE/PDE3 

[70]. Table 1 below shows some of the information related to potential etiology-specific drugs 

in severe pediatric epilepsies. One has to caution that with the exception of everolimus use 

in TSC-related seizures and cannabidiol in Dravet syndrome, which are FDA-approved, 

there is much need for more data to further substantiate, or refute, the potential benefits 

advocated for by case reports, case series, or preclinical data on which such observation is 

based. 
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Table 1 

Potentially effective therapies according to type of specific mutations. For a source of 

references, please refer to recent review articles [59,61,92]. 

 

Type of mutation Potentially beneficial therapy 

CHRNA4 Zonisamide, acetazolamide and nicotine patches 

GRIN2A Memantine (not GRIN2B so far) 

KCNQ2 Retigabine 

KCNT1 Quinidine 

PCDH19 Bromide, clobazam 

PLCB1 Inositol 

PRRT2 Carbamazepine, oxcarbazepine 

SCN1A (Dravet) GABAergic drugs, fenfluramine, cannabidiol 

SCN2A (Early infantile epileptic 

encephalopathy (EIEE)) 

High dose phenytoin, levetiracetam 

SCN2A (EIEE, status) Lidocaine, acetazolamide 

SCN8A High dose phenytoin, amitriptyline, nilvadipine, 

carvedilol, carbamazepine 

SLC2A1 Ketogenic diet 

STXBP1 Levetiracetam, folinic acid, vigabatrin 

TSC1 and 2 Everolimus (could this also apply to mechanistic target 

of rapamycin (mTOR) pathway 

somatic-cell-mutations-related focal cortical 

dysplasias?) 

 

CHRNA4 (cholinergic receptor nicotinic alpha 4 subunit); GRIN2A (glutamate ionotropic 

receptor N-methyl-D-aspartate (NMDA) type subunit 2A); KCNQ2 (potassium voltagegated 

channel subfamily Q member 2); KCNT1 (potassium sodium-activated channel subfamily T 

member 1); PCDH19 (protocadherin 19); PLCB1 (phospholipase C beta 1); PRRT2 (proline-

rich transmembrane protein 2); SCN1A (sodium voltage-gated channel alpha subunit 1); 

SCN2A (sodium voltage-gated channel alpha subunit 2); SCN8A (sodium voltage-gated 

channel alpha subunit 8); SLC2A1 (solute carrier family 2 member 1); STXBP1 (syntaxin-

binding protein 1); TSC1 and 2 (TSC complex subunits 1 and 2). Except for everolimus in 

TSC-associated focal epilepsy [64] and for cannabidiol [93,94] and fenfluramine ([109] in 

Dravet syndrome, none of the treatments listed in this table have been validated in 

controlled trials in patients with the indicated mutations, and for some of these treatments, 

evidence for efficacy is speculative or controversial. 
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