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Objective: To investigate the therapeutic effect and influencing factors of perampanel (PER) on electrical status epilepticus during sleep (ESES).
Methods: We retrospectively analyzed the clinical data of pediatric patients with focal epilepsy and ESES who were treated at the Epilepsy Center of Shengjing Hospital of China Medical University between January 2016 and March 2022. Changes in the spike wave index (SWI) after 24 weeks of PER add-on treatment were compared. Kaplan‒Meier survival analysis, the log-rank test and multivariate Cox regression analysis were performed.
Results: A total of 54 pediatric patients met the inclusion criteria, including 33 males and 21 females. The mean age at the diagnosis of epilepsy was 6.41 ± 2.14 years and at ESES diagnosis was 7.58 ± 2.40 years. The mean ESES duration before add-on PER was 25.31 ± 15.12 months. The mean age of the patients at add-on PER initiation was 9.69 ± 2.12 years. The ESES resolved in 29 children after 6 months of PER add-on treatment, and the response rate was 53.7%. Univariate analysis with the log-rank test showed that the therapeutic effect of PER differed according to the age at ESES diagnosis and ESES duration before add-on PER treatment. Multivariate Cox regression analysis showed that only ESES duration before PER administration was a risk factor for PER treatment failure, and the other factors had no effect on the therapeutic effect.
Conclusion: PER add-on treatment has a good therapeutic effect on ESES and can be used as an alternative to corticosteroid and benzodiazepines. The therapeutic effect of PER add-on treatment was not related to the dose. A longer ESES duration results in a worse therapeutic effect. Therefore, more aggressive treatment measures should be implemented for ESES.
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1 INTRODUCTION
Electrical status epilepticus during sleep (ESES) is a special electroencephalogram (EEG) phenomenon that refers to a sleep-induced, non-rapid eye movement sleep (NREM) state of continuous or near-continuous emission of 1.5- to 3-Hz spikes and slow waves (Galanopoulou et al., 2000). ESES shows an interictal rather than an ictal EEG form, and the spike wave index (SWI) of slow-wave sleep (SWS) is an important indicator for diagnosis. However, due to different counting methods, no unified diagnostic standard has been established for ESES. The SWI has been reported to be between 25% and 85% (Altunel et al., 2017; Scholtes et al., 2005; Scheltens-De Boer, 2009). ESES can occur in a variety of epilepsy syndromes in children, including epileptic encephalopathy, such as epilepsy with continuous spikes and waves during slow sleep (CSWS), acquired epileptic aphasia, and Lennox-Gastaut syndrome, and in children with benign epilepsy with central-temporal spikes (BECT), which has recently been renamed as self-limited epilepsy with centrotemporal spikes (SeLECTS), and other self-limited focal epilepsy syndromes (Caraballo et al., 2013; Fejerman et al., 2000; Galanopoulou et al., 2000; Specchio et al., 2022). Although epileptic syndromes with ESES and the ESES phenomenon itself are mostly self-limiting with age, a risk of cortical functional impairment emerges with a prolonged ESES duration, which may affect the long-term psychological and cognitive prognoses of patients. Therefore, ESES treatment still attracts attention (Altunel et al., 2017; Tsuru et al., 2000; Veggiotti et al., 2012).
Due to differences in inclusion criteria, epidemiological data on ESES are limited, but the number of patients with ESES is generally believed to be approximately 0.2%–1.0% of the total number of children with epilepsy (Nickels and Wirrell, 2008; Sanchez Fernandez et al., 2012; Veggiotti et al., 2012). Although the incidence of ESES is relatively low, its treatment is often difficult. Even if epileptic seizures have been completely controlled, ESES can persist (Sánchez Fernández et al., 2015). Currently, no recognized guideline recommendation is available for the treatment of ESES, and antiepileptic drug therapy based on comprehensive consideration of the type of seizures and the diagnosis of epilepsy syndrome is advocated (Veggiotti et al., 2016; Wiwattanadittakul et al., 2020). At present, many small-sample studies have reported that various commonly used antiepileptic drugs have poor therapeutic effects on ESES, and phenytoin, carbamazepine, and oxcarbazepine may even aggravate the risk of ESES (Inutsuka et al., 2006; Kramer et al., 2009; Pavlidis et al., 2015). Pulse corticosteroid therapy and high-dose benzodiazepine therapy are considered effective for ESES, but significant adverse reactions limit their long-term application (Kramer et al., 2009; Sanchez Fernandez et al., 2013).
Perampanel (PER), a novel antiepileptic drug, is a noncompetitive antagonist that selectively acts on α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors. It was approved in China in September 2019 for add-on treatment of focal epilepsy (with or without secondary generalized seizures) at 12 years of age and older and in July 2021 for monotherapy for focal epilepsy (with or without secondary generalized seizures) at age 4 years of age and older. The efficacy and tolerability of PER in the treatment of children and adults with epilepsy have been demonstrated in the previous studies (Fernandes et al., 2021; Operto et al., 2021; Trinka et al., 2016). At present, many published reports indicate that PER has good efficacy in treating a variety of focal epilepsy syndromes and refractory epilepsy in children, and its safety and tolerability are good (Chinvarun et al., 2021; Gil-Nagel et al., 2018; Youn et al., 2018). It also showed that PER did not negatively affect the cognitive and executive functions of children with epilepsy (Operto et al., 2021). However, the therapeutic effect of PER on ESES has not been reported. At the same time, considering that GABAergic and glutamatergic neuronal circuit abnormalities jointly participate in the pathophysiological basis of ESES (Sanchez Fernandez et al., 2012), while PER, as a noncompetitive antagonist of glutamate AMPA receptor, can inhibit glutamatergic neuronal excitatory transmission, we speculate that it may also have a therapeutic effect on ESES. In this study, we reviewed SWI improvement in children with focal epilepsy and ESES who were treated in the Epilepsy Center of Shengjing Hospital of China Medical University after 6 months of add-on treatment with PER and analyzed the possible influencing factors of PER’s efficacy to provide a new alternative for ESES treatment.
2 MATERIALS AND METHODS
2.1 Patients and study design
This is a single-center retrospective observational study designed to observe the effectiveness and safety of PER in pediatric patients with epilepsy and ESES. All data were collected from pediatric patients with focal epilepsy and ESES who were treated at the Epilepsy Center of Shengjing Hospital of China Medical University between January 2016 and March 2022. The inclusion criteria were as follows: 1) age 4–16 years; 2) SWI ≥ 25%; 3) PER add-on treatment with a PER treatment time ≥ 24 weeks at the last follow-up; and 4) long-range EEG repeated every 12–24 weeks after PER use and available data for calculation of the SWI. The exclusion criteria were as follows: 1) a lack of long-range EEG data and 2) Lennox-Gastaut syndrome or other secondary epilepsy.
The primary efficacy endpoint was the proportion of patients with ESES resolution after 24 weeks of PER add-on treatment (defined as the response rate). The secondary efficacy endpoints included the proportion of patients with ESES resolution at the last follow-up (defined as the overall response rate), the median time to ESES resolution, and the estimated probability of ESES resolution at 24 weeks of PER treatment (defined as the resolution rate). The resolution of ESES was defined as SWI < 20%. The safety endpoint was the proportion of patients with adverse events (AEs) during PER add-on treatment. AEs were collected from clinical records, and only AEs considered by the investigator to be related to PER were included in the analysis.
2.2 Perampanel medication method
All pediatric patients received PER add-on treatment. The initial dose was 1 or 2 mg according to body weight (<30 kg or ≥ 30 kg), and the dose was increased by 1 or 2 mg every 1–2 weeks. The PER dosage was individually adjusted to a maximum of 12 mg based on the child’s response and tolerability, and the maximum dose should not exceed 12 mg.
2.3 Data collection
2.3.1 Spike wave index calculation and electroencephalogram interpretation
EEG was recorded using a Nihon-Kohden video-EEG (Tokyo, Japan) with an 18-channel, and the international 10–20 system was used for electrode placement. The duration of each EEG monitoring session for all patients was at least 4 h, including at least 1 complete sleep cycle. SWI = the number of seconds of spikes and slow waves in the NREM phase during EEG monitoring ÷ the total number of seconds in NREM × 100%. Based on the median baseline SWI of all enrolled pediatric patients, the pediatric patients were further divided into the group of ESES with SWI ≥ 60% and the group of ESES with SWI < 60%. The therapeutic effect on ESES was divided into complete resolution and non-resolution. The response rate was determined from the proportion of patients with complete resolution of ESES.
2.3.2 Other data collected
Other collected data included sex, age, past medical history (including birth history and perinatal conditions), family history, age at epilepsy diagnosis, age at ESES diagnosis, ESES duration before add-on PER treatment, medications before PER, whether epileptic seizures were still present before add-on PER treatment, head magnetic resonance imaging (MRI) results, cognitive function before add-on PER treatment (cognitive function was assessed using a scale suitable for the patient’s age or observational information from parents and teachers), whether first-line treatment was performed before add-on PER treatment (first-line treatment was defined as corticosteroid and/or high-dose benzodiazepines), epileptic seizure history, and the SWI after add-on PER treatment.
2.4 Statistical analysis
Statistical analysis was performed using IBM SPSS 20.0 software (IBM Corp., Armonk, NY, United States). The mean and standard deviation were used to represent numerical variables, and frequencies and percentages were used to represent categorical variables. Survival analysis was performed using ESES resolution after add-on PER treatment as the outcome variable. The Kaplan‒Meier method was used to calculate the probability of ESES resolution and the median time to ESES resolution. We did exploratory univariate and multivariate analysis of several factors that may affect the resolution/non-resolution of ESES using log-rank test and Cox regression, separately. Factors for univariate and multivariate analysis included sex, age at seizure onset, age at ESES diagnosis, ESES duration, age at the time of add-on PER initiation, cognitive behavioral abnormalities, MRI abnormalities, awake EEG discharge (unilateral or bilateral), first-line treatment before add-on PER initiation, the number of basic antiepileptic drugs, the duration of antiepileptic drug treatment at baseline, baseline SWI, baseline seizure status, and PER dose. p < 0.05 was considered statistically significant.
3 RESULTS
3.1 Patient demographic information and disease conditions
According to medical records, a total of 54 patients met the inclusion criteria, including 33 males and 21 females. The mean age at ESES diagnosis was 7.58 ± 2.40 years. The mean age at add-on PER initiation was 9.69 ± 2.12 years. The mean ESES duration before add-on PER initiation was 25.31 ± 15.12 months. Among the 54 patients, 13 patients had mild MRI abnormalities, 6 of whom had small softening lesions distributed in the forehead, lateral ventricle, posterior horn of the lateral ventricle, or occipital region. Three cases of hippocampal asymmetry, 2 cases of nonspecific demyelination changes in the posterior horn of the lateral ventricle, 1 case of mild hippocampal sclerosis and 1 case of left small choroidal fissure cyst were noted. Among the 54 children, 26 had cognitive behavioral abnormalities before add-on PER initiation. Among them, 11 patients were identified by parents and teachers with learning difficulties, 8 patients were diagnosed with attention deficit hyperactivity disorder (ADHD) after evaluation, 4 patients had global developmental delay, and 3 patients had language developmental disorders.
Forty-nine patients had no seizures when PER was added, and 5 patients still had seizures (4 cases of focal seizures and 1 case of focal seizures evolving into generalized seizures). The EEGs of the 54 patients all showed interictal paroxysms in the awake phase, 27 of which showed unilateral activity (mainly distributed in the central area, temporal area, and occipital area), while 27 EEGs showed bilateral activity. Before PER add-on treatment, 30 patients had an SWI ≥ 60%, and 24 patients had an SWI < 60% (8 of whom had an SWI < 50%). Before add-on PER treatment, 8 patients received oral administration of 1 antiepileptic drug (levetiracetam), 35 patients received oral administration of 2 antiepileptic drugs (28 cases with levetiracetam + valproic acid and 7 cases with levetiracetam + clonazepam), and 11 patients received oral administration of 3 types of antiepileptic drugs (6 cases with levetiracetam + valproic acid + clonazepam and 5 cases with levetiracetam + valproic acid + topiramate). Before add-on PER initiation, 29 patients had been treated with pulse corticosteroid or high-dose benzodiazepines. The baseline demographic and disease characteristics of the patients are shown in Table 1.
TABLE 1 | Demographics and clinical characteristics.
[image: Table 1]3.2 Perampanel dose and treatment duration
Among the 54 patients, the mean initial dose of PER was 1.6 ± 4.8 mg, with 1 mg used in 19 cases and 2 mg used in 35 cases. The dose distribution at week 24 of PER add-on treatment is shown in Figure 1. The mean dose was 6.2 ± 2.1 mg. The PER dose in 22 cases was < 6 mg (4 mg: n = 21; 5 mg n = 1), and the PER dose in 32 cases was ≥ 6 mg (6 mg: n = 9, 8 mg: n = 19, 10 mg: n = 4). The mean duration of PER treatment was 10.3 ± 4.4 months; 10 patients had a PER treatment duration ≥ 12 months, and 2 patients had a PER treatment duration ≥ 24 months.
[image: Figure 1]FIGURE 1 | The dose distribution at week 24 of PER add-on treatment.
3.3 Effectiveness
After 24 weeks of PER add-on treatment, the ESES of 29 patients resolved, and the total response rate was 53.7%. Among the 25 patients with an SWI that did not resolve at 24 weeks, 9 cases (36%) showed ESES resolution in the subsequent follow-up, with resolution within 8 months to 1 year of PER application in 4 cases, and 5 cases showed resolution within 1–2 years of PER application. Among the 3 pediatric patients whose ESES resolved at 24 weeks and whose follow-up time was longer than 1 year, 1 pediatric patient had recurrence (SWI = 30%), which resolved after 1 month. Overall, at the last follow-up, the ESES resolved in 38 of the 54 patients, and the overall response rate was 70.4%. Among the 29 pediatric patients who did not respond to corticosteroid therapy and benzodiazepine therapy, the response rate was 48.3%. In addition, the 5 children with seizures at the time of add-on PER initiation all reported seizure relief at the 24-week follow-up regardless of ESES resolution (3 cases with resolution, 1 case with an SWI = 30%, and 1 case with an SWI = 50%).
Survival analysis was performed using ESES resolution as the outcome variable. Figure 2 shows the Kaplan‒Meier curve of the overall population. At 24 weeks of PER treatment, the resolution rate was 45.5%, and the median time to ESES resolution was 24 weeks.
[image: Figure 2]FIGURE 2 | The Kaplan‒Meier curve of the overall population. Survival analysis was performed using ESES resolution as the outcome variable.
3.3.1 Analysis of factors influencing the therapeutic effect
Using ESES resolution as the outcome variable, the log-rank test was performed on factors including sex, age, disease course, previous treatment, and dose (Supplementary Table S1). In the group of ESES with SWI ≥ 60%, the resolution rate was 44.5% (Supplementary Table S1). The results showed that differences in the therapeutic effect of PER were statistically significant according to the age at ESES diagnosis and the ESES duration before add-on PER treatment. Compared with patients diagnosed with ESES at < 7.3 years of age, patients diagnosed with ESES at ≥ 7.3 years of age had a higher resolution rate (73.8% vs. 34.6%, p = 0.008) (Figure 3). For patients with an ESES disease duration ≥ 25.2 months, the resolution rate was higher than that for patients with an ESES disease duration < 25.2 months (82.3% vs. 33.3%, p = 0.001) (Figure 4). The results of multivariate Cox regression analysis showed that an ESES duration ≥ 25.2 months before add-on PER initiation was a risk factor for PER treatment failure (hazard ratio (HR) = 0.319, 95% confidence interval (CI): 0.106–0.957, p = 0.041). The effects of the remaining factors on the therapeutic effect were not statistically significant (Supplementary Table S2).
[image: Figure 3]FIGURE 3 | The Kaplan‒Meier curve of the patients with different age at diagnosis. Survival analysis was performed using ESES resolution as the outcome variable.
[image: Figure 4]FIGURE 4 | The Kaplan‒Meier curve of the patients with different disease duration. Survival analysis was performed using ESES resolution as the outcome variable.
3.4 Safety
Among the 54 pediatric patients who received PER add-on treatment, 9 patients (16.7%) had at least 1 adverse reaction. Among them, drowsiness occurred in 3 patients (5.6%), and headache occurred in 1 patient (1.9%); all cases appeared in the first 2 weeks after drug initiation and gradually resolved without dose adjustments. Five patients (9.3%) showed signs of impulsivity, irritability, and inattention, with 3 patients showing such signs when the dose was increased to 10 mg and 2 patients showing these signs when the dose was increased to 8 mg, which resolved after the doses were returned to 8 and 6 mg, respectively.
4 DISCUSSION
The ESES phenomenon was first described by Patry et al. (1971) in 1971. Although more than 50 years have passed, the concept of ESES is still not unified. At present, some scholars equate ESES with CSWS (Fernandez et al., 2013). However, to avoid confusion, our study emphasized ESES as an EEG phenomenon rather than a specific epilepsy syndrome. The SWI is an important indicator for ESES diagnosis. Although all published studies report the use of the percentage of seconds of spikes and slow waves in the NREM phase, the specific counting methods are not the same (Aeby et al., 2005; Bolsterli et al., 2017; Inutsuka et al., 2006). Some studies have counted the SWI of each complete NREM cycle during EEG recording, while others have counted the first 30 min of the first and last NREM cycles. Some scholars believed that the first 5 min of the first NREM cycle had the highest SWI, which gradually decreased in the subsequent sleep cycle; therefore, only the first 5 min of the first NREM cycle were counted (Öztoprak et al., 2021). Our study used the method of counting each complete NREM cycle and referred to previous studies (van Hirtum-Das et al., 2006), with an SWI ≥ 25% as the diagnostic criteria.
At present, the etiology of ESES is not fully understood, and factors such as brain structural abnormalities, chromosomal/gene abnormalities, inflammation, and immunity caused by congenital and acquired factors may all lead to its occurrence (Kevelam et al., 2012; Siniatchkin et al., 2010; van den Munckhof et al., 2016). However, abnormal activation (depolarization) and silencing (hyperpolarization) of GABAergic neurons in the thalamic reticular nucleus and glutamatergic neurons in the dorsal thalamic nucleus and cerebral cortex are considered to constitute the common pathophysiological basis (Sanchez Fernandez et al., 2012; Bolsterli et al., 2017). Under physiological conditions, the inhibitory GABAergic neurons in this circuit hyperpolarize glutamatergic neurons and cause subsequent rebound depolarization, and the depolarized glutamatergic neurons activate GABAergic neurons again by feedback, thus forming an oscillatory circuit, which is the basis for the formation of sleep spindles, while the ESES phenomenon is considered to be the result of sleep spindle inhibition after the balance is disrupted (Sanchez Fernandez et al., 2012). For the commonly used antiepileptic drugs that are effective for ESES reported in the literature to date (Aeby et al., 2005; Inutsuka et al., 2006; Sanchez Fernandez et al., 2013), including benzodiazepines, valproic acid, ethosuximide, and levetiracetam, the pharmacological mechanisms all involve enhanced GABA receptor-mediated inhibition. As a noncompetitive antagonist of AMPA ionotropic glutamate receptors, PER inhibits glutamate neuronal transmission. Therefore, we speculated that PER may also have therapeutic effects on ESES.
In a meta-analysis published in 2015 by van den Munckhof et al. (2015), corticosteroid therapy was found to have the highest response rate of higher than 80%. Chen et al. (2014) also reported similar results. However, more than 50% of the patients relapsed after 1 year of follow-up. Moreover, long-term corticosteroid therapy may have serious adverse reactions; therefore, it is more suitable for pulse therapy. Among the commonly used antiepileptic drugs, benzodiazepines have the best effect, with a response rate of between 40% and 60%. Adverse responses primarily include drowsiness, decreased muscle tone, and mood changes, which are mostly tolerated (Inutsuka et al., 2006; Sanchez Fernandez et al., 2013; van den Munckhof et al., 2015). Other antiepileptic drugs, such as valproic acid, levetiracetam, and ethosuximide, have also demonstrated therapeutic effects in some small-sample studies, but the overall response rate is less than 50%, and some studies have concluded that these drugs are ineffective (Hughes, 2011; Striano and Capovilla, 2013; Veggiotti et al., 2016; van den Munckhof et al., 2016).
In our retrospective study, we observed for the first time that the response rate of PER add-on treatment for ESES for 24 weeks was 53.7%, which was close to that of benzodiazepines and indicated a good therapeutic effect. Moreover, the response rate among pediatric patients who did not respond to corticosteroid therapy and benzodiazepine therapy was 48.3%, indicating that PER and corticosteroid or benzodiazepine drugs may have different mechanisms of action, which may be used as an alternative to corticosteroid or benzodiazepine drugs. According to the results of the survival analysis, although the probability of ESES resolution of children diagnosed with ESES at ≥ 7.3 years of age was higher than that of children diagnosed with ESES at < 7.3 years of age after PER add-on treatment (73.8% vs. 34.6%, p = 0.008), no statistically significant difference in the therapeutic effect was found (64.3% vs. 43.6%, p = 0.166) when the patients were grouped according to the age of add-on PER initiation (≥9.8 years vs. < 9.8 years), indicating that an earlier age at disease onset corresponds to a worse response to the drug, but not due to older children are more likely to have self-limited ESES. Unlike previous studies (Öztoprak et al., 2021; van den Munckhof et al., 2015), MRI abnormalities did not lead to differences in the treatment results, which may be related to the milder MRI changes in our enrolled children. Cox multivariate regression results showed that an ESES duration > 2 years before add-on PER initiation was a risk factor for treatment failure, which is also consistent with previous reports demonstrating that prolonged discharge affects synaptic plasticity and causes abnormal neural circuit formation, which indicates that ESES may require more aggressive treatment. The effects of the initial dose of PER (1 vs. 2 mg) and the maintenance dose at 6 months (<6 vs. ≥ 6 mg) on efficacy were not statistically significant, which is also consistent with the characteristics of PER, with its therapeutic effect being independent of the plasma concentration in previous observational studies (Steinhoff et al., 2019), suggesting that a lower effective dose can be selected during the treatment process to reduce the risk of adverse reactions.
There are several strengths in our study. It was one of the first to explore the therapeutic effect of PER in the treatment of pediatric patients with focal epilepsy and ESES. Factors influencing the therapeutic effect have been analyzed in the study as well. We believe that our study plays an essential, instructive role in clinical practice of PER treatment. However, our study used a single-center retrospective approach, which also has the following limitations. First, the sample size was small, which may cause bias in the results. Second, in this retrospective study, the follow-up interval and follow-up duration of all patients were not fixed, causing us to use data of PER add-on treatment for 6 months to determine the effectiveness, but we could not determine the effectiveness and recurrence rate within a longer treatment period. In addition, because our study included 8 pediatric patients with an SWI between 25% and 50%, we did not divide the treatment effect into resolution, effective (50% reduction in SWI), and ineffective as in other studies. Instead, the effect was simply divided into 2 groups of resolution and non- resolution, which also resulted in 3 cases showing potential effectiveness (2 cases with a decrease from 80% to 30% and 1 case with a decrease from 50% to 25%) being assigned to the non- resolution group. Finally, due to the lack of data, we could not determine improvements in cognitive behavior in children with ESES and cognitive behavioral disorders after PER treatment.
5 CONCLUSION
In summary, through a single-center retrospective study, we found that PER add-on therapy may have a good therapeutic effect on ESES, and the effectiveness was not related to whether corticosteroid and benzodiazepine treatment was performed. The effect of PER add-on treatment is not related to the dose, and a smaller maintenance dose may reduce the probability of adverse reactions. A longer ESES duration results in a worse therapeutic effect; thus, more aggressive treatment measures should be implemented for ESES. This study is the first to focus on the effectiveness of PER in ESES. The above findings need to be validated in a large-scale prospective clinical trial.
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