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Abstract
BACKGROUND
Implant vagus nerve stimulation is an adjunctive treatment for intractable epilepsy when patients are not suitable for resective surgery.

AIM
To identify the safety and efficacy of vagus nerve stimulation in children with intractable epilepsy and analyze the effects on different epilepsy syndromes.

METHODS
Eligible children with intractable epilepsy were admitted to the study. We collected data from preoperative assessments as the baseline. During the follow-up time, we recorded the process of seizures (frequency, duration, and seizure type), the changes of drugs or parameters, the complications, etc. The mean reduction rate of seizures, response rate, and McHugh scale were chosen as the outcomes.

RESULTS
A total of 213 patients were implanted with Tsinghua Pins vagus nerve stimulators, and the average age was 6.6 years. In the follow-up time of postoperative 3 mo, 6 mo, 12 mo, 18 mo, and 24 mo, the average reduction rate was 30.2%, 49.5%, 56.3%, 59.4%, and 63.2%, while the response rate was 21.8%, 62.5%, 57.1%, 69.2%, and 70.7%. In addition, implanted vagus nerve stimulation had different effects on epilepsy syndromes. The reduction rate of West syndrome increased from 36.4% (postoperative 6 m) to 74.3% (postoperative 24 m). The reduction rate of Lennox-Gastaut syndrome improved from 25.4% to 73.1% in 24 mo. The chi-square test of the five efficacy grades showed P < 0.05. The comparison between the 3-mo follow-up and the 6-mo follow-up showed P < 0.05, and the comparison between the 6-mo follow-up and the 24-mo follow-up showed P > 0.05.

CONCLUSION
Vagus nerve stimulation is safe and effective in children with intractable epilepsy, and the seizure reduction occurred in a time-dependent manner. Moreover, patients with West syndrome may get the most benefits.
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Core Tip: We provided a preliminary analysis of the safety and efficacy of implanted vagus nerve stimulation in the treatment of refractory epilepsy in children.

INTRODUCTION
Epilepsy is a chronic neurological disease characterized by excessive discharge of brain neurons caused by various etiologies. Children with epilepsy account for 1% to 2% of the children, which is the most common chronic neuropathic disease in children. The incidence rate of epilepsy in China is about 4% to 7%, while the annual rate is 30/100000, of which more than 50% are younger than 15-years-old. There are 20% to 30% of patients with epilepsy who cannot effectively control seizures after receiving standardized antiepileptic drugs, which progresses to drug-refractory epilepsy[1-3]. For these patients, surgical resection of epileptic foci, neuromodulation, and ketogenic diet are effective treatments[4,5]. Among them, implant vagus nerve stimulation (IVNS) is widely used in clinical practice and is a safe and effective neuromodulation treatment[6-9]. At present, more than 80000 epilepsy patients worldwide have received IVNS treatment, of which about 20000 children who were younger than 12-years-old.
IVNS is a pulse signal generated by the generator that increases the impulse of the vagus nerve on one side of the neck, inhibits the abnormality synchronized discharge of the brain neuron network and terminates or attenuates the seizure. IVNS has a certain effect on most types of seizures without considering the pathogenesis, abnormal electroencephalography (EEG), or abnormal imaging. Compared with adults, children’s vagus nerve conduction is slower and often requires higher current intensity. The width of pulse required for signaling to the cortex is longer because children’s vagus nerve does not contain myelin. A study showed that IVNS can reduce the frequency of seizures, and the overall effect on children is better than adults. The seizure reduction rate in children was more than 90% is higher than in adults[7]. In 2013, the American Academy of Neurology published a guideline for IVNS treatment of epilepsy and recommended indications for children with epilepsy, Lennox-Gastaut (LG) syndrome, and adult epilepsy with depression[10]. This study will provide a preliminary analysis of the safety and efficacy of IVNS in the treatment of refractory epilepsy in children.

MATERIALS AND METHODS
General information
This study was a single-center retrospective study of children with refractory epilepsy who underwent IVNS in our hospital. The safety and efficacy of IVNS in the treatment of refractory epilepsy in children was analyzed.
Subjects were selected to meet the following criteria: (1) Age less than 18 years; (2) Taking two or more regular combined antiepileptic drugs, seizure > 4 times/mo, duration > 2 years; and (3) Multifocal or diffusive discharge seizures, surgery cannot remove the lesion or patients with epilepsy who are ineligible for reoperation after surgery. Four families refused resection surgery and required IVNS surgery.
Baseline was collected from all subjects prior to IVNS and was performed by a physician from our epilepsy center following the standard procedures. The recorded information included: (1) General: name, gender, age, past medical history, family history; (2) Seizures: onset time, aura, type, duration, frequency; (3) Video EEG; (4) Medication: type, dose, medication time, adverse reactions; and (5) Brain magnetic resonance imaging/computed tomography examination, Wechsler intelligence scale.

Surgery
This study used the vagus nerve stimulator produced by Cyberonics (Houston, TX, United States). The pulse generator model is Type 102; the wire type is Type 302.
The implantation is a standard clinical procedure. The surgery was performed on the left vagus nerve. The patient’s supine head was slightly to the right, and the neck and shoulders were appropriately raised to fully expose the neck. The left anterior midline was parallel to the striate transverse incision about 3 cm. The skin, subcutaneous, and cervical fascia were incised, and the carotid artery pulsation was touched. The carotid sheath was opened by blunt dissection, and the internal carotid artery, vagus nerve, and internal jugular vein were identified. Three times under the surgical magnifying glass, the vagus nerve trunk is about 3 cm. The left subclavian parallel skin pattern was slightly curved 4 cm separated into the surface of the pectoralis major fascia, and the skin capsule was made to open the neck and chest tunnel. The fixed electrode was carefully wrapped, the stimulating electrode was placed around the vagus nerve, and both were fixed on the carotid sheath and neck muscle respectively. The wire was maintained with a certain degree of slack through two U-shaped sputum to prevent the wire from falling off during neck movement. On the pulse generator, we tested that the wire impedance was not greater than 1, and the minimum stimulation parameter was turned on during surgery. We checked for no bleeding, correct equipment, and that the slits are in turn.
The pulse generator was turned on during the operation. The initial output current was set to 0.25 mA, signal frequency 30 Hz, pulse width 250 ms, signal start time 30 s, and signal off time 5 min. The patient feels that before or during the attack, and magnetism can be used to enhance the stimulation. The magnet output current is 0.5 mA, the start-up time is 60 s, and the pulse width is 500 ms.

Follow-up
The instrument parameters, drug types, and drug dose adjustments were completed by the specialists of the epilepsy center of the hospital, and the patients were followed up once every 3 mo. Patients and their families recorded the epilepsy diary in detail. The specialists recorded the seizure, medication, and malnutrition at 1 mo postoperatively, 3 mo postoperatively, 6 mo postoperatively, 9 mo postoperatively, and 12 mo postoperatively. Reaction, etc., was recorded in the epilepsy diary. The follow-up time of this group of children was more than 3 mo.

Efficacy evaluation
The rate of seizure reduction = (baseline frequency - postoperative frequency) / baseline frequency. The mean frequency of episodes (times/mo) 3 mo before treatment was the baseline frequency, and the mean frequency of episodes (times/mo) during follow-up was the postoperative frequency. The effective rate was the percentage of patients with a reduction rate of ≥ 50% of the total number of people. The McHugh efficacy grades were as follows: Grade I, seizure frequency reduction ≥ 80%; grade II, seizure frequency reduced by 50% to 79%; grade III, seizure frequency decreased by < 50%; grade IV, benefit only when using magnets; grade V, no improvement.

Statistical analysis
Adverse events, treatment measures and outcomes were recorded during the study. All data were analyzed using SPSS 19.0 statistical software. The 2 test was used to compare the rates between different groups. P < 0.05 was considered statistically significant.

RESULTS
A total of 213 children (34 cases of G111 type and 179 cases of G112 type) with refractory epilepsy who were treated with Tsinghua Pinchi VNS in our hospital from January 2017 to June 2019 were included in this study. The ages of the patients ranged from 7 mo to 15-years-old, with 75% of the children aged younger than 3-years-old. The average type of medication before surgery was 2.8. Most children had mental retardation. The average attack reduction rate in the follow-up time of postoperative 3 mo, 6 mo, 12 mo, 18 mo, and 24 mo was 30.2%, 49.5%, 56.3%, 59.4%, and 63.2% (Figure 1). The response rate was 21.8%, 62.5%, 57.1%, 69.2%, and 70.7% (Figure 2). 
According to the McHugh classification, the chi-square test of the five efficacy grades showed P < 0.05. The comparison between the 3-mo follow-up and the 6-mo follow-up was significant (P < 0.05), and the comparison between the 6-mo follow-up and the 24-mo follow-up was significant (P > 0.05). It showed that the curative effect gradually improved with time. The curative effect was significantly better at 6 mo after surgery than at 3 mo after surgery. Although there was an improvement in 24 mo after surgery compared with 6 mo after surgery, there was no statistical difference (Figure 3). A larger sample size may still be needed. 
There were a few surgical complications. One of the 213 patients had a subcutaneous hematoma after implantation of the electrode generator after operation. The hematoma was absorbed after compression dressing, which did not cause other adverse reactions. One patient had the stimulator removed due to an infection. Some patients had a hoarse voice and symptoms of dysphagia after starting up, but the symptoms disappeared after 1 wk.

DISCUSSION
The essence of epilepsy is in the abnormal activity of the intracranial neural network caused by the excessively synchronized discharge of neurons. The specific mechanism of IVNS currently remains unclear. Antiepileptic effects are generally believed to be exerted by causing synchronization or desynchronization of brain electrical activity, long-term changes in neurotransmitter concentration, and redistribution of cerebral blood flow. In addition, the brain network topology of epileptic seizures deviates from normal anatomy, and vagus nerve stimulation can promote brain network structure reconstruction and inhibit seizures[11].
In recent years, the treatment of IVNS in children with refractory epilepsy has gradually increased[12]. Morris reported that 55% of children with refractory epilepsy had a reduction rate of more than 50% after IVNS[13]. A retrospective cohort study by Fernandez et al[14] showed that the number of epileptic seizures decreased in children 1 yr after IVNS, but the overall number of episodes was not significantly reduced. Majkowska-Zwolińska et al[15] and other studies suggested that IVNS can significantly reduce the sudden death due to epilepsy.
In this study, the average rate of seizure reduction was 66.6% 12 mo after surgery, and the effective rate was 77.8%, indicating that IVNS was effective in treating refractory epilepsy and could reduce seizures by more than half in 70% of patients.
IVNS reduces the frequency of seizures and gradually increases the therapeutic effect by prolonging the treatment time. After 2 years of follow-up of 347 children with refractory epilepsy, Orosz et al[16] found that patients with a seizure reduction rate greater than 50% accounted for 32.5%, 37.6%, and 43.8% at 6 mo, 12 mo, and 24 mo, respectively. However, Galbarriatu et al[12] believed that from 3 mo after surgery to 15 years after surgery, the average rate of reduction in patients was maintained at 30% to 32%, and the rate of reduction of seizures was greater than 50%, which accounted for 34.48%. They found that there was no significant increase in the therapeutic effect as the treatment time for IVNS was prolonged. In this study, the average rate of reduction in seizure episodes gradually increased from 8.8% 1 mo postoperatively to 56.6% 12 mo postoperatively, and the effective rate increased from 20% to 78%, suggesting that the efficacy of refractory epilepsy with IVNS treatment in children has a cumulative effect as the treatment time is prolonged.
The McHugh classification is an important criterion for evaluating postoperative outcomes in patients with epilepsy. Meng et al[17] performed a McHugh classification of 94 patients with refractory epilepsy after 6 years of IVNS. Grade I patients accounted for 35.5%, and 11 patients accounted for 28.7%, of whom 8.5% were completely seizure free. In this study, the proportion of McHugh grade I patients increased from 6.7% 1 mo postoperatively to 44.4% 12 mo postoperatively. The proportion of McHugh grade II patients gradually increased from 13.3% to 33.3%. The proportion of grade V patients gradually decreased from 46.7% to 11.1%, which is consistent with literature reports.
The treatment and prognosis of refractory epilepsy in children are influenced by the type of seizure and epilepsy syndrome. Kossoff et al[18] found that the onset of dystonia had the best response to IVNS followed by tonic attack. Cersósimo et al[19] found that IVNS resulted in better seizure control in patients with LG syndrome (30 patients), and the average rate of seizure reduction was greater than 55%.
In this study, the mean rate of seizure reduction in patients with LG syndrome was 55.1% 6 mo postoperatively. The mean rate of seizure reduction in patients with West syndrome increased significantly with treatment duration at 12 mo postoperatively; it reached 83.3%. The study also found that IVNS had a good effect on occipital lobe epilepsy, and the rate of seizure reduction was 56.0% 3 mo after surgery. There was no significant change in the frequency of seizures in patients with Otahara syndrome, but the onset time was obviously shortened.
In our study, one of 32 patients had a subcutaneous hematoma at the location of the implanted electrode generator postoperatively, and the hematoma was absorbed after compression dressing without causing other adverse reactions. No postoperative surgical superficial or deep incision infection occurred in any of the patients. Some patients showed short-term hoarseness and dysphagia after the machine was turned on. After 1 wk, the symptoms disappeared, and there was no long-term discomfort. At present, the majority of studies[20] reported that the IVNS infection rate is approximately 0% to 8%, and the infection rate of children is significantly higher than that of adult patients. The rate of vagus nerve injury is approximately 4%. The proportion of short-term neurological impairment in children with epilepsy craniotomy is 14%.
Compared with our case, the proportion of children of a younger age was more than 80%, and the proportion of infection and nerve damage was far lower than that reported in the literature. The reason may lie in the advantages of multidisciplinary cooperation of functional neurosurgery combined with head and neck surgeons to carry out the operation. Also, the use of diluted iodophor saline in the operation reduces the occurrence of surgical complications.
The results of this study are consistent with literature reports. The limitation is that the sample size is small, and the follow-up time is short, which can only explain the initial efficacy. There is a certain bias, and randomized, double-blind studies are needed to further confirm the efficacy of IVNS.
This article is the largest single-center vagal stimulator reported to date for the treatment of childhood epilepsy. This article analyzed the clinical efficacy of this group of cases in detail, summarized the occurrence of complications, and provided detailed information. This article has practical value in promoting the application of vagus audit stimulator in children.

CONCLUSION
IVNS is effective and safe for the treatment of refractory epilepsy in children. The curative effect has a cumulative effect. Children with epilepsy syndrome, such as infantile spasms, have a good response to IVNS treatment, which is safe.

ARTICLE HIGHLIGHTS
Research background
Epilepsy is a chronic neurological disease characterized by excessive discharge of brain neurons caused by various etiologies. Implant vagus nerve stimulation (IVNS) is a pulse signal generated by the generator that increases the impulse of the vagus nerve on one side of the neck and inhibits the abnormality synchronized discharge of the brain neuron network and terminates or attenuates the seizure.

Research motivation
This study will provide a preliminary analysis of the safety and efficacy of IVNS in the treatment of refractory epilepsy in children.

Research objectives
IVNS is an adjunctive treatment for intractable epilepsy where patients are not suitable for resective surgery. This research was designed to identify the safety and efficacy of vagus nerve stimulation in child intractable epilepsy and analyze the effects on different epilepsy syndromes.

Research methods
Eligible children with intractable epilepsy were admitted to the research. We collected data from preoperative assessments as the baseline. During the follow-up time, we recorded the process of seizures (frequency, duration, and seizure type), the changes of drugs or parameters, the complications, etc. We chose the mean reduction rate of seizures, response rate, and McHugh scale as the indictors.

Research results
IVNS is effective and safe for the treatment of refractory epilepsy in children. The curative effect has a cumulative effect. Children with epilepsy syndrome, such as infantile spasms, have a good response to IVNS treatment, which is safe.

Research conclusions
Vagus nerve stimulation is safe and effective in child intractable epilepsy, and the seizure reduction occurs in a time-dependent manner. Moreover, patients with West syndrome may get the most benefits.

Research perspectives
IVNS is effective and safe for the treatment of refractory epilepsy in children, and the curative effect has a cumulative effect. More extensive cases should be selected for case-control studies.
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Figure Legends
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Figure 1 Average attack reduction rate.
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Figure 2 Probability of treatment.
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Figure 3 McHugh classification.
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