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Background: Evidence-based data on treatment of neonatal status epilepticus (SE) are scarce. We aimed to collect data on the efficacy and safety of ketamine for the treatment of neonatal SE and to assess its possible role in the treatment of neonatal SE.



Methods: We described a novel case and conducted a systematic literature review on neonatal SE treated with ketamine. The search was carried out in Pubmed, Cochrane, Clinical Trial Gov, Scopus and Web of Science.



Results: Seven published cases of neonatal SE treated with ketamine were identified and analyzed together with our novel case. Seizures typically presented during the first 24 h of life (6/8). Seizures were resistant to a mean of five antiseizure medications. Ketamine, a NMDA receptor antagonist, appeared to be safe and effective in all neonates treated. Neurologic sequelae including hypotonia and spasticity were reported for 4/5 of the surviving children (5/8). 3/5 of them were seizure free at 1–17 months of life.



Discussion: Neonatal brain is more susceptible to seizures due to a shift towards increased excitation because of a paradoxical excitatory effect of GABA, a greater density of NMDA receptors and higher extracellular concentrations of glutamate. Status epilepticus and neonatal encephalopathy could further enhance these mechanisms, providing a rationale for the use of ketamine in this setting.



Conclusions: Ketamine in the treatment of neonatal SE showed a promising efficacy and safety profile. However, further in-depth studies and clinical trials on larger populations are needed.
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Introduction

Status epilepticus (SE) is defined as a condition resulting either from the failure of the mechanisms responsible for seizure termination or from the initiation of mechanisms which lead to abnormally prolonged seizures (after time point t1, which in the case of convulsive SE is at 5 min). SE can have long-term consequences (after time point t2, that for convulsive SE is after 30 min), including neuronal death, neuronal injury, and alteration of neuronal networks, depending on seizure type and duration (1). Status epilepticus that persists despite administration of at least 2 appropriately dosed antiseizure medications including a benzodiazepine is referred to as refractory status epilepticus (RSE) (2).

The definition of SE used in adults is only partially applicable to neonates; a widely accepted definition describes neonatal SE as a seizure lasting thirty minutes or a series of seizures whose total duration exceeds 50% of electroencephalography (EEG) record (3, 4). Neonatal seizures are a common emergency with an incidence that ranges between 0.95–3.5/1,000 for term newborns and 10–130/1,000 live births for preterms (5–7). SE is reported in 8%–43% of newborns with seizures (8–10). The main aetiologies of neonatal seizures are fully described in Supplementary Table S1 (6, 11). It is debated if all neonatal seizures should be treated due to the potential side effects of antiseizure medications (ASMs). Besides, in the absence of evidence-based studies on neonatal population, numerous attempts are made to use ASMs whose efficacy has already been established in adults (12–14).

In this respect, there is increasing interest towards the use of ketamine. Little is known regarding dosing, safety, and efficacy for the treatment of neonatal SE and its use is still rare.

The aim of this study was to report the case of a newborn with hypoxic-ischemic encephalopathy (HIE) who developed a RSE successfully treated with ketamine and to review the literature, providing an up-to-date summary of the available evidence on the use of ketamine for the treatment of neonatal RSE.



Materials and methods

We described a case of RSE successfully treated with ketamine in a newborn with HIE.

We then performed a systematic literature review on the use of ketamine in neonatal status epilepticus. The search was carried out in Pubmed, Cochrane, Clinical Trial Gov, Scopus and Web of Science by two researchers (LL and JNP), up-to-date to December 2022 (Figure 1), complying with the PRISMA guidelines.
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FIGURE 1
Identification of studies.


The search terms used were (((newborn) AND (seizure)) AND (ketamine)), (((newborn) AND (status epilepticus)) AND (ketamine)), ((neonatal seizure) AND (ketamine)). We also considered clinicaltrial.gov for ongoing trials. No language restrictions were applied. The available articles were filtered manually for patients in neonatal age (≤1 month of life) with SE treated with ketamine. Demographics, clinical, diagnostic and treatment data were collected. Studies with mixed population (neonates, children and adults) without a clear division by age groups, or reviews not reporting data on new patients, were excluded. Studies in which ketamine was not used as an ASM were excluded.



Results


Case report

A male infant was born at 40 + 3/7 gestational weeks, after an uneventful pregnancy. There was no relevant family history. Labor and vaginal delivery were uncomplicated, except for meconium-stained amniotic fluid. Birth weight, head circumference and length were all appropriate for gestational age. At birth, he was hypotonic, without spontaneous respiratory activity. Heart rate was stably >100 beats per minute. T-piece ventilation was immediately started followed by nasotracheal intubation at 10 min of life, with subsequent rapid improvement of activity and tone. At 19 min of life the newborn was extubated, showing good spontaneous respiratory activity and blood saturation values. Apgar scores were 6, 7, 7 and 8 at 1′, 5′, 10′ and 15′, respectively. Venous cord blood pH was 7.30, pCO2 31.3 mmHg and base deficit of −11.8 mmol/L. At 1 h of life, arterial blood gas analysis showed metabolic acidosis (pH 7.03, HCO3 13.8 mmol/L, BE −16.9 mmol/L), but since Sarnat and Sarnat score was 0, therapeutic hypothermia was not started. At 18 h of life, the baby presented apnoeic episodes with desaturation followed by bilateral clonic jerks. He was transferred to a hub hospital, where continuous electroencephalography (EEG) recording revealed multifocal seizures. At 36 h of life cerebral magnetic resonance imaging (MRI) showed abnormal diffusion restriction in fronto-temporal-parietal cortical/subcortical regions and thalamus bilaterally. Metabolic and genetic (array-comparative genomic hybridization (aCGH) and epilepsy comprehensive panel were performed) aetiologies were investigated and excluded. The boy soon developed a refractory status epilepticus (RSE): seizures were resistant to phenobarbital (max dose 40 mg/kg/die), levetiracetam (70 mg/kg/die), phenytoin (10 mg/kg/die), midazolam (1 mg/kg/h), lidocaine (7 mg/kg/h, for 36 h) and vitamin B6 (100 mg/kg bolus, then 15 mg/kg/die). Thiopental (5 mg/kg/h) made it possible to control clinical epileptic seizures, with persistence of electrical seizures. At the age of 8 days, he was referred to our neonatal intensive care unit. With informed consent, he was started on ketamine at 10 mcg/kg/min, with continued EEG and vital signs monitoring. Ketamine was titrated up to 100 mcg/kg/min in order to control the electro-clinical seizures. It was therefore possible to gradually discontinue all other ASMs and sedative drugs. Ketamine was administered for a total of 8 days. No side effects were reported. At 2 weeks of life, cerebral MRI showed diffuse white matter oedema with concomitant bilateral necrotic evolution of previously found lesions. Proton spectroscopy study of the right nucleocapsular region showed an elevated lactate peak consistent with hypoxic-ischemic injury.

Due to severe neurological impairment, extensive brain damage and absence of spontaneous respiratory activity, a palliative care pathway was started in agreement with the parents. The baby died at 23 days of life.



Literature review

The literature search yielded a total of 214 articles (Figure 1). 54 records were excluded because they were duplicates. 133 additional records were excluded after title and abstract examination: 12 studies including only adults or children older than 1 month, 99 studies not related to neonatal SE, 22 studies made on animals or in vitro. A total of 27 full-text articles were assessed for eligibility. After full-text examination, 20 more studies were excluded: 6 reviews not reporting raw data (5, 11, 15–18), 2 articles not reporting data on neonates (19, 20), 2 studies without a clear division by age groups (21, 22), 1 article in which ketamine was not mentioned (23). Ketamine was not used as ASM in 5 studies (24–28); 1 trial that was prematurely halted (29) and 2 correspondence letters (over one of the case reports already included) were excluded (30, 31). A final number of 7 studies were included (32–38), (Figure 1). The articles were analyzed and described below and in Table 1. We also considered our case report, for a total of 8 neonatal cases included. Of the neonates included, six out of eight were born at term, one was born at 34 gestational weeks (35), and in one case gestational age was not reported (32). We did not notice a gender prevalence. Six out of eight neonates were born from uncomplicated, uneventful pregnancies. In one case prenatal diagnosis of Pierre-Robin syndrome associated with lissencephaly and polymicrogyria was made. For one case data were not available (32). Perinatal history of respiratory failure and/or hypotonia was present in 6/7 cases. In one case perinatal history was not available (38). Onset of symptoms occurred during the first 24 h of life (6/8), except for two cases, whose first symptoms started within the third day of life. At clinical presentation signs and symptoms included seizures (8/8), apnoea and desaturation (6/8). EEG was performed in all cases. Burst suppression pattern was the most frequent finding at presentation (5/8), often associated with multifocal seizures (3/8).


TABLE 1 Summary of evidences.
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Phenobarbital was used as the first ASM in all except for one case that was initially treated with diazepam. In 4/8, phenytoin represented the second line treatment, usually followed by midazolam infusion or administration. In 2/8 cases levetiracetam was administered as second line treatment before phenytoin, followed by midazolam infusion as fourth line of treatment in both cases. Ketamine was chosen as second line treatment only in one case, not followed by administration of any other drugs (36), whereas it was used as the third or subsequent therapeutic line in the remaining 7/8 cases. Ketamine dosage ranged from 1.5 mcg/kg/h up to 100 mcg/kg/h and was administered for a total of 8–28 days. Ketamine was effective in cessation (7/8) or reduction (1/8) of seizures, inducing control of SE in all cases included. No acute side effects related to the use of ketamine were reported. Three neonates died at a mean age of 54±34 days of life. After initial control of seizures, in two cases it was decided to withdraw care due to the overall poor prognosis and the patients died at 37 and 103 days of life, respectively (34, 35). In one patient, status epilepticus reappeared after 15 days free of seizures (35). At follow-up (mean time 3–17 months), neurological outcomes of the remaining cases (5/8) mainly included hypotonia and poor sucking (4/5) or spasticity (3/5). In one case functional hemispherectomy led to definitive seizures cessation at 14 months of life (32). Three other cases were reported to have achieved complete seizure cessation by the age of 3–17 months (33, 37, 38). Only in one case poor control of seizures was documented (36).




Discussion

In this study we aimed to investigate the efficacy and safety profile of ketamine for the treatment of neonatal SE. As regards the general characteristics of the cases included, neonates were typically born from uncomplicated pregnancies. Despite this, in most cases perinatal history of hypotonia or respiratory failure at birth was documented, most likely due to a hypoxic injury at the moment of delivery. All patients presented with seizures, whose onset was during the first 24 h of life in 75% of cases. Children whose onset of symptoms started during the next days of life were the only ones reported to be healthy at birth. We did not notice a prevalence of pre-term neonates. Timing of presentation and the absence of clear previous risk factors are in most of included cases suggestive of neonatal encephalopathy, especially of HIE (39, 40). The gold standard for diagnosis of SE is EEG, which was performed in all cases immediately after the onset of seizures (2, 41). Recent guidelines have emphasized that EEG is required for identification, diagnosis and confirmation of neonatal seizures, including conventional EEG (cEEG) and amplitude-integrated EEG (aEEG) (2, 42). In contrast to this, with clinical observation alone only focal clonic and focal tonic seizures can be diagnosed if observed by an expert (2, 41). In most of our cases burst-suppression pattern was found, consistent with a hypoxic injury (43).

Currently, the most common first-line medication indicated for SE in the neonate is phenobarbital (14, 44–46). Accordingly, phenobarbital was used as the first ASM in 88% of cases, usually followed by the administration of phenytoin, midazolam or levetiracetam. Existing evidence suggests initiation with phenobarbital at the dosage of 20 mg/kg (3, 42). Neonates with persistence of seizures may receive an additional 20 mg/kg of phenobarbital (45). The only neonate that received ketamine as a second therapeutic line was affected by NKH, where ketamine is often used due to its antagonist action on the NMDARs, which are hyperactivated by the high levels of glycine. Glycine is a co-agonist of NMDAR, together with glutamate (23). Its excess is thought to account for the onset of seizures in neonates with NKH, but also for their long-term neurological sequelae (20, 47, 48).

In all other cases (88%), ketamine was used as a third or subsequent line of treatment. It was effective in controlling RSE in all cases included. The width of the range of ketamine doses used (1.5–100 mcg/kg/h) reflects the absence of any recommendation on this topic.

SE is particularly difficult to treat in neonates: rapid neurodevelopmental mechanisms that take place in the neonatal brain result in a lower threshold for seizures. Immature neonatal brain presents a shift in the action of gamma-aminobutyric acid (GABA) from inhibition to excitation, and a greater density of NMDAR subunits, which promote prolonged excitatory postsynaptic potentials (5, 33, 49–51). In addition to this, extracellular concentrations of glutamate are higher in neonates due to increased release and decreased reuptake at the level of the synaptic cleft (52, 53).

In neonates, the balance between excitatory and inhibitory forces can be additionally altered by cerebral insults such as HIE or prolonged SE itself. In fact, they all induce an upregulation and/or hyperactivation of NMDARs, an increase of glutamate expression, and a reduction in post-synaptic GABA receptors, further promoting the persistence of seizures (52, 54).

Ketamine is a non-competitive NMDA glutamate receptor antagonist. NMDAR is a non-specific transmembrane cation channel made of five subunits that form a ligand and voltage gated channel. Activation of NMDAR on the post-synaptic neuronal membrane induces an influx of sodium and calcium ions that in the end results in an excitatory potential. Ketamine acts on the phencyclidine binding site present within the NMDAR channel, blocking this cations influx, and exerting its NMDAR antagonist activity (55).

In the mature brain, activation of GABA determines hyperpolarization of neurons thanks to a net influx of Cl− anions, resulting in an inhibitory effect (56). In neuroblasts and immature neurons, the presence of an inwardly directed Na+-K+-Cl− co-transporter 1 (NKCC1) determines a relatively high internal Cl− concentration. Thus, GABA receptor activation results in a net efflux of anion and cell depolarization, and explains the paradoxical excitatory effects of GABA, seen in pre-term neonates (58). Progressive acquisition of NKCC2 co-transporter on neurons decreases the internal chloride concentration, restoring the inhibitory GABA activity (54, 57–59).

Moreover, persistence of seizures determines the internalization inside the cell of GABA receptors that remain pharmacologically responsive only to very high doses of neurosteroids (allopregnanolone, allotetrahydrodeoxycorticosterone) or midazolam (60).

These mechanisms could explain the reduced efficacy of GABAergic ASMs, especially in pre-term neonates. It has been highlighted that despite correct initial loading doses of standard ASMs, more than half of neonates experience continued seizures (61). Key challenges in the management of this condition surround the incomplete efficacy of ASM and the concomitant higher rate of side effects with increasing dosage of GABAergic medications. In this setting, ketamine represents a viable therapeutic option in the treatment of neonatal RSE. Given the high rate of neurological sequelae expected after neonatal SE, which in older children happen in more than 50% of cases, rapid cessation of seizures should be pursued (62, 63). After administration of ketamine, in the acute phase there was control of seizures in all cases included. However, in two cases there was recurrence of seizures (34, 35). After a mean duration of therapy of 17.2 days, no side effects were highlighted. In contrast to this latter point, high doses of GABAergic ASMs often determine acute negative cardiovascular effects, in particular hypotension. Ketamine, owing to its sympathomimetic effects, does not necessarily require mechanical ventilation or amine administration, which have been identified as negative prognostic factors both in adults and children (17, 29, 64–67). However, we suggest continuous monitoring of vital signs in association with EEG, since this allows better characterization of seizures and differentiation from non-epileptic paroxysmal events. Also, it permits prompt identification of any possible side effects that could arise during ketamine infusion(45).

At 3–17 months, it was reported good seizure control in 80% of the surviving patients; however, they presented with predominantly motor sequelae (such as hypotonia or spasticity) (32, 33, 36–38). There is no consensus over the long-term consequences of ketamine administration in neonates. Studies on adults have shown that prolonged ketamine use may lead to neuropsychiatric impairment, urologic or hepato-biliary injury (68–70). Ketamine is metabolized in the liver by the CYP3A4 system, then excreted through the kidneys and, to a lesser extent, the biliary system. Involvement of both the urinary and biliary tracts suggests that ketamine or its metabolite (norketamine) may have direct toxic effect on the urinary/biliary tract epithelium (71). Following ketamine administration in rats and nonhuman primates, upregulation of NMDARs has been observed, which after its dismissal would lead to neuronal degeneration and apoptosis (35, 72–75).

Mortality rate in neonatal SE is reported to be around 9%–24% (76, 77). In our review the overall mortality rate was 37.5%. This higher rate may be related to the small sample size of our cohort, but also to the severity of the underlying pathology of the neonates affected, as in our case report.

Limitations to this study included the very small population and the heterogeneity of data collected from the selected articles, which did not allow to perform a metanalysis. In some cases, it was not possible to ascertain the raw data.



Conclusions

To the best of our knowledge this is the first systematic review on the use of ketamine for the treatment of neonatal SE. Evidence suggests that ketamine could be used as third line treatment, due to its pharmacodynamic, different from the most used GABA-ergic ASM.

Despite the above-mentioned limitations, ketamine showed a promising efficacy and safety profile. Rationale for its use in this setting finds confirmation both in pharmacodynamics mechanisms and in the peculiar anatomic-functional characteristics of neonatal brain. Given the pathophysiology of the immature brain, its efficacy could be even higher in newborns, highlighting its possible role in terms of precision medicine for the treatment of neonatal SE. However, our study is limited by a knowledge gap in the long-term outcomes of ketamine administration in neonates, that yet needs to be properly assessed in randomized clinical trials and larger studies.
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