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Abstract
Epilepsy is a prevalent neurological disorder in children, with approximately 0.5% of the pediatric population affected worldwide. Despite the widespread use of antiepileptic drugs (AEDs), around 30% of children with epilepsy experience inadequate seizure control, prompting the exploration of alternative treatment options. The ketogenic diet (KD), a high-fat, low-carbohydrate dietary regimen, has emerged as an effective non-pharmacological treatment, particularly for drug-resistant epilepsy (DRE) in children. This review examines the clinical application, efficacy, molecular mechanisms, and potential challenges of the KD in pediatric epilepsy management. Various KD variants, including the classical KD, Modified Atkins Diet (MAD), Medium-Chain Triglyceride (MCT) diet, and Low Glycemic Index Treatment (LGIT), offer tailored approaches for different patient needs. The KD’s anticonvulsant effects are attributed to multiple mechanisms, including modulation of neuronal excitability, neurotransmitter balance, mitochondrial function, and neuroinflammation reduction. Despite its therapeutic potential, the KD requires careful monitoring due to potential adverse effects, such as gastrointestinal disturbances, metabolic acidosis, and nutrient deficiencies. The diet’s restrictive nature can also pose adherence challenges, with social and emotional implications for patients and families. The ongoing development of personalized treatment strategies, including genomic and metabolomic profiling, offers promising directions for optimizing KD therapy in epilepsy management.
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Introduction
Epilepsy is one of the most common neurological disorders in children, affecting nearly 0.5% of children worldwide1. It is characterized by recurrent, unprovoked seizures that significantly impact quality of life and development2. While antiepileptic drugs (AEDs) are the primary treatment, over 30% of pediatric patients with epilepsy fail to achieve adequate seizure control with medications alone.3 This unmet clinical need underscores the importance of exploring alternative therapeutic strategies.
The ketogenic diet (KD) has emerged as a nonpharmacological treatment for epilepsy, particularly in children with drug-resistant forms of the disease.4 The KD is a high-fat, low-carbohydrate dietary therapy that induces a state of ketosis by shifting the body’s energy metabolism from carbohydrates to fats. Originating in the 1920s as a fasting-mimicking intervention, the KD gained prominence due to its efficacy in seizure control.5 The KD has proven particularly effective in managing epilepsy syndromes such as Dravet syndrome and Lennox-Gastaut syndrome.6 Despite its established clinical utility, the precise mechanisms underlying the diet’s anticonvulsant effects remain incompletely understood. However, recent advances in molecular research have provided insights into potential pathways, including modulation of neuronal excitability, neurotransmitter balance, and reduction of neuroinflammation7.
This review aims to provide a comprehensive analysis of the KD’s application in pediatric epilepsy, particularly its efficacy, mechanisms of action, and clinical relevance, while also addressing challenges and future directions.

Methods
A comprehensive literature review was conducted using PubMed to examine the therapeutic applications of the ketogenic diet (KD) in pediatric epilepsy. The search included all available studies without specific time restrictions, employing the following keywords: "ketogenic diet," "pediatric epilepsy," "drug-resistant epilepsy," "clinical efficacy of KD," "mechanisms of KD," and "dietary therapies for epilepsy."
Inclusion criteria encompassed peer-reviewed articles, systematic reviews, randomized controlled trials, and clinical guidelines that addressed the efficacy, molecular mechanisms, safety, and adherence challenges associated with the KD. Studies that focused on the classical KD, Modified Atkins Diet (MAD), Medium-Chain Triglyceride (MCT) diet, and Low Glycemic Index Treatment (LGIT) were included to ensure a broad assessment of available dietary approaches. Excluded from the review were studies with small sample sizes, case reports, and articles that did not specifically address KD interventions in pediatric epilepsy. 
Data were extracted on seizure reduction rates, metabolic effects, potential side effects, and patient adherence. Additionally, research on the molecular and neurophysiological mechanisms of KD, including its impact on neuronal excitability, neurotransmitter modulation, and mitochondrial function, was analyzed. The role of patient-specific factors, including genetic predispositions, in determining KD efficacy was also examined.


Types of Ketogenic Diets
The classical KD consists of a strict 4:1 or 3:1 ratio of fats to combined carbohydrates and proteins, and remains the gold standard. This formulation prioritizes long-chain triglycerides to achieve a robust state of ketosis. However, due to its rigidity, the classical KD is often challenging to implement, particularly in pediatric populations.8
Variations include the Modified Atkins Diet (MAD), which allows for higher protein and carbohydrate intake, providing a more flexible option without compromising efficacy9. The Medium-Chain Triglyceride (MCT) diet uses fats derived from MCTs, enabling a higher intake of carbohydrates due to the rapid metabolism of MCTs into ketones. Another option is the Low Glycemic Index Treatment (LGIT), emphasizing carbohydrates with a glycemic index <50 to achieve ketosis with minimal dietary rigidity.10 Each variant offers unique benefits and trade-offs, tailored to patient-specific needs and lifestyle constraints.
Ketosis, the metabolic hallmark of the KD, occurs when carbohydrate intake is restricted to less than 20-50 grams per day, depending on the dietary variant. This reduction will induce the body to shift its primary energy source from glucose to fats, resulting in the production of ketone bodies such as β-hydroxybutyrate and acetoacetate. Typical KD regimens comprise 70-90% fats, 5-10% proteins, and 5-10% carbohydrates. This macronutrient distribution must be meticulously calibrated to maintain ketosis while ensuring adequate nutrition. Adequate micronutrient supplementation is critical in the KD, as the diet’s restrictive nature can lead to deficiencies in vitamins and minerals such as calcium, magnesium, selenium, and vitamin D. Regular monitoring of blood lipid profiles, liver enzymes, and renal function is essential to mitigate potential complications, including hyperlipidemia, nephrolithiasis, and metabolic acidosis.
A review article considering randomised controlled trials of 472 children with DRE showed that the greatest improvement occurred in patients following a KD with a ketogenic ratio of 2.5/3:1 and the optimal time to initiate KD being before the age of two years11.

Practical Considerations in Pediatric Applications
The initiation of the KD in pediatric patients requires careful planning and interdisciplinary collaboration. Pre-treatment evaluations should include metabolic and genetic testing to identify contraindications, such as fatty acid oxidation disorders, pyruvate carboxylase deficiency, carnitine deficiency, or porphyria.4 Pre-diet evaluation should also include screening for complicating factors, such as presence of kidney stones, dyslipidemia, liver disease, failure to thrive, gastroesophageal reflux, poor oral intake, constipation, cardiomyopathy, and chronic metabolic acidosis.4 In addition, before starting the KD, all current medications should be reviewed to determine carbohydrate content.
Hospitalization is often recommended during the initial phase to monitor for adverse effects and ensure proper implementation. Close collaboration between dietitians, neurologists, and caregivers is vital for long-term adherence, as maintaining ketosis requires meticulous tracking of dietary intake and ongoing support.
Beyond medical assessments, psychosocial factors must be considered before starting the KD. Families need comprehensive education on the requirements of the diet, including strict adherence to food intake restrictions, the necessity of avoiding carbohydrates, the need for vitamin and mineral supplementation, and awareness of potential adverse effects. Caregivers should also be informed about challenges such as nausea, vomiting, behavioral changes, and medical complications that may arise, and how to manage these difficulties effectively. Behavioral and personality traits of the child that could hinder diet adherence should be evaluated, along with any food allergies, intolerances, and cultural or religious dietary restrictions that must be incorporated into meal planning. It is also essential to establish realistic expectations regarding the effectiveness of the KD, as some families anticipate not only seizure reduction but also reductions in medication use and cognitive improvements. The ketogenic team should address these expectations carefully and discuss the recommended minimum trial period of three months to allow for potential benefits to manifest. For an overview of the pre-diet evaluation and counselling, we recommend Kossoff et al4.
The timing of seizure onset and patient age are significant factors in predicting the effectiveness of dietary interventions in managing genetic epileptic syndromes, with younger children and children with a later onset of their first seizure responding more favorably to the KD.12 In the non-genetic subgroup, lower baseline seizure frequency increases the likelihood of seizure freedom post-KD.13 Early KD intervention is crucial for channelopathies, especially SCN1A variants.13
Seizure Control Efficacy
Numerous randomized controlled trials (RCTs) have validated the efficacy of the KD in reducing seizure frequency and severity in pediatric epilepsy. A 2006 meta-analysis encompassing 19 observational studies with 1,084 patients revealed that after six months on the KD, approximately 60% of children experienced a seizure reduction greater than 50%, and 30% had a reduction exceeding 90%14. Another review of RCTs considered seven publications including a total of 472 children and adolescents with refractory epilepsy and reported a seizure reduction of 50% in 35-56.1% of the participants in the KD group compared with 6-18.2% in the control group.15 A more recent meta-analysis of randomized controlled trials demonstrated that children on the KD were 5.6 times more likely to achieve a 50% reduction in seizures compared to controls within three months16. Another systematic review of 8 studies (1330 patients) found that a ketogenic diet resulted in seizure resolution in 54% of children with refractory epilepsy, with 17% becoming seizure-free after one month, highlighting its efficacy in treating epilepsy in infants17. A recent systematic review of randomized controlled trials conducted in several countries found that in the KD intervention for 3–4 months, patients achieved significant decreases in baseline seizures, some studies reporting a seizure reduction by >50% and >90%, and in some case, seizure freedom.18
A phase 4, open-label, multicentre RCT in 136 infants aged 1-24 months with drug-resistant epilepsy found that the KD did not differ in efficacy and tolerability to a further antiseizure medication.19
Certain epilepsy subtypes show better responsiveness to KD. The KD is recognized as the treatment of choice for glucose transporter type 1 (Glut1) deficiency syndrome and pyruvate dehydrogenase deficiency (PDHD), as it supplies ketones as an alternative energy source, bypassing the metabolic defects inherent in these conditions. In refractory epileptic encephalopathies, including West syndrome and epilepsy with myoclonic-atonic seizures, KD serves as a critical adjunct to pharmacotherapy. Dravet syndrome, a severe form of epilepsy characterized by prolonged febrile seizures, responds well to dietary intervention, with many patients achieving meaningful seizure control. Similarly, Lennox-Gastaut syndrome, which involves multiple seizure types and cognitive impairment, has shown substantial improvements with KD therapy.6,20,21 A multi-center study of 77 pediatric patients with genetic epilepsy syndromes found a 71.4% favorable response to the ketogenic diet, with children with specific genetic epilepsy syndromes, such as Lennox-Gastaut, Dravet, and West syndromes showing particularly favorable responses to KD.12 In addition, a recent review demonstrated that KD can effectively reduce seizure frequency and improve cognition in infants with Infantile Epileptic Spasm Syndrome (IESS).22
An RCT reported that the LGIT has superior efficacy when used in conjunction with ongoing antiseizure medications, compared to antiseizure medication alone.23
These studies underscore the KD's significant potential in reducing seizure frequency among pediatric patients with refractory epilepsy.
The ketogenic diet (KD) has been shown to not only reduce seizures but also positively influence behavior and cognitive functions, thereby enhancing the quality of life for affected children. Studies have reported improvements in mood, sustained attention, and social interactions among pediatric patients with refractory epilepsy undergoing KD therapy. For instance, an RCT observed that children and adolescents treated with the KD exhibited lower levels of anxious and mood-disturbed behavior, and had higher cognitive improvements than children in the control group.24 Additionally, research indicates that the KD can improve sleep patterns and cognitive functions.25 These findings suggest that the KD's benefits extend beyond seizure control, offering broader neuropsychological advantages for children with epilepsy.
Molecular Mechanisms of Ketone-Mediated Seizure Control
The underlying mechanisms of how the KD is clinically effective in seizure control are still not completely understood 7,26. It is likely that multiple mechanisms act in combination or in parallel to produce anti-seizure effects. Potential mechanisms include those that alter neuronal excitability at the synapse, and those that confer neuroprotection.27
A primary mechanism involves the modulation of neuronal excitability via ATP-sensitive potassium (KATP) channels.27,28 The KD leads to a reduction in glycolytic flux and an increase in fatty acid oxidation, resulting in decreased intracellular ATP levels. This decline in ATP triggers the opening of KATP channels, leading to neuronal hyperpolarization and decreased neuronal firing, thereby exerting an anticonvulsant effect. Additionally, the KD influences neurotransmitter dynamics by enhancing γ-aminobutyric acid (GABA) synthesis.29 The metabolism of ketone bodies increases the production of acetyl-CoA, which enters the tricarboxylic acid (TCA) cycle, consuming oxaloacetate. The reduction in oxaloacetate limits the conversion of glutamate to aspartate, resulting in increased availability of glutamate for GABA synthesis through the action of glutamic acid decarboxylase (GAD). Elevated GABA levels enhance inhibitory neurotransmission, contributing to seizure control.
Additionally, ketone bodies reduce oxidative stress by enhancing mitochondrial efficiency and reducing the production of reactive oxygen species (ROS).30 This effect is particularly beneficial in epilepsy, where oxidative stress contributes to neuronal damage and epileptogenesis. The KD also modulates inflammation, with studies showing reduced levels of pro-inflammatory cytokines such as IL-1β and TNF-α in patients on the diet. The KD also enhances mitochondrial function and biogenesis, leading to improved energy production and neuronal stability.31 By providing ketone bodies as an efficient energy substrate, the KD supports mitochondrial respiration and ATP generation, which are crucial for maintaining neuronal membrane potentials and function. 
Another significant mechanism is the elevation of adenosine levels. The KD increases ATP turnover, leading to higher extracellular adenosine concentrations. Adenosine acts on A1 receptors to inhibit excitatory neurotransmitter release and hyperpolarize neurons, providing a protective effect against seizures.7,27,32,33
Moreover, the KD induces mild oxidative and electrophilic stress, activating the NF E2-related factor 2 (Nrf2) pathway. Activation of Nrf2 leads to the upregulation of genes encoding antioxidant proteins, enhancing the brain's resistance to oxidative damage and contributing to its anticonvulsant properties.34
Research has also identified β-hydroxybutyrate, a key ketone body produced during the KD, as an endogenous inhibitor of class I histone deacetylases (HDACs). This inhibition leads to increased histone acetylation, thereby influencing gene expression associated with neuronal survival and plasticity.35
The gut-brain axis has also emerged as a critical mediator, with KD-induced changes in gut microbiota composition potentially impacting neuroinflammation and seizure susceptibility. The gut-brain axis refers to the bidirectional communication between the central nervous system and the enteric nervous system.36 Studies suggest that the KD change the microbial composition, with an increase in beneficial microbial species, such as Akkermansia Muciniphila and Lactobacillus, which generate short chain fatty acids (SCFAs) such as butyrate, acetate, propionate and valproic acid, which may contribute to the diet’s neuroprotective effects.37
Challenges and Future Directions
Short-term adverse effects of the classic KD include gastrointestinal disturbances, dehydration, dyslipidemia, hyperuricemia, infection, and metabolic acidosis, and although they are reported as manageable, they should be carefully considered alongside the risk-benefit of other treatments.18,38 Long-term adverse effects include nephrolithiasis, constipation, vitamin and mineral deficiencies, increased cholesterol, retarded growth in young children, and decreased bone mineral density. 18,38 Several laboratory values, such as glucose, albumin, total protein, fasting cholesterol and triglycerides, and serum creatinine, should be monitored initially and routinely when patients start the KD.4,6 
The frequency and severity of adverse effects from the different KDTs are reported to increase with the restrictiveness of the diet. An RCT comparing the efficacy of the MAD with the classic KD found that the MAD had advantages with respect to better tolerability and fewer serious side effects, but the classic KD had better efficacy, especially in patients under 2 years of age.39 An RCT in 158 children compared the classic KD with MAD and LGIT and found significantly less adverse events in the LGIT intervention40. Another RCT in 91 children comparing the MAD with the LGIT found fewer adverse events and higher acceptance in the LGIT intervention.41
Adhering to the ketogenic diet (KD) poses significant challenges, especially among pediatric patients and their parents.8 The diet's restrictive nature can lead to social isolation, as children may feel excluded during communal meals and cultural practices. A qualitative study exploring parental experiences highlighted that implementing the KD can impact the physical, emotional, and social well-being of both patients and their families.42 However, the same study also observed that the positive impacts of the diet were felt to outweigh any perceived risks.
To enhance compliance, less restrictive dietary approaches, such as LGIT, bave been developed. Adherence rates are higher with LGIT compared to the classical KD, suggesting it may be a more sustainable option for some patients.43 Additionally, the development of palatable ketogenic meal replacements and the use of mobile applications for dietary tracking can further support adherence.
Future research should focus on elucidating biomarkers predictive of KD efficacy to enable personalized treatment plans. Advancements in genomic and metabolomic profiling are paving the way for personalized ketogenic diet (KD) treatment plans in epilepsy. By identifying specific genetic and metabolic markers, clinicians can predict which patients are most likely to benefit from KD therapy, tailoring interventions to individual needs. Integrating KD with emerging therapies, such as neuromodulation and gene editing, holds promise for synergistic effects in managing refractory epilepsy. Additionally, gene editing approaches are being investigated to correct underlying genetic defects associated with certain epileptic syndromes, potentially improving responsiveness to KD. These personalized strategies aim to optimize therapeutic outcomes by considering the unique genetic and metabolic profiles of each patient.44,45
Conclusion
The KD has proven to be a valuable treatment option for children with drug-resistant epilepsy, particularly for those with specific genetic syndromes such as Dravet syndrome, Lennox-Gastaut syndrome, and Glut1 deficiency. While its exact mechanisms of action remain incompletely understood, advances in molecular research have shed light on potential pathways, including modulation of neuronal excitability and neuroinflammation. However, the KD's restrictive nature necessitates careful planning, monitoring, and patient-specific adjustments to ensure safety and efficacy. Despite the potential for adverse effects, the KD offers a significant alternative to pharmacological treatments, particularly when other options have failed. The growing interest in personalized medicine and the integration of genetic and metabolic profiling into treatment plans holds the potential to further optimize the KD’s effectiveness and minimize side effects. Ongoing research should continue to explore the long-term outcomes and refine the application of the KD.
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