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Abstract: Epilepsy is a chronic and debilitating neurological disorder, with a worldwide prevalence of
0.5–1% and a lifetime incidence of 1–3%. An estimated 30% of epileptic patients continue to experience
seizures throughout life, despite adequate drug therapy or surgery, with a major impact on society
and global health. In recent decades, dietary regimens have been used effectively in the treatment of
drug-resistant epilepsy, following the path of a non-pharmacological approach. The ketogenic diet
and its variants (e.g., the modified Atkins diet) have an established role in contrasting epileptogenesis
through the production of a series of cascading events induced by physiological ketosis. Other dietary
regimens, such as caloric restriction and a gluten free diet, can also exert beneficial effects on
neuroprotection and, therefore, on refractory epilepsy. The purpose of this review was to analyze
the evidence from the literature about the possible efficacy of different dietary regimens on epilepsy,
focusing on the underlying pathophysiological mechanisms, safety, and tolerability both in pediatric
and adult population. We believe that a better knowledge of the cellular and molecular biochemical
processes behind the anticonvulsant effects of alimentary therapies may lead to the development of
personalized dietary intervention protocols.

Keywords: Atkins diet; branched chain amino acids (BCAA); caloric restriction; epilepsy; gluten;
herbal remedies

1. Introduction

Epilepsy is one of the most common neurological diseases, with a worldwide prevalence of
0.5–1% and a lifetime incidence of 1–3% [1]. This chronic condition is often controlled through a
pharmacological approach; however, 30% of affected patients develop a drug–resistant epilepsy (DRE),
which is defined after the “failure of adequate trials of two tolerated and appropriately chosen and
used antiepileptic drugs schedules (whether as monotherapies or in combination) to achieve sustained
seizure freedom” [2]. Patients with DRE should resort to epilepsy surgery as last treatment option,
after trying alternative non-drug treatments, such as vagus nerve stimulation and restrictive diets [3].
The classic ketogenic diet (KD) has long been used in the treatment of refractory epilepsy in children
and adults or in patients not candidates for surgery, showing evidence of efficacy especially in the
pediatric population, although KD remains a valid therapeutic choice [4,5]. In the last 20 years,
in addition to the classic form of KD, new variants have been introduced, including the modified
Atkins diet (MAD), the low-glycemic index treatment (LGIT), and the medium-chain triglyceride diet
(MCTD) for the treatment of epilepsy and other neurological diseases [6]. The main types of KD are
represented in Table 1.
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All have shown efficacy against refractory epilepsy, maintaining a good safety and tolerability
profile. In this paper, we reviewed clinical efficacy of KD in children and adult epilepsy, safety,
and tolerability, in addition to provide special consideration when treating different age populations.

Table 1. The main types of Ketogenic diets.

Ketogenic Diets Macronutrients (% Total Daily Calories) Ketogenic Ratio

Fat Protein Carbohydrate
Classic 80–90 6–8 2–4 4:1
MAD 65 25 10 1:1
LGIT 60 20–30 10 1:0.6

MCTD 30–60 10 15–19 1:1 or 2:1

Abbreviation: MAD, modified Atkins diet; LGIT, low-glycemic index treatment; MCTD, medium-chain triglyceride
diet. References: [7–9].

2. Different Dietary Regimens Inducing Ketosis

2.1. Classic Ketogenic Diet (KD)

The classic KD was first introduced in 1921 by Wilder for treatment of epilepsy to avoid malnutrition
that occurs with prolonged fasting [10]. KD has a high fat content (80–90%), and low protein (6–8%)
and carbohydrates (2–4%), with the aim of inducing ketosis. KD mimes a fasting situation, allowing
for a limited intake of fluids and calories. In this condition, the cellular metabolism uses fatty acids
as the primary source of energy, while the hepatic catabolism determines the formation of ketone
bodies with consequent urinary ketosis [11]. The fat per protein plus carbohydrates ratio is 4:1, i.e.,
four portions of fatty acids and one of proteins and carbohydrates must be introduced with the diet.
In children who need more protein for growth, this ratio can be changed to 3.5:1 or 3:1. To achieve
this, two different approaches can be used. In the first method, the fasting patient is hospitalized
for 12–48 h, or when ketones are present in the urine to monitor the state of hydration and blood
sugar [12]. With this approach, the patient reaches ketosis faster but at the cost of greater stress [13].
Once ketosis is achieved, meals are calculated to maintain a constant KD ratio. In the second method,
hospitalization is not required and the KD ratio is gradually increased weekly from 1:1 until 4:1 [4].
According to the current literature, there is no significant difference between the two diet approaches in
the time required to achieve ketosis; therefore, it is preferable to use the second method, which does not
require fasting. Due to the reduced intake of fruit, vegetables, milk and derivatives, their integration is
necessary. Multivitamin complexes and mineral supplements should be taken daily [3].

2.2. Modified Atkins Diet (MAD)

The MAD has been used since 2003 to treat children and adults with refractory epilepsy at Johns
Hopkins Hospital, in Maryland (USA) [14,15]. It has a high fat content (65%) and a low protein (25%) and
carbohydrate (10%). The fat per protein and carbohydrate ratio is 1:1, representing a more palatable and less
restrictive variant of KD, suitable for children or patients with behavioral problems [7]. There is no limitation
in the intake of liquids, calories, and/or proteins but there is a restriction in carbohydrates, with a maximum
intake of 10–20 g/day in children and 15–20 g/day in adults [16,17]. Reduced glucose intake can cause urinary
ketosis [18]. Daily intake of multivitamin complexes and calcium carbonate supplements is recommended.
The diet can be initiated in an outpatient setting, fasting and weighing of foods are not required [17].

2.3. Low-Glycemic Index Treatment (LGIT)

The LGIT was first used for refractory epilepsy treatment in 2005 at Massachusetts General
Hospital, Boston (USA) [19]. It is a less restrictive diet, which has a high content of fat (60%), an
amount of protein greater than other diets (20–30%) and a low carbohydrate content (10%), with a low
glycemic index (GI) [7]. In this diet, meals with a glycemic index of less than 50, such as meat, dairy
products, some fruits, whole grains, and bread are allowed [8]. The fat per protein and carbohydrate
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ratio is 1:0.6. There are no limitations in the introduction of liquids and calories [20]. Compared to KD,
LGIT produces fewer ketone bodies, but it seems to be better tolerated [19,21].

2.4. Medium-Chain Triglyceride Diet (MCTD)

The MCTD was first introduced by Huttenlocher et al. [22]. In 2008, it was modified by
Neal et al. [23]. It is a very flexible diet, with a high fat content (30–60%), and low protein (10%) and
carbohydrates (15–19%). Medium-chain triglyceride (MCT) fat produces more ketones per gram than
long-chain triglyceride (LCT) fat, used in the classic KD [9]. The high ketogenic potential allows to
reduce the intake of fatty acids in favor of a greater consumption of proteins and carbohydrates, making
the diet more palatable and usable for children compared to KD [8]. Moreover, children on MCTD
tend to grow better, require fewer micronutrients, and have a significantly lower total cholesterol/high
density lipoprotein ratios compared to the classic KD [24].

3. Responders and Non-Responders to the Ketogenic Diet

In clinical practice, there are KD responders, who have a ≥50% seizure-frequency reduction, and
non-responders [25]. Specific metabolic alterations, such as type 1 glucose transporter deficiency
syndrome (GLUT1) and pyruvate dehydrogenase complex deficiency, have been reported to be
associated with a favorable response to KD [26]. Studies have shown that the efficacy of KD differs
based on specific genetic mutations in patients with developmental and epileptic encephalopathy
(DEE). Responders are patients with DEE and mutations, such as SCN1A, KCNQ2, STXBP1, or SCN2A,
while non-responders are those with CDKL5 mutations. Therefore, in this particular group of subjects,
the identification of the pathological mutation can facilitate the clinician in predicting the efficacy of
the KD response [27]. Although larger cohort studies are needed, KD is less effective in patients with
the minor allele of rs12204701 and mutation in the CDYL gene [26]. Unfortunately, other predictors of
the KD response are currently unknown. It is important to know why some individuals respond to the
diet and others do not, in order to develop more appropriate dietary approaches [25].

4. Pathophysiology of Ketogenic Diet and Epilepsy

The mechanisms involved in KD-induced seizure reduction have not yet been fully understood;
several hypotheses and theories have been formulated. Potential pathophysiological anti-seizure
mechanisms of KD are shown in Table 2 and Figure 1.

Table 2. Potential pathophysiological anti-seizure mechanisms of Ketogenic Diet.

Primary Physiological Alteration Possible Anti-Seizure Mechanisms

(1) Increase in Ketone Bodies (KB)

• Elevation of inhibitory neurotransmitters and reduction of neuronal excitability.
• Brain energy production enhancement (through upregulation of energy metabolism genes, elevation of

mitochondrial density and biogenesis, increase in energy reserves) with improvement in
neuronal homeostasis.

• Neuronal hyperpolarization by potassium channel activation (ATP-sensitive potassium (KATP) and
two-pore domain potassium (K2P) channels)

• Slow energy production provided by the KB (compared to the energy that comes from glucose) appears
to have antiepileptic effects.

(2) Increase in Polyunsaturated Fatty
Acids (PUFAs)

• Activation of peroxisome proliferator-activated receptor s (PPARs).
• Neuronal hyperpolarization by Ion channels modulation (e.g., activation of K2P channels and Na/K

ATPase, inhibition of calcium and voltage-gated sodium channels).
• Increase in uncoupling proteins (UCP) and decrease of reactive oxygen species (ROS).

(3) Protection from apoptosis and cell
death and inhibition of
pro-apoptotic factors

• Increase in calbindin.
• Inhibition of pore formation in mitochondria.
• Inhibition of pro-apoptotic factors (e.g., caspase 3).

(4) Change of intestinal microbiota • Possible increase in the seizure threshold caused by alteration of gut microbiome (e.g., elevation of some
putative bacteria, such as Akkermansia muciniphila and Parabacteroides) in mouse models and
human studies.

(5) Change of proinflammatory and
anti-inflammatory
mediators production • Reduced production of interleukin 1b and other cytokines in mouse models treated with ketogenic diet.

References: [8,28–30].
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Figure 1. Likely effect of a ketogenic diet on seizure activity; ↑ increase, ↓ decrease. Reproduced with
permission from (Ułamek-Kozioł, M.; Czuczwar, S.J.; Januszewski, S.; Pluta, R.), (Nutrients); (2019).
Reference: [31].

It has been seen that the ketone bodies (KB) and polyunsaturated fatty acids (PUFAs), which
can be enhanced under KD, may play main roles in producing anti-seizure effects [8]. During KD,
energy is produced through the fatty acids oxidation in the mitochondria with a consequent increase
in the production of acetyl-CoA. KB, such as acetoacetate and beta hydroxy butyrate, are synthesized
from acetyl-CoA mainly in the liver, and are then introduced into the bloodstream. KB are used as an
alternative source of energy instead of brain glucose in individuals on KD. When the KB arrive in the
brain, they are converted into acetyl-CoA and enter the cycle of tricarboxylic acid at the level of the
brain mitochondria, by which adenosine triphosphate (ATP) is obtained [32].

Possible antiepileptic mechanisms of action of KB include changes in neurotransmitters and
polarity of the neuronal membrane, alterations in neuronal energy metabolism, effects on neuronal
membrane ion channels, and neuroprotective action against oxidative stress [31].

According to the current literature, patients taking KD usually show an increase in inhibitory
neurotransmitters in the brain, such as gamma-aminobutyric acid (GABA), agmatine, monoamines,
galanin, and neuropeptide Y, with a decrease in the excitability of the neuronal membrane and an
augmentation of the seizure threshold [33]. Indeed, some studies show an increase in the concentration
of gamma-aminobutyric acid (GABA), the main CNS inhibitory neurotransmitter, in the cerebrospinal
fluid (CSF) of patients with KD [34]. Furthermore, during KD, there is a reduction of aspartate, which is
an inhibitor of glutamate decarboxylase; this enzyme normally catalyzes the α-ketoglutarate, which is a
precursor of GABA, with a consequent increase in the synthesis of GABA [35]. It has been hypothesized
that the low levels of aspartate induced by ketosis would support the excitatory glutamate conversion
into glutamine in astrocytes. In turn, glutamine would be incorporated by neurons and converted into
GABA, which would perform its inhibitory functions [36]. High levels of agmatine, a small inhibitory
neurotransmitter with neuroprotective properties, have been found in the hippocampus in animal
models treated with KD [32]. Monoamine neurotransmitters, including norepinephrine, dopamine,
and serotonin, also have ongoing KD changes. Adenosine A1 is increased like GABA, suggesting
greater activation of the noradrenergic nervous system and its anticonvulsant effect in KD. It seems to
act with a combined mechanism, both reducing neuronal excitation through presynaptic inhibition and
inducing neuronal hyperpolarization by postsynaptic activation potassium channels [37]. In a study
involving DRE children, a change in serotonin and dopamine levels in the CSF attributable to KD was
observed [38]. In addition, during KD a fasting condition is mimicked with a reduction of glucose levels
but also of insulin and leptin, with consequent overexpression of galanin and neuropeptide Y. The latter
have an important anticonvulsant effect thanks to the inhibition of neuronal excitability [39–41].

During KD, there is an enhancement of brain energy production. In the beginning, this may
expose pre-existing mitochondria to a greater workload, and consequently to a greater oxidative stress.
Subsequently, the KD determines an over-expression of the genes of the energy metabolism, an increase
in the mitochondrial number and biogenesis and rise in glutathione to deal with reactive oxygen
species (ROS) [42].
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Overall, greater energy production in the form of ATP and reduction of oxidative stress are
obtained, with an increase in energy reserve in the form of phosphocreatine, improvement in neuronal
homeostasis and greater resilience in stressful conditions [43,44].

ATP-sensitive potassium (KATP) channels seem to play a key role in the anticonvulsant effects of
KD [45]. During KD, the reduction of brain glucose and the changes in the ATP/ADP ratio induces
a greater opening of the KATP channels at the level of the neuronal membranes with subsequent
hyperpolarization, reduction of neuronal excitability and increase in the seizure threshold [28,46].
According to some studies, KB would increase the activation of two-pore domain potassium (K2P)
channels, allowing a continuous outflow of K ions [47,48]. Furthermore, in the course of KD there
is an increase in the synthesis of some species of fats, in particular of the PUFAs, which play
an important role for their anticonvulsant effect [49–52]. During KD, PUFAs bind and activate the
peroxisome proliferator-activated receptor gamma (PPARγ) isoform, a transcription factor that regulates
anti-inflammatory, antioxidant, and mitochondrial genes inducing greater stability of synaptic function,
reduction of neuronal excitability and increase in the energy reserve [28]. In addition, PUFAs modulate
the activity of ion channels, i.e., activate K2P channels and the Na/K ATPase and block voltage-gated
sodium and calcium channels, increasing the seizure activation threshold and reducing neuronal
excitability [28]. PUFAs also exert anticonvulsant effects indirectly, by increasing the expression of
uncoupling proteins (UCP) or reducing the production of ROS [28,53].

Over time, seizures are harmful since they can cause cell damage and even neuronal death [8,54].
KD appears to protect cells from apoptosis and cell death through increased expression of calbindin,
which binds to intracellular calcium, inhibition of various pro-apoptotic factors, such as caspase 3, and
inhibition of pore formation in mitochondria [29,55–57].

The most recent hypothesis is that changes in the intestinal microbiota, induced by KD,
have repercussions on seizures. Olson et al. highlighted how KD modifies the intestinal microbiota,
resulting in a reduction in α-diversity and an increase in some positive bacteria Akkermansia
muciniphila and Parabacteroides species. Overall, this results in a decrease in gamma-glutamyl amino
acids in the blood and an increase in GABA/glutamate in the brain [30]. KD also appears to modify
the production of pro-inflammatory cytokines. In mouse models, a reduction in peripheral and brain
production of interleukin1b was registered [58].

Although all the mechanisms involved in the reducing seizure induced by KD have not yet
been fully elucidated, it has been shown that the ketone bodies and PUFAs, which can be enhanced
under KD, may play key roles in their anti-seizure effect. By increasing inhibitory neurotransmitters,
activating of potassium channels, and enhancing the energy production of the nervous system, the KB
can enhance the brain seizure threshold. On the other hand, fatty acids and PUFAs, particularly
n–3 PUFAs, have been revealed to activate peroxisome proliferator-activated receptors (PPARs),
in particular PPARγ, leading to up-regulation of energy transcripts, enhancement of energy reserves,
and stabilization of synaptic function that eventually prevents neuronal hyperexcitability. PUFAs can
also alter ion channels activities that cause neuronal hyperpolarization.

Furthermore, upregulation of UCPs induced by PUFAs can diminish oxidative stress. In addition
to these mentioned mechanisms, KD may alleviate the seizure-induced neuronal damage through
several probable anti-apoptosis and anti-necrosis mechanisms. Overall, KD and its variants not only
can eventually limit the seizures, but also may alleviate their adverse effects on neurons through
different mechanisms.

5. Clinical Efficacy against Epilepsy

Since the introduction of KD as treatment option for refractory epilepsy in 1921, this dietary
regimen has been widely employed in patients with DRE. From the end of the last century, its efficacy
against epilepsy has been systematically assessed through several studies, both in pediatric and adult
populations. Most relevant articles on the use of the KD in pediatric refractory epilepsy and in infantile
spasms have been reported in Table 3; Table 4; these articles have been published from 1998 to 2020.
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Table 3. Most relevant articles on the use of KD (associated with AED therapy) in pediatric refractory epilepsy.

References
Type of Study Participants KD Ratio Fasting Outcomes

Follow-Up
Statistical Significance

[] (Months)

Number Age (Years) KD Group Control Group

Number SFR
>50%(n)

SFR
>50% Number SFR

>50%(n)
SFR

>50%

Vining EP, et al. 1998
[59] Observational 51 8–1 years Classic KD/4:1 Yes 45 54 28 / / / 3 p < 0.001

35 53 27 / / / 6 NA
24 40 20 / / / 12 NA

Freeman JM, et al.
1998 [60] Observational 150 0.3–16 years Classic KD/3–4:1 Yes 125 89 60 / / / 3 NA

106 77 51 / / / 6 NA
83 75 50 / / / 12 NA

Freitas A, et al. 2007
[61] Observational 54 1–12 years Classic KD/4:1 Yes 54 47 88.9 / / / 2 NA

49 44 89.4 / / / 6 Efficacy for generalized epilepsy p < 0.001
39 38 97.5 / / / 12 NA
29 29 100 / / / 24 NA

Wu YJ,
et al. 2016 [62] Observational 87 0.5–16 years Classic KD/4:1 Yes 87 47 41 / / / 1 NA

87 51 44 / / / 3 NA

87 52 45 / / / 6
Positive correlation between increased

cognition and KD efficacy after 3 months
(p = 0.003)

Neal EG,
et al. 2008 [23] RCT 145 2–16 years

Classic KD or
MCT/2–5:1 or

40−60%
No 54 20 38 49 3 6 12 p < 0.0001

El-Rashidy OF,
et al. 2013 [63] RCT 10 26 ± 0.9

mon Classic KD/4:1 NA 25 12 49.41 15 1 8.31 6 p < 0.005

Sharma S,
et al. 2013 [64] RCT 102 2–14 years MAD (carbohydrate

10 g/die) NA 50 26 52 52 6 11.5 3 p < 0.001

Sharma S,
et al. 2016 [65] RCT 81 2–14 years MAD NA 41 23 56.1 40 3 7.5 3 p < 0.0001

Lambrechts DAJE,
et al. 2017 [66] RCT 48 1–17 years prevalent MCT No 26 13 50 22 4 18.2 4 p = 0.024

Wijnen BFM,
et al. 2017 [67] RCT 48 1–18 years Classic KD or MCT NA 26 9 35 22 4 18 16 p = 0.171

Sourbron J, et al.
2020 [68]

Review-meta-analysis
5 RCTs 472 35–56.1 6–18.2 p < 0.001

Abbreviations: KD, ketogenic diet; AED, anti-epileptic drug; SFR, seizure frequency reduction; NA, not available; RCT, randomized controlled trial; MCT, medium-chain triglycerides;
MAD, modified Atkins diet.
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Table 4. Most relevant articles on the use of KD (associated with AED therapy) in infantile spasms.

References
Type of Study Participants KD Ratio Fasting Outcomes

Follow-Up Statistical
Significance[] (Months)

Number
Age

Pt on KD
SFR >50% SFR >50%

(Months) (n) (%)

Than KD,
et al. 2005 [69]

Retrospective
observational 25 NA 3–4:1 Yes 25 NA NA NA NA

Eun SH,
et al. 2006

[70]

Retrospective
observational 43 1–14 3–4:1 Yes 43 12 27,9 NA NA

35 30 85,7 3 NA
25 23 92 6 NA

Kossoff EH,
et al. 2008 [71]

Retrospective
observational 13 Median (range): 5

(2–10) 3–4:1 Yes 13 8 62 1 p = 0.06

Hong AM,
et al. 2010 [72]

Prospective
observational 104 Median: 4.8 3–4:1 Yes 86 66 63 3 NA

76 67 64 6 p = 0.84
No 53 76 73 9 NA

47 80 77 12 NA
28 80 77 24 NA

Caraballo R, et al. 2011 [73] Retrospective
observational 12 NA 3–4:1 NA 12 9 75 NA NA

Numis AL,
et al.

2011 [74]

Retrospective
observational 26 Mean ± SD: 19.5 ± 2.2 3–4:1 No 26 12 46.2 3 p = 0.02

21 11 52.4 6 p = 0.02
19 12 63.2 12 p = 0.02

Lee J,
et al. 2013 [75]

Retrospective
observational 14 NA NA NA 14 11 78,6 NA NA

Li B,
et al. 2013 [76]

Prospective
observational 31 7–84 4:01 Yes 31 21 67,74 1 NA

22 70,97 3 NA

Pires ME,
et al. 2013 [77]

Prospective
observational 17 Mean ± SD: 9.4 ± 1.1 3–4:1 No 17 15 88.2 3 NA

16 14 87.5 6 NA

Kayyali HR, et al. 2014 [78] Prospective
observational 20 4–35 3–3.5:1 No 20 14 70 3 NA

20 13 72.2 6 NA
17 13 76.5 12 NA
8 8 100 24 NA

Hirano Y,
et al. 2015

[79]

Retrospective
observational 6 9–40 3–4:1 NA 6 5 83,3 3 NA

Ville D,
et al. 2015 [80]

Retrospective
observational 23 NA 4:01 Yes 23 4 17,4 NA NA

Hussain SA, et al. 2016 [81] Retrospective
observational 22 12.5–38.7 3–4:1 No 22 7 35 3 NS

20 6 35.3 6 NS
17 2 20 12 NS

Abbreviations: KD, ketogenic diet; AED, anti-epileptic drug; SFR, seizure frequency reduction; NA, not available; NS, not significant; SD, standard deviation.
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Over the years, observational studies, randomized controlled trials, and meta-analysis have
shown that different KDs reduce seizure frequency significantly in children and adolescents with
DRE. There has been a gradual transition from a more restrictive KD ratio, i.e., that of the classic KD
equal to 4:1, to a less restrictive one, such as that of MCTD or MAD equal to approximately 1:1, with
no reduction in efficacy (Table 3). According to current scientific evidence, the KD efficacy for the
management of intractable epilepsy would be greater in the pediatric population than in the adult
population. However, the studies on adults provide dubious results, are fewer and all conducted on
small samples and, therefore, require further investigation [5].

5.1. Pediatric Population

5.1.1. Refractory Epilepsy

Evidence of KD efficacy against intractable seizures in pediatrics came from observational,
randomized control trials (RCTs) and meta-analysis. In a 2007 retrospective long-term observational
study involving children with refractory epilepsy, of the 38 patients (55%) who remained on KD at
1 year, 70% had >75% seizure frequency reduction (SFR), and 25% had 50-75% SFR, with the better
results/greater efficacy observed for generalized epilepsies [61]. In 1998, a multicenter observational
study including 51 children with DRE was carried out at tot different. At one year, approximately half
(47%) of the children were still on KD and, of these, 43% and 39% experienced >90% and 50-90% SFR,
respectively [59]. Subsequently, two other studies confirmed these positive results [60,62].

The first RCT assessing the efficacy of KD in children was conducted in 2008. It involved
145 pediatric patients aged 2–16 years with DRE, who were randomized to receive KD immediately
(KD group) or after three months, while continuing on AEDs at stable doses (control group). At three
months, KD group experienced a 75% reduction in seizure frequency compared to the control group;
additionally, 38% of patients on KD had >50% SFR and 7% had >90% SFR, showing clear benefits
for KD compared to no change in anticonvulsant treatment [23]. In 2016, two different RCTs took
place. The first involved 40 pediatric patients aged 12–36 months with symptomatic refractory epilepsy,
who were randomly divided to receive KD, to receive MAD or to continue on AEDs. At 6 months
follow-up, a SFR >50% was reported for all patients on KD, showing the superiority of ketogenic liquid
formula over MAD or anticonvulsant medications [63]. The second included 102 participants aged
2–14 with DRE and daily seizures who had not responded to three AEDs. Patients were randomly
assigned to receive MAD or to continue on AEDs over a 3-month period, reporting a >90% SFR in 30%
of patients of diet group vs. 7.7% of control group and >50% SFR in 52% of patients of diet group vs.
11.5% of control group (p < 0.001) [64]. In 2016, another RCT included 81 children aged 2–14 years
with refractory epilepsy and daily seizures who had not responded to at least two AEDs; these were
randomized to receive either the simplified MAD or no dietary intervention over 3-month period.
The proportion of patients with >50% SFR was significantly greater in the diet group compared to
the control group (56.1% vs. 7.5%) [65]. In 2017, two additional RCTs were carried out on KD efficacy
against intractable epilepsy in children: a large percentage of patients on KD reported a reduction in
severity of their worst seizure compared to control group [67].

A recent meta-analysis reviewed all evidence regarding the efficacy and tolerability of KD and
MAD from RCTs in pediatric population with intractable epilepsy. The authors identified five RCTs for
a total of 472 patients recruited. This meta-analysis confirmed the efficacy of the KD [68]. Another
recent meta-analysis comparing the short-term and long-term efficacy of classic KD and MAD in
children and adolescents with epilepsy, revealed no substantial difference between the two dietary
regimens [82].

5.1.2. Other Childhood Epilepsies

In addition to refractory epilepsy, there are specific epileptic disorders in which KD has been
employed successfully and, therefore, its use may be considered early in the treatment course. These
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conditions include Dravet Syndrome (DS), myoclonic-astatic epilepsy, infantile spasms (IS), and Febrile
Infection Related Epilepsy Syndrome (FIRES).

(1) Dravet syndrome. DS is a very severe myoclonic epilepsy in infancy. It usually emerges in the
first year of life with febrile convulsions followed by afebrile generalized seizures in the next years.
The seizures are very difficult to control and the infants develop intellectual disability. Twenty-one
studies on KD and DS have been published from 2005 to 2020. In DS, evidence about the effectiveness
of KD on controlling seizures comes mainly from retrospective observational studies [83–86]. The diet
appears to be particularly effective when used in combination with the gold standard triple therapy of
valproic acid (VPA), stiripentol (STI), and clobazam (CLB), in addition to exhibit neuroprotective effects
and to control long-lasting SE refractory to conventional AED treatment or prolonged generalized
seizures [87–90]. Basing on animal models, KD might also provide protection from sudden unexpected
death in epilepsy (SUDEP) which represents a major cause of mortality in DS patients [91].

(2) Doose Syndrome. Doose syndrome is uncommon epileptic disorder characterized by
myoclonus, generalized epilepsy, and neurological deterioration that can have infancy onset. In the
literature, there are 17 studies on KD and Doose syndrome, published from 1998 to 2019. KD is the most
frequently reported therapy for Doose syndrome and, probably, the most efficacious one, as resulted
from retrospective observational studies in which the dietary regimen led to a 50−99% SFR in more
than one third of patients and seizure freedom in 18–56%, after multiple other therapies had been tried
and failed [92–94]. Given the evidence of the benefits of the diet for the treatment of Doose syndrome,
in the 2009 the expert consensus guideline for optimal management of KD listed Doose syndrome as
one of the eight probable indications for the diet intervention [17].

(3) Infantile spasms. IS is an epileptic encephalopathy which generally occurs in children younger
than 1 year; it is characterized by clinical spasms, hypsarrhythmia found in electroencephalogram;
frequently, epileptic spasms are accompanied by developmental delay. The use of KD, in this type of
epilepsy, is one of the best assessed in many studies, in fact 59 articles have been published from 1975
to 2020. For a long time, KD was not recommended in infancy (under the age of 2 years) because of the
specific nutritional requirements typical of this period of life. Anyway, KD is highly effective and well
tolerated in infants with epilepsy, with a high rate of seizure freedom ad optimal adherence to the
diet therapy. Over the last decade, KD has gained popularity as treatment option for IS. Its efficacy as
adjunctive therapy for patients with IS was investigated in a recent systematic review including nine
retrospective and four prospective trials. The authors found a spasm reduction >50% in a median rate
of 64.7% of patients (IQR: 38.94%), and a median spasm-free rate of 34.61% (IQR: 37.94%), suggesting a
potential benefit of KD for drug-resistant IS patients [95]. In a recent RCT, a total of 32 infants with IS
were randomized to receive KD or high-dose adrenocorticotropic hormone (ACTH) treatment. KD
resulted to be as effective as ACTH in the long term but better tolerated. In patients without prior VGB
treatment, ACTH was more effective in achieving short-term remission. However, with prior VGB,
KD was equally effective as ACTH in the short term [96]. These findings may lead to consider KD at
an earlier stage in the management of IS.

(4) Febrile infection related epilepsy syndrome. FIRES is a rare catastrophic epileptic
encephalopathy, characterized by acute onset of recurrent seizures or refractory status epilepticus
(SE) preceding febrile illness, in absence of infectious encephalitis; often mental retardation is present.
According to some anecdotal reports, i.e., 11 studies published from 2010 to 2020, KD has also shown
some efficacy in FIRES [97–99]. FIRES is associate with a bad prognosis since available treatments
are poorly effective. KD, thanks to its anti-inflammatory properties, may be of great impact in the
treatment of FIRES, not only during the acute phase but also in long-term epilepsy management [100].
Moreover, KD seems to exert a positive effect on cognitive outcome and should, therefore, be considered
precociously in the course of treatment, as first-line agent [101]. In a recent retrospective observational
study, seven patients with FIRES and super-refractory status epilepticus (SRSE) were put on KD. Within
5 days from KD initiation, all patients experienced SE cessation, reduction in the number of seizures
per day, and shortening of seizure duration [102].
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(5) Myoclonic status in non-progressive encephalopathy. Myoclonic status in non-progressive
encephalopathy (MSNPE) has the following features: recurrence of long-lasting atypical status
epilepticus associated with attention impairment, continuous polymorphous jerks, and/or other
complex abnormal movements; the patients show a non-progressive encephalopathy. KD may have
possible beneficial effects also in the treatment of MSNPE, as emerged from a small retrospective
study. Six out of 99 patients with MSNPE were placed on KD and followed up for at least 24 months,
with most of them (5/6) showing >50% SFR and disappearance of myoclonic SE within 6 months from
diet initiation [103].

5.2. Adult Population

In recent years, interest in KD as valuable treatment option for refractory epilepsy has spread
from pediatrics to adults; this patient population may also benefit from KD, although only a few trials
have been published so far. A 2017 meta-analysis included 16 open-label prospective studies for a total
of 338 patients aged 16–86 years with DRE treated with KD and its variants. The analysis provided
good evidence of efficacy, with 13% of subjects becoming seizure free and 53% showing >50% SFR;
in addition, the dietary treatment was found to be well-tolerated and to have acceptable side effects,
despite some limitations of the study [104]. For example, the fact that only patients who completed the
trials (probably those who had a better response) were included in the analysis; the small sample size,
and the presence of several methodological differences among the trials considered. Further research is
required to investigate the therapeutic effects of KD in adulthood, focusing on different seizure types,
on which type of diet or ratio is more effective in epilepsy treatment.

6. Tolerability

The use of KD in drug resistant childhood epilepsy brings many benefits in terms of seizure
control and reduction of the number of AEDs; however, this dietary therapy is not as safe as the
ordinary diet, potentially leading to different adverse events (AEs). On the other hand, KD seems not
to have any negative effect on cognition or behavior. All these considerations should be made when
choosing the most appropriate antiepileptic treatment to be proposed to pediatric patients.

In particular, classical KD is often associated with short-term AEs in both the induction and
maintenance phases, although they are generally well tolerated and do not require treatment
discontinuation. Unfortunately, the ingestion of solid foods versus liquid formula and the restrictive
KD ratio appear to play a key role in reducing therapeutic adherence [60,88]. As evidenced by a recent
Cochrane review, based on the results of randomized or quasi-randomized clinical trials comparing
the efficacy of different KD variant, the classic KD has an efficacy slightly higher than MAD, but it is
also less tolerated due to the high number of AEs [5]. MAD is a more palatable and flexible diet that is
associated a more liberal KD ratio and fewer AEs than the classic KD and, therefore, it may be the first
dietary choice, especially in children with DRE [105]. MCTD and LGIT are also less restrictive and
more palatable diets, however further investigations are necessary to know their safety and tolerability.

6.1. General Comment

More than 40 categories of AEs have been described in association with the KD, as emerged from
a systematic review on safety and tolerability of KD for the treatment of childhood DRE including
45 studies (of which 7 RCTs) [93]. We have subdivided AEs in short and long term AEs.

6.2. Short Term Adverse Events

The most common AEs related to diet consumption were gastrointestinal disturbances (40.6%),
including constipation, vomiting, diarrhea, hunger, abdominal pain, gastroesophageal reflux, and fatty
diarrhea. Severe AEs, such as respiratory failure, thrombocytopenic purpura, and pancreatitis, were not
frequent, occurring in no more than 0.5% of treated children [106].
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6.3. Long Term Adverse Events

Among the long term AEs, we must remember the AEs on renal system: a total of 112 patients
starting the KD, six reported kidney stones (three uric acid, and three mixed calcium oxalate and uric
acid stones) during a follow-up period of 2 months−2.5 years [107]. In fact, patients maintained on KD
often have hypercalciuria, acid urine, and low urinary citrate excretion; these, in conjunction with low
fluid intake, can lead to a higher risk for ureteral stone formation.

The effect of KD on bone mineral content was assessed by using dual energy X-ray absorptiometry
in 25 children who received KD for 15 months; despite supplementation with vitamin D and calcium,
a significant decline in both whole-body and spine BMC for age, and in both whole-body and spine
BMC for height, were registered. Body mass index (BMI) Z score, age, and ambulation were found to
be positive predictors of BMC, suggesting worse BMC status for younger children and not ambulatory
subjects or with a low BMI [108].

The long-term influence of KD on blood lipid levels was specifically investigated in two studies.
In one, a significant increase in the plasma cholesterol, low-density lipoprotein, very low-density
lipoprotein, triglyceride, and total apolipoprotein B levels, and a marked decrease in the mean
high-density lipoprotein (HDL) level were reported at 6–24 months of treatment with high-fat KD [109].
In the other trial, KD therapy led to higher percentages of patients with hyperlipidemia and low
HDL [110]. In addition, the use of solid food was more likely to induce hypercholesterolemia with
respect to the formula-based KD.

As far as nutrient intake is concerned, both KD and MCT diet provide inadequate amounts of
most micronutrients without the addition of vitamin and mineral supplements. In particular, mean
plasma selenium and magnesium levels decrease in patients on dietary regimen, while phosphorus,
and folate did not meet the dietary reference intakes [111,112].

Vascular function seems to be not affected by KD, as demonstrated by two studies through the
measurement of the carotid intima-media thickness, the carotid stiffness index, and elastic properties of
the aorta in children taking dietary treatment [113,114]. On the other hand, right ventricular diastolic
dysfunction may be associated with the use of KD in the short term [115].

The impact of the KD on growth in children was evaluated in several studies. However, results
were inconsistent and controversial, due to the variation in population characteristics, diet prescriptions,
measured parameters and, mostly to different observation periods among the studies; overall, interval
>12 months were associated with a negative influence of KD on growth [106].

6.4. Deaths, Retention Rates, and Reasons for Diet Discontinuation

Reported deaths during KD treatment were due to aspiration pneumonia, diabetes mellitus,
infection diseases, arrhythmia, shock, drowning, nocturnal seizure, asphyxia related to sputum
blockage, perforated gastric ulcer after epilepsy surgery, status epilepticus, and accidental injuries.
Anyway, no death was directly attributed to the dietary regimen.

Retention rates for KD at 1 year and 2 years were approximately one half and one third, respectively,
while about 10% of children were still on the diet at 3 or 4 years. The main reason for diet discontinuation
was the lack of efficacy; while only 11% of the patients dropped out because the diet was too restrictive.
More than one-half of subjects discontinued the dietary treatment for either of these two reasons. Side
effects were responsible for KD discontinuation in less than 10% of cases and the occurrence of AEs was
even rarer in prospective studies of longer duration [106]. In the current literature, the mortality rate
associated with KD use remains unknown, as this information is based on case reports or case series.

7. Special Considerations

7.1. Exclusion Criteria of the Ketogenic Diet

KD offers a treatment option for intractable epilepsy with confirmed efficacy in both pediatric
and adult populations. Anyway, its use may not be appropriate for certain categories of patients and,
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therefore, the suitability of the diet should be carefully assessed before its prescription. Fatty acid
oxidation defects, carnitine deficiencies, organic acidurias, pyruvate carboxylase deficiency, familial
hyperlipidemia, hypoglycemia, ketogenesis/ketolysis defects, severe gastroesophageal reflux, severe
liver diseases, and disorders needing a high carbohydrate diet such as acute intermittent porphyria
represent definite contraindications and must be excluded prior to considering KD initiation.

Diabetes mellitus, certain mitochondrial diseases, and concomitant steroid use may also constitute
possible contraindications to the dietary intervention. The presence of clinical features such as
developmental delay, cardiomyopathy, hypotonia, exercise intolerance, myoglobinuria, and easy
fatigability suggest that the child should be tested to rule out an inborn error of metabolism. Thus,
a careful evaluation of the patients including neurological examination should always be performed
prior to KD administration [8]. As for obese patients, KD helps to lose weight in the short term with
possible improvement in blood glucose, insulin, and blood pressure values [116]. However, the lack of
long-term studies and the complications associated with KD, such as hypoglycemia, dehydration and
electrolyte disturbances, make it impossible to recommend its use in the prevention of cardiovascular
disease [116,117]. Further studies on sustainability, safety, efficacy, duration of KD, prognosis after
treatment discontinuation should be performed.

7.2. Variation of Ketogenic Diet Regimen per Age Group

KD is considered to be an effective and well-tolerated treatment option in all pediatric ages from
infancy to adolescence, until adulthood. However, many KD variants exist, which differ to each other
for macronutrients composition, fat to carbohydrate plus protein ratio, palatability, and management
of the diet. All these characteristics make a diet more or less suitable in the various stages of life.
There is evidence that a rigid and strict initiation protocol with carbohydrate restriction and increase
fat intake is associated with a slightly higher efficacy; anyway, other factors should be considered in
designing a diet, rather than efficacy, such as the patient condition, severity sand type of epilepsy,
in addition to family environment [31]. In this regard, infancy and neonatal age represent a target
population as “fragile” as promising for the use of KD. In a 10-year, retrospective, observational
study involving 115 infants treated with KD (70%) or MAD (30%), the authors found a high rate of
long-term seizure-free outcomes (37% of the patients at 12 months), which can be predicted based on
the seizure freedom at three months (50% of the patients) regardless of etiology (genetic, structural brain
abnormalities, and metabolic pathologies) [118]. In fact, the higher amounts of enzymes that metabolize
ketones and the production of monocarboxylic acid transporters, leading to more ketone bodies that
can cross the blood-brain barrier, are responsible for the greater efficacy of such dietary treatment
in infants. In the first year of life, ketones actively participate to myelin formation. Furthermore,
the availability of several ketogenic formulas has resulted in an increase compliance with the dietary
treatment, contributing to a wide spread of KD among infants and neonates in the last years. In this
age population, the classic type of KD appears to be more suitable and efficient.

Although the classic form is the most efficient, it appears to be also quite restrictive and
time-consuming and, therefore, not suitable in any condition. For example, in adults and adolescents,
less restrictive and more suitable KD variants, such as MAD and LGIT should be preferred, showing
comparable efficacy in older children [3].

For enterally fed infants and children, KD should be given as liquid formula, which is more
efficient and easy to administer.

8. Conclusions

The KD is an effective, relatively safe, and tolerable dietary treatment for adults and children
with refractory epilepsy. In the last decades, less restrictive and more liberal KD variants have been
developed to make the diet more feasible and palatable while reducing sides effects and making it
available for a larger group of patients. KD has a major benefit compared with standard anticonvulsant
treatment with AEDs, which is associated with long-term side effects.
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The choice of the most appropriate dietary regimen must be made on an individual basis
considering the patient’s age and conditions, family environment, epilepsy type, nutrition status of
epileptic patient, and responsiveness of epilepsy to other treatment modalities. Most prominent AEs
are related to the GI tract and may be reduced by small adjustments of the diet (e.g., fluid intake
adjustments; laxatives); the impact on growth is controversial and its negative influence may be
detected over longer periods of time. Thus, long-term follow-up is required to observe whether
temporarily altered lipid profile while on the KD may lead to higher risk of developing atherosclerosis
or cardiovascular disease later in life and to evaluate long-term growth outcomes. Children on KD
should be followed up regularly and monitored for years, even after stopping the diet.

Given the beneficial clinical results regarding efficacy and safety, neurologist should be able to
refer appropriate patients to the KD as soon as necessary instead of considering it as a last option
only. KD may be used as an adjunct treatment to AEDs in children and adults with refractory epilepsy.
However, in some metabolic diseases, such as type 1 glucose transporter and pyruvate dehydrogenase
deficiencies, and mitochondrial complex I defect, KD may be considered a first-line of treatment. About
the current limitations, the most important is the lack of data about a possible role of KD as a single
therapy for management of intractable epilepsy [119]. This dietary therapy should be offered earlier to
a child after the failure of two AEDs appropriately used.

Moreover, another gap is that, although KD is a useful treatment in various types of severe epilepsy,
we need more information about its possible use in other types [120]. Perhaps, in the next years, we will
observe a great increase of data about the physiopathological mechanisms of KD. These data could
contribute to understanding what epileptic syndromes can be treated by KD. Moreover, more reliable
data obtained from large studies about the efficacy and safety of KD will be available. Finally, the least
important gap is the few data about some specific conditions in which the KD may be particularly
effective, such as myoclonic epilepsies, including Dravet Syndrome and Doose Syndrome.

In conclusion, KD can also represent a valid option for the treatment of IS. Promising data also
come from its use in FIRES and MSNPE, although future, larger RCTs are needed to support the
initial findings.

Author Contributions: A.V. conceptualization, writing-review, editing and supervision; G.I. conceptualization
and writing-original draft; L.D.F. writing—original draft, review and editing; L.Z. writing—original draft; G.F.
conceptualization, writing-review and editing. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Michael-Titus, A.T.; Revest, P.A.; Shortland, P.J. Epilepsy. In The Nervous System, 2nd ed.; Horne, T., Stader, L.,
Eds.; Elsevier Ltd., Churchill Livingstone: London, UK, 2010; pp. 237–250. [CrossRef]

2. Kwan, P.; Arzimanoglou, A.; Berg, A.T.; Brodie, M.J.; Allen Hauser, W.; Mathem, G.; Moshé, S.L.; Perucca, E.;
Wiebe, S.; French, J. Definition of drug resistant epilepsy: Consensus proposal by the ad hoc Task Force of
the ILAE Commission on Therapeutic Strategies. Epilepsia 2010, 51, 1069–1077. [CrossRef]

3. D’Andrea Meira, I.; Romão, T.T.; Pires do Prado, H.J.; Krüger, L.T.; Pires, M.E.P.; da Conceição, P.O. Ketogenic
Diet and Epilepsy: What We Know So Far. Front. Neurosci. 2019, 13, 5. [CrossRef] [PubMed]

4. Bergqvist, A.G.C.; Schall, J.I.; Gallagher, P.R.; Cnaan, A.; Stallings, V.A. Fasting versus gradual initiation of the
ketogenic diet: A prospective, randomized clinical trial of efficacy. Epilepsia 2005, 46, 1810–1819. [CrossRef]
[PubMed]

5. Martin-McGill, K.J.; Jackson, C.F.; Bresnahan, R.; Levy, R.G.; Cooper, P.N. Ketogenic diets for drug-resistant
epilepsy. Cochrane Database Syst. Rev. 2018, 11, CD001903. [CrossRef] [PubMed]

6. Schoeler, N.E.; Cross, J.H. Ketogenic dietary therapies in adults with epilepsy: A practical guide. Pract. Neurol.
2016, 16, 208–214. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/B978-0-7020-3373-5.00024-1
http://dx.doi.org/10.1111/j.1528-1167.2009.02397.x
http://dx.doi.org/10.3389/fnins.2019.00005
http://www.ncbi.nlm.nih.gov/pubmed/30760973
http://dx.doi.org/10.1111/j.1528-1167.2005.00282.x
http://www.ncbi.nlm.nih.gov/pubmed/16302862
http://dx.doi.org/10.1002/14651858.CD001903.pub4
http://www.ncbi.nlm.nih.gov/pubmed/30403286
http://dx.doi.org/10.1136/practneurol-2015-001288
http://www.ncbi.nlm.nih.gov/pubmed/26908897


Nutrients 2020, 12, 2645 14 of 19

7. Payne, N.E.; Cross, J.H.; Sander, J.W.; Sisodiya, S.M. The ketogenic and related diets in adolescents and
adults—A review. Epilepsia 2018, 52, 1941–1948. [CrossRef] [PubMed]

8. Barzegar, M.; Afghan, M.; Tarmahi, V.; Behtari, M.; Rahimi Khamaneh, S.; Raeisi, S. Ketogenic diet: Overview,
types, and possible anti-seizure mechanisms. Nutr. Neurosci. 2019, 26, 1–10. [CrossRef]

9. Miranda, M.J.; Turner, Z.; Magrath, G. Alternative diets to the classical ketogenic diet—Can we be more
liberal? Epilepsy Res. 2012, 100, 278–285. [CrossRef]

10. Wilder, R.M. The effect of ketonemia on the course of epilepsy. Mayo Clin. Bull. 1921, 2, 307–308.
11. Rho, J.M. How does the ketogenic diet induce anti-seizure effects? Neurosci. Lett. 2017, 637, 4–10. [CrossRef]
12. Rubenstein, J.E. Use of the ketogenic diet in neonates and infants. Epilepsia 2008, 49, 30–32. [CrossRef]

[PubMed]
13. Armeno, M.; Caraballo, R.; Vaccarezza, M.; Alberti, M.J.; Ríos, V.; Galicchio, S.; de Grandis, E.S.; Mestre, G.;

Escobal, N.; Matarrese, P.; et al. National consensus on the ketogenic diet. Rev. Neurol. 2014, 59, 213–223.
(In Spanish)

14. Kossoff, E.H.; Krauss, G.L.; Mc Grogan, J.R.; Freeman, J.M. Efficacy of the Atkins diet as therapy for intractable
epilepsy. Neurology 2003, 61, 1789–1791. [CrossRef] [PubMed]

15. Kossoff, E.H.; Dorward, J.L. The modified Atkins diet. Epilepsia 2008, 49, 37–41. [CrossRef] [PubMed]
16. Kossoff, E.H. More fat and fewer seizures: Dietary therapies for epilepsy. Lancet Neurol. 2004, 3, 415–420.

[CrossRef]
17. Kossoff, E.H.; Zupec-Kania, B.A.; Amark, P.E.; Ballaban-Gil, K.R.; Christina Bergqvist, A.G.; Blackford, R.;

Buchhalter, J.R.; Caraballo, R.H.; Helen Cross, J.; Dahlin, M.G.; et al. Optimal clinical management of children
receiving the ketogenic diet: Recommendations of the International Ketogenic Diet Study Group. Epilepsia
2009, 50, 304–317. [CrossRef] [PubMed]

18. Carrette, E.; Vonck, K.; de Herdt, V.; Dewaele, I.; Raedt, R.; Goossens, L.; Van Zandijcke, M.; Wadman, W.;
Thadani, V.; Boon, P. A pilot trial with modified Atkins’ diet in adult patients with refractory epilepsy.
Clin. Neurol. Neurosurg. 2008, 110, 797–803. [CrossRef]

19. Pfeifer, H.H.; Thiele, E.A. Low-glycemic-index treatment: A liberalized ketogenic diet for treatment of
intractable epilepsy. Neurology 2005, 65, 1810–1812. [CrossRef]

20. Coppola, G.; D’Aniello, A.; Messana, T.; Di Pasquale, F.; della Corte, R.; Pascotto, A.; Verrotti, A. Low
glycemic index diet in children and young adults with refractory epilepsy: First Italian experience. Seizure
2011, 20, 526–528. [CrossRef]

21. Pfeifer, H.H.; Lyczkowski, D.A.; Thiele, E.A. Low glycemic index treatment: Implementation and new
insights into efficacy. Epilepsia 2008, 49, 42–45. [CrossRef]

22. Huttenlocher, P.R.; Wilbourn, A.J.; Signore, J.M. Mediumchain triglycerides as a therapy for intractable
childhood epilepsy. Neurology 1971, 21, 1097–1103. [CrossRef] [PubMed]

23. Neal, E.G.; Chaffe, H.; Schwartz, R.H.; Lawson, M.S.; Edwards, N.; Fitzsimmons, G.; Whitney, A.; Cross, J.H.
The ketogenic diet for the treatment of childhood epilepsy: A randomized controlled trial. Lancet Neurol.
2008, 7, 500–506. [CrossRef]

24. Liu, Y.M. Medium-chain triglyceride (MCT) ketogenic therapy. Epilepsia 2008, 49, 33–36. [CrossRef] [PubMed]
25. Wells, J.; Swaminathan, A.; Paseka, J.; Hanson, C. Efficacy and Safety of a Ketogenic Diet in Children and

Adolescents with Refractory Epilepsy—A Review. Nutrients 2020, 12, 1809. [CrossRef]
26. Schoeler, N.E.; Leu, C.; Balestrini, S.; Mudge, J.M.; Steward, C.A.; Frankish, A.; Leung, M.A.; Mackay, M.;

Scheffer, I.; Williams, R.; et al. Genome-wide association study: Exploring the genetic basis for responsiveness
to ketogenic dietary therapies for drug-resistant epilepsy. Epilepsia 2018, 59, 1557–1566. [CrossRef]

27. Ko, A.; Jung, D.E.; Kim, S.H.; Kang, H.C.; Lee, J.S.; Lee, S.T.; Choi, J.R.; Kim, H.D. The Efficacy of Ketogenic
Diet for Specific Genetic Mutation in Developmental and Epileptic Encephalopathy. Front. Neurol. 2018, 9,
530. [CrossRef]

28. Bough, K.J.; Rho, J.M. Anticonvulsant mechanisms of the ketogenic diet. Epilepsia 2007, 48, 43–58. [CrossRef]
29. Maalouf, M.; Rho, J.M.; Mattson, M.P. The neuroprotective properties of calorie restriction, the ketogenic

diet, and ketone bodies. Brain Res. Rev. 2009, 59, 293–315. [CrossRef]
30. Olson, C.A.; Vuong, H.E.; Yano, J.M.; Liang, Q.Y.; Nusbaum, D.J.; Hsiao, E.Y. The gut microbiota mediates

the anti-seizure effects of the ketogenic diet. Cell 2018, 173, 1728–1741. [CrossRef]
31. Ułamek-Kozioł, M.; Czuczwar, S.J.; Januszewski, S.; Pluta, R. Ketogenic Diet and Epilepsy. Nutrients 2019, 11,

2510. [CrossRef]

http://dx.doi.org/10.1111/j.1528-1167.2011.03287.x
http://www.ncbi.nlm.nih.gov/pubmed/22004525
http://dx.doi.org/10.1080/1028415X.2019.1627769
http://dx.doi.org/10.1016/j.eplepsyres.2012.06.007
http://dx.doi.org/10.1016/j.neulet.2015.07.034
http://dx.doi.org/10.1111/j.1528-1167.2008.01829.x
http://www.ncbi.nlm.nih.gov/pubmed/19049582
http://dx.doi.org/10.1212/01.WNL.0000098889.35155.72
http://www.ncbi.nlm.nih.gov/pubmed/14694049
http://dx.doi.org/10.1111/j.1528-1167.2008.01831.x
http://www.ncbi.nlm.nih.gov/pubmed/19049584
http://dx.doi.org/10.1016/S1474-4422(04)00807-5
http://dx.doi.org/10.1111/j.1528-1167.2008.01765.x
http://www.ncbi.nlm.nih.gov/pubmed/18823325
http://dx.doi.org/10.1016/j.clineuro.2008.05.003
http://dx.doi.org/10.1212/01.wnl.0000187071.24292.9e
http://dx.doi.org/10.1016/j.seizure.2011.03.008
http://dx.doi.org/10.1111/j.1528-1167.2008.01832.x
http://dx.doi.org/10.1212/WNL.21.11.1097
http://www.ncbi.nlm.nih.gov/pubmed/5166216
http://dx.doi.org/10.1016/S1474-4422(08)70092-9
http://dx.doi.org/10.1111/j.1528-1167.2008.01830.x
http://www.ncbi.nlm.nih.gov/pubmed/19049583
http://dx.doi.org/10.3390/nu12061809
http://dx.doi.org/10.1111/epi.14516
http://dx.doi.org/10.3389/fneur.2018.00530
http://dx.doi.org/10.1111/j.1528-1167.2007.00915.x
http://dx.doi.org/10.1016/j.brainresrev.2008.09.002
http://dx.doi.org/10.1016/j.cell.2018.04.027
http://dx.doi.org/10.3390/nu11102510


Nutrients 2020, 12, 2645 15 of 19

32. Calderón, N.; Betancourt, L.; Hernández, L.; Rada, P. A ketogenic diet modifies glutamate,
gammaaminobutyric acid and agmatine levels in the hippocampus of rats: A microdialysis study.
Neurosci. Lett. 2017, 642, 158–162. [CrossRef] [PubMed]

33. Wang, Z.J.; Bergqvist, C.; Hunter, J.V.; Jin, D.; Wang, D.J.; Wehrli, S.; Zimmerman, R.A. In Vivo Measurement
of Brain Metabolites Using Two-Dimensional Double-Quantum MR Spectroscopy—Exploration of GABA
Levels in a Ketogenic Diet. Magn. Reson. Med. 2003, 49, 615–619. [CrossRef] [PubMed]

34. Dahlin, M.; Elfving, A.; Ungerstedt, U.; Amark, P. The ketogenic diet influences the levels of excitatory
and inhibitory amino acids in the CSF in children with refractory epilepsy. Epilepsy Res. 2005, 64, 115–125.
[CrossRef] [PubMed]

35. Zhang, Y.; Xu, J.; Zhang, K.; Yang, W.; Li, B. The Anticonvulsant Effects of Ketogenic Diet on Epileptic
Seizures and Potential Mechanisms. Curr. Neuropharmacol. 2018, 16, 66–70. [CrossRef]

36. Yudkoff, M.; Daikhin, Y.; Horyn, O.; Nissim, I.; Nissim, I. Ketosis and brain handling of glutamate, glutamine,
and GABA. Epilepsia 2008, 49, 73–75. [CrossRef]

37. Masino, S.A.; Kawamura, M.; Wasser, C.D.; Pomeroy, L.T.; Ruskin, D.N. Adenosine, ketogenic diet and
epilepsy: The emerging therapeutic relationship between metabolism and brain activity. Curr. Neuropharmacol.
2009, 7, 257–268. [CrossRef]

38. Dahlin, M.; Månsson, J.E.; Åmark, P. CSF levels of dopamine and serotonin, but not norepinephrine,
metabolitesare influenced by the ketogenic diet in children with epilepsy. Epilepsy Res. 2012, 99, 132–138.
[CrossRef]

39. Baraban, S. Neuropeptide Y and epilepsy: Recent progress, prospects and controversies. Neuropeptides 2004,
38, 261–265. [CrossRef]

40. Weinshenker, D. The contribution of norepinephrine and orexigenic neuropeptides to the anticonvulsant
effect of the ketogenic diet. Epilepsia 2008, 49, 104–107. [CrossRef]

41. Mazarati, A.M. Galanin and galanin receptors in epilepsy. Neuropeptides 2004, 38, 331–343. [CrossRef]
42. Bough, K.J.; Wetherington, J.; Hassel, B.; Pare, J.F.; Gawryluk, J.W.; Greene, J.G.; Shaw, R.; Smith, Y.;

Geiger, J.D.; Dingledine, R.J. Mitochondrial biogenesis in the anticonvulsant mechanism of the ketogenic
diet. Ann. Neurol. 2006, 60, 223–235. [CrossRef] [PubMed]

43. Milder, J.B.; Liang, L.P.; Patel, M. Acute oxidative stress and systemic Nrf2 activation by the ketogenic diet.
Neurobiol. Dis. 2010, 40, 238–244. [CrossRef] [PubMed]

44. Shin, E.J.; Jeong, J.H.; Chung, Y.H.; Kim, W.K.; Ko, K.H.; Bach, J.H.; Hong, J.S.; Yoneda, Y.; Kim, H.C. Role of
oxidative stress in epileptic seizures. Neurochem. Int. 2011, 59, 122–137. [CrossRef] [PubMed]

45. Tanner, G.R.; Lutas, A.; Martínez-François, J.R.; Yellen, G. Single K ATP channel opening in response to
action potential firing in mouse dentate granule neurons. J. Neurosci. 2011, 31, 8689–8696. [CrossRef]

46. Yellen, G. Ketone bodies, glycolysis, and KATP channels in the mechanism of the ketogenic diet. Epilepsia
2008, 49, 80–82. [CrossRef]

47. Vamecq, J.; Vallée, L.; Lesage, F.; Gressens, P.; Stables, J.P. Antiepileptic popular ketogenic diet: Emerging
twists in an ancient story. Prog. Neurobiol. 2005, 75, 1–28. [CrossRef]

48. Franks, N.P.; Honoré, E. The TREK K2P channels and their role in general anaesthesia and neuroprotection.
Trends Pharmacol. Sci. 2004, 25, 601–608. [CrossRef]

49. Simeone, T.A.; Matthews, S.A.; Samson, K.K.; Simeone, K.A. Regulation of brain PPARgamma2 contributes
to ketogenic diet anti-seizure efficacy. Exp. Neurol. 2017, 287, 54–64. [CrossRef]

50. Yoon, J.R.; Lee, E.J.; Kim, H.D.; Lee, J.H.; Kang, H.C. Polyunsaturated fatty acid-enriched diet therapy for a
child with epilepsy. Brain Dev. 2014, 36, 163–166. [CrossRef]

51. Fraser, D.D.; Whiting, S.; Andrew, R.D.; Macdonald, E.A.; Musa-Veloso, K.; Cunnane, S.C. Elevated
polyunsaturated fatty acids in blood serum obtained from children on the ketogenic diet. Neurology 2003, 60,
1026–1029. [CrossRef]

52. Taha, A.; Ryan, M.A.A.; Cunnane, S.C. Despite transient ketosis, the classic high-fat ketogenic diet induces
marked changes in fatty acid metabolism in rats. Metab. Clin. Exp. 2005, 54, 1127–1132. [CrossRef] [PubMed]

53. Sullivan, P.G.; Rippy, N.A.; Dorenbos, K.; Concepcion, R.C.; Agarwal, A.K.; Rho, J.M. The ketogenic diet
increases mitochondrial uncoupling protein levels and activity. Ann. Neurol. 2004, 55, 576–580. [CrossRef]
[PubMed]

54. Dingledine, R.; Varvel, N.H.; Dudek, F.E. When and how do seizures kill neurons, and is cell death relevant
to epileptogenesis? Adv. Exp. Med. Biol. 2014, 813, 109–122. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.neulet.2017.02.014
http://www.ncbi.nlm.nih.gov/pubmed/28189745
http://dx.doi.org/10.1002/mrm.10429
http://www.ncbi.nlm.nih.gov/pubmed/12652530
http://dx.doi.org/10.1016/j.eplepsyres.2005.03.008
http://www.ncbi.nlm.nih.gov/pubmed/15961283
http://dx.doi.org/10.2174/1570159X15666170517153509
http://dx.doi.org/10.1111/j.1528-1167.2008.01841.x
http://dx.doi.org/10.2174/157015909789152164
http://dx.doi.org/10.1016/j.eplepsyres.2011.11.003
http://dx.doi.org/10.1016/j.npep.2004.04.006
http://dx.doi.org/10.1111/j.1528-1167.2008.01850.x
http://dx.doi.org/10.1016/j.npep.2004.07.006
http://dx.doi.org/10.1002/ana.20899
http://www.ncbi.nlm.nih.gov/pubmed/16807920
http://dx.doi.org/10.1016/j.nbd.2010.05.030
http://www.ncbi.nlm.nih.gov/pubmed/20594978
http://dx.doi.org/10.1016/j.neuint.2011.03.025
http://www.ncbi.nlm.nih.gov/pubmed/21672578
http://dx.doi.org/10.1523/JNEUROSCI.5951-10.2011
http://dx.doi.org/10.1111/j.1528-1167.2008.01843.x
http://dx.doi.org/10.1016/j.pneurobio.2004.11.003
http://dx.doi.org/10.1016/j.tips.2004.09.003
http://dx.doi.org/10.1016/j.expneurol.2016.08.006
http://dx.doi.org/10.1016/j.braindev.2013.01.017
http://dx.doi.org/10.1212/01.WNL.0000049974.74242.C6
http://dx.doi.org/10.1016/j.metabol.2005.03.018
http://www.ncbi.nlm.nih.gov/pubmed/16125522
http://dx.doi.org/10.1002/ana.20062
http://www.ncbi.nlm.nih.gov/pubmed/15048898
http://dx.doi.org/10.1007/978-94-017-8914-1_9
http://www.ncbi.nlm.nih.gov/pubmed/25012371


Nutrients 2020, 12, 2645 16 of 19

55. Hu, Z.G.; Wang, H.D.; Jin, W.; Yin, H.X. Ketogenic diet reduces cytochrome c release and cellular apoptosis
following traumatic brain injury in juvenile rats. Ann. Clin. Lab. Sci. 2009, 39, 76–83.

56. Noh, H.S.; Kang, S.S.; Kim, D.W.; Kim, Y.H.; Park, C.H.; Han, J.Y.; Cho, G.J.; Choi, W.S. Ketogenic diet
increases calbindin-D28k in the hippocampi of male ICR mice with kainic acid seizures. Epilepsy Res. 2005,
65, 153–159. [CrossRef]

57. Noh, H.S.; Kim, D.W.; Kang, S.S.; Cho, G.J.; Choi, W.S. Ketogenic diet prevents clusterin accumulation
induced by kainic acid in the hippocampus of male ICR mice. Brain Res. 2005, 1042, 114–118. [CrossRef]

58. Dupuis, N.; Curatolo, N.; Benoist, J.F.; Auvin, S. Ketogenic diet exhibits anti-inflammatory properties.
Epilepsia 2015, 56, 95–98. [CrossRef]

59. Vining, E.P.; Freeman, J.M.; Ballaban-Gil, K.; Camfield, C.S.; Camfield, P.R.; Holmes, G.L.; Shinnar, S.;
Shuman, R.; Trevathan, E.; Wheless, J.W. A multicenter study of the efficacy of the ketogenic diet. Arch. Neurol.
1998, 55, 1433–1437. [CrossRef]

60. Freeman, J.M.; Vining, E.P.; Pillas, D.J.; Pyzik, P.L.; Casey, J.C.; Kelly, L.M. The efficacy of the ketogenic diet
1998: A prospective evaluation of intervention in 150 children. Pediatrics 1998, 102, 1358–1363. [CrossRef]

61. Freitas, A.; Paz, J.A.; Casella, E.B.; Marques-Dias, M.J. Ketogenic diet for the treatment of refractory epilepsy:
A 10 year experience in children. Arq. Neuro Psiquiatr. 2007, 65, 381–384. [CrossRef]

62. Wu, Y.J.; Zhang, L.M.; Chai, Y.M.; Wang, J.; Yu, L.F.; Li, W.H.; Zhou, Y.F.; Zhou, S.Z. Six-month efficacy of the
Ketogenic diet is predicted after 3 months and is unrelated to clinical variables. Epilepsy Behav. 2016, 55,
165–169. [CrossRef] [PubMed]

63. El-Rashidy, O.F.; Nassar, M.F.; Abdel-Hamid, I.A.; Shatla, R.H.; Abdel-Hamid, M.H.; Gabr, S.S.;
Mohamed, S.G.; El-Sayed, W.S.; Shaaban, S.Y. Modified Atkins diet vs. classic ketogenic formula in
intractable epilepsy. Acta Neurol. Scand. 2013, 128, 402–408. [CrossRef] [PubMed]

64. Sharma, S.; Sankhyan, N.; Gulati, S.; Agarwala, A. Use of the modified Atkins diet for treatment of refractory
childhood epilepsy: A randomized controlled trial. Epilepsia 2013, 54, 481–486. [CrossRef] [PubMed]

65. Sharma, S.; Goel, S.; Jain, P.; Agarwala, A.; Aneja, S. Evaluation of a simplified modified Atkins diet for use
by parents with low levels of literacy in children with refractory epilepsy: A randomized controlled trial.
Epilepsy Res. 2016, 127, 152–159. [CrossRef]

66. Lambrechts, D.A.J.E.; de Kinderen, R.J.A.; Vles, J.S.H.; de Louw, A.J.; Aldenkamp, A.P.; Majoie, H.J.
A randomized controlled trial of the ketogenic diet in refractory childhood epilepsy. Acta Neurol. Scand.
2017, 135, 231–239. [CrossRef]

67. Wijnen, B.F.M.; de Kinderen, R.J.A.; Lambrechts, D.A.J.E.; Postulart, D.; Aldenkamp, A.P.; Majoie, M.H.J.M.;
Evers, S.M.A.A. Long-term clinical outcomes and economic evaluation of the ketogenic diet versus care as
usual in children and adolescents with intractable epilepsy. Epilepsy Res. 2017, 132, 91–99. [CrossRef]

68. Sourbron, J.; Klinkenberg, S.; van Kuijk, S.M.J.; Lagae, L.; Lambrechts, D.; Braakman, H.M.H.; Majoie, M.
Ketogenic diet for the treatment of pediatric epilepsy: Review and meta-analysis. Child Nerv. Syst. 2020, 36,
1099–1109. [CrossRef]

69. Than, K.D.; Kossoff, E.H.; Rubenstein, J.E.; Pyzik, P.L.; McGrogan, J.R.; Vining, E.P. Can you predict an
immediate, complete, and sustained response to the ketogenic diet? Epilepsia 2005, 46, 580–582. [CrossRef]

70. Eun, S.H.; Kang, H.C.; Kim, D.W.; Kim, H.D. Ketogenic diet for treatment of infantile spasms. Brain Dev.
2006, 28, 566–571. [CrossRef]

71. Kossoff, E.H.; Hedderick, E.F.; Turner, Z.; Freeman, J.M. A case-control evaluation of the ketogenic diet
versus ACTH for new-onset infantile spasms. Epilepsia 2008, 49, 1504–1509. [CrossRef]

72. Hong, A.M.; Turner, Z.; Hamdy, R.F.; Kossoff, E.H. Infantile spasms treated with the ketogenic diet:
Prospective single-center experience in 104 consecutive infants. Epilepsia 2010, 51, 1403–1407. [CrossRef]
[PubMed]

73. Caraballo, R.; Vaccarezza, M.; Cersósimo, R.; Rios, V.; Soraru, A.; Arroyo, H.; Agosta, G.; Escobal, N.;
Demartini, M.; Maxit, C.; et al. Long-term follow-up of the ketogenic diet for refractory epilepsy: Multicenter
Argentinean experience in 216 pediatric patients. Seizure 2011, 20, 640–645. [CrossRef] [PubMed]

74. Numis, A.L.; Yellen, M.B.; Chu-Shore, C.J.; Pfeifer, H.H.; Thiele, E.A. The relationship of ketosis and growth
to the efficacy of the ketogenic diet in infantile spasms. Epilepsy Res. 2011, 96, 172–175. [CrossRef] [PubMed]

75. Lee, J.; Lee, J.H.; Yu, H.J.; Lee, M. Prognostic factors of infantile spasms: Role of treatment options including
a ketogenic diet. Brain Dev. 2013, 35, 821–826. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.eplepsyres.2005.05.008
http://dx.doi.org/10.1016/j.brainres.2005.01.097
http://dx.doi.org/10.1111/epi.13038
http://dx.doi.org/10.1001/archneur.55.11.1433
http://dx.doi.org/10.1542/peds.102.6.1358
http://dx.doi.org/10.1590/S0004-282X2007000300003
http://dx.doi.org/10.1016/j.yebeh.2015.12.008
http://www.ncbi.nlm.nih.gov/pubmed/26785223
http://dx.doi.org/10.1111/ane.12137
http://www.ncbi.nlm.nih.gov/pubmed/23679058
http://dx.doi.org/10.1111/epi.12069
http://www.ncbi.nlm.nih.gov/pubmed/23294191
http://dx.doi.org/10.1016/j.eplepsyres.2016.09.002
http://dx.doi.org/10.1111/ane.12592
http://dx.doi.org/10.1016/j.eplepsyres.2017.03.002
http://dx.doi.org/10.1007/s00381-020-04578-7
http://dx.doi.org/10.1111/j.0013-9580.2005.53304.x
http://dx.doi.org/10.1016/j.braindev.2006.03.011
http://dx.doi.org/10.1111/j.1528-1167.2008.01606.x
http://dx.doi.org/10.1111/j.1528-1167.2010.02586.x
http://www.ncbi.nlm.nih.gov/pubmed/20477843
http://dx.doi.org/10.1016/j.seizure.2011.06.009
http://www.ncbi.nlm.nih.gov/pubmed/21763159
http://dx.doi.org/10.1016/j.eplepsyres.2011.05.012
http://www.ncbi.nlm.nih.gov/pubmed/21700429
http://dx.doi.org/10.1016/j.braindev.2013.06.014
http://www.ncbi.nlm.nih.gov/pubmed/23856457


Nutrients 2020, 12, 2645 17 of 19

76. Li, B.; Tong, L.; Jia, G.; Sun, R. Effects of ketogenic diet on the clinical and electroencephalographic features
of children with drug therapy-resistant epilepsy. Exp. Ther. Med. 2013, 5, 611–615. [CrossRef]

77. Pires, M.E.; Ilea, A.; Bourel, E.; Bellavoine, V.; Merdariu, D.; Berquin, P.; Auvin, S. Ketogenic diet for infantile
spasms refractory to first-line treatments: An open prospective study. Epilepsy Res. 2013, 105, 189–194.
[CrossRef]

78. Kayyali, H.R.; Gustafson, M.; Myers, T.; Thompson, L.; Williams, M.; Abdelmoity, A. Ketogenic diet efficacy
in the treatment of intractable epileptic spasms. Pediatr. Neurol. 2014, 50, 224–227. [CrossRef]

79. Hirano, Y.; Oguni, H.; Shiota, M.; Nishikawa, A.; Osawa, M. Ketogenic diet therapy can improve
ACTH-resistant West syndrome in Japan. Brain Dev. 2015, 37, 18–22. [CrossRef]

80. Ville, D.; Chiron, C.; Laschet, J.; Dulac, O. The ketogenic diet can be used successfully in combination with
corticosteroids for epileptic encephalopathies. Epilepsy Behav. 2015, 48, 61–65. [CrossRef]

81. Hussain, S.A.; Shin, J.H.; Shih, E.J.; Murata, K.K.; Sewak, S.; Kezele, M.E.; Sankar, R.; Matsumoto, J.H. Limited
efficacy of the ketogenic diet in the treatment of highly refractory epileptic spasms. Seizure 2016, 35, 59–64.
[CrossRef]

82. Rezaei, S.; Abdurahman, A.A.; Saghazadeh, A.; Badv, R.S.; Mahmoudi, M. Short-term and long-term efficacy
of classical ketogenic diet and modified Atkins diet in children and adolescents with epilepsy: A systematic
review and meta-analysis. Nutr. Neurosci. 2019, 22, 317–334. [CrossRef] [PubMed]

83. Korff, C.; Laux, L.; Kelley, K.; Goldstein, J.; Koh, S.; Nordli, D., Jr. Dravet syndrome (severe myoclonic
epilepsy in infancy): A retrospective study of 16 patients. J. Child Neurol. 2007, 22, 185–194. [CrossRef]
[PubMed]

84. Caraballo, R.H. Nonpharmacologic treatments of Dravet syn-drome: Focus on the ketogenic diet. Epilepsia
2011, 52, 79–82. [CrossRef] [PubMed]

85. Laux, L.; Blackford, R. The ketogenic diet in Dravet syn-drome. J. Child Neurol. 2013, 28, 1041–1044.
[CrossRef] [PubMed]

86. Tian, X.; Chen, J.; Zhang, J.; Yang, X.; Ji, T.; Zhang, Y.; Wu, Y.; Fang, F.; Wu, X.; Zhang, Y. The Efficacy of
Ketogenic Diet in 60 Chinese Patients With Dravet Syndrome. Front. Neurol. 2019, 10, 625. [CrossRef]
[PubMed]

87. Nabbout, R.; Copioli, C.; Chipaux, M.; Chemaly, N.; Desguerre, I.; Dulac, O.; Chiron, C. Ketogenic diet also
benefits Dravet syndrome patients receiving stiripentol: A prospectivepilot study. Epilepsia 2011, 52, 54–57.
[CrossRef] [PubMed]

88. Dressler, A.; Trimmel-Schwahofer, P.; Reithofer, E.; Mühlebner, A.; Gröppel, G.; Reiter-Fink, E.; Benninger, F.;
Grassl, R.; Feucht, M. Efficacy and tolerability of the ketogenic diet in Dravet syndrome—Comparison with
various standard antiepileptic drug regimen. Epilepsy Res. 2015, 109, 81–89. [CrossRef]

89. Dutton, S.B.; Sawyer, N.T.; Kalume, F.; Jumbo-Lucioni, P.; Borges, K.; Catterall, W.A.; Escayg, A. Protective
effect of the ketogenic diet in Scn1a mutant mice. Epilepsia 2011, 52, 2050–2056. [CrossRef]

90. Yan, N.; Xin-Hua, W.; Lin-Mei, Z.; Yi-Ming, C.; Wen-Hui, L.; Yuan-Feng, Z.; Shui-Zhen, Z. Prospective study
of the efficacy of a ketogenic diet in 20 patients with Dravet syndrome. Seizure 2018, 60, 144–148. [CrossRef]

91. Teran, F.A.; Kim, Y.; Crotts, M.S.; Bravo, E.; Emaus, K.J.; Richerson, G.B. Time of Day and a Ketogenic Diet
Influence Susceptibility to SUDEP in Scn1a R1407X/+Mice. Front. Neurol. 2019, 10, 278. [CrossRef]

92. Oguni, H.; Tanaka, T.; Hayashi, K.; Funatsuka, M.; Sakauchi, M.; Shirakawa, S.; Osawa, M. Treatment and
long-term prognosis of myoclonic–astatic epilepsy of early childhood. Neuropediatrics 2002, 33, 122–132.
[CrossRef] [PubMed]

93. Caraballo, R.H.; Cerosimo, R.O.; Sakr, D.; Cresta, A.; Escobal, N.; Fejerman, N. Ketogenic diet in patients
with myoclonic–astatic epilepsy. Epileptic Disord. 2006, 8, 151–155. [PubMed]

94. Kilaru, S.; Bergqvist, A.G. Current treatment of myoclonic astatic epilepsy: Clinical experience at the
Children’s Hospital of Philadelphia. Epilepsia 2007, 48, 1703–1707. [CrossRef] [PubMed]

95. Prezioso, G.; Carlone, G.; Zaccara, G.; Verrotti, A. Efficacy of ketogenic diet for infantile spasms: A systematic
review. Acta Neurol. Scand. 2017, 137, 4–11. [CrossRef] [PubMed]

96. Dressler, A.; Benninger, F.; Trimmel-Schwahofer, P.; Gröppel, G.; Porsche, B.; Abraham, K.; Mühlebner, A.;
Samueli, S.; Male, C.; Feucht, M. Efficacy and tolerability of the ketogenic diet versus high-dose
adrenocorticotropic hormone for infantile spasms: A single-center parallel-cohort randomized controlled
trial. Epilepsia 2019, 60, 441–451. [CrossRef]

http://dx.doi.org/10.3892/etm.2012.823
http://dx.doi.org/10.1016/j.eplepsyres.2012.11.009
http://dx.doi.org/10.1016/j.pediatrneurol.2013.11.021
http://dx.doi.org/10.1016/j.braindev.2014.01.015
http://dx.doi.org/10.1016/j.yebeh.2015.03.003
http://dx.doi.org/10.1016/j.seizure.2016.01.002
http://dx.doi.org/10.1080/1028415X.2017.1387721
http://www.ncbi.nlm.nih.gov/pubmed/29069983
http://dx.doi.org/10.1177/0883073807300294
http://www.ncbi.nlm.nih.gov/pubmed/17621480
http://dx.doi.org/10.1111/j.1528-1167.2011.03009.x
http://www.ncbi.nlm.nih.gov/pubmed/21463287
http://dx.doi.org/10.1177/0883073813487599
http://www.ncbi.nlm.nih.gov/pubmed/23653425
http://dx.doi.org/10.3389/fneur.2019.00625
http://www.ncbi.nlm.nih.gov/pubmed/31249551
http://dx.doi.org/10.1111/j.1528-1167.2011.03107.x
http://www.ncbi.nlm.nih.gov/pubmed/21569025
http://dx.doi.org/10.1016/j.eplepsyres.2014.10.014
http://dx.doi.org/10.1111/j.1528-1167.2011.03211.x
http://dx.doi.org/10.1016/j.seizure.2018.06.023
http://dx.doi.org/10.3389/fneur.2019.00278
http://dx.doi.org/10.1055/s-2002-33675
http://www.ncbi.nlm.nih.gov/pubmed/12200741
http://www.ncbi.nlm.nih.gov/pubmed/16793577
http://dx.doi.org/10.1111/j.1528-1167.2007.01186.x
http://www.ncbi.nlm.nih.gov/pubmed/17651420
http://dx.doi.org/10.1111/ane.12830
http://www.ncbi.nlm.nih.gov/pubmed/28875525
http://dx.doi.org/10.1111/epi.14679


Nutrients 2020, 12, 2645 18 of 19

97. Nabbout, R.; Mazzuca, M.; Hubert, P.; Peudennier, S.; Allaire, C.; Flurin, V.; Aberastury, M.; Silva, W.;
Dulac, O. Efficacy of ketogenic diet in severe refractory status epilepticus initiating Fever Induced Refractory
Epileptic Encephalopathy (FIRES) in school age children. Epilepsia 2010, 51, 2033–2037. [CrossRef]

98. Appavu, B.; Vanatta, L.; Condie, J.; Kerrigan, J.F.; Jarrar, R. Ketogenic diet treatment for pediatric
super-refractory status epilepticus. Seizure 2016, 41, 62–65. [CrossRef]

99. Fox, K.; Wells, M.E.; Tennison, M.; Vaughn, B. Febrile Infection Related Epilepsy Syndrome (FIRES):
A literature review and case study. Neurodiagn. J. 2017, 57, 224–233. [CrossRef]

100. Van Baalen, A.; Vezzani, A.; Häusler, M.; Kluger, G. Febrile infection–related epilepsy syndrome: Clinical
review and hypotheses of epileptogenesis. Neuropediatrics 2017, 48, 5–18. [CrossRef]

101. Singh, R.K.; Joshi, S.M.; Potter, D.M.; Leber, S.M.; Carlson, M.D.; Shellhaas, R.A. Cognitive outcomes in
febrile infection-related epilepsy syndrome treated with the ketogenic diet. Pediatrics 2014, 134, 1431–1435.
[CrossRef]

102. Peng, P.; Peng, J.; Yin, F.; Deng, X.; Chen, C.; He, F.; Wang, X.; Guang, S.; Mao, L. Ketogenic Diet as a Treatment
for Super-Refractory Status Epilepticus in Febrile Infection-Related Epilepsy Syndrome. Front. Neurol. 2019,
10, 423. [CrossRef] [PubMed]

103. Caraballo, R.; Darra, F.; Reyes, G.; Armeno, M.; Cresta, A.; Mestre, G.; Bernardina, B.D. The ketogenic diet
in patients with myoclonic status in non-progressive encephalopathy. Seizure 2017, 51, 1–5. [CrossRef]
[PubMed]

104. Liu, H.; Yang, Y.; Wang, Y.; Tang, H.; Zhang, F.; Zhang, Y.; Zhao, Y. Ketogenic diet for treatment of intractable
epilepsy in adults: A meta-analysis of observational studies. Epilepsia Open 2018, 3, 9–17. [CrossRef]

105. Poorshiri, B.; Barzegar, M.; Tahmasebi, S.; Shiva, S.; Raeisi, S.; Ebadi, Z. The efficacy comparison of classic
ketogenic diet and modified Atkins diet in children with refractory epilepsy: A clinical trial. Acta Neurol.
Belg. 2019, 1–5. [CrossRef] [PubMed]

106. Cai, Q.Y.; Zhou, Z.J.; Luo, R.; Gan, J.; Li, S.P.; Mu, D.Z.; Wan, C.M. Safety and tolerability of the ketogenic
diet used for the treatment of refractory childhood epilepsy: A systematic review of published prospective
studies. World J. Pediatr. 2017, 13, 528–536. [CrossRef]

107. Furth, S.L.; Casey, J.C.; Pyzik, P.L.; Neu, A.M.; Docimo, S.G.; Vining, E.P.; Freeman, J.M.; Fivush, B.A. Risk
factors for urolithiasis in children on the ketogenic diet. Pediatr. Nephrol. 2000, 15, 125–128. [CrossRef]

108. Bergqvist, A.G.; Schall, J.I.; Stallings, V.A.; Zemel, B.S. Progressive bone mineral content loss in children with
intractable epilepsy treated with the ketogenic diet. Am. J. Clin. Nutr. 2008, 88, 1678–1684. [CrossRef]

109. Kwiterovich, P.O., Jr.; Vining, E.P.; Pyzik, P.; Skolasky, R., Jr.; Freeman, J.M. Effect of a high-fat ketogenic
diet on plasma levels of lipids, lipoproteins, and apolipoproteins in children. JAMA 2003, 290, 912–920.
[CrossRef]

110. Nizamuddin, J.; Turner, Z.; Rubenstein, J.E.; Pyzik, P.L.; Kossoff, E.H. Management and risk factors for
dyslipidemia with the ketogenic diet. J. Child Neurol. 2008, 23, 758–761. [CrossRef]

111. Christodoulides, S.S.; Neal, E.G.; Fitzsimmons, G.; Chaffe, H.M.; Jeanes, Y.M.; Aitkenhead, H.; Cross, J.H.
The effect of the classical and medium chain triglyceride ketogenic diet on vitamin and mineral levels. J. Hum.
Nutr. Diet. 2012, 25, 16–26. [CrossRef]

112. Liu, Y.M.; Williams, S.; Basualdo-Hammond, C.; Stephens, D.; Curtis, R. A prospective study: Growth
and nutritional status of children treated with the ketogenic diet. J. Am. Diet. Assoc. 2003, 103, 707–712.
[CrossRef] [PubMed]

113. Kapetanakis, M.; Liuba, P.; Odermarsky, M.; Lundgren, J.; Hallböök, T. Effects of ketogenic diet on vascular
function. Eur. J. Paediatr. Neurol. 2014, 18, 489–494. [CrossRef] [PubMed]
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