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  Abstract   The ketogenic diet (KD) debuted in the 1920s as a metabolic treatment 
for epilepsy, based on the historical observation that fasting could prevent seizures. 
Similar to fasting, the high-fat, low-carbohydrate KD restricts glucose and favors 
oxidation of fatty acids, which in turn generates ketones for energy. Despite nearly 
a century of clinical use, proof of ef fi cacy was only recently established, and little 
is known about how the KD works. The lure of a continually growing armamen-
tarium of pharmacological options and the inherent challenges in implementing a 
dietary treatment versus a drug have combined to relegate the KD to a therapy of 
last resort. Indeed, better knowledge of how the KD exerts broad-spectrum clinical 
activity would be required to develop enhanced metabolism-based treatments, and 
perhaps even a “diet in a pill.” Recent evidence strongly implicates adenosine as a 
mediator of KD action, as it is well known that adenosine is a fundamental link 
between metabolism and neuronal membrane excitability. Through a greater mech-
anistic understanding of how the KD―and adenosine in particular―works to 
dampen aberrant excitation in the brain, novel insights and molecular targets are 
bound to emerge. However, given the complexity of metabolic pathways in both 
normal and disease states, it will be important to determine speci fi c cause-and-effect 
relationships. At present, given growing interest in metabolic dysfunction as a major 
pathophysiological substrate for a multiplicity of disease states, as well as urgent 
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concerns regarding unbridled healthcare costs worldwide, we predict that research 
in the area of “translational metabolism” will gain further momentum. Here we 
highlight current research on mechanism(s) of KD action, with a focus on adenos-
ine, and promote the concept that the KD is both an accessible and affordable ther-
apy by describing an international case study of recent KD training and initial 
outcomes in the Republic of Georgia.      

    27.1   Introduction: Ketogenic Diet as a Metabolic Therapy 

 The ketogenic diet (KD) enjoys a long-standing track record as an effective treat-
ment for epilepsy    (Freeman et al.  1998 ,  2006 ,  2009 ;    Vining et al.  1998 ; Neal et al. 
 2008,   2009  ) . Historically, the observation that fasting, or a “water diet,” could 
reduce seizure activity spurred the quest for a metabolism-based therapy that could 
mimic the biochemical and therapeutic effects of fasting, yet retain adequate caloric 
and nutritional intake (Wheless  2008  ) . Accordingly, a KD was developed more than 
90 years ago to treat seizures, and it has remained on the treatment landscape ever 
since. Its high-fat low-carbohydrate formulation restricts the amount of glucose 
available to generate adenosine triphosphate (ATP) through glycolysis; this funda-
mental metabolic shift favors fatty acid oxidation that then generates ketones as the 
predominant bioenergetic substrate (Bough and Rho  2007  ) . Despite an early and 
broad understanding of the major biochemical changes induced by the KD, the criti-
cal mechanisms responsible for its anticonvulsant effects have been dif fi cult to 
identify (Vamecq et al.  2005 ; Bough and Rho  2007 ; Maalouf et al.  2009 ; Masino 
and Rho  2012  ) . 

 Notwithstanding the lack of mechanistic information, the KD has experienced 
periods of waxing and waning enthusiasm by clinicians and awareness by the public 
at large (Wheless  2008  ) . Shortly after its initial implementation the KD fell out of 
favor, due primarily to the advent of newer antiepileptic drugs (AEDs) such as phe-
nytoin which were easier to administer and were regarded as being equally 
ef fi cacious (Wheless  2008  ) . This pharmacological bias remained for many decades, 
despite the fact that a signi fi cant fraction of patients with epilepsy typically fail to 
respond to AEDs―with either traditional or newer agents (Mattson et al.  1985 ; 
Kwan and Brodie  2000  ) . While not yet proven, there is a clinical impression that the 
KD may be more effective than drugs, especially since there can be impressive 
response rates in patients with medically-refractory epilepsy (Freeman et al.  2006 ; 
Kossoff and Rho  2009  ) . 

 Numerous clinical reports note 50 % responder rates in at least half the children 
administered the KD, and approximately one-third achieve more than a 90 % 
reduction in their seizures, with 7–10 % becoming seizure free (Kossoff and Rho 
 2009 ; Payne et al.  2011  ) . In further support of the KD’s ef fi cacy in the most chal-
lenging of cases, there is growing evidence that the KD treats refractory status 
epilepticus (Nabbout et al.  2010 ; Nam et al.  2011  ) ―a devastating condition of 
unrelenting seizure activity that can ensue for days and    weeks. While used most 
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often in children, the KD and related dietary formulations are also effective in 
 adolescents and adults (Payne et al.  2011  ) . A recent case report describes how 
 initiation with a KD, and maintenance with a modi fi ed Atkins diet, was able to 
control medically and surgically refractory epilepsy in an adult in a neurocritical 
care unit (Cervenka et al.  2011  ) . 

 Against this historically rich backdrop, there is a current resurgence in consider-
ation of metabolism-based treatments. In addition to the traditional KD and its well-
known medium-chain triglyceride (MCT) variation, there are also low-carbohydrate 
diets for weight loss (such as the Atkins and South Beach/low-glycemic index treat-
ments) which have become increasingly popular as these related approaches are 
associated with more liberal and palatable foodstuffs (Kossoff et al.  2006 ; 
Muzykewicz et al.  2009  ) . Importantly, the KD is now considered a truly interna-
tional treatment for epilepsy, even in underdeveloped countries (Kossoff and 
McGrogan  2005 ; Kossoff et al.  2011  ) . 

 Table  27.1  outlines the energy composition of several diets of varying stringencies―
including a classic KD and a modi fi ed Atkins diet as compared to a “standard” diet. 
A KD is customized to the individual, and takes into account his or her energy and 
protein requirements prior to determining the carbohydrate and fat content of his or 
her diet (hence the ratio, de fi ned by weight as fats to carbohydrate plus protein). For 
example, to provide suf fi cient protein for an inactive adult, a 1:1 ratio may be pre-
scribed. To achieve the very high fat content of a KD, typical meals include a small 
serving of meat,  fi sh, or protein and a small serving of vegetables. Butter, mayon-
naise, vegetable or coconut oil, and heavy cream are incorporated based on prefer-
ences and in amounts required to satisfy the ratio of fat:(protein + carbohydrate) 
(Table  27.1 ).  

 In many ways, the tremendous growth of KD centers worldwide, and scienti fi c 
attention to this non-pharmacological treatment, would not have been possible 
without the sustained efforts of the Charlie Foundation to Cure Pediatric Epilepsy 
(  http://www.charliefoundation.org    ; Santa Monica, California, USA), created by 
Jim and Nancy Abrahams, which brought substantial media attention to the bene fi ts 
of the KD for epilepsy. For example, a 1997 made-for-television movie―“ First Do 
No Harm, ” starring Meryl Streep, documented the KD’s “miraculous” effects on a 
young boy with catastrophic epilepsy which was unresponsive to numerous AEDs. 
Over the past decade and a half, the Charlie Foundation has been an invaluable 
resource for parents, patients, and professionals worldwide―and has been the 

   Table 27.1    Comparison of energy distribution and fat:nonfat ratios of therapeutic ketogenic diets 
(KD), a modi fi ed (Mod) Atkins diet, and a regular diet   

 Energy distribution  Classic KD  Liberal KD  Mod Atkins  Regular a  

 Ratio (fat:nonfat)  4:1  3:1  2:1  1:1  1:1  0.2:1 
 Fat: kilocalories  90 %  87 %  80 %  70 %  64 %  30 % 
 Protein: kilocalories  10 %  13 %  20 %  30 %  30 %  15–25 % 
 Carbohydrate: kilocalories  6 %  45–55 % 

   a  Dietary guidelines for Americans; US Department of Health & Human Services, 2011  

http://www.charliefoundation.org
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driving force for both clinical and scienti fi c activity surrounding the KD. More 
recently, the organization Matthew’s Friends (  http://www.matthewsfriends.org    ), 
spearheaded by Emma Williams and based in the United Kingdom, has quickly 
evolved to represent another major international resource and a voice for advocacy 
and education. Perhaps the greatest testament to the remarkable scienti fi c growth of 
the KD is the fact that compared to the 15 years prior to its renaissance in the mid 
1990s, there has been a tenfold increase in citations indexed on PubMed (  http://
www.ncbi.nlm.nih.gov/pubmed/    ) over the subsequent 15 years. Part of this phe-
nomenal growth is likely due to expanding interest in metabolism and its dysfunc-
tion relative to chronic diseases (WHO Special Issue  2004 ; Uauy et al.  2008  ) .  

    27.2   Mechanisms Mobilized by Ketogenic Diet Therapy 

 Ultimately, to produce anticonvulsant effects, the KD must reduce neuronal activity 
and/or excitability. Accordingly, there has been intense interest in a detailed under-
standing of how the metabolic effects of a KD translate into reduced excitation and/
or a hyperpolarized membrane potential, altered neurotransmitter release or recep-
tor af fi nities, or myriad other mechanisms that would result in fewer seizures 
(Vamecq et al.  2005 ; Bough and Rho  2007 ; Masino and Rho  2012  ) . 

 One cardinal feature is the profound metabolic shift induced by the KD. As noted 
earlier, the KD is high in fat and low in carbohydrates. The enhanced fatty acid 
oxidation and restricted carbohydrate content switch metabolism from the preferred 
ATP-generating pathway―i.e., glycolysis―to intermediary metabolism that results 
in increased production of ketone bodies, decreased glucose, and increased levels of 
circulating fatty acids (Kim do and Rho  2008  ) . Proximal metabolic changes are 
shown in Fig.  27.1  and have been described in more detail elsewhere (Kim do and 
Rho  2008  ) .  

 Regarding the collective mechanisms proposed as relevant or critical to KD ther-
apy, there are a number of excellent reviews and the reader is referred to these 
sources for more comprehensive coverage (Bough and Rho  2007 ; Gasior et al.  2006 ; 
Kim do and Rho  2008 ; Maalouf et al.  2009 ; Rho and Stafstrom  2011 ; Masino and 
Rho  2012  ) . As an overview, these postulated mechanisms include (1) acute and 
chronic biochemical changes observed    with KD administration in vivo (e.g., 
increased ketone production, decreased serum glucose levels, a reduction in the gen-
eration of reactive oxygen species (ROS), increased fatty acid levels (perhaps impor-
tantly, polyunsaturated fatty acids [PUFAs] which possess membrane- stabilizing 
properties), increased bioenergetic reserves (consisting of increased levels of ATP 
and ADP), and a reduction in levels of adenosine kinase, the major adenosine-
metabolizing enzyme) and (2) cellular mechanisms with potentially direct effects on 
neuronal excitability such as opening of ATP-sensitive potassium (K 

ATP
 ) channels 

that cause membrane hyperpolarization (Ma et al.  2007 ; Kawamura et al.  2010  )  and 
acetoacetate-mediated presynaptic release of excitatory neurotransmitters via an 

http://www.matthewsfriends.org
http://www.ncbi.nlm.nih.gov/pubmed/
http://www.ncbi.nlm.nih.gov/pubmed/
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interaction with vesicular glutamate transporters (VGLUTs)    (Juge et al.  2010  ) . 
A schematic summarizing these mechanisms is shown in Fig.  27.2 , and mechanisms 
related to adenosine are discussed in more detail below.   

    27.3   Ketogenic Diet and Adenosine 

 Against this pleiotropic backdrop, and the many parallel and potentially synergistic 
pathways toward a reduction in membrane hyperexcitability, the question arises as 
to where adenosine  fi ts in. Adenosine is in a unique position to translate KD-induced 
changes in metabolism into altered neuronal activity, and may be a critical mecha-
nism for mediating the protective effects of the KD in epilepsy (and perhaps 
other neurological disorders). Similar to the KD, adenosine has been shown to be 

  Fig. 27.1    Metabolic pathways involved in ketogenic diet (KD) treatment. In the liver (hepatocyte, 
 left ), fatty acids are ordinarily converted into acetyl-CoA which enters the tricarboxylic acid (TCA) 
cycle. When fatty acid levels exceed the metabolic capacity of the TCA cycle, acetyl-CoA is 
shunted to ketogenesis. Two acetyl-CoAs can combine through a thiolase enzyme to produce ace-
toacetyl-CoA, which is a precursor for the synthesis of acetoacetate (ACA) and  b -hydroxybutyrate 
(BHB). Acetone, the other major ketone body, is produced primarily from spontaneous decarboxy-
lation of ACA. These ketones are transported from the vascular lumen (capillary,  middle ) to the 
brain interstitial space, and to both glia and neurons. Within neurons ( right ), both ACA and BHB 
are transported directly into mitochondria, and ultimately converted to acetyl-CoA (through sev-
eral enzymatic steps) which then enters the TCA cycle. Abbreviations:  CAT  carnitine-acylcarnitine 
translocase,  FAO  fatty acid oxidation,  ACA  acetoacetate,  BHB   b -hydroxybutyrate,  MCT-1  
monocarboxylate transporter-1,  GLUT-1  glucose transporter-1,  BBB  blood–brain barrier, 
 CPT-1  carnitine palmitoyl transferase-1,  UCP  uncoupling protein,  ATP  adenosine triphosphate, 
(1) 3-hydroxybutyrate dehydrogenase, (2) succinyl-CoA:(CoA:3)3-oxoacid CoA transferase, 
(3) mitochondrial acetoacetyl-CoA thiolase.  MRC  mitochondrial respiratory complex. Reprinted 
with permission from Kim do Y, Rho JM, The ketogenic diet and epilepsy. Curr Opin Clin Nutr 
Metab Care 2008;11(2):113–120       
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  Fig. 27.2    Hypothetical pathways leading to the anticonvulsant effects of the ketogenic diet (KD). 
A KD elevates free fatty acids (FFAs) and reduces glucose ( top ), and each of these consequences 
mobilizes a host of mechanisms which could lead to anticonvulsant actions ( bottom ). Mechanisms 
related to adenosine are shown on the  right . Elevated FFAs lead to chronic ketosis and increased 
concentrations of polyunsaturated fatty acids (PUFAs) in the brain. Chronic ketosis is anticipated 
to lead to increased levels of acetone; this might activate K 

2P
  channels to hyperpolarize neurons 

and limit neuronal excitability. Chronic ketosis is also anticipated to modify the tricarboxylic acid 
(TCA) cycle, as would the presence of anaplerotic substrates such as    triheptanoin. This would 
increase glutamate and, subsequently, GABA ( g -aminobutyric acid) synthesis in brain. Among 
several direct inhibitory actions, PUFAs boost the activity of brain-speci fi c uncoupling proteins 
(UCPs). This is expected to limit reactive oxygen species (ROS) generation, neuronal dysfunction, 
and resultant neurodegeneration. Acting via the nuclear transcription factor peroxisome proliferator-
activated receptor- a  (PPAR a ) and its co-activator peroxisome proliferator-activated receptor  g  
co-activator-1 (PGC-1 a ), PUFAs would induce the expression of UCPs and coordinately up-regulate 
several dozen genes related to oxidative energy metabolism. PPAR a  expression is inversely correlated 
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effective in controlling seizures (likely via actions at the adenosine A 
1
  receptor 

(A 
1
 R) subtype) (Dunwiddie  1999 ; Boison et al.  2011  ) . However, systemic side 

effects, rapid metabolism and promiscuity with other adenosine receptor subtypes, 
and signaling mechanisms have hampered efforts over the past two decades to 
develop adenosine-based therapies for epilepsy. This scenario―in part fueled by 
linking adenosine to the KD―is now changing, and there is growing interest in 
reevaluating purinergic neurotransmission in epilepsy (Boison  2008 ; Masino and 
Geiger  2008 ; Masino et al.  2011a,   b  ) . 

 With respect to the relationship between metabolic changes and adenosine, 
diverse lines of evidence suggest that both the KD and ketones enhance brain energy 
metabolism. De Vivo and colleagues  (  1978  )  were the  fi rst to demonstrate that a KD 
increased ATP levels (and indeed all major measures of cellular bioenergetic 
reserves), and subsequent studies have generally con fi rmed these observations 
(Nakazawa et al.  1983 ;    Bough et al.  2006 ; Nylen et al.  2009 ; Kim do et al.  2010  ) . 

 In addition to increased levels of bioenergetic substrates, investigators have also 
shown that the KD increases mitochondrial numbers and pro fi les (Bough et al. 
 2006 ; Nylen et al.  2009  ) , and preferentially up-regulates genes involved in 

Fig. 27.2 (continued) with interleukin-1 b  (IL-1 b ) cytokine expression; given the role of IL-1 b  in 
hyperexcitability and seizure generation, diminished expression of IL-1 b  cytokines during KD 
treatment could lead to improved seizure control. Ultimately, PUFAs would stimulate mitochon-
drial biogenesis. Mitochondrial biogenesis is predicted to increase adenosine triphosphate (ATP) 
production capacity and enhance energy reserves, leading to stabilized synaptic function and 
improved seizure control. In particular, an elevated phosphocreatine:creatine (PCr:Cr) energy-
reserve ratio is predicted to enhance GABAergic output, perhaps in conjunction with the ketosis-
induced elevated GABA production, leading to diminished hyperexcitability. Reduced glucose 
coupled with elevated free fatty acids is proposed to reduce glycolytic  fl ux during KD, which 
would further be feedback inhibited by high concentrations of citrate and ATP produced during KD 
treatment. This would activate metabolic ATP-sensitive potassium (K 

ATP
 ) channels. Ketones may 

also directly activate K 
ATP

  channels. Reduced glucose alone, under conditions of adequate or 
enhanced energy levels, activates pannexins on CA3 pyramidal neurons, releasing ATP into the 
extracellular space; ATP is converted via ectonucleotidases to adenosine which subsequently acti-
vates adenosine receptors (A 

1
 R). A 

1
 R activation is also coupled to K 

ATP
  channels. Ultimately, opening 

of K 
ATP

  channels would hyperpolarize neurons and diminish neuronal excitability to contribute to 
the anticonvulsant (and perhaps neuroprotective actions of the KD). Increased leptin, seen with KD 
treatment, can reduce glucose levels and inhibit  a -amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA) receptor-mediated synaptic excitation. Reduced glucose is also expected to down-
regulate brain-derived neurotrophic factor (BDNF) and tropomyosin receptor kinase B (TrkB, a 
tyrosine kinase) signaling in brain. As activation of TrkB pathways by BDNF has been shown to 
promote hyperexcitability and kindling, these potential KD-induced effects would be expected to 
limit the symptom (seizures) as well as epileptogenesis. Boxed variables depict  fi ndings described 
from KD studies;  up  or  down arrows  indicate the direction of the relationship between variables as 
a result of KD treatment.  Dashed lines  are used to clarify linkages and are not meant to suggest 
either magnitude or relative importance compared to  solid lines . Published previously as Fig: 78-4, 
p. 1015 from ‘Mechanisms of Ketogenic Diet Action’ by Susan A. Masino and Jong M. Rho in 
“Jaspers Basic: Mechanisms of the Epilepsies, 4E” edited by Noebels, J, Avoli M, Rogawski MA, 
Olsen RW, and Delgado-Escueta AV (2012). By permission of Oxford University Press, Inc       
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mitochondrial metabolism (Noh et al.  2004 ; Bough et al.  2006 ). Typically, such 
effects have been observed after maintenance on a KD for 2–4 weeks, but in published 
reports to date, a detailed time course for these effects has not been established. The 
biochemical, ultrastructural, and gene pro fi ling from microarray expression studies 
all comport with animal research and clinical observations to indicate that in most 
cases, the anticonvulsant effects of the KD may take two or more weeks to develop 
(Freeman et al.  2006 ;    Bough and Rho  2007   ; Kossoff and Rho  2009  ) . 

 The compelling evidence that the KD increases ATP levels places the mechanis-
tic spotlight squarely on adenosine. ATP is dephosphorylated rapidly to adenosine 
(via action of ectonucleotidases), and any increase in extracellular ATP will ulti-
mately result in greater activation of adenosine receptors (Dunwiddie et al.  1997 ; 
Cunha et al.  1998 ; Dunwiddie  1999 ; Masino et al.  2002  ) . There is direct evidence 
that the adenosine produced via dephosphorylation of ATP acts on inhibitory A 

1
 Rs, 

which would lead to an anticonvulsant effect (Dunwiddie et al.  1997 ; Cunha et al. 
 1998 ; Masino et al.  2002  ) . This fundamental link between metabolism and neuronal 
activity is discussed in an expanded fashion in an initial review postulating the 
potential mechanistic role of adenosine in KD therapy (Masino and Geiger  2008  ) .  

    27.4   Evidence Linking the Ketogenic Diet to Adenosine 

 Two primary lines of evidence have bolstered support for adenosine’s role in medi-
ating the anticonvulsant effects of the KD. These include (1) an in vitro model of the 
KD―in particular, mirroring two essential features, namely, reduced glucose and 
normal or elevated ATP levels (Kawamura et al.  2010  ) ; and (2) assessment of elec-
trographic seizure activity in cohorts of transgenic mice exhibiting spontaneous sei-
zures, with and without KD treatment (   Masino et al.  2011a,   b  ) . While these 
complementary studies have begun to address basic mechanisms of KD action, 
there are many questions that remain unanswered. 

 Kawamura and colleagues employed cellular electrophysiological techniques to 
address the question of whether a reduction in glucose (along with adequate or 
increased ATP levels) would result in membrane hyperpolarization, a  sine qua non  of 
anticonvulsant activity (Kawamura et al.  2010  ) . This study was designed with the 
assumption that clinically, seizure control relates weakly to blood ketone levels, but 
perhaps more consistently with blood glucose (Freeman et al.  2006  ) . Certainly, ear-
lier studies have supported the concept that calorie restriction (with or without KD 
treatment) exerts anticonvulsant (and potentially anti-epileptogenic) effects (Todorova 
et al.  2000 ; Greene et al.  2001  ) , and that reduced glucose may be more important 
than increased ketosis (Greene et al.  2003  ) , but perhaps not in brain extracellular 
 fl uid (Samala et al.  2011  ) . In animal models, the relationship between blood glucose 
levels and seizure frequency is not consistent (Mantis et al.  2004 ; Hartman et al. 
 2010  ) , but the underlying idea behind reduced glucose is that cellular energy is com-
promised and as such, neurons are simply unable to reach high levels of repetitive 
 fi ring required to sustain seizure activity. This concept, however, is in striking contrast 
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to several lines of evidence demonstrating increased, not decreased, bioenergetics 
(DeVivo et al.  1978 ; Bough et al.  2006 ; Nylen et al.  2009 ; Kim do et al.  2010  ) . 

 The combination of increased intracellular ATP and decreased extracellular glu-
cose revealed a novel adenosine-mediated autocrine mechanism in hippocampal 
CA3 neurons (Kawamura et al.  2010  ) . The CA3 sub fi eld of the hippocampus was 
chosen because it is a highly seizure-prone area. In short, Kawamura and colleagues 
found that ATP―released directly into the extracellular space through pannexin-1 
channels and dephosphorylated to adenosine―led to activation of A 

1
 Rs, which under 

these conditions hyperpolarized the membrane potential via coupling to the opening 
of K 

ATP
  channels (Kawamura et al.  2010  ) . This autocrine inhibition in CA3 did not 

require any direct exposure to ketones; rather, a combination of reduced glucose and 
suf fi cient or increased ATP was all that appeared necessary for this effect. 

 The second major line of evidence invoking adenosine in KD action emerged 
from experiments involving transgenic mice exhibiting spontaneous electrographic 
seizures due to de fi cient adenosine signaling (Masino et al.  2011a,   b  ) . After feeding 
a KD for 3–4 weeks, Masino and colleagues found that the diet reduced seizures by 
90 % in mice overexpressing adenosine kinase (and hence de fi cient in extracellular 
adenosine) but with intact A 

1
 Rs. In contrast, a KD was only partially effective in 

reducing electrographic seizures in mice with a partial complement of A 
1
 Rs and was 

completely ineffective in mice lacking A 
1
 Rs altogether (see Table  27.2 ). Similar to 

clinical reports, where anticonvulsant effects reverse rapidly with glucose infusion 
(Huttenlocher  1976  ) , a systemic injection of glucose restored seizures in mice that 
experienced a KD-induced reduction in seizures. Further supporting the role of 
adenosine in KD action, adenosine kinase was down-regulated in normal mouse 
brain after 3–4 weeks of KD feeding, and levels of this enzyme were increased in 
tissue obtained from human patients with epilepsy, consistent with a de fi ciency in 
adenosine signaling (Masino et al.  2011a,   b  ) . Taken together, these data indicate that 
the anticonvulsant effects of the KD may be in part due to increased adenosine act-
ing at inhibitory A 

1
 Rs, and perhaps further augmented by de fi ciencies in adenosine 

   Table 27.2    Predicted and observed effects of the ketogenic diet in mice with adenosine-based 
electrographic seizures   

 Mouse model 
 A

1
R 

expression 
 Predicted change 
in seizure frequency 

 Observed 
change in seizure 
frequency 

 Glucose-induced 
change in seizure 
frequency 

 Wild type: 
(C57BL/6) 

 Unaltered  N/A (no seizures)  N/A  No change 

  Transgenic :  Adk-tg   Unaltered  Robust suppression  88 % decrease 
( p  < 0.001) 

 Reversed to 85 % of 
baseline (  p  < 0.001) 

  Transgenic :  A  
 1 
  R   +/−    50 % normal  Partial suppression  53 % decrease 

( p  < 0.001) 
 Reversed to 89 % of 

baseline (  p  < 0.001) 
  Transgenic :  A  

 1 
  R   −/−    No receptors  No suppression  4 % decrease 

(N.S.) 
 No change (N.S.) 

  Abbreviations:  Adk-tg  adenosine kinase overexpressing transgenic mice,  A  
 1 
  R   +/−   adenosine recep-

tor subtype 1 heterozygous mutant,  A  
 1 
  R   −/−   adenosine receptor subtype 1 homozygous (null) mutant, 

 N.S.  not signi fi cant. From Masino et al.  (  2011b  )   
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kinase activity. At present, whether the KD induces changes in A 
1
 R expression or 

af fi nity, or alters other aspects of the regulation of adenosine, is unknown. It is clear, 
however, that the relationship between the KD and adenosine signaling must be 
explored in other clinically relevant seizure models. Finally, it would be of great 
interest to determine whether augmentation of adenosine signaling might in fl uence 
epileptogenesis, as there are reports suggesting a disease-modifying effect of the 
KD (Gasior et al.  2006 ; Maalouf et al.  2009 ; Stafstrom and Rho  2012  ) .   

    27.5   Current Recommendations and Emerging Applications 
of Ketogenic Diet Therapy 

 The KD demonstrates an overall success rate equivalent to or perhaps superior to 
available AEDs (Kossoff and Rho  2009  ) . However, with the exception of a few 
tertiary epilepsy centers (and a select few epileptic conditions), the KD has been 
relegated to the status of therapeutic last resort. It is becoming increasingly clear 
that this practice should be reevaluated (Nordli  2009  ) . The most recent and comprehensive 
set of recommendations for implementation of the KD was published in 2009 as 
an international consensus statement commissioned by the Charlie Foundation 
(   Kossoff et al.  2009  b  ) . This document addresses the following clinical management 
considerations: patient selection, pretreatment counseling and evaluation, speci fi c 
dietary therapy selection (indications and contraindications), short-term and long-
term implementation, supplementation with vitamins and minerals, follow-up visits 
and management, adverse event monitoring, concomitant use of AEDs, and even-
tual KD discontinuation. The consensus recommendations were made on the basis 
of best available evidence, considered areas of agreement and controversy, and 
touched upon unanswered questions and future research opportunities. 

 Based on anecdotal clinical observations wherein patients maintain a seizure-
free state even after discontinuation of the KD (Hemingway et al.  2001 ; Marsh et al. 
 2006 ; Freeman et al.  2006  ) , and a rapidly expanding experimental literature attest-
ing to the neuroprotective effects of such high-fat, low-carbohydrate diets (both 
in vivo and in vitro) (Gasior et al.  2006  ) , the notion that the KD may be effective for 
other neurological disorders arose―particularly those conditions associated with 
neurodegeneration (Maalouf et al.  2009 ; Stafstrom and Rho  2012  ) . To date, dietary 
and metabolic therapies have been attempted in either experimental models or 
patients for the following conditions other than epilepsy: headache, neurotrauma, 
Alzheimer disease, Parkinson disease, sleep disorders, brain cancer, autism, and 
pain (Stafstrom and Rho  2012  ) . The general impetus for using various diets to 
treat―or at least ameliorate symptoms of―these disorders stems from both a lack 
of effectiveness of pharmacological therapies and the intrinsic appeal of implement-
ing a more “natural” treatment. 

 Whether adenosine is critically involved in the neuroprotective effects of the KD 
against any or all of these conditions remains to be determined. Certainly, there is 
existing evidence that adenosine acting at A 

1
 Rs can produce neuroprotective actions 
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(Dunwiddie and Masino  2001 ; Masino and Geiger  2008 ; Tozaki-Saitoh et al.  2011 ; 
Gomes et al.  2011  ) . Additionally, chronic adenosine exposure may lead to 
diverse epigenetic effects on DNA/RNA methylation (   Skinner et al.  1986 ; 
Boison et al.  2002 ; Boison  2011  ) . Adenosine and homocysteine are formed from 
S-adenosylhomocysteine, which is produced from S-adenosylmethionine via the 
action of methyltransferases. Thus, altered adenosine would in fl uence the 
S-adenosylmethionine cycle. Adenosine’s role in methylation reactions has long 
been recognized (Henderson  1979  ) , and dysregulated adenosine metabolism (puta-
tively increased due to a genetic loss of adenosine kinase) has been shown to inhibit 
DNA transmethylation. Speci fi cally, a lack of adenosine kinase resulted in decreased 
adenine nucleotides and increased S-adenosylhomocysteine (a potent inhibitor of 
transmethylation reactions) in the liver (Boison et al.  2002  ) . Yet these aspects of 
adenosine metabolism and regulation have not been the focus of adenosine-based 
therapeutics in recent decades—the goals of drug discovery have been primarily to 
in fl uence adenosine receptor signaling. It may be time to revisit the potential bio-
chemical and epigenetic roles of adenosine in determining cellular homeostasis and 
dysfunction in health and disease, respectively (Boison et al.  2011  ) . Clearly epige-
netic changes have enormous potential for disease-modifying effects, and further 
studies are necessary to clarify the long-term consequences of both the KD and 
adenosine on epigenetic nucleic acid modi fi cations.  

    27.6   Use of the Ketogenic Diet in a Developing Country 

 Although the KD originated in the 1920s in the United States, variations on this 
metabolism-based therapy have been established in numerous academic and non-
academic centers in over three dozen countries worldwide (Kossoff and McGrogan 
 2005 ; Kossoff et al.  2011  ) , and there are anecdotal reports of several centers explor-
ing uses of the KD outside of epilepsy, including brain cancer (A. Evangeliou, per-
sonal communication; T. Seyfried, personal communication). One of the authors 
(B.Z.-K.) has provided hands-on training to clinical staff at dozens of regional and 
international medical centers. In developing countries, these training workshops 
have been sponsored by The Charlie Foundation and/or provided free of charge in 
exchange for travel and accommodations. Because of the necessary coordination 
among neurologists, dietitians, and hospital staff, preparation for such visits often 
takes an entire year or more. KD meals are planned using local food supplies and 
sources, cultural preferences, and practices. 

 Box  27.1  highlights KD training and outcomes in the Republic of Georgia, a 
former member of the Soviet Union. The Republic of Georgia suffered from eco-
nomic crisis and civil unrest since the collapse of the Soviet Union, and the health-
care system which had provided complete services for all citizens dissolved under 
the new democracy and is still struggling to recover. Healthcare is no longer free, 
with serious implications for patient care. Whereas in the United States prior laboratory 
studies rule out disorders in fatty acid metabolism and evaluate blood chemistries, 
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  Box 27.1 Recent Training and Initial    Outcomes: Republic of Georgia 

 In 2006, based on his work with pediatric epilepsy, Dr. Gia Milekshevelli, a 
neurologist working in the capital city Tbilisi, Republic of Georgia, received 
the Bernard D’Sousa International Fellowship Award. Dr. Milekshevelli’s 
award included an all-expense, 2-week training at the Children’s Hospital at 
Scottish Rite in Atlanta, Georgia (USA). Dr. Milekshevelli learned about the 
treatments available in the United States for pediatric epilepsy which included 
medication therapy, surgery, and the ketogenic diet. With limited access to 
antiseizure medications in Republic of Georgia, he knew dietary treatment 
was a feasible alternative. 

 With support from the Charlie Foundation, KD training was arranged in 
2007. Dr. Milekshevelli’s daughter, a medical student, served as an inter-
preter for two neurologists and pharmacist during the training and diet ini-
tiation in several patients by the author (B.Z.-K.). Families brought 
everything needed to the hospital to start the diet over 3 days, including 
food, dishes, utensils, soap, bedding, towels, etc., as well as ice and coolers 
to store their food. 

 One adult and two pediatric patients diagnosed with medication-resistant 
epilepsy of unknown etiology were identi fi ed as candidates for the KD (no 
EEG equipment was available to assist with further classi fi cation). All had 
severe developmental and cognitive delays. None had received special educa-
tion and physical or speech therapy, nor did they have assistive devices such 
as special feeding utensils or wheelchairs. Their constant care was provided 
by their families. A KD was calculated for each patient and translated into 
Georgian for the family. The pharmacist reviewed and minimized the carbo-
hydrate content of each patient’s medications; she also provided the vitamin 
and mineral supplements. 

 A 4:1 KD ratio (90 % fat) was used for the children and a 1:1 ratio (70 % 
fat) was used for the adult. A rapid initiation method involved one ketogenic 
meal the  fi rst day, two the second day, and three the third    day. Between meals 
each received a ketogenic beverage to provide the goal of calories for each 
patient. Within 3 days, all of the patients were producing strong urine ketones. 
The families ensured that every bit of food and drop of beverage was con-
sumed, and worked together to prepare meals and share food and ideas to 
make the diet palatable for their children. 

  Case 1 : Patient MR was 20 months of age. Her seizures started at 2 months of 
age and were described as “polymorphic” (characterized by two or more sei-
zure types). She was trialed on an antiseizure medication that cost her family 
an entire month’s salary. Her seizures did not improve, and the family discon-
tinued it after 2 months. At the  fi rst meeting she lay  fl accid in her mother’s 

(continued)
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arms for the entire hour. Because she had such poor head control, she was 
spoon-fed thickened ketogenic drinks between meals. She was very weak and 
feeding her took hours each day. 

 Three weeks after starting the diet she was holding her head erect on her 
own and her mother reported that she was cooing for the  fi rst time. Her sei-
zures declined dramatically over the next several months and she eventually 
became seizure free. She has been off of the diet for over a year and now, 
4 years later, she remains seizure and medication free. 

  Case 2 : Patient SK was 3 years old. He had generalized tonic-clonic seizures, 
had been trialed on all seven medications available at the time in Republic of 
Georgia, and was diagnosed with medication-resistant epilepsy. He appeared 
to be at an infant level physically and cognitively. He could sit by himself if 
positioned appropriately, but could not crawl or pull himself up. 
 SK had many seizures during the hospitalization for diet initiation. He had a 
history of constipation and, unfortunately, the KD did not help―constipation 
is a common side effect. He remained on the diet for 3 months. 

  Case 3 : Patient AH was a 34-year-old lean, physically  fi t man. He had gener-
alized seizures, and was diagnosed with medication-resistant epilepsy. He had 
the cognitive function of a child and could only speak in brief phrases. 
 AH had a prolonged seizure during the second day of diet initiation. However, 
he recovered without rescue medication. Over the 4 days of diet initiation his 
language skills improved markedly and he began speaking in full sentences. 
He remained on this very liberal KD for a year. Although he continued to have 
generalized tonic-clonic seizure every few months, his family was satis fi ed 
with the improvement in cognition, especially his verbal skills. When the 
medication Keppra became available in Georgia, he was started on this and 
discontinued the diet. 

 To date, Dr. Milekshevelli remains in contact with the author (B.Z-K.) and 
has placed a total of 12 patients on the diet: seven (58 %) have experienced 
signi fi cant improvement in seizure control, including three (25 %) who are 
seizure free. Although a small cohort, these statistics are impressive. Dr. 
Milekshevelli continues to advance his treatment of people with epilepsy, and 
has invited experts from Europe to visit him and review and offer advice on 
his most challenging patients. In 2009 he received certi fi cation in analyzing 
EEG data and he now has an EEG machine. Most recently, Dr. Milekshevelli 
trained his colleague, a neurologist    in Bulgaria, on KD therapy and continues 
to mentor him.               

Box 27.1 (continued)

(continued)



  Ketogenic diet team members    in the Republic of Georgia: Left to right; three mothers, author 
(B-.Z.K.), and Dr. Gia Milekshevelli  

  One of the mothers in the    Republic of Georgia preparing her child’s diet  

Box 27.1 (continued)
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these tests may be unavailable or unreliable in some countries; close monitoring 
with in-patient diet initiation is recommended under these circumstances. 

 Results in multiple countries have replicated published ef fi cacy with pharma-
coresistant epilepsy as well as success when drugs are not available or not 
economically viable. Western diets contain approximately 50 % of energy as car-
bohydrate. KDs limit carbohydrate-rich foods to less than 10 % of energy, and 
protein is consumed in moderate amounts―much lower than the typical Western 
diet. Fat is the KD’s main source of energy and the least expensive food group 
when compared in terms of energy density to carbohydrate (i.e., bread, cereal, 
grains, and fruit) and protein-rich foods (i.e., meat and cheese). In the Republic of 
Georgia, success with a small cohort of patients yielded promising results―25 % 
became seizure free―underscoring that a dietary approach is accessible and 
affordable in countries with limited resources. In India, picture books and simple 
measuring devices allow successful application of the KD available to patients 
who cannot read (J. Nathan, personal communication). The KetoCalculator      pro-
gram (  https://www.ketocalculator.com    ) is written in English and uses the metric 
system for diet calculations; this tool has been used successfully to help adminis-
ter the KD in many countries.     

    27.7   Summary and Conclusions 

 Even though the KD demonstrates an overall success rate equivalent or poten-
tially superior to available AEDs, aside from a few treatment centers it has been 
consistently relegated as a therapy of last resort for epilepsy. However, there is 
growing recognition that the KD should be considered in the treatment algorithm 
at a much earlier stage, and perhaps for a multiplicity of other neurological disor-
ders (Nordli  2009 ; Stafstrom and Rho  2012  )  with speci fi c predictions related to its 
effects on adenosine (Masino et al.  2009  ) . Certainly, it is now well appreciated 
that the KD and its variants constitute both an affordable and accessible metabolic 
therapy. At a scienti fi c level, the positive bioenergetic approach represented by 
the KD may be a general paradigm for restoring brain homeostasis, and is less 
likely to produce treatment resistance and signi fi cant untoward side effects 
(Boison et al.  2011  ) . As the KD approaches its 100th anniversary (i.e., 2021), a 
critical re fl ection of its fascinating saga and its late maturation as a valid clinical 
and scienti fi c entity places the KD on an exciting platform for further advances 
during the next century, especially as the leading metabolism-based treatment for 
a variety of neurological disorders.      
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