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Abstract: The ketogenic diet (KD) is a high-fat, restricted-carbohydrate regime, originally
designed to mimic metabolic responses to fasting and has been used since the 1920s as a treat-
ment for epilepsy. Modified variants of the KD include the addition of medium-chain triglyceride
and less-restrictive modified Atkins and low glycemic index protocols. Scientifically proven as
treatment for intractable seizures in children, these ketone-generating diets are increasingly also
being used in adults. They are the treatment of choice in glucose transporter type 1 deficiency
syndrome and pyruvate dehydrogenase deficiency. Evidence for the potential of KD therapy to
be included within the treatment options for cancer and neurodegenerative disorders is more
limited, albeit an exciting area of research with future clinical potential. This review discusses
the key aspects of KD therapy, including the efficacy of treatments and clinical implementation.
The importance of appropriate initiation, adequate clinical supervision, regular monitoring, and
assessment of nutritional needs is highlighted.
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Introduction

A dietary approach to the treatment of epilepsy can be traced back to Hippocrates’
description of a man whose seizures were cured by abstaining from all food and drink.
The first scientific accounts of the benefits of fasting in epilepsy were published more
than 100 years ago.! A further study in 1921 reported that 20 out of 26 fasted patients
showed seizure improvement; two of these patients remained seizure-free for more than
a year.? During fasting, hormonal and metabolic adaptation occurs to draw on energy
reserves of body fat with the aim of sparing protein breakdown. Muscles and other
tissues progressively switch energy source from glucose to free fatty acids that are
converted to ketone bodies (acetoacetate and B-hydroxybutyrate) in liver mitochondria,
via B-oxidation and acetyl-coenzyme A formation. Ketone bodies are increasingly
utilized as an energy source in many tissues, notably heart, muscle, and brain. Unlike
fatty acids, ketone bodies can pass across the blood—brain barrier.

The suggestion that a diet that is very high in fat and low in carbohydrate might
mimic these fasting-induced metabolic changes and thus have benefit to individuals
with epilepsy® led to the development of the ketogenic diet (KD) that is still used
today. Other early studies reported effective use of this treatment in children*® and
adults’ with epilepsy. Although interest in diet therapy diminished with the develop-
ment of new anticonvulsant medications toward the end of the 1930s, more recently
there has been a reversal of this trend with KD research and worldwide clinical use
increasing significantly over the last 20 years. This review describes the different KD
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therapies, evidence for efficacy, and key aspects of clinical
implementation. The potential for their therapeutic use in
disorders other than epilepsy is also considered.

The ketogenic diets

The classical KD described in the early studies was based on
a ratio of ketone-producing foods in the diet (fat) to foods
that reduced ketone production (carbohydrate and protein).
Seizure control in children was found to be optimal when this
ketogenic ratio was at least 3, and most of the classical KDs
used today aim for a ratio of 3:1 (87% of total dietary energy
derived from fat) or 4:1 (90% of total dietary energy derived
from fat). The carbohydrate allowance is very limited, and
protein is kept to a minimum to meet requirements for growth.
A modification of this diet was first described 50 years later,
using medium-chain triglycerides (MCT) to replace some
of the long-chain fat sources.!® As MCT are absorbed and
metabolized more efficiently, being carried directly to the
liver in the portal blood, ketone body synthesis will be greater
per unit of ingested fat.!” Therefore, less total fat is needed in
the diet, allowing more carbohydrate and protein with MCT
generally providing 30%—60% of dietary energy. Both the
classical and MCT KD involve strict dietary calculation and
food weighing.

In the last 10 years, alternative more relaxed protocols for
implementation of KD therapy have been used successfully.
The modified Atkins diet (MAD) restricts carbohydrates and
encourages high-fat foods, but it does not limit protein or total
dietary energy.!! Food is not weighed, but many centers use a
macronutrient exchange system for implementation. The low
glycemic index treatment is more generous in carbohydrates,
but it only allows those with a glycemic index <50.'? Protein,
fat, and calories are monitored, but not as strictly as on the
KD. Food is not weighed; it is based on portion sizes.'? These
four different KD therapies are compared in Table 1, which
gives more detail on macronutrient compositions and their
suitability for different individuals.

In practice, many dietitians are adopting a more flex-
ible, patient-tailored approach to KD therapy, especially
when treating older children and adults. This may combine
elements from one or more of the different types of KD,
rather than sticking to a rigid diet protocol.

Efficacy of KD therapies

There have been many case series and observational studies
reporting successful use of the classical and MCT KD in the
treatment of intractable childhood epilepsy; efficacy has also
been reported in two systematic reviews!'>!* and a statistical

meta-analysis of 19 studies.'> Although most studies report
use of the classical KD, a randomized controlled trial (RCT),
including 145 children on both classical and MCT KD,
reported seizure frequency after 3 months to be significantly
lower in the diet group compared to controls,'® with no dif-
ference in efficacy between these two types of KD at 3, 6,
or 12 months."” The last decade has seen a rapidly growing
body of published literature on the effectiveness of the MAD.
A review of data from four prospective studies found 52%
of a total of 82 children had >50% seizure reduction after
3 months on this diet.'®

Retrospective low glycemic index treatment data suggests
similar results.'” An updated Cochrane review on the efficacy
of ketogenic therapies concluded that they conveyed “short
to medium term benefits in seizure control, effects which
are comparable to modern antiepileptic drugs.”® Since this
review, a RCT on the use of the MAD in refractory child-
hood epilepsy has been published.?! Seizure frequency in
102 children after 3 months was significantly lower in the
diet group compared to controls. Comparing efficacy between
these different dietary protocols is challenging, due to differ-
ences in selection criteria, although there is some evidence
that the stricter KD may lead to greater improvements in
seizure control.?

KD therapy has been shown to be successful in treating
a wide range of seizure types and syndromes,?® although
it may be particularly beneficial in myoclonic epilepsies,
infantile spasms, and tuberous sclerosis complex.* It is the
treatment of choice in disorders of brain energy metabolism
(see Use of KD therapy in other disorders). Although success
has been reported in all ages including infants, research into
the dietary treatment of epilepsy in adults is more limited. A
review of the available data concluded that it may be effec-
tive for almost one-half of drug-resistant adolescents and
adults® and is increasingly being requested as a treatment
option in this group.

The reported benefits of KD therapy frequently extend
beyond a reduction in the number and the intensity of
seizures and include more rapid recovery from seizures,
reduced dependence on emergency medication, and increased
alertness, awareness, responsiveness, and energy levels.
Anecdotal data suggest these improvements in the quality of
life can be independent of seizure control and may be partly
due to the reduced anticonvulsant drug load that can often
be facilitated by successful dietary treatment. The effects of
the diet can be long lasting, and some individuals who have
seen benefit can return to a normal diet without resumption
of seizure activity.
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Mechanism of action

Determining the mechanism by which KD therapy acts to
reduce seizure activity in the brain is ongoing and remains the
focus of many international research groups. The restricted
carbohydrate and high-fat intake will result in reduced glu-
cose utilization and increased ketone body production from
fatty acid oxidation, with a shift away from glycolysis toward
increased Krebs cycle activity and direct mitochondrial
metabolism of ketone bodies. Although a single underlying
mechanism remains unknown, it is likely these metabolic
changes will decrease neuronal excitability via multiple
coexisting mechanistic pathways beyond that of a simple,
direct anticonvulsant effect of ketone bodies. The increased
mitochondrial adenosine triphosphate (ATP) production and
reduced glycolytic ATP production will selectively activate
ATP-sensitive potassium channels that will, in turn, have a
stabilizing effect on the neuronal cell membrane.?¢

The KD may also have a role in altering neurotransmitter
function by disrupting excitatory glutamate synaptic trans-
mission and facilitating an increased production of inhibi-
tory y-aminobutyric acid (GABA).?6? Other hypothesized
mechanisms of KD action include the inhibition of mam-
malian target of rapamycin activity,””** the refilling of Krebs
cycle substrates by anaplerosis,?” an increase in extracellular
adenosine,?” increased leptin levels,?” and reduced intracel-
lular reactive oxygen species, due to increased nicotinamide
adenine dinucleotide phosphate production.?*#?° Increased
polyunsaturated acid levels have been reported on the KD,?¢%7
which may confer anticonvulsant benefit via modifications in
cell membrane composition, stimulation of nuclear receptor
proteins (eg, peroxisome proliferator-activated receptor o),
and decreased production of reactive oxygen species by
upregulation of mitochondrial uncoupling protein activity
and expression.?®?’

The direct anticonvulsant action of structurally specific
medium-chain fatty acids has also been reported.*® There is
growing recognition of additional neuroprotective, antiepi-
leptogenic benefit of the KD-induced alterations in cellular
fuel supply and possible dietary influence on gene expression.
Further detail on mechanistic hypotheses can be found in a
number of excellent articles on this subject.?¢-3¢

Clinical implementation

Ketogenic dietary therapy should only be initiated under the
supervision of a hospital team, including medical support
from a neurologist or physician who has experience in treat-
ing epilepsy and a registered dietitian who is confident in the
calculation and fine-tuning of the chosen dietary protocol.

Although computer programs are now available to aid recipe
development, the dietitian will assess individual nutritional
requirements and develop appropriate dietary prescriptions.

KD therapy should not be used in individuals who have
disorders of fatty acid metabolism or who require treatment
with a high-dietary carbohydrate intake;?* other medical con-
traindications are included in Table 2. Compliance of parent
and/or caregiver with the dietary restrictions is paramount
to success; this should be taken into consideration prior to
commencing treatment. The KD can easily be administered to
enterally-fed children via nasogastric tube or gastrostomy, and
ketogenic formulas are available for convenience (KetoCal,
Nutricia North America, Inc., Gaithersburg, MD, USA; Nutri-
cia Advanced Medical Nutrition, Schiphol, The Netherlands).
Although not an absolute contraindication, concurrent dietary
restrictions due to physical feeding difficulties or food intol-
erances will make KD therapy more difficult to implement,
especially if there are associated behavioral eating issues.

For many years, the KD was only initiated during a
hospital admission and after a closely monitored fast of up
to 48 hours with controlled fluid intake. The advantages of
this type of protocol have not been proved,’'** and many
diets are now started at home without an initial fast or fluid
restriction. However, some centers will choose to hospitalize
children for initiation — especially the very young — in view
of the restrictive nature of the KD therapy and the impor-
tance of adequate monitoring of metabolic changes during
the early days. Diets should only be started on an outpatient
basis if there has been a thorough teaching program prior to
commencement, including instructions on the daily home
monitoring of blood or urine ketones and the management
of possible early side effects, such as excess ketosis and
hypoglycemia.

KD therapy can be used alongside other anticonvulsant
drugs, although a more cautious initiation may be needed in
patients taking medications that increase the risk of acidosis.
Ongoing community support from the diet team is essential,
with regular monitoring throughout the duration of dietary
treatment including full blood hematology and biochemistry.
There have been reports of a number of side effects, most
commonly constipation and other gastrointestinal problems,
short-term acidosis, hyperlipidemia, growth faltering, and
renal calculi.**?’

A 3-month trial of dietary treatment is recommended;
if there is no improvement by then — despite appropriate
dietary fine tuning — it should be discontinued. If KD
therapy is successful, it will usually be continued for at least
2 years, but this period of time is individualized based on
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Table 2 Medical contraindications to use of KD therapy

Definite contraindications
Primary carnitine deficiency
CPT | or CPT Il deficiency
Carnitine translocase deficiency
Fatty acid [-oxidation defects
MCAD deficiency
LCAD deficiency
SCAD deficiency
Long-chain 3-hydroxyacyl-CoA deficiency
Medium-chain 3-hydroxyacyl-CoA deficiency
Pyruvate carboxylase deficiency
Disorders requiring a high-carbohydrate diet treatment, eg, acute
intermittent porphyria
Hypoglycemia under investigation
Defects in ketoneogenesis or ketolysis
Severe liver disease
Possible contraindications (suitability to be assessed carefully by
pediatric neurologist)
Familial hyperlipidemia
Dysphagia or significant gastroesophageal reflux (must be
appropriately managed before starting KD therapy)
History of renal stones
Diabetes mellitus (may need medication adjustment)
On diuretics or medications that increase risk of acidosis
Concomitant steroid use (will limit ketone-generating ability)

Abbreviations: KD, ketogenic diet; CPT, carnitine palmitoyltransferase; MCAD,
medium-chain acyl-dehydrogenase; LCAD, long-chain acyl-dehydrogenase; SCAD,
short-chain acyl-dehydrogenase; CoA, coenzyme A.

patient response, not on specific guidelines. Discontinua-
tion must be done cautiously; the longer it has been used
and the more successful it has been in seizure treatment,
the more gradual should be the change back to a normal
diet. This will employ a stepwise process that may take
weeks or months.

Worldwide use of KD therapies has increased dramati-
cally since the early 1990s. The past few years have seen
the development of parent and professional support groups,
notably Matthew’s Friends based in the UK (matthewsfriends.
org) and The Charlie Foundation based in the USA
(charliefoundation.org). Not only have these organizations
facilitated global and local scientific conferences and parent
information events, they are an invaluable resource to aid
dietary implementation with family support and sharing of
recipes and practical ideas.

Nutritional status

and supplementation

To prevent nutritional deficiencies, full vitamin, mineral,
and trace element supplementation should be given while on
KD therapy; requirements will differ depending on which
dietary protocol is used and should be assessed on an indi-
vidual basis by the dietitian. Children with drug-resistant

epilepsy are at risk of insufficient vitamin D status prior
to starting a KD,*® and although levels can be normalized
on diet therapy with vitamin D supplementation, a decline
in both whole body and spine bone mineral content while
on the KD has been reported,* despite reduction in anti-
convulsant medication. Selenium deficiency can occur in
children on the KD*® with the risk of impaired myocardial
function.*! Hypomagnesemia has also been seen* and
may be a particular problem in children on the classical
KD, despite micronutrient supplementation.** There is one
report of vitamin C deficiency in a child on the KD who
presented with scurvy and oral complications.** Risk of
these micronutrient deficiencies highlights the importance
of regular dietary review of the adequacy of supplementa-
tion and measurement of blood levels wherever possible.
Conversely, plasma levels of vitamin A and vitamin E can
often be raised* as a consequence of high dietary intakes
associated with a high-fat diet; these should also be regu-
larly monitored.

Carnitine is an amino-acid derivative that is needed for
the esterification and transport of long-chain fatty acids
into the mitochondria for subsequent B-oxidation. Carnitine
deficiency has been reported in epilepsy patients treated
with anticonvulsant medications,** and the KD may further
deplete stores as carnitine requirements will be increased if a
diet high in long-chain fat is followed. A fall in the carnitine
status of children and young adults during the first few months
of KD treatment has been seen,*® with some cases requiring
supplementation, although levels tended to normalize with
time on the diet therapy. Although carnitine deficiency is
unlikely if high ketone levels are being maintained, free
carnitine levels should be regularly monitored while on KD
therapies, and additional supplementation may be needed if
deficiency is suspected.

In view of the potential atherogenic risk of KD-induced
alterations in lipid levels,* advice should be given as part of
the dietary prescription to ensure this high-fat diet provides
a healthy balance of fatty acid intakes. The omega 3:omega
6 fatty acid ratio within plasma phospholipids will have an
influence on cardiovascular risk, with one study suggesting
that an omega 3-enriched KD may have benefit in ensuring
this ratio is kept within the normal range.*’ The possibility of
controlling lipid levels by KD modification is also supported
by one study of 12 children with preexisting hyperlipidemia;
a very low saturated fat and low cholesterol diet with opti-
mized polyunsaturated fatty acid intake resulted in a sig-
nificant reduction in both total and low-density lipoprotein
cholesterol levels.*

Nutrition and Dietary Supplements 2014:6
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in neurometabolic disease

KD therapy is the recommended first-line treatment* for
two rare neurometabolic diseases that affect the energy
metabolism of the brain, glucose transporter type 1 (GLUT1)
deficiency syndrome, and pyruvate dehydrogenase (PDH)
deficiency. GLUT1 deficiency syndrome is caused by a defect
in the protein responsible for glucose transfer across the
blood-brain barrier. Frequently presenting with seizures
early in life, brain growth may be impaired with develop-
mental delay and other neurological problems, including a
complex movement disorder. It is characterized by low glu-
cose concentration in the cerebrospinal fluid in the absence
of hypoglycemia, alongside low-to-normal cerebrospinal
fluid lactate.*” Ketone bodies can be used as an alternative
energy source for the brain and — in most cases — the KD
will significantly reduce seizure frequency,’**! with improve-
ments in neurological function and movement disorders also
reported.’*3*>* The classical KD has been most widely used
to treat GLUTI, although case reports suggest MAD may
also be used successfully.’** Diets should be continued well
into puberty; the benefit in adults is unclear.

PDH is a severe degenerative mitochondrial disorder
that presents with lactic acidosis and variable degrees of
neurological degeneration during infancy and childhood.
Caused by an enzyme deficiency within the pyruvate dehy-
drogenase complex that prevents the metabolism of pyruvate
to acetyl-coA, pyruvate is instead metabolized to lactate,
and ATP production is compromised. The KD will bypass
the metabolic block by providing ketones as an alternative
fuel to glucose. Although it will not fully reverse clinical
symptoms, the progressive loss of neurological function can
be slowed by the dietary treatment, especially if it is initiated
early in life.’*” The classical KD is usually recommended
as stricter carbohydrate restriction has been associated with
greater improvement in clinical outcome,’” although one
recent case report suggests a modified diet can also be used
with success.™®

Use of KD therapy

in other disorders

There is a growing evidence base to support the use of KD
therapy within the established treatment options for a range of
other disorders,**® most notably cancer of the brain and other
organs. The metabolic switch toward glucose as a preferred
energy source that occurs in malignant cancer cells was first
reported in the 1920s,°! facilitated by the upregulation of key

enzymes involved in glucose metabolism and transport.®
While normal tissues can adapt to glucose depletion by using
ketones for energy, this may not be possible in the glucose-
dependent malignant cell. The use of a low-carbohydrate,
high-fat KD could be a way to specifically target
tumors based on these metabolic differences.® Although
positive reports are mainly from animal studies,** this is an
exciting area of research with potentially important clinical
applications especially for neurological cancers. The MCT
KD was successfully used to treat two children with advanced
stage malignant astrocytomas; glucose uptake decreased at
the tumor sites, with one patient showing significant clini-
cal improvement and remaining free of disease progression
during 12 months on the diet.”” In a group of 16 adults with
advanced metastatic cancer of various sites treated with
an omega-3 supplemented, carbohydrate-restricted diet,
improvements were seen in blood parameters, emotional
functioning, and sleep in the five patients who were able to
complete the 3-month study period.”

A novel therapeutic strategy for management of brain
cancers has been proposed, involving the initial use of KD
therapy to lower circulating glucose and to raise ketone
bodies prior to considering surgery or other treatments;*!
further clinical trials involving the use of diet along-
side conventional cancer treatments are currently in
development.®

Evidence from animal studies suggests that KD therapy
may have a protective role in neurotrauma and ischemia,
with the injured brain preferring to use ketones as a fuel.”
The metabolic changes induced by KD therapy may also
be beneficial in certain neurodegenerative disorders.”
Parkinson’s disease is characterized by progressive death of
brain dopaminergic neurons; ketone bodies could provide a
fuel source for these at-risk neurons, and the ketone-induced
enhancement of mitochondrial function may protect cells
against insults that demand a high energy supply. This is
supported by animal data™ and a small feasibility study that
reported a decreased Parkinson’s disease rating score in five
patients on the KD.™

Studies in mice suggest KD therapy may protect against
the formation of the amyloid protein-containing extracellular
plaques that are characteristically deposited in Alzheimer’s
disease. In a randomized, double-blind study of 152 patients
with mild-to-moderate Alzheimer’s disease, the group treated
with MCT ketogenic compounds showed significant improve-
ment in cognitive function compared with controls,” although
the benefit of the diet was only seen in patients lacking the
apolipoprotein €4 genotype.
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Animal studies also suggest that KD therapy may help
slow the progressive loss of motor neurons seen in amyo-
trophic lateral sclerosis,’ although there are no published
clinical data.

Conclusion

The traditional KD and its newer modified variants are
well-established and scientifically proven treatments for
intractable pediatric epilepsy; increasingly, they are also
being used in adults. They are a first-line treatment for
GLUT!1 deficiency and PDH. Although there is clearly
future potential for this type of diet within the management
of cancer and neurodegenerative disorders, further studies
are needed before KD therapy can be incorporated routinely
into clinical practice to clarify who would benefit from this
type of treatment and how best it should be implemented.
KD therapies should always be under the supervision
of a dietitian and physician, with consideration given to
nutritional supplementation, monitoring, and the risk of
side effects. Although use is increasing worldwide, in many
countries, the availability of this type of diet therapy is both
limited and variable.

Disclosure
The author reports no conflicts of interest in this work.
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