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Abstract

Recent years have witnessed an increased interest from pediatric neurologists, neuropediatricians, epileptologists and general
neurologists in the use of the ketogenic diet (KD) for the management of refractory epilepsies, particularly in children and
adolescents. This article summarizes current knowledge on various issues related to its use, as discussed at a recent international
workshop. Aspects discussed in some detail include (i) the putative mechanisms responsible for the diet's anticonvulsant effects,
based on results of biochemical and neurophysiological studies in experimental models; (ii) consensus and controversies on the
modalities of initiation of the diet, and different protocols of implementation; (iii) indications and contraindications; (iv) efficacy
data, also in relation to seizure type, syndromic form and patients age; (v) adverse effects; (vi) methodological aspects related to
assessment of the diet’s clinical effects, and perspectives for future research. Overall, the data reviewed indicate that considerable
advances have been made in understanding the modes of action of the diet, its efficacy and tolerability profiles and its potential role
in different types of epilepsy. Although clinical studies performed to date have important methodological limitations, including
suboptimally characterized patients’ populations and an uncontrolled design, a number of innovative, prospective randomized
study protocols have been recently proposed and are being implemented. The results of these will hopefully provide much needed
high-quality information to better define the role of the diet in the treatment algorithms in different epilepsy syndromes.
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1. Introduction consider the affected individual to have divine, shamin-
istic abilities Fadiman, 199) This can result in an
Recent years have witnessed an increased interesimportant example of cross-cultural misunderstand-
from pediatric neurologists, neuropediatricians, epilep- ing. Seizures have also been ascribed to: “humors”,
tologists and general neurologists in the use of the “toxins”, and infections Ilennox, 1960. Treatments
ketogenic diet (KD) for the management of refractory have been empirical and have ranged from magic,
epilepsies. In parallel with this interest, a number of to the ingestion of, or abstinence from certain foods
studies have been completed addressing a wide rangeand even of certain animal and human parts. Irritation
of issues related to this diet, from its mechanisms of and counter-irritation, trephination, prayer, and fasting
action in animal models to its efficacy and tolerability have been prescribed. The removal of various organs
profiles in different populations of patients. In recog- and even death because of demonic possession has been
nition of this, the Institute of Neurology IRCCS C. used as treatment.
Mondino Foundation in Pavia, Italy, took the initiative Bromide, the first useful antiepileptic drug (AED),
of organizing, on 24 September 2005, an international was used in the 1850s for “hystero-epilepsy” and later
workshop whose purposes were to (i) discuss the ratio- used successfully in other forms of seizures. Phenobar-
nale for the use of the KD, and bridge basic science bital introduced in 1917 and phenytoin in 1937 were
data with evidence from clinical experience; (i) review but the first of what has become a plethora of new
critically and update current acquisitions on the use of AEDs. Lack of understanding of the cause of seizures
the diet in the epilepsies; (iii) highlight controversies and epilepsy has, over time, seemed to be the mother
concerning indications and modes of application; (iv) of therapeutic intervention and invention. While we
identify areas and methodology for future research.  have learned much about the physiology of neuronal
The workshop, which was attended by many lead- excitation and inhibition, even today we understand
ing experts from both sides of the Atlantic, provided a little about what causes most seizures or what triggers
forum for constructive interaction between many disci- their occurrence. Our treatments, therefore, continue
plines which contribute to our knowledge in this area. to remain largely empirical. The KD is only one of the
The purpose of this manuscript is to summarize infor- more recent, empirically derived, effective therapies.
mation that was presented at this workshop, as well  In the early 1920s, an osteopathic physician named
as the main points that emerged from the associatedHugh Conklin “discovered” that epilepsy, “resulted
discussions. from intoxication of the brain from substances com-
ing from the intestine”, and devised a “cure” by fasting
and having the patient imbibe only water for up to 20
2. Dietary treatments for epilepsy: a historical days thus putting the intestine at reBtéeman et al.,
perspective 2002. At a time when there were few other effective
treatments for seizures, the diet was documented to
be effective. This was termed “The Water Treatment”
The John M. Freeman Pediatric Epilepsy Center, Johns for epilepsy. It was found that a calorie-restricted diet
Hopkins Medical Institutions, Baltimore, MD, USA high in fats, with sufficient protein and limited carbo-
Individual seizures, as well as the repeated seizureshydrates could mimic the biochemical changes of this
associated with epilepsy are frightening to observers starvation and could preserve its beneficial effects on
and may affect the quality of life of those affected. the seizuresKreeman et al., 2002In modified form
Throughout the millennia their etiology has been thishasbeenbecametoday’s KD. The beneficial effects
mysterious. Epilepsy, termed “The Sacred Disease” of this dietary treatment were confirmed throughout the
and “The Falling Sickness”, has been ascribed to 1930s, and but then largely forgotten as first phenytoin
many causes, including demonic possessiempkin, and then other anticonvulsants became available. Med-
1976. Even among the modern day Hmong tribes, ication was far easier to prescribe and take than the KD.
seizures are ascribed to problems with the individual’s  Interest in the KD was re-awakened during the early
soul (Fadiman, 199) The Hmong consider seizures 1990s and since then multiple studies from many cen-
as indication of possession of “a healing spirit” and tres have concluded that the diet can be as effective or

J.M. Freeman
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even more effective in the management of children with
difficult-to-control seizures than other currently avail-
able anticonvulsant medicatiorfsréeman et al., 1998;
Freeman and Vining, 1998At Johns Hopkins, 150
consecutive children with multiple seizure types and
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are met by lipolysis anfl-oxidation of fatty acids rather
than by the breakdown of carbohydrates. Thus, the KD
maintains an anabolic nutritional state in a metabolic
situation of fasting. Any diet providing nutritional fat
for the generation of ketones that serve as an alternative

having at least two seizures per day were started on thefuel to body tissues may be called “ketogenic”. Ketones

KD and followed up Hemingway et al., 2001aMady
etal., 2003. Slightly more than half of the children who

may produce an anticonvulsant effect, presumably due
to changes in (a) cerebral energy metabolism; (b) cell

had averaged >400 seizures per month at diet onset conproperties decreasing excitability; (¢) neurotransmitter

tinued the diet for 1 year, and 27% of those children,

function; (d) circulating factors acting as neuromodula-

had had a >90% decrease in their seizures. Three totors, and (e) brain extracellular milie8¢hwartzkroin,
6 years later a similar percentage of this same group 1999.

had continued, now off the diet, with few seizures, and

For the treatment of intractable childhood epilepsy

many had decreased or eliminated their medications. two types of KDs have thus far been developed. The

There are no studies of AEDs documenting similarly
good outcomes over comparable time periods.

diets differ in their composition of free fatty acids.
The traditional long-chain triglyceride (LCT) diet is

The KD has been reported to be effective across a most commonly usedSiwink et al., 1997; Lefevre and

wide variety of ages, seizure types and severitésly
et al., 2003; Kossoff et al., 200pas well as different
etiologies Kossoff et al., 2002a, 2005It can be used
in liquid form (Kossoff et al., 2004a)b for bottle or

Aronson, 200D A second type, the medium-chain
triglyceride (MCT) diet is more ketogenic but less
used as it often causes gastrointestinal side effects. An
ongoing clinical trial at Great Ormond Street Hospi-

tube feeding, and perhaps even in a modified form as tal (London, UK) is currently comparing both ways

the Atkins diet Kossoff et al., 2008 The diet has few

of giving the diet. Finally, several infant formulas are

significant side effects and when properly supervised now available in the USA and in Europ&ldrdli et
does not cause weight gain or substantial growth abnor-al., 2001; Klepper et al., 2002Despite the world-

malities {/ining et al., 2002 and has minimal effects
on serum lipid profileskwiterovich et al., 2008

How the diet exerts its anticonvulsant effects is
unknown, but is thought possibly to relate to serum
levels of beta-hydroxy butyratés{lbert et al., 200D

Its mechanisms of action are the subject of consid-

erable research, and of a recent bo8kafstrom and

wide use of the diet{ossoff et al., 200b(Fig. 1) and

an increasing understanding of the underlying mecha-
nisms, no international protocols have yet been devel-
oped. Age, groups, indications and contraindications,
the initiation, ratio, and duration of the diet, as well as
anticonvulsant co-medications are left to the treating
physicians. Medical associations have been reluctant

Rho, 2004. Perhaps understanding the mechanisms of to promote the diet and the development of guidelines.

action of the KD will lead to new approaches to treat-
ment of the epilepsies.

3. The ketogenic diet: definitions and standard
protocols
J. Klepper

Department of Pediatrics and Pediatric Neurology,
University of Essen, Essen, Germany

The KD is a high-fat, low carbohydrate, nor-
mocaloric diet that mimicks the metabolic state of fast-

As a result, both in the USA and in Europe centres
follow individual protocols and the data obtained are
difficult to evaluate. A substantial number of interna-
tional clinical studies follow the Johns Hopkins Hos-
pital protocol fttp://www.neuro.jhmi.edu/Epilepsy/
Peds/ketadiet.htn) (Swink et al., 199Y. In German-
speaking countries, a consensus on how to introduce
and maintain the diet that closely follows the Hop-
kins protocol was introduced in 200Xlepper et
al., 2009 (http://www.neuropaediatrie.conFree KD
software and a list of pediatric centres on the world
wide web providing a KD program in the USA and
worldwide is available on the website of the Packard
Children’s Hospital Stanford University Medical Cen-

ing. During a prolonged fast, body energy requirements ter (http://www.stanford.edu/group/ketodiget/


http://www.neuro.jhmi.edu/epilepsy/peds/keto_diet.htm
http://www.neuro.jhmi.edu/epilepsy/peds/keto_diet.htm
http://www.neuropaediatrie.com/
http://www.stanford.edu/group/ketodiet/
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Fig. 1. Countries providing the ketogenic diet (highlighted in grey) as identified in arecent survey. Updat€dd$smfiet al. (2005)Reproduced
with permission from the author and from the publisher.

Indications for the KD are intractable child- of calories per mealis well tolerated. During admission
hood epilepsy, glucose transporter type 1 (GLUT1) patients, parents, and caretakers are educated about
deficiency syndrome, and pyruvate dehydrogenase suitable food items, the calculation, and the preparation
complex deficiency. Before initiating a KD contraindi-  of ketogenic meals by the dietician. Multivitamins,
cations such ag-oxidation defects, liver or metabolic  minerals, and trace elements are supplemented.
disease interfering with glucose or ketone homeostasis Follow-up demands regular outpatient admissions and
need to be excluded. A full history as well as a clinical easy access to the treating pediatrician and dietician.
and nutritional assessment is necessary. Finally, the Side effects of the diet such as kidney stones and blood
compliance of patient and caretakers is essential. In thelipids need to be monitored{viterovich et al., 2003;
Johns Hopkins Hospital protocol and in the German Ballaban-Gil et al., 1998 The time course of the
consensus protocol patients are admitted to the hospitalintroduction of a KD and essential investigations as
and ketosis is initiated by fasting. Reasons for hospital- outlined in the German consensus protocol is shown in
isation are the difficulties of fasting in children and the Fig. 2
potential hazards of prolonged fasting as an outpatient.  Despite the resurgence of the diet several controver-
Others have described benefits of the non-fasting KD sial issues about this treatment remain. KD protocols
compared with the initial fasting KD but prospective, differ in the necessity of the initial fast as outlined
randomized trials are not yet available to settle this above, the duration of the diet, fluid restriction, the
controversial issuekim et al., 2004a Wirrell et al., use of MCT versus LCT fatty acids, and the need
2002. During fasting, basic laboratory parameters, in for carnitine supplements. Other issues such as the
particular blood glucose and ketones in blood and urine potential long-term adverse effects or the potential
need to be monitored closely, preferably at the bedside. interactions of the diet with AEDs remain largely unan-
Once ketosis is established the diet will be introduced swered. Future progress in KD protocols will require
starting with one-third of calories per meal. Caloriesare an international expert panel to clarify definitions and
increased to two thirds of calories per meal after every develop standard protocols. Recommendations should
24 h and patients are discharged when the total amountbe authorized by an international medical society to
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J— 1
fasting
admission 4
investigations evaluation day -1 day 0-3 day 3-6 follow-up

ketones (urine) 6-8h . .
ketones (blood) 6-8h . .
blood gas analysis 6-8h . .
Glucose . 6-8h . .
Lactate .
Ammonia .
carnitine profile .
organic acids (urine) .
body weight, height . .
Electrolytes, creatinine . .
liver parameters . .
blood lipids . .
abdominal ultrasound . .
EEG . .

Fig. 2. Algorithm of the introduction of the ketogenic diet as agreed by the consensus in German speaking clieppesét al., 2004

ensure quality control and to provide an interactive plat-
form for physicians using the KD.

4. Implementation and monitoring: nutritional
aspects

A. Tagliabue

Human Nutrition and Dietetics, Department of Applied
Health Sciences, University of Pavia, Pavia, Italy

4.1. Introduction

To obtain a level of ketosis adequate for seizure
control, low amounts of carbohydrates and high
amounts of fat are administered in a rigidly con-
trolled ratio. The use of such an unbalanced diet in
children requires particular attention in implementa-
tion and monitoring. The main nutritional problems
that require careful monitoring arise from marginal
or overt nutritional deficits (energy, proteins, minerals
and vitamins) or from excess nutrients (lipids, satu-
rated fat and cholesterol) which are peculiar to this
diet.

4.2. Fasting versus non-fasting at initiation

Ketosis is usually induced with a short period of
fasting Freeman et al., 1996followed by a gradual
introduction of the high-fat diet. From a biochemical
and physiological point of view, however, a period of
fast is notnecessary to induce and maintain a con-
dition of metabolic ketosis. The key issue is whether
fasting can baseful when initiating the dietin children
with epilepsy. Advantages of fasting include a shorter
time to onset of ketosis, improved screening condi-
tions for identifying underlying metabolic disorders,
and the need for a hospital admission period which
allows to teach the family about the preparation of
meals and the monitoring of ketosk&dtyal et al., 2000;
Kossoff et al., 200p On the other hand, disadvantages
of fasting include psychological stress, the risk of hypo-
glycemia or dehydration, and the cost orinconveniency
of hospitalisation and repeated blood tests. In a world-
wide survey, fasting was found to be preferred in most
countries, though it was shortened or eliminated by
most physicians in Canada, UK, India, Sweden, The
Netherlands and Kore&¢ssoff and McGrogan, 2005
Unfortunately, only few groups that use the non-fasting
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protocol have reported on their experien@drtell et which can be included in the diet, but it is generally
al., 2002; Vaisleib et al., 2004; Kim et al., 20Q04ad possible to give 1 g protein per kg of body weight. This
only one centre has compared the two protocols in is slightly less than the RDA for infants (1.5 g/kg/day)
their patients Kim et al., 2004 In the latter study, and for children aged 1-3 years (1.1 g/kg/day), but it is
no significant difference was found in time to strong adequate for older children. Proteins must be of high
urinary ketosis between the two groups. As for early quality (i.e. rich in essential amino acids), which is usu-
side-effects, moderate dehydration was less frequentinally the case because foods which are rich in animal
non-fasted subjects, but the incidence of hypoglycemia proteins usually are also rich in fat.

was not different between group&irrell et al. (2002) A marginal intake of proteins, calories or other nutri-
reported that time to ketosis and diet efficacy in eight ents can affect growth. Two prospectivér(ing et al.,
inpatients managed without fasting were similar to 2002; Liu et al., 200Band several retrospective studies
those described with fasting protocols. Groups using (Couch etal., 1999; Williams et al., 20}2ave shown a
the non-fasting protocol have also compared inpatient decrease in growth percentiles aygtores in children
versus outpatientinitiation of the diet, and found no sig- on the KD. These children were subjected to caloric
nificant differences in seizure control between the two restriction at initiation of the diet with adjustments dur-
approaches\aisleib et al., 2004 More information ing the course of the treatment to match individual
from well-designed prospective studies, however, are needs, and therefore no weight or height impairment
needed to assess optimal non-fasting protocols and out-was expected. In the latest study, a retrospective chart

patient initiation of the diet. In any case, when the diet
is initiated without hospitalisation, adequate facilities
must be available to instruct families on meal prepara-
tion and monitoring techniques.

4.3. Providing adequate energy supply

Itis extremely important to provide adequate energy
intake to avoid protein (muscle mass) utilization as
fuel. To this purpose, energy requirements of the
child need to be determined by means of 3- or 7-
day food diaries to estimate usual caloric intake, or
by referral to the recommended dietary allowances
(RDA) for healthy children of the same age range
(Food and Nutrition Board, 2002However, group
estimates can give inaccurate results in individual
subjects. In our protocol, we measure individual basal
metabolic rate by indirect calorimetry before starting

the diet and every 3 months, to adjust caloric needs.

Gastrointestinal disturbances, poor appetite, food
refusal, or intermittent fasting to restore adequate

review byPeterson et al. (2005¢hildren were given
their usual caloric intake since the beginning of treat-
ment. A decrease in height-for-agecores was found

at 6 and 12 months, which was significant only in sub-
jects with high urinary ketosis (80-160 mg/dl). As a
point of interest, subjects who stayed on the diet for
12 months tended to consume fewer kilocalories. At 6
months the weight change was predicted by kilocalo-
ries intake, but at 12 months it was not. Research is
needed to identify factors that permit normal growth
in some children but not in others. In clinical prac-
tice, all children on the KD should have their growth
monitored by growth charts, and energy and protein
levels should be adjusted to assist growth at a rate that
allows seizure control to be maintained. Because mea-
surement of body weight alone does not permitto assess
changes in body protein content (muscle mass) induced
by the diet, other estimates of body compaosition may be
required (arm anthropometry, bioelectrical impedance
analysis or dual X-ray absorptiometry). Biochemical
tests (plasma proteins) may aid in identifying subclin-

ketosis may determine a low energy intake and weight ical protein deficiency.

loss. We use a liquid formulated snack to compensate

for poor caloric intake when needed.

4.4. Ensuring appropriate intake of proteins and
amino acids

The maintenance of a constant ratio of fat to pro-
teins + carbohydrates limits the amount of proteins

4.5. Monitoring intake of carbohydrates

A low intake of carbohydrates is essential to main-
tain ketosis. Measuring urine ketones allows monitor-
ing of adherence to the low carbohydrate intake. When
possible, blood ketones, which have been shown to cor-
relate better with seizure control, should be measured
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Table 1

Nutritional monitoring protocol

Nutritional risk Clinical effect Monitoring method

Energy deficits Weight loss; growth impairment Anthropometry (weight, height, skinfold thickness);
resting metabolic rate measurements

Protein deficits Muscle mass loss, bone metabolism Armmuscle circumference; plasma proteins (albumin,

impairment pre-albumin, transferrin)

Lipid excess (saturated) Atherosclerosis Plasma lipids profile

Calcium deficits Osteopenia and osteoporosis Dual X-ray energy absorptiometry, bone metabolism
markers

Selenium and potassium deficits Cardiac complications Whole blood or serum levels

Water-soluble vitamins deficits Dermatitis, anemia, neurological symptoms, Plasma and urine levels, blood count

etc.

(Gilbert et al., 200D The low content of starchy food  Careful monitoring of nutritional status during treat-
and vegetables makes the KD extremely poor in fiber, ment is necessary to prevent malnutrition. The risk of

which can cause constipation. malnutrition is particularly high in children with poor
nutrition at baselineRertoli et al., 2002 Main nutri-

4.6. Optimizing intake of lipids tional risks and monitoring methods are summarized
in Table 1

In a recent study of 141 children, the classic diet
was found to cause a significant increase in athero-
genic apoB-containing lipoproteins and a decrease in 5. Maximizing acceptability and compliance
the anti-atherogenic HDL cholesterol after 6 months; _
significant but less marked changes persisted in those>: Bertoli
children who were followed up for 12 and 24 months International Center for the Assessment of Nutritional
(Kwiterovich et al., 200R To reduce cardiovascular  Status (ICANS), University of Milan, Milan, Italy
risk, the ratio of poly-unsaturated + mono-unsaturated  The composition of the KD is expressed by a ratio
fatty acids to saturated fatty acids needs to be increasedof fat to protein and carbohydrates weights equal to 4
in ketogenic meals, and blood lipid profile should be (fat):1 (protein + carbohydrates); proteins are provided

checked regularly. in order to meet but not to exceed the recommended
amount of 1 g/kg of body weight, whereas total caloric
4.7. Minerals and vitamins intake is based on age-adjusted standards. This implies

that 90% of dietary calories are derived from fat and

Due to the limited food choice, the classicKDis also no more than 2-3% are derived from carbohydrates.
deficientin minerals and vitamins, and needs to be sup- To maintain a stable ketosis, strict adherence to the
plemented with sugar-free products. Inadequate cal- dietary plan is required, and even small deviations in
cium intake and limited sun exposure can impair bone food preparation or the intake of small amounts of food
mineralization in children already at risk of osteopenia outside the dietary plan may reduce blood ketones,

and osteoporosis due to long-term AED therapit, causing a substantial reduction in the diet's efficacy
2004. Therefore, routine examinations of bone min- (Casey et al., 1999; Carroll and Koenigsberger, 1998
eral density and/or bone enzymes are required. The potential short- and long-term side effects

of the diet, together with the diet's harshness and
4.8. Conclusions unpalatability are the most important factors affecting

adversely compliance and, consequently, clinical effi-

Implementation and monitoring of the KD in chil-  cacy. Although large multicentre studies investigating
dren needs a dedicated team to assess basal nutritionaspecifically long-term compliance on the diet are lack-
status in order to improve caloric and nutrient pre- ing, areview of the literature indicates that less than one
scription. Adequate supplementation is always needed. half of the patients remain on the diet for more than 1
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year Hemingway et al., 2001d&reeman et al., 1998; management of their child’s epilepsy often makes the
Lightstone et al., 2001 Discontinuations are due to dietmore acceptable than expected. The poor palatabil-
medical and non-medical reasons. ity of some ketogenic meals is not a common cause of
Our experience in a total of 32 children placed on inadequate compliance, and it is almost never a cause
the KD between September 1994 and August 2005 for discontinuation. By contrast, ingestion of additional
showed that 24 discontinued the diet after 1-33 months “forbidden foods” is one of the most common causes of
(18 within the first 12 months). Of these, 18 (75%) an insufficient level of ketosis, and may be due to inter-
discontinued for medical reasons, specifically due to ference from a “sympathetic” relative or friend or the
lack or loss of efficacy (16 patients) or adverse compli- result of the child’s own industry. The latter possibility
cations (3 patients, including 2 with severe metabolic is more frequent in older children and in children with
acidosis and one with repeated probably diet-unrelated mild cognitive impairment. To maximize acceptability,
chestinfections). Six children discontinued the diet for at our institution the nutritional and neurological teams
non-medical reasons; these included caregivers’ issueshave established a collaborative, highly interactive pro-
and patients’ unwillingness to continue on the diet. In tocol (Table 2.
fact, the diet's acceptance and compliance are strongly  The recent introduction of nutritionally complete
dependent on the collaboration of both the child and the powdered formulas has provided an additional tool to
parents. The preparation of meals can be burdensomemprove compliance when suitable food is unavailable
for parents, who must pay great attention in choosing, or cannot be conveniently administered, for example
weighing and cooking every dietary component. On during illness. Regular monitoring of ketone bodies
the other hand, the direct involvement of parents in the with urinary sticks or with capillary measurements

Table 2
Protocol for maximizing compliance with the ketogenic diet
Operator
Before starting the diet
Enrolment motivated patients/family Neurologist
Detailed description to family and patients of both the role of the diet in the treatment of Neurologist, nutritionist
epilepsy (history, efficacy, side effects, etc.), palatability considerations, and need for strict
adherence to meal preparation instructions
Dietary history. Seven-day diary with careful evaluation of patient’s food habits and tastes in Dietician
order personalize at best the dietary plan
Clinical evaluation to identify possible chewing or swallowing impairment requiring special Nutritionist
dietary strategies
Compilation of a questionnaire concerning the acceptability of a selected list of ketogenic Parents
foods (lecithin, butter, high fat cream, olives, etc.)
Induction period (hospital)
Training of parents to instruct them on how to choose, weigh, cook and serve ketogenic meals Dietician
Continuous dietician’s presence and assistance during intake of the first ketogenic meals Dietician
Continuous neurologist’s and nutritionist's monitoring and assistance during the period of Neurologist, nutritionist
hospital admission
After discharge from the hospital
Daily phone contacts with dietician and nutritionist in the first 2 weeks Nutritionist
Neurological and nutritional evaluation every 3 months Nutritionist
24 h/day availability of nutritionist and dietician for any problem related to diet management Neurologist, nutritionist, dietician
Dietary adjustments according to changing nutritional requirements, to changing taste and Nutritionist, dietician
appetite, and to meet any other potential requirement
Monitoring of ketones every day with urinary sticks Parents
Delivery of a short manual containing the most important information required for maintenance Nutritionist, dietician

of the diet. The manual is directed to all people involved in the management of the patient
(including school teachers, educators, physiatrists, grandparents, etc.)
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with user-friendly instruments that determine simul- its effects on brain function, but few studies addressed
taneously blood ketones and blood glucose, and the mechanisms of the diet’s action. Indeed, it was not until
compilation of daily diary of seizures, are essential to the mid-1990s that a resurgence in interest led to sus-
the physician not only to assess compliance but also to tained research efforts into this non-medicinal therapy.
evaluate the relationship between ketosis and seizure That dietary factors can influence brain function
control. should not be surprising, and the concept of treating
A synergic collaboration between the patient’s fam- a chronic disorder such as epilepsy with nutritional
ily and the epilepsy team is essential for a successful approaches holds anintrinsic appeal. During the history
use of the diet. In contrast with using AEDs, managing of the diet’s use, clinicians have attempted to modify its
epilepsy with the diet requires very active caregivers’ classic formulation to improve tolerability, and in the
involvement, and families are prone to balance their hopes of enhancing efficacy. Recent variations on this
efforts to the extent of perceived results. If there isgood theme include the Atkins dieKpssoff et al., 2008 the
efficacy, acceptance and compliance are greatly facil- low glycemic-index dietPfeifer and Thiele, 2004and
itated. In the long-term management of responders, diets supplemented or enriched in polysaturated fatty
we observed a reduced efficacy in 25% of patients and acids (PUFAs)$chlanger et al., 2002; Fuehrlein et al.,
this was almost invariably associated with a reduced 2004). This interest has brought together investigators
acceptance of the diet and with reduced plasma from diverse fields to focus on how systemic metabolic
ketones. A reasonable hypothesis is that the reductionchanges induced by a high-fat, low-carbohydrate diet —
of compliance was the cause, and the decreasedwhich results in prominent ketosis — can dampen neu-
plasma ketones and loss of the diet's efficacy were ronal excitability and/or hypersynchrony, the presumed
the consequence. However, some kind of metabolic end product(s) of the diet’s action.
adaptation leading to reduced ketosis despite sub- There have been numerous mechanistic hypothe-
stantial compliance with the diet cannot be excluded. ses to explain the anticonvulsant activity of the KD.
Reduced compliance is frequently a late consequenceThese include (1) changes in brain pH (e.g., acido-
of the family’s frustration when it becomes difficult or  sis which would favour neuronal inhibition through
impossible to attain stable ketosis or effective seizures proton-sensitive ion channelspl{Mudallal et al.,
control. 1996; (2) changes in electrolyte and water balance
(Millichap and Jones, 1964 (3) direct inhibitory
actions of fatty acids (i.e., PUFAsC(nnane et al.,

6. How does the ketogenic diet work? A look 2002; (4) neurotransmitter alteration&recinska et
into the mechanisms of action al., 1996; Szotet al., 200Yudkoff et al., 2001a,p and
) (5) changes in energy metabolism, reflected in part by
J.M. Rhd, P.G. Sullivaf ketone body production and metabolisippleton and
8Barrow Neurological Institute, St. Joseph’s Hospital DeVivo, 1974; Pan et al., 1999Because of the strik-
and Medical Center, Phoenix, AZ, USA; ing ketosis associated with the diet, and the ease with
bSpinal Cord and Brain Injury Research Center, which beta-hydroxybutyrate can be measured, much
Department of Anatomy and Neurobiology, University of the attention in this field has focused on the role of
of Kentucky, Lexington, KY, USA ketone bodies as mediators. However, little direct evi-
dence in this regard has emerged to date (for a more
6.1. Introduction extensive review, sestafstrom and Rho, 2004

One of the perplexing mysteries in the field of 6.2. Anticonvulsant effects of ketone bodies and
epilepsy is the question of how the KD works. Thisfun-  actions on inhibitory neurotransmission
damental question is all the more compelling since the
diet may yield considerable success when AEDs failto  When fats are metabolized preferentially as the
adequately control seizure activityifiing et al., 1998; primary energy source, the liver produces ketone
Freeman et al., 1998Ever since its introduction in  bodies (beta-hydroxybutyrate, acetoacetate and ace-
the early 1920s, investigators have been curious abouttone). The prominent ketosis accompanying the diet



154 J. Freeman et al. / Epilepsy Research 68 (2006) 145-180

led Keith (1933)to consider whether ketone bodies at the centre of molecular bioenergetics—responsible
were in fact anticonvulsant compounds. Seizures for cellular homeostasis but also the critical determi-
acutely induced by thujone (the active constituent of nant of cell survival or death. As fatty acids comprise
wormwood oil) in rabbits were blocked by pretreat- the bulk of the KD composition, and undergo beta-
ment with acetoacetat&éith, 1933, an observation  oxidation in mitochondria, it is presumed that this
that was recently confirmed in an audiogenic seizure important metabolic shift alters the balance of impor-
susceptible mouse modeRlijo et al., 200R There tant substrates and neurotransmitters, and at the same
have also been several historical reports of acetonetime, affects respiratory chain function with concomi-
possessing anticonvulsant effectsle(mholz and tant effects on mitochondrial respiration and control
Keith, 1930; Keith, 1931; Jenney and Pfeiffer, 1958; of oxidative stress, among other actions. Additionally,
Yamashita, 1976; Vodickova et al., 1999 he most ketone bodies may be juxtaposed not simply as passive
extensive characterization of acetone’s anticonvulsant bystanders. Ketone bodies are generated by liver mito-
properties was conducted kykhodii et al. (2003) chondria as alternative substrates for fuel consumption
who demonstrated dose-dependent suppression of(when the availability of glucose is low during fast-
seizures by acetone administered intraperitoneally in ing states), especially by the brain. However, recent
four separate animal models of seizures and epilepsy:evidence suggests that ketone bodies may also serve
(1) the maximal electroshock (MES) test, which mod- a teleological function in preserving brain function as
els human tonic—clonic seizures; (2) the subcutaneousneuroprotective agentKéshiwaya et al., 2000; Tieu et
pentylenetetrazole (PTZ) test, which models human al., 2003; Reger et al., 2004; Veech et al., 2001; Veech,
typical absence seizures; (3) the amygdala kindling 2004).
test, which models human complex partial seizures  Yudkoff and colleagues have proposed that in the
with secondary generalization; and (4) the AY-9944 Kketotic state, there are major shifts in brain amino
test, which models chronic atypical absence seizures.acid handling, the most significant of which is the
Despite what appears to be broad-spectrum activity reduction of aspartate relative to glutamate, reflecting
exhibited by acetone, the precise anticonvulsant mech-a shift in the equilibrium of the aspartate aminotrans-
anism(s), however, remain(s) unclear. Interestingly, ferase reactionyudkoff et al., 2001a, 2004g.bThis
epileptic patients who responded favourably to the diet adaptation in the metabolism of the excitatory neuro-
were found to have elevations in brain acetone levels transmitter glutamic acid (i.e., a decrease in the rate
(with estimated concentrations upwards of 1mM) of glutamate transamination to aspartate) would be
as measured by magnetic resonance spectroscopypredicted to increase the rate of glutamate decarboxy-
(Seymour et al., 1999 Curiously, there has been no lation to GABA, the major inhibitory neurotransmit-
clear demonstration of a direct anticonvulsant effect of ter, since more glutamate would be available for the
the principal ketone body, beta-hydroxybutyrate (with synthesis of both GABA and glutamin&recinska et
either stereoisomer). While these in vivo studies are al., 1996 Yudkoff et al., 1996, 1997, 2001a,b, 2005
intriguing, at a cellular level, ketones do not appear An increase in brain GABA levels would then be
to acutely influence synaptic transmissidiio et al. expected to dampen seizure activiBid. 3). Interest-
(2000) utilized standard cellular electrophysiological ingly, in avariety of seizure models, the most consistent
technigues and found that millimolar concentrations protection afforded by the KD was observed when
of beta-hydroxybutyrate and acetoacetate did not seizures were evoked by the GABA receptor block-
affect: (1) excitatory post-synaptic potentials (EPSPs) ers picrotoxin, bicuculline and gamma-butyrolactone
and population spikes in CAl1 pyramidal neurons (Bough et al., 2008 Further, a recent animal study
after Schaffer collateral stimulation; (2) spontaneous demonstrated that caloric restriction, resulting in mild
epileptiform activity in the hippocampal—entorhinal ketosis, enhanced expression in the brain of both iso-
cortex slice seizure model; and (3) whole-cell currents forms of glutamic acid decarboxylase (GAD65 and
evoked by glutamate, kainate, andaminobutyric GADG67, the biosynthetic enzymes for GABA produc-
acid (GABA) in hippocampal neurons. tion), suggesting an increase in GABA level¥eng et
Further mechanistic considerations focus on actions al., 2004. However, while increased GAD expression
at the level of the mitochondrion, the organelle poised might suggest enhanced GABA synthesis, the rela-
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Fig. 3. Diagram illustrating the metabolic inter-relationships between brain metabolism of glutamate, ketone bodies and glucose. In ketosis,
3-OH-butyrate (beta-hydroxybutyrate) and acetoacetate contribute heavily to brain energy needs. A variable fraction of pyruvate (1)yis ordinaril
converted to acetyl-CoA via pyruvate dehydrogenase. In contrast, all ketone bodies generate acetyl-CoA which enters the tricarboxylic acid (TCA)
cycle via the citrate synthetase pathway (2). This involves the consumption of oxaloacetate, which is necessary for the transamination of glutamate

to aspartate. Oxaloacetate is then less available as a reactant of the aspartate aminotransferase pathway which couples the glutamate—aspartate
interchange via transamination to the metabolism of glucose through the TCA cycle. Less glutamate is converted to aspartate and thus, more
glutamate is available for synthesis of GABA (3) through glutamic acid decarboxylase (GAD). Adaptedddkoff et al. (2004c)with

permission.

tionship between GAD expression and GABA levels via the more established mechanism of post-synaptic

is not entirely clear, and depends on numerous vari- GABAa receptor modulation shared by several anti-

ables Rimvall and Martin, 1992, 1994; Rimvall et convulsant medications.

al., 1993; increased GAD expression might actually

reflect decreased GABA production. GAD expression 6.3. The role of PUFAs and modulation of

is more accurately interpreted in the context of MRNA  mitochondrial uncoupling proteins (UCPs)

expression, GAD protein levels, GABA levels and

turnover. Ketone bodies are not the only substrates that
Clinically, few measures of excitatory or inhibitory increase during treatment with the KD. The diet is

neurotransmission have been reported in patients mostly comprised of fats, constituting90% of the

treated with the KD, or who became ketotic through total calories by weight, and poly-unsaturated fatty

other meansDabhlin et al. (2005)recently reported  acids (PUFAs) may represent a key fat constituent.

changes in several amino acids in the cerebrospinal Certain PUFAs are known to inhibit fast, voltage-

fluid of patients on a KD, the most notable observa- dependent sodium channeligo et al., 1995, 1998

tion being that GABA levels were higherin responders and L-type calcium channelsXiao et al., 1997.

than in nonresponders. Moreover, in very good respon- Such actions would be expected to dampen membrane

ders (i.e., >90% seizure reduction), GABA levels were excitability. More relevant, however, are reports that

significantly higher at baseline as well as during the PUFAs may help reduce seizure activityefuda et

diet. On the other hand, CSF aspartate levels remainedal., 1994; Voskuyl et al., 1998; Schlanger et al., 2002,

unchanged. The collective evidence from laboratory Fuehrlein et al., 2004and are elevated in patients

and clinical observations strongly suggests that the treated with the dietRraser et al., 2093 Similar to

KD may enhance brain GABAergic inhibition, but not  the effects seen in cardiovascular disease models, it is



156 J. Freeman et al. / Epilepsy Research 68 (2006) 145-180

P T I m e s PR U SOmA T e T 1 T O S e i
Intermembrane space ; ; : 'IV
B ROS e

L ™ f )
v / 4 GTR Fo
IMM UaH, va__ o »UGH, - By
- i S
a’-'u_s\ T | "“\ v
R Y Sl O SN
>— N\ /7 TFes
FMNH, FMN FADH,
It ; H* Xgag
/ Succinate v j
v  NADH Fumarate | FiFg-ATPase!
NAD* H+ ' (Complex V) !
_ l\ \ | |ADP
Mitochioridrial ivtris The electron transport chain L\ / C- P,
~ SN ATP

Fig. 4. Uncoupling action of an uncoupling protein (UCP). The electron transport chain builds up a proton gradient across the inner mitochondrial
membrane (IMM) which provides the proton-motive force for ATP production (conversion of ADP to ATP through ATP synthase [Complex
V]). The uncoupling proteins provide an alternative pathway for proton re-entry into the mitochondrial matrix, thereby generating heat instead
of ATP. Two major hypotheses for how this occurs have been proposed: (1) the UCP transports protons directly; or (2) electroneutral, protonated
fatty acids diffuse across the inner mitochondrial membrane and the proton is released in the matrix. The fatty acid anion is transported back to
the intermembrane space by the UCP, and the cycle repeats. Adaptellttiasson and Sullivan (in pressyith permission.

hypothesized that PUFAs possess anticonvulsant activ-et al. (2004b)who demonstrated that the diet increased
ity through modulation of voltage-gated ion channels mitochondrial UCP activity and decreased ROS forma-
(Vreugdenhil et al., 1996; Xiao and Li, 1999 tion in mouse hippocampus.

Fatty acids are also known to induce the activity of Reduction of calcium influx and ROS production
UCPs (se€ig. 4), several of which have beenidentified are actions that are highly relevant to neuroprotec-
in the mammalian brairHorvath et al., 2003; Mattson  tion. However, how do such changes relate to an
and Liu, 2003; Sullivan et al., 2003, 20Q4&rauss et anticonvulsant effect? It is now well known that the
al., 2005 Mattiasson and Sullivan, in préséctivation dramatic metabolic and bioenergetic changes in the
of mitochondrial UCPs results in a reduction of the brain that accompany seizure activity can contribute
proton gradient across the inner mitochondrial mem- to neuronal injury, in part through oxidative mecha-
brane, which dissipates heat and reduces ATP synthe-nisms (iang et al., 2000; Frantseva et al., 2000; Ueda
sis, calcium influx into the mitochondrial matrix, and et al., 2002; Cock, 2002; Cock et al., 2002ess
reactive oxygen species (ROS) productiblofvath et appreciated is the notion that oxidative stress itself
al., 2003. Mitochondrial ROS productionisintimately  can provoke seizure activity. Increased mitochondrial
linked to the mitochondrial membrane potentiaky), free radical load, occurring through a variety of mech-
and a highAv¥ promotes ROS production through anisms, has been shown to produce seizure activity
increased electron shunting. UCPs dissipat& by (Willmore et al., 1978; Patel, 2004r enhance sus-
increasing proton conductance, resulting in decreasedceptibility to seizure provocationL{ang and Patel,
ROS formation. Even a modest reduction®® can 2004; Patel, 2004 Electrophysiological studies have
significantly reduce ROS productiolvdtyakova and also confirmed the seizure-provoking effects of oxida-
Reynolds, 2001l The relevance of these observations tive stress. ExogenousB, administration can mimic
to the KD’s actions was recently illustrated Byllivan acute oxidative stress in vitro, and several studies have
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shown that HO, exposure can induce neuronal hyper-
excitability. In acute thalamo-cortical and hippocampal
slices from rodents, 0O, caused epileptiform activity

that ketone bodies block repetitive firing of SNPR neu-
rons through activation of jgp channels (G. Yellen,
personal communication). It remains unclear, however,
both during infusion as well as after washdutdntseva  whether the biochemical changes induced by the diet
et al., 1998; Avshalumov and Rice, 2002 actually favour or negate activation ofale channels
Thus, there are emerging data that seizures may be(Vamecq et al., 2005 Certainly, prior observations
precipitated by oxidative stress, and that a reduction have suggested that the dietincreases the level of bioen-
in free radical formation may prevent seizure activity. ergetic substrates in the braib€ Vivo et al., 1978;
While none of the clinically available anticonvulsant Pan et al., 19909 Additionally, it is known that acute
medications are believed to act principally through seizure activity is accompanied by increases in glucose
antioxidant mechanisms, the KD has been shown metabolismChuganietal., 1994 These findings may
to reduce ROS formationS{llivan et al., 2004h suggest an inhibition, not activation, ofy¢ channels.
through induction of several brain-specific mitochon- In addition to the plasmalemmal Afp channel,
drial UCPs. Additionally, in a preliminary studitim there exists a mitochondrial form, localized to the
etal. (2004bjlemonstrated that the ketone bodies beta- inner mitochondrial membrane, that is likely to be dis-
hydroxybutyrate and acetoacetate (in millimolar con- tinctinterms of molecular composition, pharmacologic
centrations) preventedJ@,-induced hyperexcitabil-  regulation, and biological function(sBgsija et al.,
ity in acute neocortical brain slices and dissociated 2004). While the specific role(s) of mitochondriahifp
neurons, and that ketones were capable of signifi- (mitoKarp) channels has (have) yet to be elucidated,
cantly reducing ROS formation in isolated mitochon- published data suggest that activation of these channels
dria. These observations suggest that the diet may may reduce ROS formatiofrérranti et al., 2003 and
protect against seizure activity (and may also be neuro- by extension, potentially reduce neuronal excitability.
protective) through antioxidant mechanisms activated While there remains some controversy regarding the
by fatty acids and ketones. effects of mitochondrial Kyp channels on ROS pro-
duction Krenz et al., 2002; Xu et al., 20D4ublished
reports may reflect tissue-specific and/or methodolog-
ical differences. Interestingly, ROS has been reported
to activate mitochondrial rp channelsAvshalumov
When one considers the pivotal role that mitochon- and Rice, 2003; Lebuffe et al., 2003&n action that
driaplay in energy production, and asks how changes in may contribute to ischemic preconditionir@grpss and
energy metabolism might translate to alterationsin neu- Peart, 2008
ronal membrane excitability, the involvement of ATP- In considering the multitude of molecular targets
sensitive potassium (fp) channels must be strongly that are likely to be affected by the KI¥amecq et
considered. iKrp channels, firstdescribed in pancreatic  al. (2005)have hypothesized that an alternative to the
beta cells, regulate insulin release by modulating the Karp channel is the Kp (i.e., two pore domain) potas-
membrane potential. These channels are inhibited by sium channel. Kp channels represent a diverse super-
high ATP/ADP ratios, and activated (resulting in hyper- family of channels that can regulate baseline membrane
polarization) when intracellular ATP levels are low. excitability (Franks and Honore, 20D4rhese channels
Karp channels have been identified in neurons as may represent a more likely physiological link between
well as glia in different brain areas, including hip- metabolic activity and plasma membrane excitability
pocampus, hypothalamus, substantia nigra and dorsalsince they can be modulated by changes in pH, osmo-
vagus nerve. The highest expression gfKchannels lality, temperature, mechanical pressure, and are sensi-
is in the substantia nigra pars reticulata (SNPR) which, tively activated by certain PUFAs—all of these factors
in addition to other well-known functions, is believed have been explored to one extent or another. On the
to be a subcortical modulator of seizure propagation other hand, while the link between PUFAs angpK

6.4. Actions mediated by the ATP-sensitive (Ksrp)
and the two pore domain (K,p) potassium channels

(ladarola and Gale, 1982; Depaulis et al., 19%hile
experimental data linking the KD toA¢p channels is

channels is tantalizing, there is no evidence to date that
the KD induces stable changes in pH or osmolalitg (

not yet forthcoming, preliminary observations suggest Vivo et al., 1978; Al-Mudallal et al., 1996
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6.5. Conclusions “itis unlikely that this degree of benefit can result from
a placebo response and/or spontaneous remission”.
Within the last decade, several putative molecular | g studies combined, 16% were seizure-free, 32%
targets and novel insights have emerged. Not surpris- greater than 90% improved, and 56% with a 50% or
ingly, given all of the metabolic, physiological and  pigher response.
hormonal changes induced by the KD, there isa mul-  Three years later, with more data available, the
tiplicity of relevant mediators involved and it is likely  cochrane Library performed their own review of the lit-
that no single mechanism, however well substantiated, arature from 1966 to 2008.€vy and Cooper, 2003In
will explain all of the diet’s clinical effects. The com- s review, utilizing more stringent criteria, they were
plex mechanisms that are involved in seizure genesis|ess convinced about the diet's efficacy. Their stated
and epileptogenicity, as well as the diverse treatment gpjective was to find randomized, controlled studies to
approaches taken clinically, strongly suggest that suc- prove the diet's efficacy. None were found. They con-
cessful approaches, including the KD are likely based cjyded “there is no reliable evidence from randomized
on fundamental mechanisms that are multiple, parallel -gntrolled trials to support the use of KDs for people

and possibly synergistic. with epilepsy”. However, the reviewers still classified
the diet as a “possible option” because “a small num-
7. Clinical evidence of efficacy: an overview ber of qbservational studies lend some support for a
from major trials beneficial effect.”
With this confusing data, how does the diet fit into a
E. Kossoff physician’s treatment algorithm? In 20@ilepsy and

Behavior published “The Expert Consensus Guide-
lines”, in which 100 adult and pediatric epileptologists
reviewed clinical case scenarios and provided their
7 1. Introduction treatment options in order of preferend€afceski,
2001). Among this group, the diet did not fare well.
Despite 20 AEDs on the market, many of which have For idiopathic generalized epilepsy, the diet ranked in
been introduced in the past decade, the incidence of 15th position in a list of possible therapies; 74% of
pharmacological intractability has not been markedly the physicians considered it an appropriate choice, but
reduced. Partly as aresult of this, the KD is increasingly only as third-line therapy. Even in symptomatic gener-
used in every continenKpssoff et al., 200b Many alized epilepsies (e.g., Lennox Gastaut syndrome), the
families of children with intractable epilepsy now ask diet ranked no higher than 9th to 11th place.
about the KD at clinic visits, and the diet is no longer
discouraged by physiciatiémingway et al., 200)b 7.2. Evidence from retrospective studies
What is, however, the evidence for its efficacy? In an
era in medicine of increasing guidelines and practice  Information on studies with over 20 patients is pre-
parameters, many neurologists want straightforward sented irfable 1 All studies generally describe multi-
recommendations based on evidence from randomized,ple and varied seizure types, most commonly Lennox
controlled trials. Gastaut syndrome and other generalized epilepsy syn-
In 2000, an article written for the Blue Cross Blue dromes typically with difficult-to-control seizures. One
Shield insurance company in the U.S. attempted to of the earliest retrospective studies was by Dr. Peter-
analyze all studies available at the timkefevre man from the Mayo Clinic in Rochester, Minnesota in
and Aronson, 2000 In this article, 11 studies were 1925 Peterman, 1925He reported on a “new dietary
identified; 9 of which were retrospective from Johns treatment”in 17 children aged 1-15 years. Amazingly,
Hopkins. Only two were prospectivd/ifiing et al., 10 (60%) were seizure-free, and 4 (23%) were >90%
1998; Freeman et al., 1998one was multicentre  improved. Relatively few papers followed and the diet
(Vining et al., 1998. Although none were controlled, became less popular with the introduction of phenytoin
the authors of this review felt that the diet demonstrated and other AEDsHopkins and Lynch (197Meported
a “significant reduction in seizure frequency” and that the treatment of 34 patients with a 3:1 ratio KD. Only

The John M. Freeman Pediatric Epilepsy Center, Johns
Hopkins Medical Institutions, Baltimore, MD, USA
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three (8.8%) were seizure-free, but 71% had either
“much” or “moderate” improvement.

In 1986, the modern era of KD studies began with
Sill's report Sills et al., 1985 of 50 patients treated
with an MCT diet. Of these, 44% had a >50% improve-
ment in seizures, and 8 (16%) were seizure-free. Inter-
estingly, 86% of the children with absence epilepsy
and 50% of those with myoclonic—astatic epilepsy had
a >50% improvement.

Kinsman et al. (1992}eviewed 58 children from
Johns Hopkins Hospital; 67% had a >50% improve-
ment, with 29% having a “near complete” response.
Almost two thirds were able to reduce medications and
more than one-third were reportedly more alert and
interactive. Due to the interest elicited by this publi-
cation, many other studies at Johns Hopkins Hospital,
including four important prospective studies in the past
decade, were subsequently completed (see below).

Two studies in infants have been recently published.
One reported that 54% of 32 infants had a >50%
response (19% seizure-free); in this population, the
diet was remarkably well tolerated and ketosis was
attained easilyNordli et al., 200). A retrospective
review of 23 children specifically with intractable
infantile spasms found that 6 (46%) of the 13 remain-
ing on the diet at 12 months had a >90% spasm
reduction Kossoff et al., 2002a Age less than 1 year
and trials of two or fewer AEDs correlated with higher
likelihood of improvement.

A retrospective study from Johns Hopkins Hospi-
tal and the University of Texas at Houston reported
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three diets including the classic, MCT, and a modifi-
cation, 81% showed a >50% respon3al{le 1. The
classic diet had the highest efficacy and was the best
tolerated. In 1998, two prospective studies from Johns
Hopkins were published. The firstiging et al., 1998

was a multicentre (seven hospitals) study of 51 chil-
dren aged 1-8 years with intractable epilepsy, who had
a mean of 230 seizures per month and had failed an
average of seven AEDs. At 6 months, 53% had a >50%
response, 6 (12%) were seizure-free and 73% remained
on the diet. The second prospective study from Johns
Hopkins was a single-centre study of 150 consecutive
children aged 1-16 years with more than two seizures
per week that had failed at least two AEDs and were
followed-up for 1 yearreeman et al., 1998At base-
line, children had a mean of 410 seizures per month and
a history of exposure to 6.2 AEDSs. In this group, 71%
were able to remain on the diet, and 51% had a >50%
improvement, 32% with a >90% reduction at 6 months.
In general, those who discontinued the diet before 1
year did so due to inefficacy rather than restrictiveness.
No specific seizure type preferentially improved, but
age older than 8 years at diet initiation was slightly
less likely to show an improvement. In comparing out-
come on the diet to many new add-on medications,
the authors considered the diet as potentially more
effective.

A small study on a modified low-carbohydrate
(Atkins) diet in six children and adults published
in 2003 reported that four patients had a >50%
response, correlating with level of ketosk€ogsoff et

on 45 adolescents aged 12-19 years who had facedal., 2003. A follow-up prospective study assessed 20

many years of epilepsyMady et al., 2008 Despite
the concerns that the diet might be too restrictive for an
adolescent population, seizure improvement and toler-
ability were remarkably similar to those in more typical
school-age children.

The KD’s use worldwide has blossomed since the
late 1990s, with many retrospective studies continuing
to report high response rateEaple 1 (Hassan et al.,
1999; Vaisleib et al., 2004; Kankirawatana et al., 2001;
Coppola et al., 2002; Fraais et al., 2003; Kim et al.,
20043 Klepper et al., 2004

7.3. Prospective uncontrolled studies

In the first modern prospective studychwartz et
al. (1989)reported that, of 63 patients given one of

children with intractable epilepsy for 6 months, ini-
tially with 10g of carbohydrate per da)¢ssoff et

al., in presy Nearly two thirds of the patients had
a significant seizure reduction, a similar to the tra-
ditional KD. The diet was very well tolerated with
no significant weight loss nor cases of kidney stones.
Interestingly, the presence of large urinary ketosis
appeared to be less important than commonly reported
for the KD. Further studies in both children and
adults with this novel ketogenic therapy are under-
way.

A summary of outcome data in prospective stud-
ies including at least 20 patients is givenTable 3
Overall, results show some disparity between coun-
tries, with 6-month efficacy rates ranging from 27% of
patients with a 50% seizure reduction in ltappola
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Table 3
A summary of retrospective and prospective efficacy studies of the ketogenic diet including over 20 patients and published since 1970 (not
including abstract presentations)

Reference No. of patients Age range (years) >90% improvement rate  >50% improvement rate
at 6 months at 6 months

Hopkins and Lynch (1970) 34 1-13 71

Sills et al. (1986) 50 2-15 24 44

Schwartz et al. (1989) 59 <5-54 41 81

Kinsman et al. (1992) 58 0.2-7 29 67

Vining et al. (1998} 51 1-9 29 53

Freeman et al. (1998) 150 1-16 32 51

Hassan et al. (1999) 52 2-9 67

Kankirawatana et al. (2001) 35 0.2-13 75

Nordli et al. (2001) 32 0.5-1.5 55

Kossoff et al. (2002a) 23 0.5-2 39 72

Coppola et al. (2002) 56 1-23 27

Franois et al. (2003) 29 0.3-125 41

Mady et al. (2003) 45 12-19 29 50

Kim et al. (2004a) 124 2-7 53 (3 months) 76 (3 months)

Klepper et al. (2004) 111 0.1-18 17 31

Vaisleib et al. (2004) 54 2-14 65

@ Prospective studies.

et al., 2002 to 75% of patients with a >90% reduction 7.5. Conclusions
in Thailand Kankirawatana et al., 2091
The efficacy of the KD was initially assessed mostly
7.4. Prospective randomized studies in small, single-centre, retrospective studies. In recent
years, reports of the diet’s efficacy worldwide have con-
Four randomized studies are being completed in the tinued to show that approximately half of patients will
USA and UK. In a study from Johns Hopkins, 20 chil- have half their seizures, and about one-third in total
dren with intractable Lennox Gastaut syndrome were will have one-tenth their baseline number of seizures.
admitted, fasted, slowly advanced onto the KD over Prospective studies have confirmed these data, and four
3 days and randomized to either receive an additional randomized studies are in the process of completion.
daily solution containing saccharin or glucose. After 1 Although clearly a need exists for further prospective
week, they were crossed to the opposite arm before dis-studies, the quality of evidence for the diet’s efficacy is
charged to home. The study, currently being analyzed, improving over time.
was the first to prove that the KD could be studied in a
double-blinded, randomized, placebo-controlled man-
ner. Dr. Helen Cross at Great Ormond Street Hospital in 8- Seizures type and epilepsy syndrome as
London is completing a prospective randomized study Predictors of response
comparing the classical KD with an MCT oil diet, with
a control period of 4-16 weeks incorporated for each
individual patient. Dr. Christina Bergqvist at the Chil-  Department of Child Neurology and Psychiatry, Insti-
dren’s Hospital of Philadelphia is currently analyzing tute of Neurology, IRCCS C. Mondino Foundation,
a third randomized study of the value of a fasting com- University of Pavia, Pavia, Italy
pared to a gradual initiation of the diet. A fourth study
by our group is examining the Atkins diet in children, 8.1. Introduction
randomized to either 10 or 20 g of carbohydrate per
day, with a crossover period after 3 months for each  Few studies have investigated clinical outcome after
patient. starting the KD in well-defined epileptic syndromes.

P. Veggiotti, R. Epifanio, F. Longaretti, G. Lanzi
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Moreover, there are no randomized trials comparing the myoclonic epilepsy of infancy (Dravet syndrome). In
diet with placebo or with AEDs, and most of the large this report, 20 patients meeting the diagnostic criteria
scale studies conducted to date only reported resultsfor the syndrome were enrolled; 10 of the 13 children
after short term treatment. For these reasons, definingwho remained on the diet for a duration of follow-up
the comparative efficacy of the KD in relation to spe- of 1-4 years had a significant reduction of seizures.
cific syndromes or seizure types is no easy task. In These results are of particular interest because of the
this report, this aspect will be addressed by reviewing homogeneity of the cohort and the long-term follow-
briefly data from the literature and by presenting our up.
personal experience.
8.3. Our experience
8.2. Literature data
We took part in an Italian multicentre study

With respect to response to the diet in relation to that assessed 56 children, adolescents and young
seizures type, several studies have reported particu-adults with refractory epilepsy; and we also reported
larly favourable outcomes in children with myoclonic separately our personal experience in a total of 36
seizures\(Vheless and Sankar, 200%ese data, how-  patients (including 16 who had taken part in the
ever, refer to observations in large series of patients multicentre study) Coppola et al., 2002; Bertoli et
with drug resistant epilepsies, and there are no pub- al., 2005. In these studies, which included patients
lished studies that document the comparative efficacy with partial and generalized symptomatic epilep-
of the diet in different types of myoclonic epilepsies. sies, myoclonic—astatic epilepsy, Lennox Gastaut
A study byMaydell et al. (2001)id not find any sig- syndrome and others epileptic encephalopaties, we
nificant difference in the diet’s efficacy when patients did not identify a statistically significant relationship
with partial seizures were compared with those with between outcomes on the diet and either seizure type
generalized seizures. or epilepsy syndrome. Subsequent evaluation of our

Studies relating response to specific epilepsy syn- experience, however, have led us to hypothesize a
dromes are even fewer. Efficacy of the KD in Lennox good response of the diet can be especially observed in
Gastaut syndrome has been reportdthéless, 2004;  patients with diffuse migrational disorders. During the
Mckay et al., 200} but diagnostic electro-clinical cri-  years between 1994 and 2004 we treated seven patients
teriado notappear to have been always fulfilled in these (mean age 8.2 years, range 2.8-16.1) showing diffuse
studies Freeman and Vining (199%9ave described a  migrational disorders; four of them experienced, at 9
significant reduction in seizure frequency (>50%) after months since the introduction of the diet, a decrease
5 days of the introduction of the diet in all of the in seizure frequency between 50% and 90%an et
17 Lennox Gastaut patients with atonic or myoclonic al. (2005)have also suggested that these patients may
seizures included in their study. respond particularly well to the diet. A biological basis

Recently,Nordli et al. (2001)and Kossoff et al. for putatively better responses in patients with severe
(2002a)reported a beneficial effect of the diet against migrational disorders may be found in the observation
infantile spasmes in patients with West syndrome of dif- that the cerebral structure of these patients bears some
ferent etiologies unresponsive to conventional AEDs. resemblance to the foetal brain’s structure. There is
However, efficacy rates in relation to specific etiolo- evidence that, as in suckling rats, the more immature
gies, or specific EEG patterns, were not specifiddn the cerebral cortex is, the more it uses ketone bodies
etal. (2005plso reported favourable results in patients instead of glucose as an energetic substi@ts6 and
with infantile spasms, and did not exclude the possibil- Chou, 2000; Morris, 200%accordingly, it is possible
ity of a good outcome even in patients with structural that patients with diffuse cortical malformations
brain abnormalities. In the latter report, the presence of could utilize more efficiently ketone bodies in their
complex partial seizures was regarded as a predictor of cerebral metabolism. While it is acknowledged that
an unfavourable response to the KD. surgical intervention, whenever possible, remains

Arecent study byCaraballo et al. (2005¢ported on the treatment of choice in drug refractory epilepsy
the effectiveness of the KD in the treatment of severe caused by focal cortical dysplasia, some patients
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may benefit from the diet, at least before surgery is cal implications for the selection of the best candidates
applied. for treatment.

It has been suggested that patients with Lafora
body disease may also respond favourably to the diet
(Minassian, 2001 Given the pathophysiology of this 9. Is there a role for the ketogenic diet beyond
disorder, it is reasonable to hypothesize that the diet, childhood?
by promoting the brain utilization of ketones instead
of glucose, might reduce glycogen synthesis and pos- E. Kossoff
sibly decrease polyglucosan accumulation and slow John M. Freeman Pediatric Epilepsy Center, Johns
down the progression of the disease. In a pilot study Hopkins Medical Institutions, Baltimore, MD, USA
(Cardinali et al, submitted for publicatipwe assessed In one of the earliest publicationBéterman, 1924
the effects of the diet in five patients with Lafora reporting significant benefits from ketosis, patients
body disease (average age at our first observation:treated with the diet ranged from 3.5 to 35 years,
13.2+ 3.2 years), in order to determine the feasibility although no information was provided as to the influ-
of its long-term term use in adolescents with this condi- ence of age on outcome. In subsequent years, the diet
tion, and its potential impact on clinical outcome. The was increasingly used for adults; the largest series
diet was well tolerated in all five patients for a period reported to date, published in 193Bafborka, 193p
of 28.4+ 8.8 months, but the illness showed a progres- included 100 patients aged 16-51 years. Only 27 were
sive deterioration, with worsening of the myoclonus, aged 30 or above, and 38 were under age 20 and
appearance of new seizure types, and increased fre-could be more appropriately classified as adolescents.
quency of generalized tonic—clonic seizures. Moreover, Ketosis typically occurred, but interestingly several
four of the five patients showed a significant decline patients had improved seizure control without persis-
in cognitive functions, with special reference to mem- tent ketosis. Overall, 56% had a >50% response and
ory, long lasting attention and performance abilities. 12% were seizure-free, outcomes remarkably similar
These findings seem to argue against a protective roleto those reported for children in the next 80 years. Inter-
of the diet on the progression of the disorder, but fur- estingly, the authors commented that “there seems to
ther studies are necessary before definite conclusionsbe no question but that the patient who can be afforded
can be drawn. Moreover, our patients were started the best opportunity for treatment is the child or young
on the diet years after the clinical onset of the dis- adult...whereas older patients. are the least likely
ease, when Lafora bodies accumulation and neuronalto be benefited”Barborka, 193p Although not sys-
degeneration had already become established. Obsertematically monitored, cholesterol increased in several
vations in a knockout mouse model of the disease patients; amenorrhea occurred in 12 (21%) of the 56
suggest that whatever treatment is applied, it should women treated, an occurrence also seen in a recent
be started as early as possible, because already develstudy of adolescent8fady et al., 2008 For nearly 70
oped pathological changes do not appear to reversibleyears, thereafter, the KD was used only sporadically
(Ganesh et al., 2002This raises the possibility of  for adults in some centres. In a 1989 study comparing
exploring the potential value of the KD in genetically the MCT oil diet to the classical KDgchwartz et al.
diagnosed, pre-symptomatic siblings of Lafora disease (1989)described 4 adults out of 63 patients. None of

patients. the 4 adults had any significant improvement.
In 1999, a retrospective assessment of the KD in
8.4. Conclusions 11 adults (9 women, age 19-45 years, baseline seizure

frequency 2—30 per month) was reported from the Jef-
There is inadequate information on how short- and ferson centre in Philadelphi&ifven et al., 1999 All
long-term outcome on the KD relates to the type of were treated with a typical calorie and fluid restricted
the epileptic disorder and/or ictal semiology. Prospec- 4:1 ratio diet after a 24—-72h fast. At 8 months, 6
tive studies with large and homogeneous cohorts of (55%) had a >50% seizure reduction and 3 (27%)
patients with well-defined electro-clinical features are had a >90% improvement, similar to most studies of
needed to address this issue, which has obvious practi-children. Only two patients were unable to achieve
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and maintain ketosis; all patients reported constipa- months but had no measurable seizure reduction. The
tion and all women described menstrual irregularities. older patient was unable to create ketones because he
Cholesterol increased over 6 months from a baseline of was given carbohydrates in his chronic care facility, and
208 to 291 mg/dl and triglycerides were only slightly discontinued the diet after 8 months. Encouraged by the
increased from 190 to 203 mg/dIl. A follow-up study above results, we have started a study of adults aged 18
from the same group with 15 additional patients (total and over using a modified Atkins diet; carbohydrates
26) was presented at the 2003 meeting of the Ameri- are limited to initially 15g per day and medications
can Epilepsy Society in poster forrN¢i et al., 2003 are left unchanged for the first month. Daily multivi-
Similarly to the previous study, 54% had a >50% tamin and calcium supplementation is provided, and
response, and the authors were able to differentiate frequent serum and urine laboratory monitoring is per-
outcome based on seizure type. They indicated that theformed. In approximately 10 patients to date, results
12 patients with symptomatic generalized epilepsy had are mixed and continue to be correlated with level of
the best outcome, with 73% having a >50% response, ketosis.
compared with only 27% of the 11 adults with partial In conclusion, studies of the use of the KD for ado-
epilepsy. Improvement, when it occurred, tended to be lescents and adults are still in their “infancy” despite
in the initial 2 weeks of the diet. Diet duration was over 80 years of clinical use for children. Efficacy
relatively short, only 7 months on average. Only 11% appears to be similar to published studies of children.
continued the KD for 2 years, and all of these patients Further prospective studies, including perhaps a less
had symptomatic generalized epilepsy. Weightloss was restrictive modified Atkins diet, are warranted. Side
also described, with a mean decrease of 6.7 kg. Furthereffects such as weight loss, dysmenorrhea, constipa-
information about these two studies are detailed in a tion, and dyslipidemia will need monitoring in any
textbook chapter on adults and the KBperling and future studies.
Nei, 2009.

In 2001, a retrospective study of 45 highly moti-
vated adolescents with intractable epilepsy (age 12-1910. Discussion summary—implementation
years) was reportedviady et al., 2003 Six months procedures and efficacy data
after diet initiation, 28/45 (62%) remained on the diet,
with 6/28 (21%) having 50-90% seizure reduction and E- Pérucca

8/28 (29%) having >90%. These results were similar justitute of Neurology, IRCCS C. Mondino Foundation,

to those observed in younger childrevir(ing et al., and Clinical Pharmacology Unit, University of Pavia,
1998; Freeman et al., 19p8Patients with multiple  payig, Jraly

seizure types (generalized epilepsy) did best, similar
to the adult study from the Jefferson cente{ et al.,
2003. The restrictions of the diet did not appear to
be a major problem, with only 22% discontinuing the
diet primarily for this reason. Weight loss (60%) and
menstrual dysfunction (45% of females) were the most
common side effects.

A small case series of the benefits of a modified be addressed?
Atkins diet (providing more protein and no fluid or A. Everyone acknowledged that we need prospective
calorie restriction) was reported in 2003, with three studies of better quality. While the nature of the KD
out of six patients being older than 18 years of age makes blinding difficult, recent developments summa-
(Kossoff et al., 200B An 18-year-old female had rized in Dr. Kossoff's presentation show that random-
a 90% improvement in seizures almost immediately, ized studies are now being initiated, and that even
with large urinary ketosis, and was maintained on the double-blind protocols (e.g., by administering glucose
diet for 20 months without side effects. In contrast, a versus saccharin in addition to the diet, with the mon-
42-year-old man and 52-year-old man had less successitoring of ketosis by an external investigator) can be
The younger man maintained moderate ketosis for 3 practically and ethically feasible, at least over lim-

Q. By current standards of evidence-based medicine,
the quality of the studies conducted with the KD leaves
much to be desired. We have no adequately controlled
trials that demonstrate efficacy, and most reports did
not characterize adequately patients in terms of seizure
type and epilepsy syndrome. How can these concerns
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ited assessment periods. While limitations of current Q. Dr. Tagliabue described a rather comprehensive set
evidence are acknowledged, Dr. Freeman and otherof investigations to monitor the effects of the diet.
presenters remarked that the time course and mag-Should these be all part of our routine monitoring pro-
nitude of improvement is hardly compatible with a cedures?

placebo response or with the natural history of the
seizure disorder. It is hard to question the diet’s effi-
cacy when children with a long standing history of
frequent daily seizures improve dramatically during
the fasting period and remain persistently improved
for months and years thereafter. Outcome datain terms
of sustained seizure freedom observed with the KD
appear to be greater than those reported for “histor-
ical controls” included in AED trials. Nevertheless,
it is a fact that overall the quality of the efficacy
data is not satisfactory, and that it is important in
future studies to use prospective controlled designs
and to include patients with better defined epilepsy
syndromes.

A. Dr. Tagliabue clarified that some of the investiga-
tions, for example some anthropometric and metabolic
measurements, are conducted in her centre as part of a
research protocol, and should not be regarded as nec-
essary in a routine setting. Some tests, such as bone
mass determinations and abdominal ultrasound, may
only be required on a case-by-case basis, for example
when nutritional status and liver enzymes justify con-
cerns with bone mineralization loss, or when the finding
of blood in urine raises suspicions about possible renal
stones. It appeared from the discussion that laboratory
’ monitoring at some European centres tends to be more

intensive than in North America. In any case, there was

agreement that the need for testing for nutritional defi-
Q. There seems to be controversy about what imple- ciencies can be minimized by providing patients with
mentation procedure is best. We have been presentedappropriate supplementation of vitamins and minerals.
with differentinitiation protocols, controversial data on
the need for hospital admission, even different types of
diets.

Q. How can we best monitor ketosis, by determinations
in blood or by simply checking urine ketones?

. A. Dr. Kossoff commented that one study did suggest
A. We do not have adequate data to answer these issues, y 99

. . . : an improved outcome with monitoring blood ketones
Again, randomized comparative studies are needed tO(GiIbert et al., 200 Overall, however, he felt that
determine the value of fasting, fluid restriction, and - ' ’

ther initiati d o det e h h there is still insufficient evidence to conclude that blood
other initiation procedures, 1o determiné how muc testing ensures an improved outcome compared with
ketosis is needed for seizure control, and whether the

. . ! . simply monitoring urinary ketones. He also felt that
Ig\{el of I.<etos’|s should to b.e adjusted n relation to SPE gevices for monitoring blood ketones are less than opti-
cific _papents charactgn_sﬂcs. On th(_a issue pf hospital mal at the current state of technology.
admission, most participants considered it advanta-
geous to ensure adequate involvement and training of Q. What do we do when blood biochemistry shows
family members. Hospital admission also ensures bet- abnormalities, particularly high levels of triglycerides
ter adjustment of dietary needs, and prompt recognition and cholesterol?
and treatment of potential early adverse effects, for
example in children with a previously unrecognized
metabolic defect. There was some discussion on the
pros and cons of alternative diets, such as the Atkins
diet. The prevailing view was that the classical diet
is the best documented in terms of efficacy data. The
Atkins diet has some attractiveness in terms of accept-
ability, particularly in adolescents and adults, and it
might be offered when compliance with the classical
diet is anticipated to be problematic. However, failure Q. If a child does well on the KD, how long should the
to respond to the Atkins diet should not be regarded as diet be continued? On the other hand, if the diet does
anindication that the classical diet will notworkinthat not appear to work, how long should we go on before
patient. we give it up?

A. There was consensus that dyslipidemias are rarely
a cause for discontinuing the diet. Changes in blood
lipids can usually be managed by dietary adjustments,
e.g. by altering the caloric intake and/or modifying the
ratio of unsaturated to saturated fat. On further investi-
gation, some cases of problematic dyslipidemias often
turn out to reflect co-morbid conditions, such as famil-
ial hypertriglyceridemia.
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A. There was agreement that duration of treatment Table 5
should be determined on a case-by-case basis. |nLong-term or late-onset adverse effects of the ketogenic diet
GLUT1 deficiency syndrome and in pyruvate dehy- Growth retardation
drogenase (E1) deficiency syndrome, the diet usually gepatt,'c f‘t"}"“re
. . _ onstipation
ngeds to be continued for several years. Ir) ep|[ep Exacerbation of gastro-esophageal reflux
sies tha_t responded we_II to the KD, discontinuation pineral deficiencies
of the diet may be considered after about 2 years. In vitamin deficiencies
non-responders, a trial of about 3 months will usu- Urolithiasis

ally be sufficient to conclude that diet is not going to  ©steopenia
Cardiomyopathy

help. Prolonged QT interval

Optic neuropathy

Basal ganglia injury
11. Adverse effects and contraindications Anemia

Biochemical disturbances (hypocarnitinemia, dyslipidemias,
J. Campistol elevated very long chain fatty acids)

Department of Neuropediatrics, Hospital Sant Joan de

Déu, Barcelona University, Barcelona, Spain Most of the early onset adverse effects of the diet

(Table 4 are transient and can be carefully managed
with conservative strategies. These include gastroin-
testinal disturbances such as nausea, loss of appetite,
refusal to drink, and vomiting, usually associated with
gastritis and fat intolerance. Another disturbance is
constipation that can be caused by a decrease in inges-
tion of food and fibers; laxatives or enemas can suc-
cessfully control it.

Dehydration is one of the most common com-
plications that occur early after initiation of the
11.2. Adverse effects diet (Wheless, 2001; Kang et al., 2004t can be

prevented by avoiding a fasting period and/or by

Most side effects of the diet are mild and do not encouraging oral or intravenous intake of fluids
significantly affect the acceptability of the treatment ithout dextrose\(heless, 200} Potentially serious
in the majority of patientsHemingway et al., 2001a;  complications include sepsis, cardiomyopathy, lipoid
Coppola et al., 2002In general, tolerability is poorer  aspiration pneumonia, hepatitis and acute pancreatitis.
in young patients with refractory epilepsy and mental sometimes these complications may be related to
retardation than in other populations. concomitant use of some AEDs, especially valproic
acid (VPA). Fatal fulminating sepsis in sporadic cases
has been attributed to pre-existing metabolic disease
(Kang etal., 2004 Overall, serious complications may
lead to discontinuation of the dietin 6—12% of patients.

The list of early onset biochemical disturbances

11.1. Introduction

Before starting the KD, clinicians need to be aware
of the type of epilepsy, the characteristics of the
patients, the type of potential adverse effects, and the
diet's medical contraindication&¢ssoff, 2004; Kang
et al., 200%.

Table 4
Early onset adverse effects of the ketogenic diet

Gastrointestinal effects (nausea, vomiting, loss of appetite,
constipation)

Dehydration comprises hypoglycemia, hypertriglyceridemia (which
Sepsis may lead to pancreatitis), hypercholesterolemia, tran-
Cardiomyopathy sient hyperuricemia, increased liver transaminases
;'aerﬁ’g::et;itis (especially in patients receiving VPA), hypoproteine-
Biochemical disturbances (hypoglycemia, hypertriglyceridemia, ml,a’ hypomagnesem|a, hyponatremia and metabolic
hyperuricemia, hypertransaminemia, hypercholesterolemia, acidosis Galvan et al., 2001; Wheless, 2001; Kang et

hypoproteinemia, hypomagnesemia, hyponatremia, metabolic  al., 2004; Coppola et al., 2002; Vining, 1999; Freeman
acidosis) et al., 2000.
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Long-term or late-onset adverse effecialfle § ferase | and Il and carnitine translocase) or secondary.
include growth retardation (mainly related to protein Fatty acid defects are absolute contraindications to
deficiency), hepatic failure, vitamin and mineral defi- the diet, and this is especially true for medium chain
ciencies, immune disturbances (impaired neutrophile acyl-CoA dehydrogenase deficiency (MCAD). Other
function, related to imbalanced diet and protein restric- defects in fat metabolism that can exacerbate ketotic
tion) and cardiomiopathy, which may also be seen in hypoglycemiaare long-chain acyl-CoA dehydrogenase
the early phases of treatmenfirfing, 1999; Coppola  deficiency (LCHAD), short chain acyl-CoA dehydro-
et al., 2002; Wheless, 2001; Galvan et al., 2001; Furth genase deficiency (SCHAD) and mitochondrial and
et al., 2000; Vining et al., 2002 Another late-onset  ketone metabolism defect/heless, 2001; Kang etal.,
complication is nephrolithiasis, which may result from 2005. The KD should never be used in children with
chronic acidosis, dehydration, and fat malabsorption, pyruvate carboxylase deficiency, in whom its adminis-
and may be more common in patients receiving car- tration may have fatal consequences.
bonic anhydrase inhibitors such as topiramate (TPM)  The diagnosis of inborn errors of metabolism is
and/or zonisamide (ZNS). Osteopenia may be causedoften difficult. Patients can present with refractory
by nutritional deficiencies, reduced sunlight exposure, epilepsy and non-specific symptoms that can be
immobilisation and underlying AEDs. attributed to seizures or drugs. In some of these cases,

Late-onset biochemical disturbances include sec- the epilepsy may be secondary to inborn errors of
ondary hypocarnitinemia, iron deficiency anemia, vita- metabolism, a possibility which should be considered
min and mineral deficiencies, increased uric acid always and particularly in children with associated
production, low serum bicarbonate levels, persistent developmental delay of unknown aetiology, hypoto-
hyponatremia, sustained metabolic acidosis, and dys- nia, exercise intolerance, cyclic vomiting, fatigability,
lipidemias {ining, 1999; Kossoff, 2004; Furth et al., hepatomegaly, cardiomyopathy, pigmentary retinitis,
2000. hypoacusia, metabolic acidosis, hypoglycemia or

Physicians should be aware of the above compli- unexpected ketonuria. In other cases of intractable
cations, so that they can be carefully monitored and epilepsy, the MRI findings, funduscopy, and nerve
successfully prevented and treated as appropriate. Theconduction velocity may give useful clues to diagno-
risk of side effects, in any case, should be carefully sis. In such cases, and especially before introducing
weighed against the potential benefits of the diet, which the KD, it is essential to conduct a careful clinical
may include better seizure control and the possibility evaluation and a biochemical screening (plasma, urine
of reducing AEDs, which may resultinimproved atten- and, in some cases, CSF) to exclude the possibility of
tion and vigilance, improved behaviour, normaliza- an inborn error of metabolism which can be worsened
tion of the circadian wake—sleep cycle, and decreasedby the diet Galvan et al., 2001; Moreno-Villares et
hyperkinesia and impulsivityNordli et al., 2001; Kang al., 2001; Kossoff, 2004

et al., 2005; Coppola et al., 2002 On the other hand, in some other inborn errors
of metabolism or mitochondriopathies where altered
11.3. Contraindications mitochondrial function leads to glycolysis dysfunc-

tion, the KD may be beneficial because it provides an

Medical contraindications of the KD include several important alternative energy source capable of cross-
inborn errors of metabolism such as defects in fat and ing the blood—brain barrier and maintaining cerebral
ketone metabolism, porphyria and some mitochondrial energy metabolisnGuellar and Molinero, 2003; Levy
disorders\\Vheless, 2001; Franés etal., 2003; Galvan  and Cooper, 2003; Kang et al., 2004 hese condi-
etal., 200]. tions include glucose transport defects, some pyru-

If a child has an unrecognized inborn error of vate dehydrogenase deficiencies, phosphofructokinase
metabolism, serious complications may occur dur- deficiency and some mithocondrial cytopathies due
ing the initial fasting periodWheless, 2001; Galvan to Complex | deficiency presenting with hypoketotic
et al., 200). Relevant inborn errors of metabolism hypoglycemia.
where the diet can be hazardous include carnitine  Some patients have immunologic defects which
deficiencies, either primary (carnitine palmitoyltrans- may worsen with the diet, and in these cases previ-
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ous screening for immunologic disorders is required patient. Special concerns, however, exist when the KD

(Kang et al., 2005; Freeman et al., 2000; F@act
al., 2003; Wheless, 2001

is combined with AEDs which may produce adverse
effects similar to those associated with the diet.

Particular caution should be exercised when using Important examples of such effects include metabolic

the diet in patients treated with VPA, TPM, ZNS

acidosis, acute pancreatitis, hepatitis, urolithiasis, and

and acetazolamide, even though use of these drugs iscardiomiopathy.

not considered a formal contraindication to the diet
(Galvan et al., 2001; Coppola et al., 2002; Kang et al.,

2005.

Finally, the dietis not a viable option whenever ade-
quate compliance with implementation and monitoring
procedures is not expected.

12. Potential interactions between the
ketogenic diet and drugs

G. Coppol&, M. Fiorillo?, E. Ammendol4, R. Della
Cortd, G. Capanb, A. PascottB

8Clinic of Child Neuropsychiatry, Second University of
Naples, Italy;

b Clinic of Paediatrics, Federico II University,
Naples, Italy

12.1. Introduction

Both the diet and carbonic anhydrase inhibiting
AEDs such as topiramate, zonisamide and aceta-
zolamide may cause metabolic acidosis, and there
is a higher risk of acidosis when the diet is co-
administered with these agent@keoka et al. (2002)
found a <20% decrease in bicarbonate levels in 9
out of 14 TPM-treated children, which was mostly
seen at the time of diet induction. It was suggested
that bicarbonate levels be monitored carefully when
the diet is co-administered with TPM and that bicar-
bonate supplements be given if the patient becomes
symptomatic.

Acute pancreatitis is a rare but often fatal com-
plication Stewart et al., 2001 it can be caused by
hypertriglyceridemiaToskes, 199)) and may be pre-
cipitated by valproic acid@hapman et al., 200Q1If
pancreatitis occurs after initiating the diet, discontinu-
ation of the diet and adequate supportive treatment are
required for a successful recovelang et al. (2004)
reported one patient who developed pancreatitis early

Patients started on the KD often continue to receive in the course of the KD; the patient had been treated
AED treatment, and there is also a possibility of other with valproic acid for 2 years before starting the diet,
medications being administered for concomitant or and recovered only after abandoning the diet. Accord-

intercurrent conditions. Therefore, the possibility of

ing to De Vivo et al. (1998)and Ballaban-Gil et al.

interactions between the diet and drugs needs to be(1998) hepatitis can be caused by impairment of fatty

considered.

12.2. Interactions between the diet and AEDs

acid oxidation or carnitine deficiency, especially in
patients in whom the diet is combined with valproic
acid. Kang et al. (2004)however, found no statisti-
cally significant association between hepatitis and the

Potential interactions between the diet and AEDs use of valproic acid in their patients managed with the
have been little investigated. There are reports of KD. All 10 patients with hepatitis from their series had
increased sedation in phenobarbital-treated children AST and ALT values of less than 200 mg/dl and con-
after starting the diet, and it has been stated that tinued on the diet.

phenobarbital dosage may need to be reduced, often

by about 30%, particularly in children with high
serum phenobarbital levels at baseli@gsoff and
Vining, 2004. No particular underlying antiepileptic

Urolithiasis is another possible complication of the
diet (Furth et al., 2000; Kielb et al., 20p0and may
be facilitated by carbonic anhydrase inhibitors, such as
topiramate and zonisamide. The four patients reported

medication has been found to increase or reduce byKang et al. (2004yvith calcium oxalate stones were

the probability of a favourable response to the diet.

receiving topiramate in addition to the di&inssoff et

Therefore, as far as efficacy is concerned, the preferredal. (2002b) however, were unable to confirm that the
underlying AED should be the one which has been combined use of carbonic anhydrase inhibitors and the

(or is expected to be) most effective in the individual

KD increases the risk of kidney stones. They recom-
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mended that all patients treated with this combination 12.3. The ketogenic diet and general anesthesia
be given increased hydration and that urine alkalin-
ization be considered for children with previous renal The KD is not incompatible with induction of gen-
abnormalities, a family history of urolithiasis, hema- eralanesthesia. The firstexperiences with general anes-
turia, or elevated urine calcium-to-creatinine ratios. If thesia in patients on the diet dates backiaton et
renal stones are found, they suggested discontinuational. (1982) who described changes in metabolic vari-
of the carbonic anhydrase inhibitor. ables, consisting of mild metabolic acidosis and slight

Cardiomyopathy is a potentially fatal complication decreases in pH, in three patients undergoing simple
of the diet, which may manifest as bradycardia, dimin- inhalation anesthesia for minor surgery. More recently,
ished QRS voltage and prolonged QT intervaésgt et Valencia et al. (2002eported their experiences in nine
al., 2000. It has been reported to correlate with sele- children aged 1-6 years who underwent general anes-
nium deficiency Berggvist et al., 2003 low serum thesia for surgical procedures, some requiring more
bicarbonate, elevated serum beta-hydroxybutyrate andthan one procedure. At the time of anesthesia, these
carnitine deficiency@e Vivo et al., 1998; Kang et al.,  children were receiving the diet for a mean period of
2004, though some authors did not find evidence of 21 months (range 2—-60 months) and continued on it
hypocarnitinemia on the dieFteeman et al., 2000  until the “nothing by mouth” preparation period, which
Coppola et al., in pre3sAs valproic acid may also lasted 12 h. The diet was restarted post-operatively on
reduce carnitine levels, there may be a potential for case-by-case criteria,; initially, children were adminis-
an interaction leading to an increased risk for this tered carbohydrate-free fluids and were then placed on
side effect. Most authors, however, agree that carnitine the diet. In 9 out of 24 procedures, general anesthesia
supplementation should be reserved only to hypocar- lasted>3 h, and in one patient >11.5h. Blood glu-
nitinemic patients manifesting clinical symptoms such cose remained unchanged even during prolonged pro-
as generalized weakness, excessive fatigue, decreasededures; this may relate to the experimental observation
muscle force or mild cardiomegalDé Vivo et al., that the ketotic state produced by the diet may offer pro-
1998. tection from insulin-induced hypoglycemidaghnson

To reduce the risk of adverse interactions with the and Weiner, 1978 There was, however, a trend for
diet, physicians may consider reducing the AED load metabolic acidosis to develop during the course of long
during use of the diet. Some authors advice not to mod- procedures, where a mild reduction occurred in both
ify AED therapy for many months until efficacy and pH and bicarbonates. In a few cases, patients were
adverse effects of the diet have been evaluated fully; administered bicarbonates intravenously. No patient
however, early reduction of some AEDSs, such as ben- experienced peri- or post-operative complications; in
zodiazepines and phenobarbitone, may be necessarthe five children on TPM, there was an increase in
to minimize side effects, such as excessive drowsi- acidosis. Most commonly used anesthetics were nitric

ness and generalized hypotonidning, 1997. Oth- oxide, hysoflurane, sevoflurane, and thiopental sodium;
ers, however, advocate early AED reducti&ngeman in three cases, propofol was administered uneventfully.
et al.,, 1998. Recently,Kossoff et al. (2004)evalu- Propofol, however, may by itself cause severe compli-

ated the impact of early versus late AED reduction cations such as metabolic acidosis, lipemia, rabdomy-
after initiation of the diet. Six months after the diet olisis, and myocardial failureHanna and Ramundo,
was initiated, AED reduction was possible in 53 of 1998;Wolfetal., 2001; Baumeister et al., 2004 one
the 81 (65%) children included in the study. Of these case, propofol was fatal in a 10-year-old boy on the KD
53 children, 30 (57%) underwent early AED taper- treated for refractory status epilepticualimeister
ing in less than a month. In the early taper group, et al., 2004. Propofol may derange fatty acid oxi-
17% experienced a transient seizure increase dur-dation by impairing the entry of long-chain esterified
ing AED reduction, but all these children had >50% acylcarnitine into the mitochondria, thus leading to a
seizure decrease after 3 months. The authors con-deficiency of the mitochondrial respiratory chain at the
cluded that early reduction of AEDs is safe, but it 11-complex level. For this reasoBaumeister et al.
offers no specific advantage in comparison to late (2004)state thatpropofol should notbe usedin children
tapering. for long lasting anesthesia, especially those on the KD.
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12.4. Interactions with carbohydrate-containing Simply, specialised nutritional products can make the
medications diet easier to achieve for both prescribers and carers,

more palatable for the patient and ultimately provide

Some medications contain carbohydrates in their more choice for all.

formulation, potentially altering the ratio of fats to car- KetoCal was developed in response to requests from
bohydrates and proteins in the diet regimen. If this is clinicians and dietitians looking for a nutritionally
overlooked, ketosis can be inhibited with potential loss complete tube feed suitable for administration of the
of seizure control. Care providers and parents should be KD. The product is presented as a powdered formula
alerted about the carbohydrates in some medications,designed to mimic the classical dietin aratio of 4:1 and
including not only glucose content, but also the con- provides a convenient alternative to mixing a modular
tent of reduced carbohydrates such as glycerin. Lists ketogenic liquid feed. As the product is nutritionally
of carbohydrate content of the most frequently used complete, the time demand for calculation of the diet
medications have been publishddbel et al., 2001; is also minimized. When the product was developed
McGhee and Katyal, 2001 in 2001, there was already an emerging consensus on

the efficacy of the KD in refractory epilepsidfevre

and Aronson, 2000 therefore, the initial goal for the

13. Clinical trials of ketogenic products: trial program was simple—to show that the product

methodological aspects was capable of mimicking the KD in terms of attaining
and maintaining ketosis antt to show that the diet

R. Butler itself is efficacious in attaining seizure control. Data

SHS International, Research and Development Depart- from two pilot case series were collected to test product

ment, Liverpool, UK acceptability and efficacy in achieving ketosis before
initiating a multicentre trial. Some of the difficulties

13.1. Introduction in obtaining quality data in KD trials became apparent

early in the trial program, while others became clear

The increasing use of the KD has led to greater only during the development of the multicentre trial.
demand for specialist nutritional products that can
be administered safely and easily to patients. These 13.2. Patient numbers and patient access
products must be adequately assessed for safety and
efficacy, thereby ensuring the confidence of health  In Europe, the population of children and adoles-
professionals and consumers alike. The challenge is tocents with active epilepsy is approximately 0.9 mil-
ensure that the data collected provides a high level of lion (Forsgren et al., 2005 and those with refrac-
evidence, which can pose an interesting challenge in tory epilepsy are estimated to be less than 30% of
trials involving a dietary product. Recent experience this number. Further, not all children with refractory
with the KetoCal clinical trial program has highlighted epilepsy are considered appropriate for treatment with
some of the methodological problems that may be the diet, either for social and/or medical reasons. Num-
encountered in this area. bers diminish further when the target population of a

The KD may be achieved from regular foods. For KD study is fully defined. For the initial case series,
some, however, using regular foods is not an option, the aim was to recruit children aged 1-16 years of
for example those who are tube fed. For others, regular age with refractory epilepsy who were tube fed. While
foods alone may not provide the specific nutritional these criteria alone limited the available patient pool,
requirements or variety needed, for example a high the greatest concern was ensuring access to the suitable
MCT content or full vitamin, mineral and trace element patients. Although historically the KD has been offered
requirements. Further, the KD is inadequate in most as a treatment option at limited centres, and sometimes
micronutrients if not supplementediq et al., 2003. to limited patient numbers within individual centres,
There is a real need for specialised nutritional prod- the increasing demand, funding and resources now
ucts. Whilst such products can help to achieve dietary available has allowed the diet to be offered routinely
adequacy, they also serve another important function. to a greater number of patients. To maximize access,
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recruitment took place at multiple centres across mul- data on growth and seizure frequency are recorded, to

tiple countries. be used as a comparison to data collected during the
intervention phase.
13.3. Inclusion and exclusion criteria Dr. Helen Cross at Great Ormond Street (GOS) Hos-

pital in London has developed an interesting alternative

While achieving adequate recruitment is a prob- methodological approach, which allows incorporation
lem common to many clinical trials, other challenges of arandomized control groufig. 6). Atthe screening
are more specific to trials of nutritional products. For Vvisit, patients are randomized to the MCT or classical
example, as in the case of KetoCal, products are often diet, and then they are further randomized to commence
designed for a specific age range, thereby limiting the diet after either a 4-week, or a 16-week period. This
patient numbers. In addition, the quantity of product 12-week difference allows one group to continue stan-
consumed can be critical. It was of great importance in dard treatment while the other receives the ketogenic,
the case series to ensure that sufficient product be con-thereby effectively incorporating a parallel-group con-
sumed daily to allow outcome measures to be attributed trol. Such a study design begins to address the criticism
to the product rather than other oral intake. For exam- concerning the lack of published data on the efficacy
ple, although KetoCal can be used as a milk-shake style of the diet using a control groupéfevre and Aronson,
meal replacement/emergency regime, patients using2000; Thiele, 2003; Levy and Cooper, 2003
this mode of intake could not be guaranteed to consume
sufficient product daily. Moreover, it is not ethical to  13.5. Data collection methods
encourage those who can eat regular meals to consume
the majority of their energy requirements from a liquid When numerous sites are involved in a clinical trial,
supplement. Thus, the target population became chil- itis essential that data collection be consistent between
drenwho were tube fed, to ensure a minimum of 80% of the centres. During the design of the protocol for the
prescribed energy requirements were derived from the KetoCal multicentre trial, the methods for the assess-
product. To document this, participants /careers com- ment of mental development, cognitive changes and

pleted daily intake records. quality of life generated much debate. In fact, assess-
ment methods of these parameters vary significantly
13.4. Study design between countried vy and Cooper, 20Q3The obvi-

ous difficulty arising here is the lack of consistency

The study design adopted for the KetoCal multi- when it comes to data collation. It is recommended
centre trial incorporates a prospective baseline for datathat all studies in this area use validated scales, thus
comparison. Inthis study, tube fed children with refrac- allowing for comparative data analysis.
tory epilepsy are to be given KetoCal for a minimum
of 6 months. The baseline is established by following 13.6. Conclusions
children for a 2-month period during which time they
continue to receive their standard feed alongside any  All clinical studies pose unique methodological
underlying AEDs Fig. 5). During the run-in, baseline  challenges, and those involving nutritional products for

RUN IN PERIOD TRIAL PERIOD

Standard Treatment Ketocal Treatment

r_L\ ~ s !

-2 0 3 6 12
MONTHS MONTHS MONTHS MONTHS MONTHS

Fig. 5. Schematic diagram of the KetoCal multicentre trial.
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Fig. 6. Schematic diagram of the Great Ormond Street (GOS) Ketogenic Diet Trial.

the KD are no exception. Specific challenges concern comparisons with other treatments. For the most part,
patient numbers and access, product consumption, certreatment was not randomized, prospective, or blinded
tain data assessment methods and controlling the studyin these reports. Only recently have investigators
The emphasis of future study designs needs to shift begun to examine the response of selected epilepsy
towards addressing some of the criticisms of the cur- syndromes to treatment with AEDs, but such studies
rent data, specifically randomizing and controlling, in are just beginning and none has compared AEDs to
order to provide the best quality data possible. Adopt- the KD. Considering these substantial limitations,
ing validated methods allowing for comparative data only experiential comments can be made concerning
analysis will assist further. the role of the KD, supplemented where possible by
appropriate references.

14. The role of the ketogenic diet in the modern 14.2. Primary therapy
treatment of epilepsy

The KD is first-line therapy for seizures occurring

D.R. Nordli Jr. in association with GLUT1 deficiency syndrome and
Children’s Memorial Hospital, Northwestern Univer- pyruvate dehydrogenase (E1) deficieridiekler et al.,
sity, Chicago, IL, USA 1997; Wang et al., 2005; Klepper et al., 2002 both
conditions, the diet provides effective seizure control
14.1. Introduction while providing essential fuel for brain metabolic activ-

ity. Ketone bodies can be utilized to provide the missing
The precise role of the KD in the modern treatment fuel which cannot be provided by glucose. In the case
of epilepsy is difficult to determine because of the of GLUT1 deficiency syndrome this is because of the
absence of comparative studies. No studies haveinability of glucose to adequately enter the brain. In
systematically examined the KD versus medications the case of pyruvate dehydrogenase deficiency, the dif-
in specific epilepsy syndromes. Older work with the ficulty lies in the inability to metabolize pyruvate so
diet examined its response in relation to seizure types, that the substrate cannot enter the Kreb cycle. In both
not epilepsy syndromes, and never in head-to-head cases, ketones can be used as alternative fuel to power
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brain energy needs. In this manner, the diet is not only uses it very rarely in patients with symptomatic

an anticonvulsant treatment, but it also treats the other localization-related epilepsies. A recent publication

non-epileptic manifestations of these diseases. In addi-showed that patients with complex partial seizures
tion, Wexler et al. (1997)eported increased longevity as the predominant seizure type fared less well than
and improved mental development in patients with patients with other forms of seizure typd$gn et al.,

E1 deficiency who had earlier initiation of the diet or 20095.

greater carbohydrate restriction. It has also been shown

that the diet is effective in the treatment of GLUT1 14.5. Contraindications

deficiency syndrome, although even early treatment

may not eliminate neurological disabilitie#vang et As important as understanding when the diet may

al., 2005; Klepper et al., 2002 be used to good advantage is knowledge of when to
avoid the diet. The KD is absolutely contraindicated in

14.3. Secondary treatment children with pyruvate carboxylase deficiency, where

. administration of the diet may be lethal. We have
The KD may be considered as an alternate treatment, yeyer used the diet in patients with fatty acid oxidation

usually after the failure of valproic acid, for generalized yisorders or organic acidurias like 3-hydroxy-methyl
epilepsies, particularly those with myoclonic seizures gyaryl Co-A lyase deficiency. Although we used to
including early myoclonic epilepsy, early infantile  4y0iq the diet in certain respiratory chain abnormali-
epileptic encephalopathy, and myoclonic-absence tjes recently a group from South Korea showed that
epilepsy. Given the effectiveness of the diet in the e giet can be used successfully in some patients

treatment of myoclonic epilepsies, it could be consid- \ith respiratory chain abnormalitie€ul Kang et al.,
ered as first line treatment for patients with those very 2009.

severe epileptogenic encephalopathies that are notori-
ously difficult to control with medications, including
the Lennox Gastaut syndrome. Recently, Fejerman 15. Unsolved questions and priorities for future
and colleaguesHejerman et al., 20Q5reported on research
the effectiveness of the KD in the treatment of severe
myoclonic epilepsy of infancy (Dravet syndrome). N. Bahi-Buisson
The diet Is also us_eful n myoclonl_c—astatlc e_pllgpsy Necker Enfants Malades Hospital, Inserm U663, Uni-
(personal observations, in preparation for publication). . , . .
. . . versity René Descartes Paris V, Paris, France
Since most parents prefer the convenience of a medi- . .
Even though many advances in understanding the

cation, it is unusual to try the KD before at least one or
. . . effects of the KD have been made recently, most of
two AEDs have failed, but given the lack of efficacy o . : .
the clinical data remain to be confirmed by prospective

of drugs and some of the advantages of the KD this .
olicy should be re-examined in each individual case controlled trials.
poticy " Thedietis traditionally considered a therapy of last

Indeed, a retrospective review of patients treated at .
. X : resort, but recent data suggest that it could be valuable
Johns Hopkins showed that the diet can indeed be . . ) :
s . . . in new-onset epilepsy. These data raise the question
used as first line treatment in epilepsies that are not ; e
. . about the appropriate place of the diet in the treatment
yet intractable Rubenstein et al., 2005 o )
R . schedule: which patients, when to start, how to start
The KD can also be beneficial in infants with West o ;
and for how long to maintain the diet.

;yndrome KOSSQﬁ et a!., 2002 |r_1 our senes of One of the challenges in future research will be to
infants treated with the diet, those with infantile spasms . . - ) .
identify predictive factors of good, immediate, com-

did slightly better than those infants presenting with plete, and sustainegksponse. Today, few predictive

other types of seizurelprdli et al., 200). data are availableThan et al., 200p It seems that the
diet could be more effective when introduced early in
the course of epilepsy, and in patients with high seizure

The diet can be used for a wide variety of seizure activity. But should it be maintained for years or would
types and epilepsy syndromes. However, our group just a few weeks offer optimal benefit?

14.4. Tertiary treatment
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In our experience, the diet seems to work partic- events observed during treatment with the diet, a cause-
ularly well in epilepsies that have experienced recent effect relationship has not been established. Clearly,
worsening. However, this needs to be confirmed and neither the diet, nor any other therapy is free of side
explained. The optimal duration of the diet is also effects. The physician and the patient or family must
a major issue. There is growing evidence that the weigh the risks, side effects, and consequences of the
metabolic tolerability may become a problem after 2-3 diet against the risks, consequences and side effects of
years on the diet. This contrasts with the fact that even the alternative therapies. The diet is certainly not all
when there has been an apparent major benefit, there isnatural or holistic, but neither are medications. What
rarely relapse when stopping the diet. This would sup- are the risks of the diet and what are the consequences
port the notion that at times the diet is maintained for of those risks? Those were summarized by Dr. Freeman
too long. May be there is a sizeable number of patients as follows:

who do not really benefit from the diet for more than a

few weeks, and in whom the diet could be given with e The diet works equally well in most forms of

major benefit only for a few weeks. All this needs to be
investigated prospectively and requires a multicentre
collaboration.

The optimalmethods of initiating the diet need to
be clarified since outpatient protocols without fluid
restriction are claimed to give the same results as the
inpatient protocols\aisleib et al., 200%

In the field of biochemical research, the mecha-
nisms of action of the diet still remain to be iden-
tified. The relationship between ketosis and seizure
control remains unclear. Indeed, in spite of the fact
that ketosis is believed to be necessary for clinical
efficacy, the correlation between the anticonvulsant
action of the diet and the level of ketosis is not
clearly established. Potentially useful insights may
come from measurement of the levels of ketone bod-
ies, their metabolites, neurotransmitters in the CSF
of patients during chronic ketosisri{dkoff et al.,
2004a,b.

16. Discussion summary—risks to benefit ratio,
indications and conclusions

E. Perucca

Institute of Neurology, IRCCS C. Mondino Foundation,
and Clinical Pharmacology Unit, University of Pavia,
Pavia, Italy

Q. The list of adverse events given in Dr. Campistol’s
presentation is quite long, but some of these events are
anecdotal. Which adverse effects should we especially
concerned with?

A. This issue was extensively addressed by Dr. Free-
man. He remarked that, for some anecdotal adverse

epilepsy in most patients, and has few complications.
Most side effects are indeed mild, do not affect
acceptability and rarely lead to diet discontinuation.
Itis well tolerated by younger and retarded patients.
However, there is evidence for its usefulness in ado-
lescents and adults as well.

Dehydration due to decreased intake during the ini-
tiation of the diet occurs, but is easily managed, and
may not be considered a side effect. Fasting has its
own specific benefits, and it is still recommended
routinely at John’s Hopkins.

Sepsis is not a side effect of the diet. Cardiomy-
opathy has been reported but its relation to the diet
is unclear. One patient at John’s Hopkins had a
cardiomyopathy prior to the diet, did well on the
diet, but was taken off the diet when the condition
recurred and died 9 months later, off the diet. Was
the cardiomyopathy related to the diet? Probably
not.

Lipoid aspiration occurs when aspirating individu-
als are fed lipids. Gastroesophageal reflux and a risk
of aspiration may be regarded as relative contraindi-
cations to the KD. Hepatitis and pancreatitis, on the
other hand, occur in patients on AEDs and are not
prevented by the KD; pancreatitis may occur with
hypertriglyceridemia.

The incidence of “serious complications” depends
on the definition of “serious” but is very rare on the
diet.

e Biochemical “disturbances” have indeed been

reported. Asymptomatic hypoglycemia is frequent
during diet initiation. A persistent asymptomatic

blood sugar of less than 80 mg/dl is a common con-
sequence of a diet low in carbohydrate and high in
fat, but is it a side effect? Some centres believe that
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keeping glucose in the “low” range is therapeutic in together with valproic acid, these disorders also occur
and of itself. in patients taking valproic acid alone (or the diet alone),
e Growth retardation is mild in younger children on and the evidence pointing to valproic acid as a potential
the KD for prolonged period of time and catches up risk factor is only circumstantial. Dr. Campistol, how-
after the diet is stopped. ever, mentioned that in his practice he preferred, as a
e Slightly elevated lipids are also common, but their measure of caution and whenever possible, to avoid
long-term consequences are unclear, and their lev- starting the diet in children on high dosages of val-
els after diet discontinuation have not been studied. proic acid. As for other potential side effects, Dr. Nordli
Marked elevations are uncommon and may be man- remarked that, in his experience, use of the KD together
aged with diet adjustments without having to stop with carbonic anhydrase inhibitors such as topiramate
the diet. and zonisamide increases the risks for nephrolithiasis
e Nephrolithiasis is common (6%) and needs to and, possibly, metabolic acidosis. Dr. Kossoff, how-
be closely followed and managed. However, ever, disagreed.
nephrolithiasis is virtually never a reason for remove

. . . Itis clear that some of the benefits of the KD result
a child from the diet. Q

from a reduction in AED load. How long should we
wait before tapering down medications, and how many

In summary, there are consequences to every actionpatients can have their AEDs discontinued completely?
and inaction that we, as physicians, undertake. There

are consequences to every AED we choose, but also
consequences to not choosing a medication. There

are clearly consequences to the KD, most of them P ; 8
beneficial—a decrease in seizures, a decrease in medi"0Wever, medications begin to be reduced after a child

cations, anincreasing clarity to intellect, as medications has beenonthe dietfor about3 months. However, there

are decreased. There are also side effects to the diet@® N0 adequate studies to guide the optimal policy
most of them mild. Itis important when counseling par- with respect t.0 reduct.ion ofAED.t'herapy. In his centre,
ents prior to beginning the diet to be specific as to the about one third of children s_tab|I|zed on the KD have
incidences of side effects, especially when rare. Provid- COmpleted successtul tapering, and are no longer tak-
ing alistof all of the bad things that occur rarely tothese N9 any AED.

children who are already handicapped by seizures, with Q. While we understand that we have no good data
or without the additional handicaps of motor or mental from formal studies, it would be useful to hear the fac-
impairment, some with underlying and unknown dis- ulty’s opinion about what types of epilepsies are likely
eases, without putting the side effects into context and to show the best response based on their experience.
without noting their frequency or their consequences

serve. dren with cryptogenic and symptomatic generalized

epilepsies tend to respond more favourably than those
with focal epilepsies, though he acknowledged that
preliminary reports in children with diffuse migra-
tion disorders are promising. Epilepsy syndromes that
A. There was consensus that use of these AEDs is he felt may respond well to the diet include severe
not an absolute contraindication to the diet. However, myoclonic epilepsy of infancy (Dravet syndrome),
there was no agreement on whether these patients aranyoclonic—astatic epilepsy, West syndrome, Lennox
at special risk for adverse effects. Dr. Freeman and Dr. Gastaut syndrome, early myoclonic epilepsy, and
Kossoff felt that the safety record of the KD in patients early infantile epilepsy encephalopathy. There are also
on valproic acid, zonisamide and topiramate is substan- promising reports in Rett’s syndrome, and in children
tially similar to that seen in patients on other AEDs. Wwith autism. On the other hand, intractable absence
Although pancreatic and/or hepatic toxicity has been seizures generally do not do well on the diet. There was
reported occasionally in children treated with the diet general consensus on Dr. Nordli's comments. How-

A. Dr. Kossoff reported that the practice at Johns
Hopkins is usually to reduce barbiturates and benzo-
diazepines shortly after starting the diet. In general,

Q. How much should we be concerned about potential
risks of starting the diet in patients who are on valproic
acid, zonisamide and topiramate?
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ever, itwas equally agreed that we lack good predictors Best, T.H., Franz, D.N., Gilbert, D.L., Nelson, D.P., Epstein, M.R.,

of outcome on the KD, and that prospective studies
in homogeneous cohorts with specific epilepsy syn-

dromes are needed. Everyone expressed the wish that®

the workshop, together with the present report, could

2000. Cardiac complications in pediatric patients on the keto-
genic diet. Neurology 54, 2328-2330.

ugh, K.J., Gudi, K., Han, F.T., Rathod, A.H., Eagles, D.A., 2003.
An anticonvulsant profile of the ketogenic diet in the rat. Epilepsy
Res. 50, 313-325.

act as catalyst towards establishing networks of inter- Busija, D.W., Lacza, Z., Rajapakse, N., Shimizu, K., Kis, B., Bari,

ested physicians and developing collaborative proto-
cols to address the many gaps in knowledge that still

remain.
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