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Summary  Nutritional  adequacy  of  a  prescribed  diet  is  integral  to  clinical  implementation  of
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the ketogenic  diet  therapies  in  intractable  epilepsy.  This  review  discusses  the  evidence  for  using
additional carnitine  and  the  importance  of  full  micronutrient  supplementation.  The  optimal
duration of  a  diet  therapy  is  also  discussed,  drawing  on  results  of  an  internationally  applied
questionnaire.
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Carnitine

The  ketogenic  diet  (KD)  is  a  high  fat,  low  carbohydrate
dietary  regimen  used  since  the  1920s  (Wilder,  1921). It  is
designed  to  imitate  the  metabolic  changes  occurring  dur-
ing  fasting  and  has  been  shown  to  be  successful  in  treating
intractable  epilepsy  (Freeman  et  al.,  1998;  Lefevre  and
Aronson,  2000;  Henderson  et  al.,  2006;  Neal  et  al.,  2008).
The  classical  KD  is  usually  prescribed  at  a  ratio  of  3  or  4  g
of  fat  to  every  1  g  of  carbohydrate  and  protein  combined,
thus  providing  87—90%  of  total  calories  from  fat,  which  is

predominately  from  long  chain  sources.  The  transport  of
these  long  chain  fatty  acids  into  the  mitochondria  for  subse-
quent  �-oxidation  requires  their  esterification  by  carnitine,
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 small  water-soluble  amino-acid  derivative  that  is  both  syn-
hesized  in  the  body  and  provided  from  dietary  sources,
nd  mainly  stored  in  muscle.  L-Carnitine  is  the  only  biolog-
cally  active  isomer  form  of  carnitine.  Carnitine  deficiency
as  been  widely  reported  in  epilepsy  patients  being  treated
ith  valproic  acid  (Anil  et  al.,  2009;  Hamed  and  Abdella,
009),  although  this  has  been  questioned  in  other  studies
Hirose  et  al.,  1998;  Fung  et  al.,  2003). As  carnitine  is  well-
bsorbed  from  food,  the  main  dietary  sources  being  animal
ased  such  as  milk,  meat  and  eggs,  these  differences  seen
n  valproic  acid  studies  may  influenced  in  part  by  the  health
tatus  and  therefore  dietary  intake  of  the  population  being
tudied.  The  effect  of  other  anticonvulsants  on  carnitine  lev-
ls  is  less  widely  reported.  There  have  been  suggestions  that
arbamazepine  and  phenobarbital  may  also  deplete  carni-
ine  levels  (Castro-Gago  et  al.,  1998) especially  if  used  in
 polytherapy  regime  that  includes  valproic  acid  (Verrotti
t  al.,  1999). Monotherapy  with  oxcarbazepine  or  carba-
azepine  has  not  been  reported  to  cause  problems  (Kurul

t  al.,  2003).
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It  has  been  suggested  that  the  KD  may  also  induce  defi-
iency  due  to  the  high  fat  content  (De  Vivo  et  al.,  1998).
ew  studies  have  examined  this  question.  Berry-Kravis  et  al.
2001)  reported  plasma  total  carnitine  levels  in  46  patients
age  range  1—24  years);  this  included  eight  already  on  the
D  at  the  time  of  commencing  the  study  and  38  who  were
ollowed  from  KD  initiation.  Three  of  the  latter  group  were
tarted  on  carnitine  supplementation  at  baseline  due  to  low
evels.  A  further  six  of  the  46  patients  (18%),  who  were  not
tarted  on  carnitine  at  baseline,  developed  low  carnitine
evels  and  needed  supplementation.  None  showed  any  clini-
al  signs  of  carnitine  deficiency,  and  there  was  no  worsening
f  seizure  control  with  low  carnitine  levels.  The  average
otal  carnitine  in  patients  who  were  never  carnitine  sup-
lemented  was  lower  after  one  and  six  months  on  the  diet
han  at  baseline,  but  this  then  increased  again  by  12  and  24
onths.  The  conclusions  from  this  study  were  that  although

otal  carnitine  does  decrease  over  the  first  few  months  of
D  treatment,  and  in  some  patients,  dip  into  the  deficiency
ange,  it  then  normalizes  with  no  evidence  of  a  continued
ecline.  One  other  study  measured  plasma  free  carnitine
evels  in  164  epilepsy  patients  (age  1  month  — 6 years),
f  which  11  were  on  the  classical  KD.  None  of  these  11
iet  patients  developed  abnormal  levels  of  free  carnitine
Coppola  et  al.,  2006).

Carnitine  levels  in  children  on  other  types  of  KD  ther-
py  have  not  been  reported.  The  medium  chain  triglyceride
MCT)  KD  should  present  less  of  a  risk  for  deficiency  as
edium  chain  fatty  acids  are  transported  directly  into  the
itochondria  for  oxidation  without  the  need  for  carnitine.

 randomized  trial  found  classical  and  MCT  KD  protocols  to
e  comparable  in  efficacy  and  tolerability  in  children  (Neal
t  al.,  2009); as  part  of  this  trial  carnitine  levels  were  mea-
ured  and  results  are  pending.

Carnitine  status  is  assessed  by  measuring  plasma  levels
f  either  free  carnitine  or  of  a  number  of  different  esters,
r  acyl-carnitines.  It  has  been  suggested  that  deficiency  in
hildhood  epilepsy  be  defined  as  plasma  free  concentration
f  ≤20  �M  or  a  ratio  of  acylated-to-free  carnitine  of  ≥0.4,  at
n  age  of  over  1  week  post  term  (De  Vivo  et  al.,  1998). These
ere  arbitrary  values,  and  different  centers  may  use  differ-
nt,  age-dependent  ranges  for  deficiency,  frequently  using  a
ower  free  carnitine  cut-off.  Although  plasma  levels  are  not

 true  reflection  of  total  body  stores,  most  of  these  being
n  muscle,  the  most  useful  plasma  measure  for  determining
arnitine  status  in  patients  on  the  KD  is  free  carnitine.  The
cyl:free  ratio  is  unlikely  to  be  accurate  as  levels  of  acylcar-
itines,  including  acetyl  carnitine,  will  be  greatly  increased
ecause  of  the  increase  in  fat  metabolism  and  ketosis  that
ccur  while  on  the  diet.  This  will  elevate  the  ratio,  which
s  likely  to  reflect  the  level  of  ketosis,  rather  than  an  indi-
ation  of  carnitine  status.  Indeed,  further  supplementation
ith  carnitine  will  have  no  effect  on  reducing  the  ratio,  and
ay  even  cause  it  to  increase  due  to  increased  formation  of

cetyl  carnitine.  It  has  been  suggested  that  the  ratio  may
ormalize  slightly  with  time  on  the  KD,  due  to  adaptations
o  the  ketotic  state  (Berry-Kravis  et  al.,  2001).

Despite  current  KD  expert  consensus  that  children  on

he  KD  should  not  be  routinely  supplemented  with  carni-
ine  unless  showing  biochemical  or  symptomatic  deficiency
Kossoff  et  al.,  2009), a  number  of  families  of  children  using
he  diet  do  choose  to  use  either  medically  prescribed  or
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ought  over-the-counter  carnitine  supplements,  regardless
f  biochemical  status,  with  frequent  anecdotal  reports  of
mproved  well-being,  energy  levels  and  seizure  control.  As
rue  carnitine  deficiency  will  impair  oxidation  of  fatty  acids
n  the  mitochondria  and  ketone  production,  a  drop  in  ketone
evels  would  be  expected.  Anecdotal  reports  do  suggest
etone  levels  may  improve  with  additional  carnitine  sup-
lementation,  especially  if  previously  showing  unexplained
alls,  even  if  plasma  carnitine  levels  are  normal,  indicating
t  may  be  a  useful  additional  tool  for  dietary  fine-tuning.
ny  supplements  used  should  be  of  the  L-carnitine  form,  be
ommenced  at  a  low  dose  and  increased  gradually.  De  Vivo
t  al.  (1998)  recommended  supplementing  patients  with  bio-
hemical  deficiency  at  100  mg  per  kg  body  weight  per  day,
n  three  or  four  divided  doses,  up  to  maximum  of  2  g/day.
here  may  be  poor  absorption,  diarrhoea  or  an  increase  in
eizures  if  high  doses  are  started  without  gradual  build-up.

 starting  dose  of  10  mg/kg  is  frequently  used  for  patients
n  the  KD,  which  is  increased  as  needed;  many  children  do
ot  require  above  50  mg/kg  per  day.

utritional supplementation

eneral  nutritional  supplementation  for  the  KD  is  less
ontroversial  and  well  established  within  clinical  imple-
entation.  The  KD  restricts  intake  of  dairy  products,  fruit,

egetables,  cereals  and  grain  products.  These  high  car-
ohydrate  foods  contain  many  of  the  28  known  essential
icronutrients.  The  KD  is  deficient  in  major  nutrients  when

ompared  to  the  Dietary  Reference  Intakes  (DRIs).  The
RIs  are  micronutrient  standards  established  by  the  United
tates  Food  and  Nutrition  Board  of  the  Institute  of  Medicine
National  Research  Council,  2002). These  standards  are
esigned  to  meet  the  needs  of  healthy  people  but  do  not
ake  into  account  chronic  medical  conditions,  drugs  or  diet
herapies.  In  the  UK,  standards  are  provided  by  Dietary  Ref-
rence  Values  (DRVs)  (Department  of  Health,  1991).

When  comparing  the  micronutrient  content  of  varying
atios  of  KDs  to  the  DRIs  it  is  evident  that  the  higher  the
at  content  of  the  diet,  the  lower  the  micronutrient  density.
n  a  review  of  optimally  selected  foods,  the  4:1  diet  con-
ained  the  lowest  concentration  of  micronutrients,  meeting
nly  three  of  the  28  DRIs  whereas  the  1:1  diet  (similar  to
odified  Atkins  diet  or  Low  Glycemic  Index  Treatment)  con-

ained  the  highest,  meeting  12  of  the  28  DRIs  (Zupec-Kania
nd  Spellman,  2008). Nutritional  supplementation  is  recom-
ended  when  the  nutritional  composition  of  a  diet  cannot
eet  the  DRIs.
The  potential  for  micronutrient  deficiency  during  KD

herapy  is  significant.  Nutrients  of  major  concern  on  a
arbohydrate-restricted  diet  are  thiamine,  folate,  pan-
othenic  acid,  calcium,  phosphorus,  iron,  vitamin  D  and
race  minerals.  In  addition,  the  omega-3  fatty  acid  con-
ent  is  marginal  if  the  main  sources  of  fat  are  animal
erived  (such  as  cream  and  butter).  For  individuals  eating
he  oral  KD,  nutritional  supplementation  is  necessary.  Nutri-
ional  supplement(s)  should  be  carbohydrate-free  or  contain

inimal  carbohydrate.  Supplements  that  are  designed  for

hildren  typically  contain  significant  carbohydrate  there-
ore  tablets,  powders  or  capsules  should  be  considered.  For
hose  who  are  receiving  total  nutrition  in  liquid  form  such  as
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Nutritional  supplementation  and  discontinuation  of  ketogen

bottle-fed  infants  or  enterally  fed  individuals,  the  for-
mula  should  be  fortified.  Additional  supplementation  may
be  necessary  if  a  formula  is  used  off-label,  e.g.  Ross
Carbohydrate-Free  formula  (designed  for  infants)  used  for  a
child  or  adult  or  KetoCal  (designed  for  children  ages  1—10)
used  for  infants,  older  children  or  adults.

In  general,  a  multivitamin  with  minerals  and  trace  min-
erals  is  prescribed  along  with  a  calcium-containing  Vitamin
D3  product.  Phosphorus  is  not  included  in  most  multivitamin
supplements  and  therefore  a  separate  supplement  should  be
considered  to  optimize  bone  mineralization.  Phosphorus  is
also  an  acid  buffer  which  can  be  beneficial  with  KD  therapy
when  acidosis  is  present.  Omega-3  fatty  acids  can  be  easily
provided  in  polyunsaturated  oils  that  are  incorporated  into
the  diet.

In  addition  to  the  need  to  supplement  nutrients  that
are  deficient  in  the  diet,  medications  commonly  used  to
treat  epilepsy  carry  additional  nutritional  concerns.  Adverse
effects  of  many  anticonvulsant  medications  include  drowsi-
ness,  nausea,  vomiting,  and  constipation;  all  which  can
interfere  with  nutritional  intake.  Several  anticonvulsant
medications  interfere  with  the  metabolism  of  Vitamin  D
leading  to  an  increased  risk  of  osteopenia  and  osteoporosis.
Carbamazepine,  ethosuximide,  phenobarbitol,  phenytoin
and  valproic  acid  have  been  associated  with  inhibited
intestinal  calcium  transport,  increased  turnover  of  skeletal
minerals,  and/or  synthesis  of  inactive  forms  of  Vitamin  D
(Chung  and  Ahn,  1994;  Baer  et  al.,  1997;  Pavlakis  et  al.,
1998).  These  effects  may  be  exacerbated  by  KD  therapy
(Bergqvist  et  al.,  2007). Anticonvulsant  medications  that
induce  hepatic  microsomal  enzymes  including  phenobar-
bital,  phenytoin  and  carbamazepime  are  associated  with
decreased  folate  levels  (Kishi  et  al.,  1997). Supplementation
of  folate  concurrently  with  these  medications  can  improve
seizure  control  through  enhancement  of  pharmacokinetics
and  pharmacodynamics  (Lewis  et  al.,  1995).

Selection  of  appropriate  nutritional  supplements  requires
knowledge  of  DRI  recommendations  for  age  as  well  as  car-
bohydrate  content  of  products.  Clinical  nutritionists  and
dietitians  should  be  utilized  to  provide  the  optimal  profile  of
micronutrient  intake.  One  resource  that  provides  a  database
of  products  with  nutrient  and  carbohydrate  information
is  KetoCalculator,  a  web-based  program  that  is  available
to  dietitians  (KetoCalculator,  2011). Recommendations  for
each  age  group  and  Tolerable  Upper  Limit  data  are  displayed
to  guide  decisions  on  appropriate  dosage  of  supplements.

Diet discontinuation: an international survey

A  frequently  asked  question  is  what  is  the  optimal  duration
of  KD  therapy?  Doctors  and  dietitians  have  traditionally  rec-
ommended  that  the  KD  be  used  for  no  longer  than  two  years
due  to  potential  long  term  side  effects,  such  as  dyslipidemia,
kidney  stones,  and  decreased  growth  velocity  (Groesbeck
et  al.,  2006). Over  the  past  90  years  of  clinical  use,  the
implementation  of  the  diet  has  changed  with  the  liberaliza-
tion  of  calories  and  fluid  restriction  as  well  as  vitamin  and

mineral  supplementation  (Kossoff  et  al.,  2009). Despite  the
multitude  of  evidence  proving  efficacy  of  the  diet  over  the
short  and  long  term,  prospective  data  evaluating  optimal
treatment  duration  is  currently  unavailable.  This  is  partly
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ue to  multiple  variables  within  the  diet  including  ratio,
alories,  medications,  tolerability,  seizure  etiology,  growth
nd  individual  patient  characteristics.  Therefore,  the  dura-
ion  of  dietary  treatment  is  as  much  art  as  it  is  science.  In
rder  to  determine  how  treatment  duration  differs  between
D  centers,  an  informal  questionnaire  was  sent  to  approx-

mately  100  international  centers  with  the  help  of  two  KD
harities,  Charlie  Foundation  and  Matthew’s  Friends.  Thirty-
ne  questionnaires  were  completed  and  returned  from  the
S,  UK,  South  Africa,  Poland,  and  China.  The  following  sum-
ary  of  results  provides  some  indication  of  the  current

hemes  of  diet  discontinuation  in  global  clinical  practice.
When  asked  what  criteria  are  used  to  determine  length  of

reatment  duration,  all  respondents  reported  that  tolerance
s  a determining  factor.  The  majority  (79%)  reported  that
ge  does  not  play  a  factor  in  treatment  duration.  However,

 few  participants  noted  that  diet  tolerability  and  com-
liance  decreases  during  adolescence.  During  adolescence
here  is  also  variability  in  seizure  frequency  and  phenotype
ssociated  with  the  hormonal  changes  of  puberty  and  there-
ore  some  may  choose  to  continue  treatment  during  this
ncertain  time.  Views  were  split  on  whether  EEG  results
ffect  length  of  treatment  with  44%  stating  they  would  con-
inue  the  diet  in  the  setting  of  seizure  freedom  if  the  EEG
emained  abnormal.  Previous  research  indicates  that  20%  of
atients  will  experience  seizure  recurrence  within  two  years
f  stopping  the  diet,  with  a higher  incidence  in  the  setting
f  an  abnormal  EEG  (Martinez  et  al.,  2007).

The  majority  (75%)  of  responders  reported  that  seizure
ypes  and  epileptic  syndromes  do  not  affect  length  of  treat-
ent.  The  seizure  types  and  syndromes  that  were  reported

o  have  an  affect  included:  infantile  spasms,  Lennox  Gas-
aut  syndrome,  Doose  syndrome,  Glut  1  deficiency,  and  PDH
eficiency.  Those  with  infantile  spasms  and  Doose  syndrome
ere  thought  to  only  need  treatment  for  shorter  dura-

ions,  while  the  remaining  seizure  types  and  syndromes  were
hought  to  need  greater  than  2  years  of  treatment.

As  the  parents  are  the  gate  keepers  of  dietary  treatment,
t  is  no  surprise  that  the  majority  reported  that  parental
nvolvement  affects  their  decision  on  treatment  duration.
ealth  professionals  specializing  in  the  KD  may  be  experts

n  their  fields,  but  parents  are  experts  when  it  involves  their
wn  child’s  needs  and  abilities.  Reports  of  how  patients  are
apered  off  the  diet  varied  by  treatment  center.  Tapering
anged  from  2  weeks  to  one  year  and  was  based  on  the
ndividual  patients’  seizure  control,  ketones  and  length  of
reatment.  The  three  most  common  reported  reasons  for
mmediate  discontinuation  of  the  diet  were  noncompliance,
upervised  hospitalization,  and  illness.

When  asked  if  any  specific  situations  would  prompt  dis-
ontinuation  of  the  diet,  such  as  surgery,  the  majority
f  respondents  reported  that  they  would  not  discontinue
he  diet  due  to  a  surgical  procedure.  As  indicated  by
rior  research,  patients  need  to  be  monitored  appropriately
hroughout  surgery,  especially  with  regard  to  bicarbon-
te  levels  and  treated  accordingly  (Valencia  et  al.,  2002).
espondents  noted  that  the  following  situations  would
rompt  diet  discontinuation:  reflux,  pancreatitis,  food

efusal,  high  dose  steroid  treatment  and  acute  liver  disease.

Opinions  varied  when  determining  how  long  after  initia-
ion  of  the  diet  should  be  given  before  discontinuation  due
o  lack  of  efficacy.  The  majority  stated  that  they  would  wait
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—6  months,  but  the  results  ranged  from  1  to  6  months.
uring  the  first  month  of  treatment  patients  have  been
eported  to  have  an  increase  in  seizures  from  their  base-
ine,  and  therefore  may  be  misleading  to  the  actual  efficacy
f  dietary  treatment.  It  takes  approximately  one  month  to
etabolically  adjust  to  the  changes  that  occur  when  tran-

itioning  from  using  carbohydrates  to  utilizing  fat  as  the
ody’s  primary  fuel  source.  Additional  time  is  also  indicated
o  fine  tune  the  diet,  optimizing  it  to  each  individual  patient.
here  was  no  specific  time  after  which  respondents  felt  that
reatment  should  be  discontinued.  Reported  duration  of  long
erm  treatment  ranged  from  2  to  21  years,  with  an  average
f  6  years.

While  the  responses  to  the  questionnaire  provide  impor-
ant  insight  into  current  clinical  practice,  conclusions  about
he  optimal  dietary  treatment  duration  cannot  be  drawn
ased  on  these  limited  findings.  Clinicians  can  reference
uidelines  provided  in  the  2009  consensus  statement.  This
tatement  recommends  that  the  diet  be  used  for  at  least  3
onths  to  determine  efficacy  before  discontinuation,  and
iscontinuation  should  be  considered  after  2  years,  with
onger  duration  indicated  for  patients  with  GLUT  1  and  PDH
eficiencies.  It  also  recommends  that  patients  have  an  EEG
rior  to  discontinuation,  given  patients  with  active  EEGs
ave  a  higher  risk  of  seizure  recurrence.  Finally,  unless  there
s  an  urgent  need  to  taper,  it  recommends  that  the  diet  be
apered  over  2—3  months  by  gradually  lowering  the  keto-
enic  ratio  to  mimic  the  weaning  of  medications  (Kossoff
t  al.,  2009).

The  results  obtained  through  this  informal  survey  are  a
ummary  of  clinicians’  opinions  from  a  variety  of  centers
rom  around  the  globe.  As  with  any  seizure  treatment,  the
uration  of  dietary  therapy  should  be  based  on  the  individual
atient  needs  while  maintaining  their  health  and  well  being.
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