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Extract

Metabolic effects of a new ketogenic regimen in which ketonemia
is induced by feeding of medium chain triglycerides (MCT) arc
described, and comparisons are made with effects of the standard
high fat ketogenic diet. Eighteen children maintained on the MCT
diet for 3 months te 4 years failed to show elevations of serum
cholesterol and had only a slight rise in serum total fatty acids, in
contrast to the marked hyperlipidemia ohserved in children on the
standard high fat diet. Long term use of the MCT diet did not affect
pH of venous blood. Blood glucose fell below 50 mg/100 ml in
one-third of the children, the lowest levels being reached 2-3 weeks
after the start of the diet. Plasma 13{ — )-3-hydroxybutyrate {BHB)
and acetoacetate rose gradually after institution of dict therapy,
maximum levels being reached after about ! month. Higher levels
of BHB and acetoacetate were achieved in children under the age

~of 10 years (BHB = 4.3 mM 1 0.6 SEM, acetoacetate — LB
mM + 0.3 SEM) than in 10-18 year olds (BHB = 1.6 mM + 0.2
SEM, acetoacetate = 0.57 mM + 0.08 SEM). Plasma BHB and
acetoacetate levels in children maintained on a 3:1 high fat diet
were similar to those in children on a 60'% MCT diet. Plasma levels
of BHB showed a significant correlatiun with anticonvulsant effect
(£ < 0.02}, Both the ketonemia and the anticonvulsant action were
reversed rapidly by intravenous infusion of glucose.

Speculation

The anticonvulsant effect of the standard ketogenic dict and of the
MCT diet are dependent upon maintenance of blood levels of BHB
above 2 mM and of acetoacetate above 0.6 mM. The data suggest
that one or both of these compounds either have direct anticon-
valsant effects or produce rapidly reversible changes in cerchral
metabolism, which in turn affect cerebral excitability.

The anticonvulsant elfect of ketogenic regimens, in particuar of
the high fat. low carbohydrate ketogenie diet, has been known lor
over 50 years {15). However, observations regarding the mecha-
nism of their anticonvulsant aciion have been limited. Early
clinical investigations suggested that the anticonvulsant eftfect may
be directly related to ketonemia (8, 13). Subsequently, several
other possible mechanisms have been proposed. It has been
suggested that the cffect muy be secondary 1o pH change.
However, cxperimental evidence concerning an anticonvulsant
effect of acidosis is scantly, and available data indicate that the
meuns by which pH is lowered rather than acidosis per se may be
of importance (4). Furthcrmore, although metabolic acidosis has
been documented soon after institution of the high fat ketogenic
diet (3, 9}, there is no evidence that blood pH is decreased in
patients on long term ketogenic regimens (3). Other suggested
mechanisms include a possible anticonvulsant elfect of hyper-
lipidemia (2); an effect of carbohydrate restriction en cerebral

536

metabolism with change from dependence on glucose as a sub-
strate for cnergy metabolism to direct utilization of g-hydroxybu-
tyrate {1, 6, 14% and an cffect of the ketogenic diet on sodium and
potassium balance (9). Definite evidence for any of these is
presently lacking.

We have recently used a new ketogenic regimen in which
ketonemia is induced by feeding of MCT (6). The MCT diet has
anticonvulsant effects which resemble those of the standard high
fat ketogenic diet (6, 7). The availability of two ketogenic diets
which differ in some metabolic effects has made it possible to
further define those factors which appear to be of importance for
anliconvulsant action. The present study reports some metabolic
changes induced by the MCT diet and compares them with the
high fat 3:1 ketogenic diet. In addition, data have been obtained on
the effect of glucose infusion in children maintained on a ketogenic
diet, and on correlations between plasma ketone levels and anti-
convulsant effects. The findings support a direcl anticonvulsant
action of ketone hodies, either BH B, acetoacetate, or both.

CASE MATERIALS AND METHODS

Metabolic studies were carried out in 18 children maintained on
the MCT diet and in 4 maintained on a standard 3: 1 ketogenic diet.
The age range of patients was 18 months to 18 years. All had had
exlensive trials on anticonvulsant drugs in various combinations
and were thought to be refractory to therapy before the start of the
ketogenic diel. Predominant seizure types were as follows: minor
motor (akinetic or myeclonic), 11 patients; mixed minor meotor
and grand mal, 4; focal or multifocal motor sgizures, 3; psychomo-
ter seizures, 3; petit mal, 1. Recognizable diseases underlying the
seizure disorder were present in two: one each of Sturge-Weber
disease and Fahr's diseasc (idiopathic calcification of cerebral
cortex).

Before the start of the kelogenic dict the children were fasted
until the urinc became strongly positive for ketones (usually for
about 48 hr). The composition of the MCT diet and of the stundard
3:1 ketogenic dict used in this study is given in Table 1. MCT was
incorporated into foods and given as an MCT-skimmed milk drink
as outlined in 4 previous report (6). The MCT-skimmed milk
mixture was served well chilled, in small sips throughout each
meal. Initially, total caloric intake was kept at a low maintenrance
level (about 75 cal/kg/24 hr) and caloric intake was gradually
increased if the child was hungry or il he lost weight. In seven
children, the diet was maintained for over 1 year, with a maximum
of four yeurs. The majority of the remainder had therapeutic trials
lasting 3-6 months.

Di - }-8-hydroxybutyrate and acetoacetate levels in plasma and
cerebrospinal fleid (CSTY were measured by the method of Wil-
Wamson ef af. (16}, which utilizes the interconversion of these two
substances by the enzyme D(-)-8-hydroxybutyrate dehydrogen-
ase. Plasma sumples were deproteinized by addition of equal vol-
vmes of 30% ice-cold perchloric acid. For determination of BHB,
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Table 1. Approximate proportions of principal dierary
constituents in medium chain wrighceride (MCT) and 3:1
ketogenic diety

3:1 ketogenic diet
(% of total cal)

MCT diet
(% ol otal cal}

Carbohydraie 18 6
Pratein 10 7
Dietary fat 12 87
MCT 60 V]

aliquots of supernatant were added to a mixture of Tris buffer,
0.5 m1 0.1 M solution, pH 8.5: DPN* (18), | wmo!l: and hydrazine
hydrate, | ml | mM solution, pH 8.5. The total velume was
brought to 3 ml with distilied water, and the extinction of the re-
aclion mixture was read at 340 nm. Then 0.025 ml D( - )-3-hy-
droxybutyrate dehvdrogensse suspension (19) was added to the
mixturc and the decrease in extinction was read against a control
sample without added enzyme at 5-min intervals until stable read-
ings were obtained (about 60 min). Readings were compared with
those obtained with known concentrations of BHB. The material
uscd as standard was the sodium sah of DL-g-hydroxybutyric
acid (18), which contains 50% sodium D{ - }-8-hydroxybutyrate.

For determinations of acetoacetate the reaction mixture con-
sisted of 0.2 1-ml aliquots of deproteinized serum, T ml 0.1 M
potassium phosphate buffer, pH 7.0, and DPNIEL {18}, 0.f ml 5
mM solution brought to a total of 3 ml with distilled water. The
extinction was read at 340 nm. Then 0.025 ml of BHB dehydro-
genase suspension was added and the extinction was read at 5-min
intervals until no further increase occurred, usually sbout 30 min.
The material used as standard was lithium aceloacetale {18).

Blood glucose was measured by the glucose oxidase method (3).
Plasma cholesteral was delermined by a dircct method (17). Total
plasma fatty acids were estimated by a modification of the hy-
droxamic acid method for determination of long chain latty acid
esters (123, The nermal range by this method for plasma obtained
in the fasting stute 15 7 14 mEqg/liter. For correlation of BHB
biood levels with anticonvulsant effects a simple scale of effect on
seizure control was used: no effect, less than S09% decrcasc in sei-
zure [requency compared with prediet level: fair control, 30-90%
decrease in number of observed scizures: good control, more than
90% decreasc in number of observed seizures: excellent controt,
complete daytime seizure control, with persistence of occasional
nocturnal scizures in some patients.

RESULTS
METABOLIC TFTECTS OF MCT DIET

Effects on Plasma Lipids. Plasma cholesterol in 18 children on
the MCT diet did not vary significantly from control values.
Before the start of the diet mean cholestero! was 173 mg/100 ml
(¢ 12 BEM). Mean plasma cholesterol in children maintained on
the MCT diel for 1 week to over 1 year was [85 mg/100 ml {7
SEM., £ = 0.1). Total fatty acuds (including triglycerides) in
plasma rose slightly compared with prediet levels. from (0.8 to 14
mEqg/liter (£ = 0.025).

Determination of plasma lipids in four children maintained on
the 3:1 ketogenic dict showed clevations of plasma cholesterol,
with & mecan of 266 mg/100 ml and of plasma total fatty acids
{mean = 18 mEqg/liter). These results are in agreement with more
exlensive prior dats on hyperlipidemia in ¢hildren maintained on a
standard ketogenic diet (2).

Effects on Acid-Base Bafance. Chronic use of the MCT diet was
not associated with significant changes in blood pH. Mean venous
pH betore the start of the diet was 7.36 = 0.01 SEM, whereas
mecan pH in children maintained on the dict tor periods of up to 1
year was 7.37 + 0.01 SEM (N — 46). A fow determinations of
venous pH in children maintained for several months on the 3.1
ketogenic diet also gave normal values,
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Effects on Blood Glucose. A mild depression in glucose levels
occurred frequently, especially within the first month after the
start of the MCT diet. Fasting blood glucose values before the start
of the diet and at 1 week after the start were above 30 mg/ 100 mt}
in all chiidren. Two weeks after the start of the diet, values between
40 and 50 mg/100 ml occurred in 33% of the children. Twenty-
thres percent of glucose values cobtained in children on dietary
therapy for over 1 month fell in the 40-50 mg/100 m! range. No
values below 35 mg/100 ml were observed, and nonc of the
children were thought to have clinical signs of hypoglycemia.

BHB and Acetoacetate Levels in Plasma. Plasma levels of BHB
and acetoacetate were measured in 18 children maintained on the
MCT dict and in 4 maintained on a 3.1 ketogenic diet regimen,
Plasma levels of BHB were low while the children were on a
normal diet (mean — 0.22 mM, range 0.06 0.4 mM, n = 8). Lev-
els rose rapidly during tasting. Plasma levels at the end of fasting,
before the start of the ketogenic diet, are listed in Table 2, as are
levels achieved during dietary therapy. [n children under age 10
years, the elevation in BHB obtained with the 60% MCT diet was
comparable with that seen on the 31 ketogenic diet. With both
dicts, BHB levels increased during the first month of dictary
therapy and then remained tairty stable as long as the dict was
mainlained without break. Four children above age 10 years were
found to achicve significantly lower blood levels of BHEB than did
younger children on the same proportionate intake of MCT,
carbohydrate, protein, and dietary fat. Ditticulties inherent in the
maintenance of the 3:1 ketogenic diet in older children or
adolescents precluded observations on the effects of this diet in
patients over 10 years of age.

Plasma levels of acetoacetate paralieled those of BHB and fell
between 30% and 40% of BHB values (Table 3). Acctoacetate
levels in plasma increased during the first month of dict therapy in
children under age 10 years. This effect was absent in the above
10-year-old group, in which mean acectoacetate levels were only
about a third as high as in the younger children.

BHB and acetoacetate levels in CSF were mcasured in lwo
patients 4 days after start of the MCT diet. Mean CSF level of

Table 2. Plasma D(—)-3-hvdroxvhutyrate fevels in millimalar
conrcenirations during fasting, medium chain triglvceride (MCT),
and 3:1 ketogenic diet therapy

Age 10-18 years

Age 2.4 years

Mean SEM No. Mean SEM  No.
Fasting 5.6 08 14 4.6 2.3 4
MCT diet <1 month 24 0.4 25 1.2 0.2 6
MCT diet > 1 month 43 0.6 31 1.6 0.2 21
3:1 ketogenic dict 2.4 0.9 6
< 1 month
3:1 ketogenic diet 4.8 1.0 1!
> | month

Table 3. Plavma acetoacetate in millimolar concentrations during
Justing, medium chain triglyceride (M CT), and 3:1 ketogenic diet
therapy

Ape 2 9vyeurs Age 10-18 years

Mean SEM No. Mean SEM  No.

Fasting 66 026 8 1.47 3
MCOT diet < | month (%] 013 16 .58 0.11
MCT dict > | month 1.51 0.30 15 0.57 0.08 16
3:1 ketogenic dict 095 036 4

<21 manth
3.1 ketogenic diet 1.84 (.29 7

> | month
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BHB was 0.33 mM or 12% of simultaneous plasma BHB; mean
CSF level of acetoacetate was 0.30 mM or 20% of simultaneous
piasma acetoacetate. These results suggest that the CSF to plasma
ratio of acetoacetale may be higher than that of BHB, but further
data are ciearly needed to validate this point.

RELATIONSIIPS BETWEEN KETONEMIA AND SEIZURE CONTROL

Long Term Anticonvulsant Effects. On the same diet, different
patients achieved different degrees of kelonemia. Both age and
individual susceptibility to ketosis independent of uge appeared to
be factors. Mean BHB levels achicved during kelogenic diet ther-
apy showed a relationship to seizure control (Fig. 1). A signifi-
cantly greater proportion of children with mean BHB blood levels
above 2 mM achieved good to excellent seizure control than did
children with mean blood level less than 2 mM (chi-square = 5.8,
P < 0.02).

Effects of Glucose Infusion on Seizure Control. The effect of
rapid reduction in plasma BHB and acetoacetate on the clectroen-
cephalogram and on clinicul seizure activity was determined in
three children. All three had been on the MCT diet tor scveral
months, two with good te excellent seizure control and one with
fair control. En all three instances, a prior decision had been made
to discontinue the MCT diel because the children or their parcnts
were no longer able to tolerate the restrictions imposed by diet
therapy. Base-line electroencephalographic tracings and blood
studies were obtained. A 20% glucose solution was then infused
intravenously at the rate of 20 g/hr tor 2 hr. Electroencephalogram
tracings, plasma BHB, acetoacctate, glucose, pH, and pCO, were
measured repeatedly throughout the infusion.

Glucose infusion resulted in a rapid fall in plasma BHE and
aceloacetate (Fig. 2). [n two patients this was accompanied by
deterioration of the EEG with appearance of spike and spike-wave
discharges and increase in background sharp and slow wave
activity {Fig. 3). Clinical seizures followed infusion of glucose in
one of these two children, with onset of myoclonic jerks 60 min
after the start of infusion {Fig. 3). The other child had a brief
grand mal scizure 3 hr after the start of infusion, but its relalion to
lowering of plasma ketones was unclear since this child had fairly
frequent attacks while on diet therapy. The third child, in whom
the background EEG remained unchanged, had a single myoclonic
seizure 45 min after the start of the infusion, when his plasma BHB
had fallen from 4.05 to 1.43 mM (Fig. 2). Previously this child had
been free of daylime seizures for 2 months,

DISCUSSION

Metaholic data have been collected in u group of 22 children
maintained on ketogenic dicts, The results lead to several conclu-
sions regarding the mechanism of anticonvulsant action of diet
therapy.

1. The effect does not appear 10 be sccondary to hyperlipidemia,
a mechanism previously suggested by Dekaban (2). This now
appears unlikely, since the MCT and the 3.1 ketogenic diets,
although approximately equal in anticonvulsani effect (6, 7), have
very different effects on plasma lipid levels. Cholesterol, which is
elevated in children on the 3:1 diet, remains normal on the MCT
diet, and fatty acid levels show less increase on the MCT regimen.

2. Chronic extracellular acidosis does nol appear to be a fuctor
in the anticonvulsant cffect. Blood pH in children maintained on
long term diet therapy has been found to be normal, as these
children apparently have adequiste respiratory compensation for
the rise in acid anions.

3. Mild hypoglycemia is an inconstant linding in children on the
MCT diet and docs not correlate with anticonvulsant effect.
Extensive data on blood glucose levels in children maintained on
the standard ketogenic diet are nol available. De Vivo et al. (3)
recently reported marked hypoglycemia in one child afier start of
the 3:1 ketogenic diet, and mention the occurrence of mild
transient hypoglycemia as a common finding in children main-
tained on the high fat diet.
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Fig. |. Relationship of mean D{ )-f-hydroxybutyrate (BH8) blood
level to anticonvulsant cffect in 18 patients mainiained on the medium
chain triglyceride dict for over | month.

4. The anticonvulsant effect appears most closely related to
elevation in plasma levels of “ketone bedies” (primarily BHB and
acetoacetate). Plasma levels of these substances are approximately
equal during two different ketogenic regimens which have previ-
ously heen shown to have comparable unticonvulsant effects (6. 7).
A relationship between ketonemis and anticenvulsant cffect is
sugpested by several other findings. It has long been known that
the ketogenic diet has little anticonvulsant effect past early
childhood. The present data indicate Lhat this is associated with
achievement of lower plasma ketone levels in the older child and
adolescent. The mechanism by which susceptibility to ketonemia
decreases with age is as vet obscure. Another relevant observation
is that of gradually increasing anticonvulsant effect of the kelo-
genic diel over the first several days or weeks ol diet therapy (1).
Measurcments of plasms BHB and aceteacetate levels in the
present study indicate a concomitant gradual rise in plasma
concentration of ketone bodies during the first month of therapy in
children under the age of 10 years, the age group in which dielary
therapy is likely to be cffective. The most likely explanation is
gradual depletion of glycogen stores, with progressively less
availability of endogenous glucose. Finally, we have found a rapid
loss of anticonvulsant effect after glucose is infused, with both
worsening in the FEG and recurrence of seizure activity as plasma
BHB and acctoacetate fall toward normal. These findings confirm
earlier clinical observations on carbohydrate feeding by McQuar-
rie and Kcith (8), and they add metabolic and electroencephalo-
graphic observations which have not been previously recorded
during glucose administration Lo ketonemic children.

The rapid reversal of anticonvulsant effect after reduction in
plasma BHB and acetoacetate suggests a direct anticonvulsant
effect of these substances. However, the possibility that the
anticonvulsant action of the ketogenic dict is mediated through
ketonemia-induced secondary changes in cerebral metabolism is
not excluded by the present findings. Ketonemia resulting from
long term starvation has been found to produce profound changes
in cerebral melabolism, with substantial substitution of BHB for
glucose s the substrate for energy metabolism (10, ). 1L has been
suggested that this change may in some as yet unspecified manner
reduce cerebral excitahility {1, 6). This question, as well as the
relationship between ketanemiu and seizure threshold, is further
defined in snimal experiments which are the subject of a subse-
quent report.

SUMMARY

Metabelic effects of a ketogenic regimen in which kelonemia is
induced hy feeding of MCT are compared with those of the
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Fig. 3. Effect of glucose infusion on the EEG tracing of a S-year-uld hoy with myoclonic seizures who had been well centrolled on the medium chain
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but there are no spike discharges. Plasma D{  )-g-hydroxybutyrate = 11,7 mM. B: 30 min after start of glucese infusion. There are increased sharp
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by a myoclonic seizute, Simultancous plasma D{—)-3-hydroxybutyrate = 4.3 mM.
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standard high fat ketogenic diet. AL approximately equal anticon-  Lowering of plasma BHB and acetoacetale by glucose infusion
vulsant potency these dicts differ in their effects on plasma  results in rupid loss of anticonvulsant effect. The results support
cholesterol and fatty acid levels, but produce similar elevations in  the view that the anticonvulsunt action of ketogenic diets is
BHB and acetoacetate, Seizure control in children maintained on  mediated by cffects of BHB, acetoacetate, or both on cerebral
ketogenic diets is positively correlated with plasma BHB levels.  excitability.
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Extract

The basic biochemical defect of X-linked adrenolenkodysérophy
(sudanophilic lcukodystrophy, Schilder’s disease) is unknown. To
investigate reported abnormalities in cholesterol mctabolism ir
vitre, we examined cultured skin fibroblasts of four patients and
four normal control subjects. The kinctics of retention and accumu-
lation of ['*C|cholesterosl by these cells was studied. After 3 days of
exposure to tracer amounts of [*Ccholesterol, an apparent steady
state between the medium and cellular cholesterol was established.
The specific radioactivity expressed per mg of protein was similar
for both Schilder and control fibroblasts. After labeling the
pre-existing cellular cholesterol pool, the rate of loss of label was
followed up for a 6-day period. About 23% and 14%, respectively,
of the cellular radioactivity in both Schilder’s disease and conirol
cells were released into the medium after the consecative change
with fresh nonlabeled medium. No significant differences in [**C]
cholesterol rates of uptake or release were observed between control
and Schilder’s disease fibroblasts. About 44% of the labeled choles-
terol was present in an esterfied form after incubation in the pres-
ence of unheated serum in both Schilder's and control cultures.

Speculation

These results do not confirm previously reported abnormalities in
cholesterol metabolism in cultured fibroblasts. Nevertheless, accu-
mulating evidence from studies of fatty acid composition of brain
and adrenal tissues in Schilder's disease indicates the presence of an
abnormal series of long chain fatty acids. Studies arc mow in
progress to determine whether these possibly unique long chain fatty
acids are evident in fibroblasts from patients with Schilder’s disease.

The association of adrencleukodystrophy (sudanophilic leuko-
dystrophy, Schilder’s discasc, or diffuse cercbral sclerosisy and
adrenal insufficiency has been recognized for over 30 years (17).
This disorder has been ciearly delineated as X-linked recessive and
separated from the helerogenous group of fatal degenerative
leukodystrophies characierized by other modes of inheritance (6,
7. 15, 18, 19). Distinct heterogeneity exists in the X-linked form
with variable severity of the adrenal cortical atrophy from
asymptomalic to overt adrenal crises. The characteristic patholegy
includes widespread demyelination and gliosis of cerebral and
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