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Medium chain acyl-coenzyme A dehydrogenase (MCAD) deficiency classically presents as hypoketotic hypoglycemia. Under-

production of ketones has been presumed to be the cause of hypoketosis, but this has never been proven. Stable isotope

dilution studies of ketone kinetics were performed on three well children with homozygous 985G MCAD deficiency using

1,3-13C2 sodium acetoacetate and 1,2,3,4-13C4 sodium 3-hydroxybutyrate to ascertain the rates of ketone production, inter-

conversion, and use. All children were fasted for 9 to 11.5 hours before the beginning of the study period. Euglycemia was

maintained in all cases. Ketone kinetics were calculated using a two–accessible pool model and showed normal ketone

production in all three children compared with published control data from children fasted for a similar length of time. There

is no evidence for underproduction or overuse of ketones in these MCAD-deficient children, at least when they are well. We

propose that another factor, such as fever, may be required to reduce ketone production and result in the biochemical

phenotype recognized in unwell children.
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M EDIUM-CHAIN acyl-coenzyme A dehydrogenase
(MCAD) deficiency presents clinically as hypoketotic

hypoglycemia with encephalopathy under conditions of meta-
bolic stress, particularly fasting and viral infections. Between
episodes, the child is asymptomatic. Many children who re-
ceived diagnoses of Reye syndrome in the past may have had
MCAD deficiency.1 Long-term outcome studies show signifi-
cant morbidity and mortality in the original cohorts with this
diagnosis,2 disappointing for such an easily treated condition.
The characteristic plasma profile at presentation demonstrates
hypoglycemia, elevated free fatty acids (FFA), and levels of
3-hydroxybutyrate and acetoacetate that are inappropriately
low for the concentration of FFA.3 Low plasma ketone body
levels have been assumed because of reduced ketone produc-
tion, but this has never been proven.

Approximately 1 in 704,5 Australians carry the common
985G MCAD mutation, which appears to have a strong founder
effect from Northern Europe, similar to that of cystic fibrosis.6

It was our hypothesis that near-normal ketone production in
children with MCAD deficiency might explain the failure to
diagnose between 25% and 75% of the predicted cases of
MCAD deficiency based on the carrier frequency of this mu-
tation (responsible for more than 90% of MCAD-deficient
alleles). The predicted homozygous state for the 985G allele is
approximately 1 in 24,500.

In South Australia, we have detected MCAD deficiency in 2
of 20,000 infants in our first year of newborn screening (un-
published data). However, the diagnosis rate in those Austra-
lian states that do not screen newborns for MCAD deficiency
and other fatty acid oxidation defects is presently significantly
less than this. We are concerned that this may be attributable to
misconceptions about the ability of children with MCAD de-
ficiency to produce ketones, as well as different exposure to
viral pathogens.7 Although the currently quoted carrier inci-
dence may be incorrect, it is more likely that the diagnosis is
being missed. This is supported by newborn screening pro-
grams using tandem mass spectrometry, such as ours, which
have diagnosed more than the number of cases of MCAD
deficiency predicted from the 985G carrier studies.8

The present study was designed to evaluate in vivo the
relative contributions made by production and use to plasma

ketone concentrations, using stable isotope methods, in
MCAD-deficient children when well.

A stable isotope/mass spectrometry approach using the “two
accessible pools” model9 of Bougnères and Ferre´ (Fig 1) was
used to investigate ketone turnover in three fasting MCAD-
deficient children. Because experiments on normal individuals
were not acceptable to the ethics committees, experimental data
are compared with data on normal fasting children published by
Bougnères and Ferre´.9

Fasting is essential to evaluate the ability of children to
produce and use ketone bodies in response to the biological
stimulus to lipolysis and ketogenesis. When well, children
older than 1 year with MCAD deficiency appear able to fast for
at least 10 hours without any ill effects. An 8- to 10-hour fast
is commonly encountered overnight and represents the initia-
tion of fatty acid catabolism.

The mainstay of treatment for MCAD deficiency is avoid-
ance of prolonged fasting and glucose supplementation at times
of metabolic stress to reduce or abolish fatty acid catabolism.
Dietary restriction of foods containing fat, particularly those
high in medium-chain triglycerides, may be appropriate but is
not universal. A better understanding of ketone kinetics in
fasting MCAD-deficient patients should provide the basis for
rational therapy.
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PATIENTS AND METHODS

Patients

Stable isotope–dilution studies of ketone kinetics were performed on
three children with MCAD deficiency; all were homozygous for the
985G mutation.

Because of the inherent dangers in fasting children with this condi-
tion for prolonged periods,10 the children were awakened at a previ-
ously specified time for a carbohydrate-containing drink or snack on
the night before the study. They presented to the hospital the next
morning, and a sampling line was inserted one hour after application of
EMLA cream (Astra Pharmaceuticals, North Ryde, Australia). Fasting
time to study commencement varied from 9 to 11.5 hours. Blood
samples were collected at baseline and every 10 minutes throughout the
2-hour infusion period. Children were observed closely from admission
to discharge, which took place after they had eaten and euglycemia was
confirmed. The total period of fasting ranged from 11.5 to 13.5 hours.

Physical parameters, including age at presentation and fasting peri-
ods of the children in this study, as well as isotope infusion rates, are
summarized in Table 1. Blood was collected from an indwelling venous
catheter for estimation of plasma glucose, (FFA, 3-hydroxybutyrate,
and acetoacetate estimation as well as mass spectroscopic studies of
stable isotope enrichment.

The ethics committees of the Royal Children’s Hospital and the
Royal Alexandra Hospital approved these studies for MCAD-deficient
children but withheld consent for control children. The results obtained

in MCAD-deficient patients were compared with the two normal chil-
dren whose ketone body kinetics were studied using the two–accessible
pool approach, reported by Bougne`res and Ferre´, who had fasted for a
similar length of time (Table 2). The clinical characteristics of these
children are summarized in Table 3.9

Materials

The sodium salt of 1,2,3,4-13C4 3-hydroxybutyrate and 1,3-13C2

ethyl acetoacetate were purchased from Tracer Technology (Somer-
ville, Australia). 1,2,3,4-13C4 ethyl acetoacetate was purchased from
Merck Sharp and Dohme Isotopes (division of Merck Frosst, Canada,
Montreal, Canada).

The sodium salt of 1,3-13C2 acetoacetate was prepared by hydrolysis
of an aqueous solution of labeled ethyl acetoacetate with a 10% molar
excess of 1 mol/L sodium hydroxide, as previously described.11 1,3-
13C2 sodium acetoacetate prepared in this way was also used to syn-
thesize 1,3-13C2 3-hydroxybutyrate for use as a standard using a mod-
ification of the method of Passingham and Barton.12 Isotope infusion
rates are summarized in Table 1.

Mass Spectrometric Studies: Atom Percent Enrichment

One hundred microliters of the supernatant from isovolumetric per-
chloric acid–collected blood was added to 100mL of 0.7 mol/L
tripotassium phosphate, mixed, and centrifuged. One hundred microli-
ters of this supernatant was added to 10mL each of two internal
standards, 6.15 mmol/L dimethylmalonic acid and 5.34 mmol/L 3,3-
dimethylglutaric acid, and 20mL of 6 mol/L hydrochloric acid. Sodium
chloride crystals were added. The organic acids were extracted twice

Table 1. Age, Sex, Weight, Age at Diagnosis, Fasting Period,

Biochemical Parameters, and Infusion Rates of the Patients Studied

Characteristic MCAD 1 MCAD 2 MCAD 3

Age 6 yr 13 mo 11 mo
Sex Male Female Female
Weight 22.45 kg 11.7 kg 9.2 kg
Age at diagnosis 6 mo 9 mo 5 mo
Fasting period (this study) 111⁄2-131⁄2 h 91⁄2-111⁄2 h 10-12 h
Mean plasma glucose

(mmol/L) 3.2 3.7 5.0
Mean plasma FFA (mmol/L) 1.15 1.02 3.62
Mean plasma 3OHB (mmol/L) 0.3 0.2 0.24
13C2 acetoacetate infusion

rate (mmol/kg/min) 0.34 0.35 0.42
13C4 3-hydroxybutyrate

infusion rate (mmol/kg/min) 0.67 0.62 0.60

Table 2. Ketone Body Kinetics at Steady State, Calculated

According to Two–Accessible Pools Approach for

Control Children Fasted for 13 Hours

Rate (mmol/kg/min) Subject 1 Subject 2

Ra1s (ACAC synthesis) 9.9 8.6
Ra2s (3OHB synthesis) 1.1 0.3
Total ketone body synthesis (Ra1s 1 Ra2s) 11.0 8.9
Ra2i (interconversion ACAC33OHB) 2.5 2.6
Ra1i (interconversion 3OHB3ACAC) 1.0 0.8
Ro1 (use of ACAC) 8.5 6.8
Ro2 (use of 3OHB) 2.5 2.0
Total ketone body use (Ro1 1 Ro2) 11.0 8.8

Data from Bougnères and Ferré.9

Fig 1. Two–accessible pool

model of ketone turnover, adapted

from Bougnères and Ferré.9
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into ethyl acetate. The solvent extracts were pooled and evaporated to
dryness under nitrogen. The residue was derivatized using 27mL of
bis-trimethylsilyltrifluoroacetamide containing 1% trimethylsilyl and 3
mL pyridine that had been dried over potassium hydroxide, incubated
at 60°C for 30 minutes. One microliter of this derivatized sample was
injected onto the gas chromatograph/mass spectrometer for analysis,
performed on a Hewlett Packard MSD-5890 gas chromatograph/HP
MSD-5971 mass spectrometer.

Calculations

A modification of the two–accessible pool model of Bougne`res and
Ferré9 was used for calculations of ketone kinetic parameters. This is a
steady-state model and is represented in diagrammatic form in Fig 1. A
single-pool model cannot be used here because there are two intercon-
verting pools. 3-Hydroxybutyrate and acetoacetate interact together too
slowly to be considered together. The published model was modified to
allow matrix equations to be used for calculation of rates of synthesis,
interconversion, and use of acetoacetate and 3-hydroxybutyrate from
the enrichments of the various isotopes.11

Statistical analyses of the results obtained in control and MCAD-
deficient children were performed using a two-samplet test, MINITAB
statistical software (Minitab Inc, State College, PA).

RESULTS

All children remained euglycaemic during the study. Plasma
glucose, FFA, and ketone levels for each child are shown in

Table 1. Mean values for all patients of glucose, FFA, and
3-hydroxybutyrate throughout the study were 4.24, 1.93, and
0.26 mmol/L, respectively.

Steady state was reached in all cases under the conditions of
the study, according to the atom percent enrichment (APE)
curves (Fig 2). APE data were then used for calculation of
ketone body kinetics for the three MCAD-deficient children,
according to our modification of the two–accessible pool model
(Table 4).

There is no difference between the rates of total ketone
body production in the control and MCAD-deficient groups
(T 5 0.5, P 5 .67, 95% confidence interval [CI]25.03 to
6.4) or in the rates of total ketone body use (T5 1.28,P 5
.33, 95% CI24.15 to 7.6). However, there are differences in
the ketone body kinetics of the two groups. In the control
patients, acetoacetate is the major ketone body synthesized,
representing between 90% and 97% of total ketone body
synthesis. In MCAD-deficient patients, 3-hydroxybutyrate is
the major ketone body synthesized, with de novo synthesis
of acetoacetate representing between 35% and 49% of total
ketone body production. This difference in percentage of
acetoacetate synthesized is significant (T5 9.63,P 5 0.011,
95% CI 28.5 to 74.5), suggesting altered intracellular redox
potential.

Table 3. Age, Weight, and Blood Glucose and Ketone Body Concentrations of Six Published Control Patients

Parameter 1 2 3 4 5 6

Age (mo) 48 42 47 52 40 37
Weight (kg) 16 15.5 16 16 15 13.5
Duration of fasting (h) 13 13 16 20 22 22
Mean blood glucose (mmol/L) 4.2 4.1 4.8 4.9 2.6 2.3
Mean blood ACAC (mmol/L) 0.03 0.03 0.288 0.744 0.820 0.850
Mean blood 3OHB (mmol/L) 0.052 0.074 0.295 1.516 2.557 2.670

Data from Bougnères and Ferré.9

Fig 2. Enrichments of aceto-

acetate (ACAC) and 3-hydroxy-

butyrate(OHB) during the study

of MCAD-deficient patient 1.

Time 0 is the beginning of the

tracer infusion.
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In control children, the rates of ketone body production, as
published, are equal to the rates of ketone body use and are
assumed to include a correction factor for infusion. We have
not corrected our results for infusion rates; therefore, in the
MCAD-deficient children, ketone use exceeds ketone produc-
tion by an average of 10%.

DISCUSSION

The only published data for pediatric ketone kinetics using a
two-tracer technique come from studies performed in six chil-
dren by Bougne`res and Ferre´.9 These “control” children had
suspected but undocumented fasting hypoglycemia and were
later proved to be normal on an endocrine and metabolic basis.
This study involved the use of two–accessible pool model
kinetics to calculate the rates of ketone production, intercon-
version, and use after dual-isotope infusion, similar to that used
in our study. The only difference between their study and ours
was a different isotope of 3-hydroxybutyrate—[4,4,4-2H3]3-
hydroxybutyrate compared with [1,2,3,4-13C4]3-hydroxybu-
tyrate.

We have shown that the ketone production rates in well,
mildly fasted MCAD-deficient children, while euglycemia is
maintained, are at least equal to those of published control
children. This suggests that MCAD-deficient children have
enough residual ketone-synthesizing capability to maintain ke-

tone production under normal circumstances and supports our
hypothesis that near-normal ketone production may mask the
presence of MCAD deficiency. Failure to diagnose MCAD
deficiency is therefore most likely because of failure to present
with a characteristic biochemical profile.

The postulated incidence of MCAD deficiency and the sig-
nificant morbidity and mortality associated with diagnosis after
catastrophic presentation1,2 make it worthy of inclusion in
newborn screening programs.

Given the adequate ketone production under normal fasting
conditions, something must change with added metabolic
stress. There is no evidence, from these studies, of increased
ketone use. We have failed to determine a single causative virus
at presentation of MCAD deficiency (unpublished observa-
tion).

Work from other inborn errors of metabolism caused by
missense mutant proteins suggests that one of the most likely
explanations is an external factor, such as fever. Recent work
by Gregerson et al13 has shown that the common 985G muta-
tion of the MCAD enzyme produces a structural mutant that is
thermolabile. In vitro, it is associated with a dramatic reduction
in activity at increasing temperatures.14 Attempts to study the
activity of the 985G mutant MCAD enzyme in cultured cells at
elevated temperatures have been unsuccessful (personal com-
munication, N. Gregersen). However, accelerated degradation,
correlated with relative loss of protein and activity, has been
demonstrated in other disease-causing missense mutants, most
notably phenylalanine hydroxylase.15

If fever, rather than the presence of the mutant enzyme, is the
most important factor in reducing ketone production, signifi-
cant benefit may be gained by the use of antipyretics in febrile
MCAD-deficient children, or indeed children with any fatty
acid oxidation defect. This is currently standard therapy in our
clinic because the number of affected children is presently too
small to study this issue in a controlled study.

ACKNOWLEDGMENT

These studies were inspired by Dr Geoffrey Thompson. The authors
would like to thank him, Dr John Christodoulou, and Dr Bridget
Wilcken for allowing access to patients. Miss Kaye Sellar and Miss
Pauline McGrath, Murdoch Institute, Melbourne provided assistance in
sample handling for MCAD patients 1 and 2.

REFERENCES

1. Roe CR, Coates PM: Mitochondrial fatty acid oxidation disor-
ders, in Scriver CR, Beaudet W, Sly W, et al (eds): The Molecular and
Metabolic Bases of Inherited Diseases (vol 1). Sydney, Australia,
McGraw Hill, 1995, pp 1501-1533

2. Iafolla AK, Thompson RJ Jr, Roe CR: Medium-chain acyl-coen-
zyme A dehydrogenase deficiency: Clinical course in 120 affected
children. J Pediatr 124:409-15, 1994

3. Stanley CA, Lake D, Coates PM, et al: Medium-chain acyl CoA
dehydrogenase deficiency in children with non-ketotic hypoglycemia
and low carnitine levels. Pediatr Res 17:877-884, 1983

4. Blakemore AIF, Singleton H, Pollitt RJ, et al: Frequency of the G985
MCAD mutation in the general population. Lancet 337:298-299, 1991

5. Matsubara Y, Narisawa K, Miyabayashi S, et al: Identification of
a common mutation in patients with medium-chain acyl-CoA dehydro-
genase deficiency. Biochem Biophys Res Comm 171:498-505, 1990

6. Gregersen N, Winter V, Curtis D, et al: Medium chain Acyl-CoA
dehydrogenase (MCAD) deficiency: The prevalent mutation G985
(K304E) is subject to a strong founder effect from northwestern Eu-
rope. Hum Hered 43:342-350, 1993

7. Fletcher JM: In Vivo Stable Isotope Studies of Ketone Metabo-
lism in Inborn Errors of Metabolism. M.D. Thesis, University of
Melbourne, 1995

8. Chace DH, Hillman SL, Van Hove JLK, et al: Rapid diagnosis of
MCAD deficiency: quantitative analysis of octanoylcarnitine and other
acylcarnitines in newborn blood spots by tandem mass spectrometry.
Clin Chem 43:2106-2113, 1997

9. Bougne`res PF, Ferre´ P: Study of ketone body kinetics in children
by a combined perfusion of13C and2H3 tracers. Am J Physiol 253:
E496-E502, 1987

10. Gregersen N, Lauritzen R, Rasmussen K: Suberylglycine excre-

Table 4. Rates of Acetoacetate and 3-Hydroxybutyrate Production,

Interconversion, and Use in Children With MCAD Deficiency,

Calculated Using the Two–Accessible Pool Approach

Rate (mmol/kg/min)
MCAD

1
MCAD

2
MCAD

3

Ra1s (ACAC synthesis) 3.21 4.51 5.86
Ra2s (3OHB synthesis) 5.94 6.24 6.07
Total ketone body synthesis

(Ra1s 1 Ra2s) 9.15 10.75 11.93
Ra2i (interconversion ACAC33OHB) 3.55 4.38 7.35
Ra1i (interconversion 3OHB3ACAC) 3.88 5.05 9.47
Ro1 (use of ACAC) 3.89 5.54 8.41
Ro2 (use of 3OHB) 6.28 6.19 4.55
Total ketone body use (Ro1 1 Ro2) 10.17 11.73 12.96

Abbreviations: ACAC, acetoacetate; 3OHB, 3-hydroxybutyrate.

164 FLETCHER AND PITT



tion in the urine from a patient with dicarboxylic aciduria. Clin Chim
Acta 70:417-425, 1976

11. Fletcher JM, Pitt JJ. Pitfalls in the use of 2-octynoic acid as an
in vivo model of medium-chain acyl-coenzyme A dehydrogenase de-
ficiency: Ketone turnover and metabolite studies in the rat. Metabolism
48:685-688, 1999

12. Passingham BJ, Barton RN: An ensymatic method for the prep-
aration of millimole quantities of D (2)-b-hydroxybutyrate. Anal Bio-
chem 65:418-421, 1975

13. Gregersen N, Bross P, Jorgensen M, et al: Defective folding and

rapid degradation of mutant proteins is a common disease mechanism
in genetic disorders. J Inher Metab Dis 22:6, 1999 (suppl 1)

14. Corydon TJ, Bross P, Jensen TG, et al: Rapid degradation of
short chain acyl-CoA dehydrogenase variant with temperature-sensi-
tive folding defects occurs after import into mitochondria. J Biol Chem
273:13065-13071, 1998

15. Waters PJ, Parniak MA, Akerman BR, et al: Missense mutations
in the phenylalanine hydroxylase gene (PAH) can cause accelerated
proteolytic turnover of PAH enzyme: A mechanism underlying phe-
nylketonuria. J Inher Metab Dis 22:208-212, 1999

165KETONE TURNOVER IN MCAD DEFICIENCY


