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ABSTRACT: Severe malnutrition is a major health problem in
developing countries and can present itself as kwashiorkor or maras-
mus. Although marasmus is characterized by clinical wasting,
kwashiorkor is associated with peripheral edema, oxidative stress,
hypoalbuminemia, and hypoglycemia. The etiology of the hypogly-
cemia is poorly understood. We determined endogenous glucose
production (EGP) in children with severe malnutrition. Children with
kwashiorkor, marasmus, and controls received a primed constant
infusion of [6,6H2]glucose for 2 h. An i.v. bolus of 13C-
ketoisocaproic acid (KIC) was given, and breath samples were
obtained during 2 h. Isotope dilution was used to calculate EGP, and
13CO2/

12CO2 production was determined. Mean EGP � SEM was
5.5 � 0.3 mg/kg/min in the kwashiorkor group and 6.9 � 0.4
mg/kg/min and 7.6 � 0.7 mg/kg/min in the marasmic and control
group, respectively, (p � 0.05 kwashiorkor versus marasmus and
controls). EGP correlated with serum albumin concentration (r �
0.67; p � 0.001) and urinary 8-hydroxydeoxyguanosine as a marker
of oxidative stress (r � �0.62; p � 0.005). 13CO2 secretion as a
marker of hepatic mitochondrial function was significantly higher in the
marasmic group compared with kwashiorkor and controls. We conclude
that decreased EGP in severely malnourished children is related to the
degree of hypoalbuminemia and oxidative stress but is not associated
with a clear defect in hepatic mitochondrial function. (Pediatr Res 68:
423–428, 2010)

Severe malnutrition presenting as kwashiorkor or marasmus
is still a significant health problem in developing coun-

tries (1,2). The HIV/AIDS epidemic has increased case fatal-
ity rates of severe malnutrition, and these children often have
comorbidities caused by opportunistic infections (3). Despite
the high incidence and severity of severe malnutrition, basic
pathophysiological differences between kwashiorkor and ma-
rasmus are poorly understood. Although it was historically
postulated that kwashiorkor was caused by a protein defi-
ciency and marasmus by a calorie deficiency, these hypotheses
have been largely abandoned (4). Kwashiorkor is character-
ized by irritability, hair changes, edema, hepatomegaly, and

dyspigmentation. Metabolic features include hypoalbumine-
mia, hepatic steatosis, and hypoglycemia (5–7). Marasmus is
characterized by severe wasting (low weight for height) with-
out edema.
Hypoglycemia is a common phenomenon in kwashiorkor

(5,8,9), although it is also described in patients with severe
wasting (8). Theoretically, hypoglycemia could be caused by
impaired hepatic endogenous glucose production (EGP) or
increased glucose clearance. A small study in five children
with malnutrition indicated normal glucose production (10),
although data from a kwashiorkor animal model suggested
impaired EGP (11).
Kwashiorkor has been firmly linked to hepatic steatosis and

oxidative stress. The oxidative stress has been thought to be
triggered by infections, decreased antioxidant status, or toxins
(12–14). Patients with hepatic steatosis in the context of
obesity and insulin resistance also demonstrate increased ox-
idative stress (15). Although kwashiorkor is related to a state
of nutritional deficiency in contrast to obesity-related steato-
sis, surplus tissue fatty acids have been shown to stimulate
oxidative stress, leading to mitochondrial damage and cell
death irrespective of its cause (16,17). Steatosis can lead to
impairment of mitochondrial function (18) and ATP produc-
tion (19). Decreased hepatic glucose production rates as found
in inborn errors of metabolism in the oxidative phosphoryla-
tion pathway (20) or animal models of shock indicate a close
link between mitochondrial dysfunction and impaired glu-
coneogenesis (21). Finally, signs of hepatic failure have been
described in patients with severe malnutrition (22), which
would also be associated with decreased EGP.
Breath tests using stable isotopes have been used to deter-

mine various biochemical functions. Ketoisocaproic acid
(KIC, a branched-chain amino acid) can undergo decarboxyl-
ation through a branched-chain �-ketoacid dehydrogenase
complex, which is located exclusively in mitochondria. The
enzyme complex has been shown to be primarily active in
hepatic mitochondria (23). KIC decarboxylation activity as-Received March 31, 2010; accepted July 10, 2010.
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sessed by 13C-KIC breath tests have been used to detect
hepatic mitochondrial dysfunction in humans (24–26).
In this study, we aimed to address the underlying etiology

of hypoglycemia in kwashiorkor. We hypothesized that
kwashiorkor was associated with decreased EGP and KIC
decarboxylation activity. EGP and KIC decarboxylation were
assessed in severely malnourished and healthy children. Lev-
els of oxidative stress, gluconeogenic precursors, and hor-
monal changes were also characterized.

METHODS

Subjects. The study was conducted in severely malnourished children and
control subjects admitted to MOYO House (a Nutrition Rehabilitation Unit)
or one of the pediatric wards of the Queen Elizabeth Central Hospital (QECH)
in Malawi. Children with kwashiorkor and marasmus were admitted as
recommended by the WHO (27). Sample size was calculated to be seven per
group, expecting a difference of EGP between kwashiorkor and the other
groups of 20%, a power of 80%, and � of 0.05. We choose to recruit
additional children to account for potential loss of sample or technical
difficulties. Information about the study was provided verbally and through a
detailed written information sheet. Informed consent was obtained from
parents of all participants in accordance with the College of Medicine,
University of Malawi, Ethical Committee guidelines. Kwashiorkor was de-
fined as edema, not related to cardiac or renal disease and dyspigmentation of
skin or hair. Marasmus was defined as a weight/age ratio �70%, i.e. �3 SDs
below the mean of the WHO reference population. Children with and without
HIV infection were included. Exclusion criteria were malaria, clear signs of
sepsis, i.e. respiratory distress or circulatory failure, signs of pneumonia, Hb
�8 mg/dL, and neurological symptoms of convulsions or decreased mental
status. Malaria was excluded by blood film analysis. The use of antiretroviral
therapy was an additional exclusion criterion. Control subjects were children
admitted for a minor orthopedic problem, or children who had fully recovered
from an intercurrent viral or bacterial respiratory infection and were included
at the time of discharge. Additional exclusion criteria for this group were
fever or auscultatory abnormalities at the time of the study. All malnourished
children were admitted and treated according to a standard WHO protocol
(27). Children were started on a liquid diet (F75), every 2 h to a total of 75
kcal energy/kg/d. With F75, energy obtained from fat is 32%, protein 5%, and
the remaining percentage from carbohydrates.

Experimental protocol. Children with malnutrition were studied as soon as
possible after admission but at least within 4 d after admission. The control
subjects were, except for one child, studied within 5 d after admission. The
afternoon before the study, a peripheral i.v. access was placed in an antebra-
chial vein. From midnight onward, patients and control subjects were fasted,
and a glucose infusion (2 mg/kg/min) was given to all subjects until �30 min
before start of the isotope infusion to prevent hypoglycemia. Glucose con-
centrations were checked when clinically indicated. A baseline blood sample
just before start of the isotope infusion was obtained. At 0800 h, a second
peripheral venous access was established and a primed (13 mg/kg in 10 mL
aqueous solution), constant infusion (0.15 mg/kg/min) of [6,6-H2]-glucose
was given over 2 h. Blood spots (50 �L) were obtained at t � 0, 90, and 120
min for glucose concentration and collection on filter paper. Subsequently,
children resumed their specific diets until midnight when the fasting protocol
was repeated. On d 2, an i.v. bolus of 1 mg/kg [1-13C]ketoisocaproate,
together with an i.v. bolus of 20 mg/kg leucine, was given at t � 0 (0800 h),
and breath samples were obtained at t � 0, 10, 15, 20, 30, 60, 90, and 120 min.
The leucine is administered to prevent reamination of the administered
[1-13C]ketoisocaproate back to leucine (28). Breath samples were taken by
allowing children to breath into a mask sealed to the face to which a collection
bag was attached. Room air could not enter because of a unidirectional valve
system. Urine was collected using collection bags during the study for a
period of �5 h.

Biochemical analyses. All blood analyses were determined in the sample
after the overnight fast on d 1. Analyses for basic biochemistry were per-
formed using routine methods. Plasma �-hydroxybutyrate and FFA concen-
trations were determined using commercially available kits (Roche Diagnos-
tics, Mannheim, Germany and Wako Chemicals GmbH, Neuss, Germany).
Amino acid analysis was performed according to Moore et al., (29), based on
liquid chromatography and postcolumn derivatization using ninhydrin. Amino
acid concentrations were measured using a Biochrom 20 amino acid analyzer
(Biochrom Ltd., Cambridge, UK). Determination of insulin and glucagon
concentrations was performed using enzyme immunoassays (EIA; Diagnostic

Systems Laboratories, Sinsheim, Germany). Intra- and interassay coefficient
of variation were �3% and �7% for insulin and �5% and 19% for glucagon,
respectively. Cortisol and growth hormone concentrations were determined
using EIA (ALPCO Diagnostics, Salem, NH) with a intra- and interassay
coefficient of variation of �10% and �9% for cortisol and �3% for growth
hormone. Urinary 8-hydroxydeoxyguanosine (8-OhdG) was determined using
an ELISA (Northwest, Vancouver, Canada) and corrected for creatinine
excretion. Intra- and interassay coefficient of variation were �3% and �8%,
respectively.

Stable isotope analyses. All the breath test measurements were performed
by gas isotope-ratio mass spectrometry (Delta Plus, Thermo Electron, Bre-
men, Germany). The CO2 pulse was separated from other gas components in
breath and then ionized and separated in the mass spectrometer into 12CO2

(m/z 44) and 13CO2 (m/z 45) ions. Measured values were expressed as �13C
versus PeeDeeBelemnite limestone (30). For the glucose analyses, a disk (6.5
mm in diameter) was punched out of a blood spot, wetted with 40 �L water
and 400 �L ethanol, and shaken for 45 min at room temperature. The
supernatant after centrifugation was dried at 60°C under a stream of N2.
Glucose was converted to its pentaacetate derivative by adding 150 �L
pyridine/acetic anhydride (1:2) and incubation for 30 min at 60°C, followed
by drying at 60°C. The residue was dissolved in ethylacetate. All samples
were analyzed by gas chromatography quadrupole mass spectrometry
(SSQ7000; ThermoFinnigan, San Jose, CA). For all calculations of mass
isotopomer distribution, Excaliber software (ThermoFinnigan) was used.
Derivatives were separated on an AT-5MS 30 m � 0.25 mm ID (0.25-�m
film thickness) capillary column (Alltech, Breda, the Netherlands). The gas
chromatography oven temperature was started at 80°C for 1 min, increased to
280°C at a rate of 20°C for 1 min after which the oven was held at 280°C for
3 min. Mass spectrometric analyses were performed by positive ion chemical
ionization with methane. Ions monitored for glucose pentaacetate were m/z
331–333, corresponding to the m0–m2 mass isotopomers.

Calculations. The whole-body blood glucose production rate [Ra(glc;
whole body)] was calculated as follows: Ra(glc;whole body) � M2infusate/
M2blood � infusion(glc,M2), where total Ra glucose is the total rate of
appearance of glucose and [glc] is the glucose concentration just before start
of the stable isotope infusion. The rate of EGP was calculated as follows:
Ra(glc;endogenous) � Ra(glc;whole body) � Ra(glc;exogenous), and in this
study, Ra(glc;exogenous) was minimal. For the children with kwashiorkor,
weight used for calculations of EGP and rate of exhalation of 13CO2 was the
lowest weight at the time of complete clinical loss of edema, hence approach-
ing normalized gross body composition. The calculations of mitochondrial
KIC decarboxylation activity were as follows. The rate of exhalation of 13CO2

at each time point was calculated from the measured increment in the isotopic
abundance of 13CO2 (�

13CPDB), the known purity of the labeled compound
and an assumed constant endogenous production of CO2 (400 mmol/m2/h).
The cumulative recovery of 13CO2 in breath was calculated as the area under
the curve of the 13CO2 exhalation rate compared with the time curve deter-
mined by linear interpolation. Results were expressed as the percentage of the
administered dose exhaled.

Statistical analysis. The data were analyzed by using SPSS software
version 16.0 (SPSS Inc, Chicago, IL). All values are represented as the
mean � SEM. One-way ANOVA with Tukey post hoc analysis was used for
statistical comparison of study groups. Correlation analyses were performed
using Pearson’s rank correlation. Differences were considered significant at
p � 0.05.

RESULTS

Basic patient characteristics. There was a trend for the
mean age to be lower in marasmic children and control
subjects compared to children with kwashiorkor, but this
difference was nonsignificant (Table 1). Weight and midupper
arm circumference (MUAC) were lower (p � 0.05) in chil-
dren with marasmus compared with kwashiorkor and controls.
Forty-four percent of children with kwashiorkor and 36% of
children with marasmus were HIV positive. Glucose concen-
trations before the start of the isotope infusion did not differ
between groups. Alanine aminotransferase (ALT) levels were
elevated (40 U/L) in 56% and 55% of children with kwashi-
orkor and marasmus, respectively. There were no electrolyte
abnormalities in any of the children at the time of the study
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(data not shown). Children were followed clinically after the
study until discharge or death. Mortality after the study was
25% in the malnourished children, whereas none of the
controls died. Three children developed severe diarrhea
after the study and then they were given a high caloric
nutritional supplement [ready-to use therapeutic foods
(RUTF)], possibly related to osmotic diarrhea. They likely
died of acute severe dehydration. One child developed
circulatory insufficiency after the study. One child was
found dead a couple of days after the study, potentially
related to hypoglycemia.
Endogenous glucose production. We calculated rates of

EGP in the different groups as shown in Figure 1. Glucose
concentrations and calculated EGP at the 90 and 120 min time
points were similar, indicating a steady state. EGP was cal-
culated using the average of the two time points. EGP was
lower in children with kwashiorkor (5.5 � 0.3 mg/kg/min)
compared with marasmus (6.9 � 0.4 mg/kg/min) or controls
(7.6 � 0.7 mg/kg/min; p � 0.05). Regardless of the clinical
classification, there was a correlation between serum albumin
concentrations and EGP (Fig. 2). Rates of EGP were compa-
rable between HIV infected (6.5 � 0.4 mg/kg/min) and non-
infected (6.1 � 0.4 mg/kg/min) malnourished children, which

was not altered after further stratification into children with
kwashiorkor and marasmus (data not shown). There was no
correlation between age and EGP in our study (r � �0.08;
p � 0.7).
KIC decarboxylation. We next determined KIC decarbox-

ylation in children with severe malnutrition and controls.
Figure 3A shows the maximum percentage of 13CO2 recovery
per hour, and Figure 3B shows the cumulative percentage of
13CO2 recovery in study subjects. Both maximum and cumu-
lative 13CO2 recovery were lower in control subjects com-
pared with marasmic children (p � 0.05 for cumulative and
p � 0.01 for maximum recovery) or those with kwashiorkor
(p � 0.05). There was a significant correlation between EGP
and cumulative 13CO2 recovery for all malnutrition groups
combined (r � 0.48; p � 0.05; Fig. 4). Cumulative 13CO2

recovery was similar in HIV positive and negative malnour-
ished children (data not shown).
Hormones and gluconeogenic precursors. EGP is con-

trolled by different hormones and can be limited by gluconeo-
genic precursor availability. Therefore, we determined rele-
vant hormone concentrations and gluconeogenic precursor
concentrations that are shown in Table 2. Pyruvate, lactate
concentrations, and concentrations of the most abundant
amino acids were similar across all groups, indicating no
limited precursor availability. Insulin, cortisol, and growth
hormone concentrations did not differ between groups al-
though glucagon concentrations were lower in the children

Figure 1. EGP in children with kwashiorkor (K, n � 9), marasmus (M,
n � 11), and controls (C, n � 5). * indicates p � 0.05 compared with
kwashiorkor.

Figure 2. Correlation between albumin concentrations and EGP in children
with severe malnutrition and controls. Pearson’s correlation coefficient r �
0.67 (p � 0.001).

Figure 3. Hepatic decarboxylation activity in children with kwashiorkor
(K), marasmus (M), and controls (C). Maximal (A) and cumulative (B)
recovery of 13CO2 in breath. * indicates p � 0.05 compared with controls and
† indicates p � 0.01.

Table 1. Basic clinical and biochemical characteristics

Kwashiorkor
(n � 9)

Marasmus
(n � 11)

Control
(n � 5)

HIV positive subjects 4 4 0
Weight (kg) 8.9 � 0.4* 6.9 � 0.5 10.1 � 0.8*
Height (cm) 79 � 2 77 � 3 79 � 3
MUAC (cm) 12.5 � 0.4* 10.2 � 0.2 13.3 � 0.3*
Age (mo) 32 � 5 23 � 3 26 � 5
Hemoglobin (g/dL) 9.3 � 0.6 9.9 � 0.6 9.7 � 0.5
Leucocytes (109/L) 9.5 � 1.1 8.6 � 1.4 9.7 � 0.5
Albumin (g/L) 19 � 2*,† 28 � 3 36 � 1
Glucose (mmol/L) 5.2 � 0.4 5.2 � 0.4 5.2 � 0.2
ALAT (U/l) 70 � 27* 54 � 10* 13 � 2
Free fatty acids (mmol/L) 0.5 � 0.1 0.8 � 0.2 0.5 � 0.2
Triglyceride (mmol/L) 1.5 � 0.3 1.6 � 0.3 1.5 � 0.2

Values are represented as mean � SEM.
* Significant difference (p � 0.05) compared with marasmus.
† Significant difference (p � 0.05) compared with control.
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with kwashiorkor and controls compared with marasmic chil-
dren (p � 0.005 and p � 0.05, respectively).
Oxidative stress markers. Urinary 8-OhdG concentrations

were 5.3 � 0.8, 4.1 � 1.2, and 1.9 � 0.7 ng/mmol creatinine
in children with kwashiorkor, marasmus, and controls, respec-
tively (p � 0.05 kwashiorkor versus controls; p � 0.08
marasmus versus controls). There was a significant inverse
correlation between the urinary 8-OhdG, corrected for creat-
inine excretion, and EGP (Fig. 5; r � �0.62; p � 0.005).

DISCUSSION

Severe malnutrition is a condition that is still widespread in
low resource settings. Despite management practices follow-
ing WHO guidelines, case fatality rates of 10% are reported in
HIV noninfected children and between 30% and 40% in HIV
infected children (3,27), similar to what was found in our
study. High case fatality rates, irrespective of their HIV status,
are associated with septicaemia, compromised reductive ad-
aptation, (31) and hypoglycemia/hypothermia. Hypoglycemia
could relate to decreased glucose absorption, hepatic glucose
production, or increased glucose clearance. To our knowledge,
this is the first study to examine EGP in children with kwash-
iorkor and marasmus.

A fine balance between EGP and glucose clearance main-
tains blood glucose concentrations. Young children have a
limited capacity for fasting and generally develop hypoglyce-
mia after 24 h because of insufficient glucose production
(32,33). There are scarce data on EGP in young children. A
recent study in young children (1–5 y) with malaria showed
rates of EGP were similar to those observed in this study (34).
Lower EGP could be caused by a decrease in glycogenolysis
or gluconeogenesis. Glycogen content has been found to be
high (35), low (36), or normal (5) in biopsies from children
with kwashiorkor. In this study, the overnight fast, despite a
small glucose infusion, would probably have depleted glyco-
gen stores and differences in EGP are, therefore, more likely
related to alterations in gluconeogenesis than glycogenolysis.

13C-KIC breath tests have been used extensively to detect
hepatic mitochondrial dysfunction in humans with various
hepatic insults including steatosis/steatohepatitis (24–26). For
this study, it was chosen to give the KIC i.v. to eliminate
effects because of the differences in intestinal absorption of
KIC. Substantial difference in total CO2 production would
influence breath test results. To minimize the variation in total
CO2 production, all subjects were studied while abstaining
from any physical exercise. Furthermore, signs of respiratory
distress or septicaemia were exclusion criteria. Although dif-
ferences in total CO2 production could not be excluded, we
feel they would not substantially influence the findings.
Higher KIC decarboxylation activity was found in all mal-
nourished children compared with controls. These differences
probably reflect a catabolic state in the malnourished children
and an anabolic state in controls and indicate that malnour-
ished children have a capability to increase KIC decarboxyl-
ation. Therefore, these data do not suggest gross hepatic
mitochondrial dysfunction in these children. Interestingly,
there was a significant correlation between KIC decarboxyl-
ation activity and EGP in children with severe malnutrition,
and there was a trend toward lower decarboxylation activity in
the kwashiorkor compared with marasmic group. It is tempt-
ing to speculate that this would be caused by a relative
impairment in mitochondrial activity. The lower KIC decar-
boxylation in children with severe kwashiorkor is consistent
with other data. KIC is formed from leucine, and the flux of

Figure 4. Correlation between cumulative 13CO2 recovery from the
[1-13C]ketoisocaproate breath test and the EGP in children with severe
malnutrition. Pearson’s correlation coefficient r � 0.46 (p � 0.05).

Table 2. Concentrations of gluconeogenic precursors
and hormones

Kwashiorkor
(n � 9)

Marasmus
(n � 11)

Control
(n � 5)

Lactate (mmol/L) 3.6 � 0.8 3.0 � 0.4* 1.6 � 0.4
Pyruvate (mmol/L) 0.20 � 0.06 0.18 � 0.02 0.12 � 0.02
Alanine (�mol/L) 181 � 31 232 � 24 200 � 39
Glycine (�mol/L) 238 � 21 219 � 17 217 � 29
Glutamine (�mol/L) 261 � 23* 269 � 35* 432 � 67
Proline (�mol/L) 172 � 26 155 � 21 133 � 18
Total amino acids (�mol/L) 1504 � 84 1567 � 99 1812 � 107
Acetoacetate (mmol/L) 0.046 � 0.019 0.034 � 0.011 0.136 � 0.073
Hydroxybutyrate (mmol/L) 0.143 � 0.065 0.117 � 0.053 0.526 � 0.344
Glucagon (ng/mL) 4.9 � 1.4† 419 � 189* 3.3 � 0.9
Insulin (�IU/mL) 1.5 � 0.3 5.8 � 1.7 3.2 � 1.3
Cortisol (�g/dL) 36 � 8 33 � 7 26 � 4
Growth hormone (ng/mL) 41 � 6 19 � 7 24 � 17

Values are represented as mean � SEM.
* Significant difference (p � 0.05) compared with control.
† Significant difference (p � 0.05) compared with marasmus.

Figure 5. Correlation between urinary 8-OhdG excretion and the EGP in
children with severe malnutrition and controls. Pearson’s correlation coeffi-
cient r � �0.56; p � 0.05.
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leucine has been reported to be lower in children with kwash-
iorkor than in marasmus (37).
Studies on prolonged fasting in young children suggested a

deficiency in amino acids used for gluconeogenesis (32).
Concentrations of the most abundant amino acids did not
differ significantly in our study, nor was there a correlation
between total amino acid concentration and EGP (data not
shown). Therefore, these results do not support a role for low
precursor availability causing decreased EGP in kwashiorkor.
Growth hormone concentration in a previous study was gen-
erally higher in children with kwashiorkor (38). Cortisol stress
response has not been shown to be impaired in severe malnu-
trition (39). Plasma glucagon concentrations have been re-
ported relatively low in severe kwashiorkor (5), and plasma
glucose concentrations have been shown to respond to gluca-
gon injection (40). In this study, glucagon concentrations were
lower in children with kwashiorkor compared with marasmus
but similar to control children. Specific fasting studies are
needed to conclusively determine whether there is a defect in
the glucagon response in children with kwashiorkor.
A number of children diagnosed by the admitting doctor on

admission as marasmus, with no or minimal edema, were
found to be hypoalbuminemic. These children had no clear
additional features of kwashiorkor (hair discoloration and skin
lesions). However, our data indicate that metabolically they
resembled children with kwashiorkor. This supports the notion
that hypoalbuminemia indicates a severe derangement in the
child’s metabolic system, reflecting a disturbance in protein
metabolism (37,41), potentially cytokine-mediated inhibition
of albumin synthesis (42), or, alternatively, cytokine-mediated
capillary leak and redistribution of albumin to the extravas-
cular space. Kwashiorkor is associated with increased oxida-
tive stress (12,13). The significant correlation between levels
of 8-OHdG, a cellular oxidative stress marker, albumin, and
EGP further underscores the severity of the insult to hepatic
metabolism in, especially hypoalbuminemic, malnourished
children. We also performed multiple linear regression anal-
yses to further investigate these correlations and found the
standardized coefficient to be 0.45 for albumin (p � 0.05) and
�0.46 (p � 0.05) for 8-OHdG. The hepatic insult was further
illustrated by increased transaminase concentrations in these
children, which have been documented previously (43). As he-
patic steatosis is closely linked to the development of hepatic
inflammation, this could play a role in the etiology of hepatic
damage in severe malnutrition.
A limitation of this study was that EGP could not be

examined under completely fasted conditions nor during hy-
poglycemia because of the ethical constraints. However, the
children received a very limited glucose infusion compared
with total glucose turnover that was stopped before the study.
Therefore, we feel that this would have little impact on the
results of this study. An additional limitation is the relatively
small sample size, in particular for the control group, related
to a very challenging recruitment. In addition, there was a
substantial secondary exclusion because of the loss of i.v.
access during the study and inability to replace the i.v. line.
These secondary exclusions might have favored inclusion of
children with less complicated malnutrition. Exclusion criteria

of sepsis or respiratory distress and the inability to obtain i.v.
access in the most edematous children also led to inclusion of
less sick patients and could have biased the results in favor of
less impaired glucose kinetics. Because the additional fluid as
edema in the children with kwashiorkor was not considered to
be metabolically active, we decided that we would use the
weight at the time of complete disappearance of the edema for
our isotope calculations. Using the measured body weight at
the time of the study would have underestimated calculated
EGP rates and 13CO2 exhalation rates. Furthermore, marasmus
specifically is characterized by severe wasting and muscle
atrophy. This would have likely led to a lower lean body mass
in children with marasmus compared with kwashiorkor, caus-
ing an underestimation of the observed differences in EGP.
In conclusion, these results demonstrate decreased EGP in

children with kwashiorkor compared with marasmus and
healthy children. Differences in EGP were not associated with
gross signs of hepatic mitochondrial dysfunction but were
related to the degree of hypoalbuminemia and oxidative stress.
Clinical criteria alone are insufficient to distinguish the sever-
ity of metabolic derangements in children with different forms
of severe malnutrition.
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