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Stellingen

 1. Glucose kinetiek studies met stabiele isotopen zijn veilig en praktisch goed uitvoerbaar 
bij jonge kinderen met infektieziekten in de tropen en dragen bij aan een beter 
inzicht in de pathofysiologie van hypoglycemie. (dit proefschrift)

 2.  Gedurende 8 uren gecontroleerd vasten daalt de plasma glucose concentratie sneller 
bij kinderen jonger dan 3 jaar met malaria of met longontsteking dan bij kinderen 3-5 
jaar, omdat de oudere kinderen beter in staat zijn om het perifere glucose verbruik 
te reduceren. (dit proefschrift) 

 3. Tijdens langer vasten (8-16 uur) daalt de plasma glucose concentratie even snel bij 
kinderen jonger dan 3 jaar met malaria of met longontsteking als bij kinderen 3-5 
jaar, wat betekent dat glucose metabolisme in kinderen jonger dan 3 jaar adequaat 
maar langzamer adapteert tijdens vasten dan oudere kinderen. (dit proefschrift)

 4. Ernstige malaria beschermt jonge kinderen tegen het ontstaan van hypoglycemie, 
doordat de plasma glucose concentratie langzamer daalt dan bij jonge kinderen 
met niet-ernstige malaria, terwijl de glucose productie een gelijke daling toont. (dit 
proefschrift)

 5. Bij jonge kinderen met malaria of met longontsteking is de glucose productie de 
belangrijkste determinant van de plasma glucose concentratie tijdens langer vasten. 
(dit proefschrift) 

 6. Net als bij malaria predisponeert vasten tot hypoglycemie bij jonge kinderen met 
longontsteking, maar de veranderingen in de glucose kinetiek zijn verschillend als 
gevolg van onder andere verschillen in de hormonale respons. (dit proefschrift)

 7. Bij jonge kinderen met malaria of met longontsteking blijft de absolute gluconeogenese 
constant tijdens 16 uren gecontroleerd vasten. (dit proefschrift) 

 8. Om een grote en waardevolle opdracht tot een goed einde te brengen zijn tenminste 
twee dingen nodig: een gedegen plan en te weinig tijd. (vrij naar Gerard de Saint 
Maxime) 

 9. Het schrijven van een proefschrift en het beoefenen van duursport zoals marathon en 
triathlon heeft een aantal overeenkomsten waarvan het behalen van de eindstreep 
één van de mooiste is. (eigen waarneming)

 10. Mi odo e tak so: sabiman no e meki bigi babari – mensen van gewicht doen niet 
gewichtig. (Surinaams spreekwoord)

 11. De toegevoegde waarde van het beroep kinderarts aan het vaderschap is erg klein 
wanneer het gaat om de opvoeding van de eigen kinderen. (eigen waarneming)

 12. Als je doet wat je leuk vindt hoef je nooit te werken. (Mahatma Gandhi) 
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INTRODUCTION 

Hypoglycemia in children is a common and serious condition that needs to be prevented 

because of the high risk of brain damage and mortality. There are several generally 

accepted risk factors for the occurrence of hypoglycemia in children among which young 

age, prolonged fasting and severe infectious disease are well recognized. Hypoglycemia 

is an important feature in children with infectious diseases (1-13), and it predicts mortality 

(13-16). The mortality rate increases four- to six-fold in children with infectious diseases 

complicated by hypoglycemia (3,5,7); particularly young children below the age of three 

years are at risk (2,6,11). Although hypoglycemia is a frequently occurring complication in 

clinical practice, the underlying pathophysiological mechanism (abnormalities in glucose 

production, glucose uptake or a combination) is not well explored. This thesis is aimed 

to unravel the derangements in glucose metabolism resulting in hypoglycemia in children 

with infectious diseases. 

OUTLINE OF THE THESIS

Chapter 2 

To stress the need for studies on glucose kinetics in children with hypoglycemia, in chapter 

2 we summarized the scarce data on the effect of age and duration of fasting on glucose 

kinetics both in healthy children and in children with infectious diseases. Differences 

between adults and children are addressed, since glucose metabolism is partly regulated 

differently in children compared to adults. 

Chapter 3

Age is an acknowledged risk factor for hypoglycemia. Studies in both healthy children 

(17-20) and in children with an illness (1,2,4,7,11) suggest a relationship between age 

and plasma glucose concentration. Several studies show that hypoglycemia is a major 

outcome predictor in children with falciparum malaria and it is particularly common in 

very young children below the age of 3 years (2,6,11,21). Even though hypoglycemia 

is a frequently encountered complication in clinical practice, few studies on glucose 

kinetics are performed in children under five years of age. Limited capacity to increase or 

maintain endogenous glucose production (EGP) could play a role in the pathophysiology 

of hypoglycemia in children with malaria. In a study of children with uncomplicated 

malaria and without hypoglycemia a positive correlation between EGP and plasma 

glucose concentration was found (22), however, other studies are lacking. Although 

hypoglycemia primarily occurs in children with severe malaria, the risk for hypoglycemia 

in young children with uncomplicated malaria may be increased in the presence of other 

risk factors that compromise EGP. This assumption results in the first research question: 
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is the risk for hypoglycemia in children with non-severe malaria increased in the presence 

of fasting and young age? 

In chapter 3 glucose kinetics are measured in children under 3 years of age and compared 

with children 3-5 years of age with uncomplicated malaria after an 8 hour fast.

Chapter 4

Several studies suggest that fasting is an important factor in the occurrence of 

hypoglycemia in children and in adults since an association between the occurrence of 

hypoglycemia and the time since the last meal has been found (1,2,4,7,11,20,23,24). 

These studies indicate that young children probably have a higher risk for developing 

hypoglycemia when fasting compared to older children and adults.

Since severity of infection in malaria is considered a determining risk factor for 

hypoglycemia (6), glucose kinetics in children with severe malaria may differ from 

children with non-severe malaria. The second research question therefore is: do glucose 

kinetics in children with severe malaria differ from children with non-severe malaria after 

an objectively controlled longer fasting period? 

In chapter 4 glucose kinetics are measured in children with severe malaria and compared 

with children with non-severe malaria during an objectively controlled 16-hour fasting 

period. 

Chapter 5

Hypoglycemia does not only occur in children with malaria but is also seen in children 

with other infectious diseases, such as pneumonia and diarrhea (1,2,7,8,11,13,14). The 

mortality rate of children with other infectious diseases is similar to that of children with 

malaria (2-5,7,11,13). Therefore hypoglycemia may not be a disease-specific symptom but 

can be regarded as a serious metabolic complication in acute severe infections in young 

children (1,2,7,11,13,25-27). If prolonged fasting predisposes for hypoglycemia in young 

children with malaria, such an association may be present in young children with other 

critical infectious diseases such as severe pneumonia. This leads to the third research 

question: is prolonged fasting a risk factor for hypoglycemia in children with severe 

pneumonia and are very young children more at risk than older children? 

In chapter 5 glucose kinetics in children with severe pneumonia are studied during a 

controlled 16 hour fast. Children under 3 years of age are compared with children 3-5 

years of age. 

Chapter 6

In order to gain more insight in the underlying pathophysiological mechanism of 

hypoglycemia in young fasted children with infectious disease further study of EGP and its  

components is required. Impaired EGP caused by decreased glycogenolysis due to smaller 

liver glycogen stores in young children is presumed to be the reason for the increased risk 

of hypoglycemia (27,28). Glycogen content can be estimated by measuring the response 
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of EGP to a glucagon bolus (29,30), but studies evaluating such a response in children 

with infectious diseases are scarce. One single study reports on the response of plasma 

glucose concentration to a bolus glucagon in children with HIV infection, but stable 

isotopes were not used in this study (31). It is therefore unknown whether during fasting 

glycogen content is influenced by age and if there is an effect of the type of infectious 

disease. This leads to the fourth research question: does the response of plasma glucose 

concentration and EGP to a bolus glucagon differ between young and older children 

after a prolonged fast and is this response influenced by different infectious diseases? 

In chapter 6 the responses of plasma glucose concentration and EGP to a bolus glucagon 

are measured in children with severe malaria and in children with severe pneumonia after 

a 16 hour fast. Within the group of children with pneumonia the responses are compared 

in children under three years of age and in children 3-5 years of age. 

Chapter 7

This chapter provides an overview of current literature and the findings of this thesis 

on the adaptation of glucose metabolism to fasting in young children with infectious 

diseases. Several aspects of glucose metabolism are addressed: first, the effect of age as 

a risk factor for hypoglycemia in children with infectious disease. Second, the influence 

of prolonged fasting as a determinant of glucose metabolism in children with infectious 

disease. Third, differences in liver glycogen content after prolonged fasting in children 

with different infectious diseases. And fourth, the effect of the type of disease on glucose 

metabolism. Recommendations are given for the approach towards all young children 

with severe infectious illnesses in clinical practice in order to prevent hypoglycemia.  

QUANTIFYING GLUCOSE KINETICS IN CHILDREN 

Stable isotope techniques

Glucose turnover or the glucose appearance rate is the sum of endogenous glucose 

production and exogenous glucose supply. During fasting, in the absence of enteral 

or parenteral glucose supply, the rate of appearance of glucose equals endogenous 

glucose production.  Endogenous glucose production is the sum of gluconeogenesis 

and glycogenolysis. By combining measurements of endogenous glucose production 

and either gluconeogenesis or glycogenolysis the other pathway can be calculated. 

Endogenous glucose production and gluconeogenesis can be measured using stable 

isotope techniques. Measurements of glucose kinetics have changed the insight in 

the pathophysiology of glucose metabolism and e.g. have revealed differences in the 

regulation of glucose metabolism between adults and children. Stable isotope techniques 

are safe and considered highly sensitive, which makes it possible to pick up even small 

differences between subjects.

13
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Methods to measure endogenous glucose production

Glucose production can be measured using [6,6-2H2]-glucose which is a glucose molecule 

carrying an extra neutron on each of the 2 hydrogens on position C6 of glucose. The 

procedure involves a priming dose (bolus), followed by a continuous infusion of the 

isotope for 2-3 hours to reach a steady state. The purpose of the priming dose is to label 

the whole glucose pool and instantaneously reach the desired plasma ratio of labeled 

versus unlabeled isotope. The continuous infusion is necessary to maintain the tracer/

tracee ratio for the duration of the study allowing a technically reliable measurement of 

glucose production. The dilution of the glucose isotope in the pool of unlabeled glucose 

reflects the influx of glucose i.e. the rate of appearance (32).

When steady state is reached the rate of appearance of glucose can be calculated by 

using steady state equations as described by Steele (33): 

Ra = (Ei – Ep) x I 

where Ra = rate of appearance of glucose (in µmol/kg•min), Ei and Ep  are the [6,6-2H2] 

enrichments of the infusate and plasma respectively, and I is the [6,6-2H2]glucose infusion 

rate (in µmol/kg•min).

When steady state is not achieved, the equation has to be modified (34): 

 F – pV * [(C2 + C1) / 2] * [(E2 – E1) / (t2 – t1)]

Ra = 

(E2 + E1) / 2

where Ra = rate of appearance of glucose (in µmol/kg•min), F = [6,6-2H2]glucose infusion 

rate (in µmol/kg•min), E = enrichment of glucose with 2H (in absolute values), C = plasma 

glucose concentration (in mmol/l), t = time (in min) and pV = effective plasma volume of 

glucose which in healthy adults is estimated to be 40 ml/kg (35). In children the volume 

of extracellular water is calculated by normogram from body weight and height (36).

Methods to measure gluconeogenesis

Quantifying the contribution of gluconeogenesis to total glucose production is possible 

with techniques using stable isotopes (37). Different stable isotope methods are developed 

to measure the contribution of gluconeogenesis to endogenous glucose production. 

In the studies presented in this thesis the deuterated water (2H2O) method is used, a 

technique introduced and described in detail by Landau (38,39). This method is based on 

the fact that body water is the source of the hydrogens that are attached to carbon 5 and 

6 of glucose in the process of gluconeogenesis (fig. 1). In addition, hydrogen from body 

water is added to carbon 2 in both gluconeogenesis and glycogenolysis. The ratio of 

the two provides the fraction of glucose derived from gluconeogenesis. After ingestion 

of 2H2O, the fifth carbon of glucose (C5) is labeled with deuterium at the level of the 

triose phosphate isomerase reaction during gluconeogenesis and the second carbon of 

glucose (C2) is labeled with deuterium during both glycogenolysis and gluconeogenesis 

(39). Therefore the plasma C5/C2 glucose ratio is used to estimate the fraction of glucose 
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Figure 1. The deuterated water method to quantify fractional gluconeogenesis using incorporation 
of deuterium (2H) at carbon 2, 5, and 6 of glucose.

GLUCOSE   glucose-6-phosphate   GLYCOGEN  

C2 glucose                            2H2O  

fructose -6 -phosphate 

 

fructose-1,6-biphosphate 

 

glyceraldehyde -3-phosphate       dihydroxyacetone -3 -phosphate   GLYCEROL
2H2O 

                   C5 glucose 

1,3 - diphosphoglycerate 

3-phosphoglycerate 

 

2-phosphoglycerate 

  2H2O            C5 glucose 

phosphoenolpyruvate 

 

oxaloacetate 

             2H2O                    C6 glucose 

pyruvate 

 

LACTATE  AMINO ACIDS

derived from gluconeogenesis. If deuterated water is ingested at least 5 hours prior to 

blood sampling, deuterium enrichment in plasma will equal deuterium  enrichment at 

C2 (40) and fractional gluconeogenesis can then be calculated from the ratio between 

deuterium enrichment at C5 over deuterium enrichment in water. The C3/C2 ratio can 
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also be used to assess gluconeogenesis because the third carbon of glucose (C3) and C5 

are concurrently labeled during the triose isomerase reaction (41,42).

Methods to measure glycogenolysis

Quantification of glycogen stores can be done by liver biopsy and by using 13C- nuclear 

magnetic resonance spectroscopy (NMR) but the use of both techniques in children for 

research purposes is limited for practical and ethical reasons (43,44). A more feasible 

non-invasive approach to test the ability to release glucose from glycogen stores in young 

children is to measure the response to a bolus glucagon. This method is often used in 

clinical practice and the response of EGP to a glucagon bolus is considered an indicator 

of glycogen content (29,30,45,46). Glucagon stimulates glycogenolysis by activation of 

glycogen phosphorylase, the rate-limiting enzyme for glycogenolysis in the liver (47). 

The increase in glycogenolysis occurs rapidly and is strongest within 15 minutes after a 

selective increase in plasma glucagon concentration (48) however, this effect is transient 

and is not regulated by changes in plasma glucose concentration (49). 
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ABSTRACT

This review describes the occurrence of hypoglycemia in young children as a common 

and serious complication that needs to be avoided because of the high risk of brain 

damage and mortality. Young age, fasting and severe infectious disease are considered 

important risk factors. The limited data on the effect of these risk factors on glucose 

metabolism in children are discussed and compared to data on glucose metabolism in 

adults. The observations discussed may have implications for further research on glucose 

kinetics in young  children with infectious disease. 
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INTRODUCTION

Glucose is one of the major fuels to meet the energy requirements of the human body. 

In the healthy individual the amount of glucose produced is regulated to the need of the 

body and more in particular to the need of its major user, the brain. Although the brain 

can also utilize lactate, ketone bodies and certain amino acids, its primary fuel is glucose 

(1). During fasting more than 90% of its energy is provided by glucose, making the brain 

highly vulnerable to alterations in the plasma glucose level (2). The child’s developing 

brain is more susceptible to hypoglycemia compared to the adult brain (3-7). Recurrent 

hypoglycemia may result in permanent neurological damage (4-6). It is therefore 

imperative to prevent the occurrence of hypoglycemia in children. 

In the fasted state the plasma glucose level is maintained within narrow limits by a 

delicate balance between endogenous glucose production (EGP) and glucose utilization. 

The metabolic adaptation of glucose metabolism during fasting differs between children 

and adults (8). The traditional concept is that children have a limited tolerance of fasting 

since glycogen stores are less and therefore they are able to maintain a normal plasma 

glucose level for a fasting period of 12 hours only (9,10). 

Starvation is an uncommon event in a healthy child’s life. However, many infectious 

diseases are characterized by starvation due to disease-induced anorexia as well as by 

cultural customs and traditional habits in disease (11-13). Hypoglycemia is a frequent 

but poor-explored feature of severe infectious diseases in children. This review gives an 

update of the available data on the effect of age and duration of fasting on glucose 

kinetics. Also differences between adults and children will be addressed to emphasize 

that data from studies with adult patients cannot be extrapolated to children. 

DEFINITION OF HYPOGLYCEMIA

The plasma glucose concentration is the resultant of a tightly regulated balance 

between EGP and glucose utilization. A disturbance in this balance will lead to hyper- or 

hypoglycemia. Hypoglycemia in children remains one of the most controversial issues 

with regard to its definition, the mechanism of adverse effect on the brain, and the 

practical approach to monitoring, management and treatment (3,14). The definition of 

hypoglycemia can be based on clinical manifestations, on the range of glucose values 

measured in epidemiological studies, on metabolic and endocrine counterregulatory 

responses or on long-term neurological outcome, but none has been entirely satisfactory 

(15). Hypoglycemia in neonates is often defined as a plasma glucose concentration 

below 2.5 mmol/L (45 mg/dL) (16), while in older children the threshold of 3.0 mmol/L 

is often used (17), and in healthy adults 3.9 mmol/L (18), based on the initiation of the 

counterregulatory response (19). Most studies in infants and children up to 10 years of 
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age performed in tropical settings (16,20-26) use the WHO definition of hypoglycemia 

based on clinical  and epidemiological data: < 2.2 mmol/L or 40 mg/dL (27). 

THE INFLUENCE OF AGE AND FASTING ON GLUCOSE 
METABOLISM IN HEALTHY HUMANS

Hypoglycemia 

Age is a risk factor for hypoglycemia. Studies in both healthy (9) and sick children 

(20,21,25,26,28) suggest a relationship between age and plasma glucose concentration. 

In healthy children fasting plasma glucose concentration increases progressively with age. 

In a study of 28 healthy children, aged 2 to 17 years, plasma glucose concentrations of 

below 2.7 mmol/l after a 24 hour fast were found only in younger children, while values 

of all children older than 10 years were in the normal adult range (9). Hypoglycemia is 

known to be particularly common in the very young children below the age of 3 years 

(25,27,28). 

Fasting is considered a major risk factor for hypoglycemia in children. Healthy adults are 

able to maintain normal plasma glucose levels up to 86 hours of fasting (29). There are 

gender-related differences in the metabolic response to fasting in adults: plasma glucose 

concentrations are lower in women than in men after a 38 hour fast (30). During a 

fasting period of only 24 hours healthy pre-pubertal children show a significant steeper 

decrease in plasma glucose concentration than adults, and they are not able to maintain 

a plasma glucose concentration  > 3.0 mmol/l (8,31,32). Indeed several studies suggest 

that fasting is a major factor in the occurrence of hypoglycemia in children and in adults 

since an association between the occurrence of hypoglycemia and the time since the last 

meal has been found (20,21,25,26,28,33-35). These studies indicate that young children 

probably have a higher risk for developing hypoglycemia when fasting compared to older 

children and adults.

This conclusion is supported by studies on lipolysis and ketogenesis. During fasting lipolysis 

increases, thereby providing the body with alternative fuel and delaying the occurrence 

of hypoglycemia. This is reflected by elevation of plasma concentrations of free fatty 

acids and ketone bodies, e.g. ß-hydroxybutyrate and acetoacetate. After 30 hours of 

fasting plasma concentrations of ketone bodies reach levels in children that are seen in 

women only after a 3 day fast and that are never seen in men (8,31). This indicates that 

glycogen stores in children are depleted more rapidly than in adults and thereby their risk 

of developing hypoglycemia is increased. 

In conclusion, young children are more at risk for developing hypoglycemia than older 

individuals especially in response to fasting.
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Glucose production and utilization

Plasma glucose is derived from exogenous supply, e.g. enteral or parenteral nutrition, 

or from endogenous production. Glucose is produced mainly (~90%) in the liver by 

gluconeogenesis and glycogenolysis and to a smaller extent (~10%) in the kidney by 

gluconeogenesis only (36). Glucose can be oxidized and thereby used for energy supply 

in various tissues, it can be stored as glycogen in the liver and muscle, or stored as 

triglycerides in adipocytes (figure 1). 

During fasting, plasma glucose is dependent on glucose production which consists of 

glycogenolysis, the breakdown of glycogen, and gluconeogenesis, the production of 

Figure 1. Glucose production and utilization
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glucose from lactate, glycerol or several amino acids. Most studies on glucose kinetics in 

adults are performed after different periods of fasting, up to 86 hours. After an overnight 

fast EGP in healthy adults is approximately 11 µmol/kg•min (30,37). Prolongation of the 

fasting period from 16 to 22 hours results in a decline in EGP by ~20% (38) and is further 

reduced to one-third after 86 hours (10). 

In healthy humans EGP decreases from infancy towards adulthood (32,39-64) (table 1). 

This decrease is related to the ratio of brain weight to body weight. The weight of the 

human brain increases 3.5-fold from birth (400 g) to adulthood (1400 g) whereas body 

weight increases more than 20-fold (31) which means a 6-fold decrease in the ratio of 

brain weight to body weight. Since the brain is a major user of glucose (65), young 

children meet up to these cerebral demands by producing relatively more glucose in 

relation to their body weight (17). This relationship of EGP to brain weight is found to be 

linear throughout life (32).
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Studies on EGP in young healthy children can only be carried out during a restricted 

fasting period for ethical and safety reasons. The first published data are on 35 children 

aged between 1 month and 14 years after a 8-9 hour fast: mean EGP was 38 ± 1.4 µmol/

kg•min in the 1 month to 6 years old and 29 ± 1.5 µmol/kg•min in the 6 to 14 years old 

children (32). Haymond et al. reported glucose production rates of 5 healthy children 

aged 4-8 years which declined from 35 to 23 µmol/kg•min after 14 and 30 hours of 

fasting respectively (56). 

In conclusion, EGP is approximately 10-11 µmol/kg•min in adults after an overnight 

fast and decreases to minimally 4 µmol/kg•min depending on the duration of the fast. 

No prolonged fasting studies are performed in children or neonates for obvious ethical 

reasons. EGP ranges from 23-38 µmol/kg•min following short term fasting studies in 

infants and children. Age dependency of glucose production is the cause of this wide 

range.

Gluconeogenesis 

Gluconeogenesis is the process in which glucose molecules are newly formed from 

lactate, glycerol or gluconeogenic amino acids, especially alanine and glutamine. In the 

postabsorptive state the estimated contribution of the gluconeogenic precursors to total 

glucose production is approximately 15% for lactate (66-70) and 2-4% for glycerol (71) 

which may increase to 22% after prolonged fasting due to accelerated lipolysis (72). 

Alanine accounts for 6-12% of glucose production in the postabsorptive state (73-75) 

and glutamine, the predominant substrate of gluconeogenesis in the kidney, contributes 

5-8% (76-78). 

Quantifying the contribution of gluconeogenesis to total glucose production is possible 

with techniques using stable isotopes (79). Using the deuterated-water method, the 

contribution of gluconeogenesis to total glucose production in healthy adults has been 

estimated at 47% after 14 hours, 67% after 22 hours and 92% after 42 hours of fasting 

(80). The absolute rate of gluconeogenesis is more or less constant, indicating that the 

decrease in EGP is solely due to a decrease in glycogenolysis. In healthy lean and obese 

pre-pubertal children and adolescents gluconeogenesis contributes 50-60% to EGP after 

an overnight fast, comparable with healthy adults (57,59,60). 

Table 1. Endogenous glucose production in healthy humans in relation to age

endogenous glucose 
production (µmol/kg•min)

reference no.

preterm infants 6-41 39-49

term infants 8-33 40,41,50-55

1 month to 6 year old children 28-40 32,56

8 to 13 year old children 18-26 57-60

adults 10-13 38,61-64
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During the first 86 hours of fasting EGP is not dependent on precursor supply in healthy 

adults, unless precursor supply drops more than 50%, a value in general not reached 

during this period (10). Studies measuring gluconeogenesis in non-fasted premature 

infants show that the availability of gluconeogenic substrates is not impaired (81). 

In conclusion, during short term fasting the contribution of gluconeogenesis to EGP 

increases and is comparable in adults and older children. Since absolute gluconeogenesis 

is constant, the decline in EGP is merely caused by decreased glycogenolysis. 

Glycogenolysis and glycogen content 

Glycogen is a glucose polymer which is stored mainly in the liver and muscle. The kidney 

does not store glycogen (82-84). Glycogenolysis or glycogen breakdown is the process 

of debranching glucose polymers to glucose. The liver is the major contributor to plasma 

glucose derived by glycogenolysis since myocytes lack glucose-6-phosphatase which 

dephosphorylates glucose-6-phosphate, an obligatory conversion enabling glucose to 

leave the cell and enter the blood (85). The glucose formed by breakdown of glycogen in 

muscle tissue is used as fuel supply for the myocyte itself. 

Quantification of glycogen stores can be done by liver biopsy (86) but its use in humans 

for research purposes is limited for practical and ethical reasons. In vivo measurement 

of liver glycogen content by using 13C- nuclear magnetic resonance spectroscopy (NMR) 

is an alternative method (87). Data on the NMR technique in young children are scarce, 

partially because of its practical limitations since especially the younger children need to 

be sedated or narcotized. Furthermore, measurements using the NMR technique require 

equipment that is available in only a few centres in the world (79).  The available data are 

mainly confined to non-fasted young children with disorders of carbohydrate metabolism 

(88-90). 
A study in pre-pubertal children with type 1 diabetes mellitus reports that their ability to 

replenish glycogen stores after an overnight fast was as good as in healthy controls (91). 

Direct measurements with 13C NMR in adults show that liver glycogen stores decrease 

concomitantly with the decrease in glycogenolysis (87,92). These data indicate that 

glycogenolysis and liver glycogen content are correlated during fasting (93). As mentioned 

earlier, in healthy adults, EGP decreases with ~20% between 16 and 22 hours of fasting, 

which could not be contributed to a decrease in gluconeogenesis (94,95). The decline is 

explained by a decrease in glycogenolysis, as was shown in healthy adults using the 13C 

NMR technique: glycogenolysis accounts for 45 % of total glucose production during the 

first 6-12 hours of fasting (92), for 30% after 23 hours (96) and for 4% after 68 hours of 

fasting (87). A limitation of the NMR method is that it may underestimate the contribution 

of glycogenolysis to glucose production, since hepatic gluconeogenic flux into glycogen 

and glycogen turnover persist during fasting. Thus the contribution of glycogenolysis to 

glucose production is greater than the measured net glycogen loss (97). 

Since the liver biopsy and NMR technique cannot readily be used in children, data on 

liver glycogen and glycogenolysis in children have to be derived from indirect sources. 
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A non-invasive approach to test the ability to release glucose from glycogen stores in 

young children is to measure the increase in EGP and plasma glucose concentration after 

a bolus glucagon, a method that is often used in clinical practice (98-101). In adults the 

response of EGP to a glucagon bolus is considered an indicator of glycogen content. 

The response of plasma glucose concentration to a glucagon bolus has been measured 

in healthy children aged 2-6 years after a 24 hour fast and showed that an increase in 

plasma glucose concentration of at least 50% in 30 min after the glucagon bolus is 

considered normal (102). However, these results have to be interpreted with caution 

because a subnormal response of plasma glucose concentration to glucagon is not always 

indicative of impaired glycogenolysis. Since a change in the plasma glucose concentration 

is not necessarily a good parameter for a change in EGP, more insight in glucose kinetics 

must be obtained by combining the glucagon test with stable isotope studies (103). This 

technique was used to measure EGP in response to glucagon in (preterm) infants (104-

107) and in adults (97,108-110) showing a 4.5 fold and 9-fold increase in EGP respectively. 

In children merely case reports have been published on this subject (111,112).

In conclusion, measurements of glycogenolysis and glycogen stores in adults indicate that 

glycogenolysis and liver glycogen content are correlated during fasting. The decline in 

EGP during fasting is explained by a decrease in glycogenolysis ranging from 45 to 4% 

depending on the duration of the fast. The use of techniques to quantify glycogen stores in 

young children is limited and can best be done by combining the glucagon test with stable 

isotope studies: however, definitive data in children supporting this conclusion are scarce. 

GLUCOSE METABOLISM IN MALARIA AND OTHER 
INFECTIOUS DISEASES

Hypoglycemia in infectious diseases

In children with infectious diseases such as severe falciparum malaria, hypoglycemia is 

a common and serious complication (113-116). Hypoglycemia occurs more frequently 

in children (up to 34%) (20,26,27,114,116) than in adults (8%) with malaria (117). 

Hypoglycemia is an important feature in children with malaria, because it predicts 

mortality (118,119). The mortality rate increases four- to six-fold in children with malaria 

complicated with hypoglycemia (20,118,119): 20-30% of the children admitted with 

malaria and suffering from hypoglycemia do not survive (120) compared to a mortality 

rate of 3.8% in normoglycemic children (20). Thus hypoglycemia is considered to be one 

of the major outcome predictors in children with severe malaria. 

The pathogenesis of hypoglycemia in malaria is still incompletely understood although 

several possible mechanisms have been identified. Increased glucose consumption by 

the malaria parasites is considered to be a contributing factor. Parasitized erythrocytes 

consume up to 30-75 times the quantity of glucose that non-infected cells require (121). 
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Its contribution to total human glucose need however is thought to be relatively modest, 

since the glucose demand of the severely ill patient is far greater than that of the parasites: 

glucose clearance rates increase 40-70% in severe malaria (122-124)  and only 20% in 

non-severe malaria (35,125). Another well-known contributing factor is hyperinsulinemic 

hypoglycemia as a complication of quinine and quinidine in malaria treatment since 

quinine stimulates insulin release in vivo (126,127). 

Hypoglycemia does not only occur in children with malaria but is also seen in children 

with other infectious diseases, such as pneumonia and diarrhea, both in tropical 

(20,21,24,25,28,113,115) and in western countries (128,129). In a Kenyan study 

hypoglycemia occurred frequently in children with malaria (8.4%), but also in pneumonia 

(3.9%) and diarrhea (5.5%) (20). In Tanzanian children the frequency of hypoglycemia was 

similar in malaria (5.2%) and in other serious infectious illnesses (11.2%) (21), as was the 

case in Nigerian children where hypoglycemia occurred in 6.4% of children with malaria, 

septicaemia and pneumonia (28). The mortality rate of children with other infectious 

diseases is similar to that of children with malaria (table 2). Therefore hypoglycemia 

may not be a disease-specific symptom but may be regarded as a serious metabolic 

complication in acute severe infections in young children (20,21,25,28,115,130-132). 

In conclusion, hypoglycemia is a common and serious complication in young children 

with malaria and other infectious diseases and markedly increases mortality  rates.

Glucose production and uptake in infectious disease

Hyperglycemia is a common finding in sepsis and other acute infections (133), caused by 

an imbalance between alterations in glucose tissue uptake and glucose production (134-

137). In septic adult patients EGP is doubled compared to healthy subjects (138,139). 

However, the increase in EGP does not invariably lead to hyperglycemia. Plasma glucose 

concentrations are sometimes within the normal range despite increased glucose 

production rates in patients with sepsis (140) and in adults with falciparum malaria 

(124,125). Infection with Plasmodium falciparum results in an increase in EGP in adult 

patients with both non-severe and severe falciparum malaria (33,123,125,141). In adults 

with non-severe malaria EGP increases by 20% and plasma glucose concentrations are 

higher (but in the normoglycemic range) compared to healthy controls (125,141). In 

adults with severe malaria and adults with cerebral malaria EGP is doubled and plasma 

glucose concentration is approximately 40% higher than in healthy controls (124,123). 

In pregnant women, infection with Plasmodium falciparum results in a 35% higher EGP 

after an overnight fast but the plasma glucose concentration is comparable with healthy 

pregnant controls (33). 

These findings indicate that peripheral glucose uptake is sometimes increased in adult 

patients with certain infectious diseases. This may be the result of increased tissue 

insulin sensitivity. Under healthy conditions, insulin inhibits hepatic glucose production by 

decreasing both gluconeogenesis and glycogenolysis and stimulates peripheral glucose 

uptake (142-144). In most critically ill adult patients with sepsis and other acute infections, 
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glucose metabolism is disturbed, resulting in hyperglycemia and insulin resistance rather 

than hypoglycemia (133,137,144-146). Insulin resistance is defined as the relative inability 

of insulin to increase glucose uptake and utilization end/or to suppress glucose production 

(147) and typically presents with hyperglycemia despite “normal” or increased insulin 

levels (148), although during infections seemingly low insulin levels have been reported 

(149). During illness, these alterations in glucose metabolism may differ in children 

compared to adults (150). For instance, in children with meningococcal sepsis and shock, 

hyperglycemia and inadequate low insulin levels were found which is compatible with 

an insufficient insulin response (151,152), whereas in children with meningococcal sepsis 

without shock  insulin resistance was found (151). This is in contrast with adults in whom 

normal or high insulin levels were found under those circumstances (153,154). It is not 

clear whether children and adults can reduce insulin production as an adaptive response 

to severe disease or whether this is a direct effect of a specific critical illness (153). 

Data on glucose kinetics in children with acute infectious diseases are scarce. There are 

four studies that report on glucose production rates in children, all with malaria. Glucose 

production rate in Ghanaian children with severe malaria aged 11 months to 10 years after 

a 9 hour fast was 56 µmol/kg•min (155), 2 to 5 times higher than in fasted adults with 

severe malaria (123,124) and approximately twice the production in fasted children with 

non-severe malaria (156). The other three studies (156-158) report on Kenyan children 

with uncomplicated malaria and measured glucose production rates of 27 to 30 µmol/

kg•min in children 2-10 years after 14-23 hours of fasting. Compared to healthy children 

these values are in the normal range for age (table 1).

Although data are limited and contradictory, glucose metabolism in children with malaria 

seems to be regulated differently than in adults. Severity of infection may be of influence 

on EGP although a possible correlation between EGP and glucose concentration was not 

investigated in the children with severe malaria (155). In children with uncomplicated 

malaria a correlation between EGP and glucose concentration was found (157), 

indicating that hypoglycemia may be caused by limited glucose production capacity. This 

Table 2. Mortality in hypo- and normoglycemic children with infectious diseases 

reference (no.) hypoglycaemic % normoglycemic %

Solomon et al. 1994 (25) 16.3 3.2 RR 5.8

Marsh et al. 1995 (118) 21.7 4.6 RR 3.6

English et al. 1998 (26) 28 7 p =0.003

Schellenberg et al. 1999 (119) 12.4 3.0 OR 6.7

Osier et al. 2003 (20) 20.2 3.8 p <0.001

Dzeing-Ella et al. 2005 (22) 25 8.9 OR 4.0

Elusiyan et al. 2006 (28) 28.6 4.2 p <0.01

Huq et al. 2007 (115) 28 14 OR 2.4

RR= relative risk; OR = odds ratio; 
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is in contrast with adults in whom peripheral uptake is more important (124,125). In 

adults with malaria peripheral glucose demands may increase considerably because of 

accelerated tissue metabolism (122,123), although there also is evidence of tissue insulin 

resistance in both uncomplicated and severe malaria (124). 

In conclusion, the limited data in children with malaria suggest that EGP is an important 

determinant of plasma glucose concentration, indicating that hypoglycaemia may occur 

as a result of impaired EGP. This is in contrast with adults in whom EGP is often increased 

during severe illness with glucose concentrations in the normoglycemic range suggesting 

that peripheral uptake of glucose is facilitated.  

Gluconeogenesis in infectious disease

Only one study measured endogenous glucose production and gluconeogenesis in children 

under five years of age with an infectious disease: in Kenyan children aged 2 to 6.5 years 

with non-severe malaria fractional gluconeogenesis was 73% after 8 hours of fasting (156). 

In comparison: gluconeogenesis contributed for ~87% of glucose production in Vietnamese 

adults with uncomplicated malaria after a seven hour fast (125) and for ~75% in pregnant 

women with uncomplicated falciparum malaria after a 24 hour fast (33). In adults with 

cerebral malaria EGP was completely (100%) derived from gluconeogenesis after a 20 

hour fast (123). These findings indicate that in adults with malaria the contribution of 

gluconeogenesis to glucose production increases with severity of disease (159) and makes 

impaired gluconeogenesis as a cause of hypoglycemia in adults with malaria unlikely. Studies 

measuring gluconeogenesis in children 2-7 years of age with uncomplicated malaria after a 

15 hour fast (156) show that the availability of gluconeogenic substrates is not impaired in 

contrast to what was previously thought (160).

In conclusion, the only study in young children on gluconeogenesis in malaria reports 

a 73% contribution of gluconeogenesis to EGP after a short term fast. In adults with 

malaria this contribution varies from 75-100%.

Glycogenolysis in infectious disease

One single study reports on the response of plasma glucose concentration to a bolus 

glucagon in children with a chronic infection: normoglycemic well-nourished pre-pubertal 

HIV-infected children had a low response of plasma glucose concentration to glucagon 

(4%) in comparison to age-matched healthy controls (91%) after a 15 hour fast, but 

stable isotopes were not used in this study (161). 

Despite the lack of direct measurements, the susceptibility to hypoglycemia in children 

with malaria is often ascribed to impaired glycogenolysis as a result of diminished glycogen 

stores (21). This hypothesis seems to be supported by a study in adults with malaria 

who showed a subnormal response of plasma glucose concentration to glucagon (117). 

However, this is contradicted by a study in adults with uncomplicated malaria who were 

fasted for 22 hours. In these patients the decrease in the rate of decline of glycogenolysis 

was slower than in healthy controls, despite a much lower rate of glycogenolysis in the 
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malaria patients, indicating that the regulation of glycogenolysis in malaria is not dictated 

by glycogen content, but is driven by the necessity to maintain euglycemia (162). This 

means that impaired glycogenolysis is unlikely to be a causative factor in the occurrence 

of hypoglycemia in malaria in adults. It also suggests that malaria itself does not cause 

glycogen depletion which is supported by the finding that hepatic glycogen is often still 

present in hypoglycemic adult malaria patients (117). 

The mechanism by which hypoglycemia in children with malaria occurs remains uncertain. 

The limited available data suggest that in children glucose production is an important 

determinant of plasma glucose concentration. Although glucose production measured 

in children with malaria is not impaired during relatively short durations of fasting (up to 

23 hours), longer periods of fasting may result in declining glucose production thereby 

increasing the risk of hypoglycaemia.  Since gluconeogenesis does not seem to be 

impaired in malaria the decline in glucose production in children may indeed be caused 

by decreased glycogenolysis due to diminishing liver glycogen content. This, and whether 

glycogen content is influenced by different infectious diseases during fasting, remains to 

be investigated. 

In conclusion, the cause of hypoglycemia in young children with malaria remains 

uncertain. Impaired EGP as a result of decreased glycogenolysis due to diminished liver 

glycogen stores is presumed the reason, but studies in children are lacking.

SUMMARY

Hypoglycemia in children is a common and serious condition that needs to be prevented 

because of the high risk of brain damage and mortality. Young age, prolonged fasting 

and severe infectious disease are well-recognized risk factors for the occurrence of 

hypoglycemia in children. Young children are more at risk for developing hypoglycemia 

than older children and adults, especially in response to fasting. EGP decreases from 

infancy towards adulthood and this decrease is related to the ratio of brain weight to 

body weight. The contribution of gluconeogenesis to EGP increases during short term 

fasting and is comparable in adults and older children whereas absolute gluconeogenesis 

is constant indicating that the decline in EGP is caused by decreased glycogenolysis. 

Estimation of glycogen stores in young children can be done by combining measurements 

of the response of EGP to a bolus glucagon with stable isotope studies however, data in 

children are scarce. 

Young children with infectious diseases, who develop hypoglycemia, have a 4- to 6-fold 

risk of dying. This increased risk is recognized in several epidemiological studies in 

children with various infectious diseases, of which malaria, pneumonia and diarrhea are 

particularly common. Several assumptions are made in these studies as to the underlying 

cause of hypoglycemia, e.g. impaired gluconeogenesis as a result of limited precursor 
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supply or enhanced glycogenolysis resulting in rapid depletion of glycogen stores. 

However, very few studies with direct measurements of glucose kinetics in children are 

performed in order to support or refute these assumptions. The limited data in children 

with malaria suggest that EGP is a determinant of glucose concentration indicating that 

hypoglycaemia may occur as a result of impaired EGP. This is in contrast with adults 

since in adults with malaria EGP is increased but plasma glucose concentrations may 

be in the normoglycemic range indicating that peripheral glucose uptake is facilitated. 

Studies in adults show that EGP increases in malaria and that gluconeogenesis is the 

main contributor to total EGP, making it unlikely that hypoglycemia in malaria is caused 

by impairment of gluconeogenesis. Such conclusion cannot readily be made for children, 

since only one study reports on gluconeogenesis in young children with malaria. 

Whether hypoglycemia in young children with malaria is caused by impaired EGP as a 

result of decreased glycogenolysis due to diminished liver glycogen stores remains to be 

investigated.

To understand and thereby being able to anticipate on the occurrence of hypoglycemia 

in young children, further research on glucose kinetics in these children is mandatory. 

In particular, studies in adults cannot be extrapolated to children, because glucose 

metabolism during fasting and severe infections seems to be differently regulated between 

adults and children. These studies should focus on young children under five years of age 

with infectious diseases during a period of prolonged fasting. Special reference should be 

given to measurements of glycogenolysis and liver glycogen content.
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ABSTRACT

BACKGROUND  Hypoglycemia is considered a major outcome predictor in children with 

falciparum malaria. Its pathophysiology is unknown, but young age, malnutrition and 

prolonged fasting with concomitant low endogenous glucose production are considered 

major risk factors. Measurements of glucose kinetics have changed the insight in the 

pathophysiology of glucose metabolism in adults with falciparum malaria. However, in 

young children with malaria these data are scarce.

OBJECTIVE  To measure glucose kinetics and the influence of age, nutritional status and 

fasting duration in children with uncomplicated falciparum malaria under the age of 

five.

DESIGN  Plasma glucose concentration, endogenous glucose production and gluconeo-

genesis were measured using [6,6-2H2]glucose and 2H2O in seventeen very young (<3 

years) and seven older (3-5 years) Surinamese children with uncomplicated falciparum 

malaria admitted to the Distrikt Hospital Stoelmanseiland and Diakonessen Hospital 

Paramaribo during a 17 months study period. 

RESULTS  Plasma glucose concentration was lower in the group of very young children 

than in the older children (p=0.028). There were no differences in endogenous glucose 

production and gluconeogenesis between the groups. Overall gluconeogenesis 

contributed 56% (median, range 17–87%) to endogenous glucose production, with no 

differences between groups (p=0.240). Glucose clearance was lower in the older children 

(p=0.026). Glucose concentration did not differ between children with weight for length/

height < -1.3 SD and children with weight for length/height > -1.3 SD (p=0.266). Plasma 

glucose concentration was not predicted by fasting duration (p=0.762).

CONCLUSIONS  Our data confirm the higher risk of hypoglycemia in very young children 

with uncomplicated malaria as plasma glucose concentration was lower in this group. 

Since this could not be attributed to an impaired endogenous glucose production, 

and because glucose clearance was lower in the older children, we presume that older 

children were better capable of reducing glucose utilization during fasting. Studies on 

glucose kinetics are feasible in very young children with malaria and reveal more insight 

in the pathophysiology of hypoglycemia. 
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INTRODUCTION 

Hyperglycemia is a frequent finding in sepsis and other acute infections (Sauerwein 

1994). In severe falciparum malaria however, hypoglycemia rather than hyperglycemia, 

is a common and serious complication (White et al. 1983), especially in children (White 

et al. 1987) and pregnant women (Looareesuwan et al. 1985). Mortality rate increases 

four- to six fold in children when malaria is complicated with hypoglycemia (Marsh et al. 

1995; Schellenberg et al. 1999). Thus hypoglycemia is considered to be one of the major 

outcome predictors in children with falciparum malaria. 

Hypoglycemia is particularly common in young children with falciparum malaria below 

the age of 3 years (Taylor et al. 1989; WHO 2000). Hypoglycemia could be caused 

by diminished endogenous glucose production, increased utilization, or both. Limited 

glucose production capacity could play a role in the pathophysiology of hypoglycemia 

in children with falciparum malaria, but data on glucose production in these children 

are scarce. Our previous study in Kenyan children with falciparum malaria showed that 

glucose production was an important determinant of the plasma glucose concentration 

(Dekker et al. 1996). This is in contrast with findings in adults with malaria, in whom 

peripheral uptake seemed to be more important (Davis et al. 1993; Dekker et al. 1997). 

So far, glucose production has only been measured in children with malaria at >2 years of 

age, precluding conclusions about the importance of glucose production in the youngest 

patients, who have the highest risk for hypoglycemia.

In addition to age, starvation and malnourishment are considered major risk factors for 

hypoglycemia (Osier et al. 2003; Solomon et al. 1994; van Thien et al. 2004; van Thien et 

al. 2006). Following a fasting period of 24 hours healthy children are not able to maintain 

a normal plasma glucose concentration and show a significant steeper decrease in plasma 

glucose concentrations than adults (Haymond & Sunehag 1999). Data on the influence of 

malnutrition on glucose production in children are limited and contradictory. In otherwise 

healthy malnourished children no difference in glucose production was found between 

the malnourished state and after recovery (Kerr et al 1978). However, in children with 

falciparum malaria it was shown that malnutrition did influence glucose kinetics due to 

diminished precursor supply (Dekker et al. 1997). Hence the combination of malnutrition 

and another metabolic insult, like infection with Plasmodium falciparum could negatively 

affect glucose kinetics in children. 

Although hypoglycemia is merely a complication of severe malaria, we hypothesize that 

the risk for hypoglycemia in (very) young children with uncomplicated malaria is increased 

in the presence of other risk factors that compromise glucose production. Data on glucose 

kinetics in young children with malaria are scarce and lacking in children less than two 

years of age. We measured the plasma glucose concentration, total endogenous glucose 

production (EGP) and gluconeogenesis (GNG) using stable isotope techniques in a group 

of very young (< 3 years) children compared with a group of older (3-5 years) children 

with falciparum malaria. 
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SUBJECTS AND METHODS

Patients

All children admitted to Distrikt Hospital Stoelmanseiland and Diakonessen Hospital 

Paramaribo with a primary diagnosis of falciparum malaria during the study period of 

17 months were considered for inclusion in the study. Inclusion criteria were: acute 

uncomplicated malaria defined as < 2% of erythrocytes infected, age between 6 months 

and 5 years and plasma glucose concentration at admission ≥ 3.0 mmol/l. Exclusion 

criteria were: plasma glucose concentration < 3 mmol/l, complicated malaria according 

to the WHO-criteria (WHO 2000) (because clinical practice dictates constant glucose 

infusion in these patients), treatment with quinine or other well-known stimulators of 

insulin secretion, severe chronic diarrhea (which may induce hypoglycemia in childhood 

(Bennish et al. 1990)), documented endocrinological disease and other concomitant 

infectious diseases. 

Nutritional status of children can be defined in different ways and in the assessment of 

child malnutrition a number of measures are available (Ge & Chang 2001). In this study, 

nutritional status was assessed by weight for length/height on the WHO Child Growth 

Standards for children under five years of age (WHO 2006). Children with a weight for 

length/height below -1.3 SD (or 10th percentile) were classified as mildly malnourished. We 

divided the children in two groups: normal and mildly malnourished (weight for length/

height > -1.3 SD and < -1.3 SD).  The time the children had their last meal before the start 

of the study was recorded and considered as the start of the fasting period. Written 

informed consent was obtained from the accompanying parent or guardian. This study 

was approved by the Suriname National Ethical Committee and the Ethical Committee of 

the Academic Medical Center, Amsterdam, The Netherlands. Only children with malaria 

were included, as for ethical reasons studies in healthy young children are not allowed.

Stable isotope techniques

EGP and GNG were measured using stable isotope techniques. Stable isotope techniques 

are safe and considered highly sensitive, which makes it possible to pick up even small 

differences between subjects. Measurements of glucose kinetics have changed the insight 

in the pathophysiology of glucose metabolism in adults with falciparum malaria. These 

studies also revealed that there are differences in the regulation of glucose metabolism 

between adults and children (> 2 years of age) with falciparum malaria to various degrees 

of severity (Dekker et al. 1997, Dekker et al. 1997, Landau 1999, van Thien et al. 2004, 

van Thien et al. 2006). 

The rationale for the measurement of gluconeogenesis by the 2H2O technique has been 

discussed in detail by Landau et al. (1995, 1996). This method is based on the theory 

that after ingestion of 2H2O, the fifth carbon of glucose (C5) is labeled with deuterium 

at the level of the triose phosphate isomerase reaction during gluconeogenesis and the 
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second carbon of glucose (C2) is labeled with deuterium during both glycogenolysis and 

gluconeogenesis (Landau et al. 1996). Therefore the plasma C5/C2 glucose ratio is used 

to estimate the fraction of glucose derived from gluconeogenesis. Since the third carbon 

of glucose (C3) and C5 are concurrently labeled during the triose isomerase reaction, 

the C3/C2 ratio also has been used to assess gluconeogenesis (Jones et al. 2000, Bock 

et al. 2007).

A major assumption of the deuterated water method is that labeling of the fifth carbon 

of glucose with deuterium only occurs during gluconeogenesis (Landau et al. 1996). The 

specific biochemical step in which the C5 hydrogen is exchanged for body water is during 

the equilibration between glyceraldhyde-3 phosphate and dihydroxyacetone phosphate 

at the triosephosphate isomerase reaction (Landau et al. 1996). During this exchange 

the C3 hydrogen is also lost. Therefore, whenever a triose molecule is converted to 

glucose, enrichment at either C5 or C3 can be used to measure gluconeogenesis. 

However, enrichment of C5 and also of C3 can be influenced by other processes than 

gluconeogenesis such as the transaldolase reaction which will result in an overestimate 

of gluconeogenesis (Bock et al. 2007). On the other hand, exchange of the C3 hydrogen 

with deuterium during the triosephosphate isomerase reaction may result in a lower than 

expected enrichment in C3 and therefore an underestimate of gluconeogenesis. Bock 

et al. (2007) showed that the deuterium on C5 of glucose is lost more rapidly relative to 

the deuterium on C3. This may result in an overestimation of gluconeogenesis using the 

C5/C2 ratio and an underestimation using the C3/C2 ratio. The overall influence of these 

different factors is small in fasting subjects (Landau 1999).

A second assumption is that no 2H label from the [6,6-2H2]glucose is lost in the form 

of 2H2O for example during exchange that occurs during transamination of pyruvate 

with alanine (Virkamaki et al 1990). The exchange would cause lower 6,62H-glucose 

enrichment and higher total body water enrichment, resulting in higher measurements 

of EGP and lower estimates of gluconeogenesis. However, this is opposed by a previous 

study of our group, in which we compared measurements of gluconeogenesis using the 
2H2O and [2-13C]glycerol technique and found higher rates of gluconeogenesis with the 
2H2O method (Ackermans et al. 2001). 

A third assumption is that simultaneous glycogen synthesis and breakdown does not 

compromise the results (Landau et al. 1996). The extent of this glycogen cycling has not 

yet been measured in the fasted state but its influence is estimated to be minimal as 

estimates of gluconeogenesis by the deuterated water method were in agreement with 

those reported in studies using the NMR-technique (Landau et al. 1996).

Study design (figure 1)

Patients were recruited immediately after laboratory confirmation of the clinical diagnosis 

and exclusion of quinine-use by a quinine dipstick (Silamut et al. 1995). Each patient 

was treated with halofantrine. An electrocardiogram was made to rule out congenital 

prolonged QT interval (halofantrine would then be contra-indicated). An intravenous 
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cannula was introduced in a peripheral vein for stable isotope infusion. A second cannula 

for blood sampling was introduced into a suitable vein in the contralateral arm or foot. 

The catheters were kept patent by a slow isotonic saline drip. 

After obtaining a baseline blood sample at T = -8.15 hr for determination of background 

isotopic enrichment, plasma glucose, basal hematological and biochemical parameters, 

the patients were given 1 g of 2H2O per kg body water at 30-minute intervals for a total 

of five times (total dose of 5 g/kg body water). Body water was estimated to be 60% of 

body weight. The patient was fasted until the end of the study but was allowed to drink 

water ad libitum, enriched 0.5% with 2H2O, in order to maintain isotopic steady state.  

At T = -2.15 hr after obtaining a blood sample for plasma glucose concentration, a primed 

(3.2 mg/kg), continuous (2.4 mg/kg/h) infusion of [6,6-2H2]glucose (Cambridge Isotope 

Laboratories, Andover MA, USA) dissolved in sterile isotonic saline and sterilized by 

passage of the solution through a millipore filter was administered by a motor-driven, 

calibrated syringe pump (Perfusor Secura FT, B.Braun, Germany). 

At T = -0.30, -0.15, and 0 hr three blood samples were collected for the measurement of 

isotopic enrichment and plasma glucose concentration. Blood samples for determination 

of plasma concentrations of insulin, counterregulatory hormones, alanine and FFA were 

also collected at T = 0 hr. Plasma glucose concentrations were measured at least every 

hour to detect hypoglycemia.

Blood for measurement of gluconeogenesis was promptly deproteinized by adding an 

equal amount of 10% perchloric acid. Blood for [6,6-2H2]glucose enrichment as well as 

hormones and alanine were collected in prechilled heparinized tubes. All samples were 

centrifuged immediately. Plasma was stored at –20oC and was transported on dry ice 

before assay in the Netherlands. 

Assays

Plasma samples for glucose enrichments of [6,6-2H2]glucose were deproteinized with 

methanol (Reinhauer et al. 1990). The aldonitril penta-acetate derivative of glucose was 

injected into a gas chromatograph/mass spectrometer system. Separation was achieved 

on a J&W (J&W Scientific, FOL, CA, USA) DB17 column (30 m x 0.25 mm, df 0.25 µm). 

Glucose concentrations were determined by gas chromatography using xylose as an 

internal standard. Glucose was monitored at m/z 187, 188 and 189. The enrichment of 

[6,6-2H2]glucose was determined by dividing the peak area of m/z 189 by the peak area 

of 187 and correcting for natural enrichments. 

↓   ↓   ↓   ↓   ↓ 2H2O ↓ [6,6-2H2]glucose prime

[6,6-2H2]glucose  
continuous infusion

Time (hr) -8 -7 -6 -5 -4 -3 -2 -1 0

Blood samples ↑ ↑ ↑↑↑

Figure 1 Study design.
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To measure deuterium enrichment at the C5 position, glucose was converted to 

hexamethylenetetraamine (HMT) as described by Landau et al. (1996) and Ackermans et 

al. (2001). HMT was injected into a gas chromatograph mass spectrometer. Separation 

was achieved on an AT-Amine (Alltech, Deerfield, IL, USA) column (30 m x 0.25 mm, df 

0.25 µm). HMT consists of six formaldehyde molecules, originally derived from the C5 of 

six glucose molecules (intra-assay coefficient of variation (c.v.) for deuterium enrichment 

at the C5 position: 8.5%, inter-assay c.v.: 10%). Deuterium enrichment in body water was 

measured by a method adapted from Previs et al. (1996) (intra-assay c.v. for deuterium 

enrichment in body water: 6%, inter-assay c.v.: 6%). All isotopic enrichments were 

measured on a gas chromatograph mass spectrometer (model 6890 gas chromatograph 

coupled to a model 5973 mass selective detector, equipped with an electron impact 

ionisation mode, Hewlett-Packard, Palo Alto, CA). 

Plasma insulin concentration was determined by RIA (Insulin RIA 100, Pharmacia Diagnostic 

AB, Uppsala, Sweden), intra-assay c.v.: 3-5 %, inter-assay c.v.: 6-9 %, detection limit: 15 

pmol/l. Cortisol was measured by enzyme-immunoassay on an Immulite analyser (DPC, 

Los Angeles, CA), intra-assay c.v.: 2-4 %, inter-assay c.v.: 3-7 %, detection limit: 50 nmol/l. 

Glucagon was determined by RIA (Linco Research, St. Charles, MO, USA), intra-assay c.v.: 

3-5 %, inter-assay c.v.: 9-13 %, detection limit: 15 ng/l. Norepinephrine and epinephrine 

were determined by an in-house HPLC method. Norepinephrine: intra-assay c.v.: 6-8 %, 

inter-assay c.v.: 7-10 %, detection limit: 0.05 nmol/l. Epinephrine: intra-assay c.v.: 6-8 %, 

inter-assay c.v. 7-12 %, detection limit: 0.05 nmol/l. Plasma alanine concentration was 

measured enzymatically on a CobasBio analyzer (Roche, Basel, Switserland). The enzym 

L-alanine dehydrogenase is used to convert alanine into pyruvate and the amount of 

NADH which is simultaneously formed is measured by the increase of the absorption 

at 340 nm. Detection limit: 20 µmol/l. Serum free fatty acids were measured by an 

enzymatic method (NEFAC; Wako chemicals GmbH, Neuss, Germany), intra-assay c.v. 2-4 

%, inter-assay c.v.: 3-6 %, detection limit: 0.02 mmol/l. 

Calculations 

Endogenous glucose production was calculated from the dilution of labelled glucose in 

plasma. Because plasma glucose concentrations and tracer/tracee ratios for [6,6-2H2]

glucose were constant during each sampling phase of the study, calculations for steady 

state kinetics were applied, adapted for the use of stable isotopes (Wolfe 1992). 

The rate of gluconeogenesis was calculated by multiplication of the EGP by fractional 

gluconeogenesis. The fractional gluconeogenesis (%) = 

100 × ([2H] enrichment on C5 of glucose / [2H] enrichment in total body water).

Glucose clearance was calculated as the glucose production rate divided by the plasma 

glucose concentration.
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Statistics

SPSS statistical software program version 12.0 was used for analysis. The subjects were 

divided in a group of very young (<3 years) and a group of older children (3-5 years). The 

Mann-Whitney non-parametric test for two independent groups was used to analyse the 

data. Since some data were not normally distributed, ranks of valuables were used. Data 

are represented as the median and range. 

Univariate linear regression analysis was performed to identify a correlation between the 

plasma glucose concentration and the fasting duration as well as other factors that could 

influence plasma glucose concentration: parasite load, haemoglobin, CRP, the plasma 

concentrations of the glucoregulatory hormones and FFA. The (unstandardized) residuals 

were normally distributed (Wilk-Shapiro’s W >0.95) and showed constant variance. A 

p-value of < 0.05 was assumed to reflect statistical significance. 

RESULTS

Clinical data 

Clinical and laboratory details are given in table 1. Twenty-four Surinamese children 

under the age of five years with acute uncomplicated falciparum malaria were studied: 

17 children were younger than 3 years and 7 children were between 3 and 5 years 

of age. Plasma creatinine values were higher in the older children but all values were 

within the reference range for age. There were no differences in any of the other clinical 

Table 1. Clinical and biochemical characteristics.

< 3 years  (n = 17) 3 – 5 years  (n = 7) reference range

Age (years) 1.6 (1.0-2.7) 4.3 (3.4-4.8) †

Sex (M/F) 7/10t 5/2

Weight for length/height (SD) 0.15 (-2.6 - +2.1) -0.30 (-1.35 - +0.7)

Fasting duration (hours) 11 (8-17) 11 (9-18)

Duration of illness (days) 4 (2-14) 4 (1-5)

Temperature (0C) 37.0 (36.1-39.2) 37.5 (36.0-40.0)

Parasitemia (/µl) 9950 (317-92700) 15000 (177-89320)

Haemoglobin (mmol/l) 5.3 (3.6-7.4) 5.8 (4.4-6.4) 6.9-9.9

CRP (mg/l) 46 (3-195) 44 (8-225) <8

Serum AST (U/l) 37 (19-67) 39 (22-80) ≤24

Serum ALT (U/l) 8 (3-17) 10 (5-23) ≤22

Bilirubin (µmol/l) 9 (3-26) 8 (2-23) 3-14

Creatinine (µmol/l) 24 (18-35) 37 (28-55) † 18-62

Data are medians and ranges. † = p < 0.001 for comparison with < 3 years.
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and biochemical characteristics between the groups and all values of biochemical 

characteristics were within the reference range for age. All patients responded well to 

therapy and made uneventful recoveries.

Glucose kinetics 

The data on enrichment and glucose kinetics are shown in tables 2 and 3. Plasma glucose 

concentration was lower in the very young children (p=0.028). There was no difference 

Table 2. Plasma glucose concentration, [6,6-2H2]enrichment of glucose, [2H] enrichment on C5 of 
glucose and in total body water. 

Time (min) -30 -15 0

Plasma glucose concentration (mmol/l) 5.1 ± 0.5 5.0 ± 0.5 5.0 ± 0.5

[6,6-2H2]glucose 0.0087 ± 0.0012 0.0088 ± 0.0011 0.0087 ± 0.0012

[2H] enrichment on C5 of glucose 0.2150 ± 0.0756

[2H] enrichment in total body water 0.4225 ± 0.0349

Data are means ± SD. Steady state in plasma glucose concentration and [6,6-2H2]glucose enrichment 
was reached in all children between t = -30 and t = 0 min. 

Table 3. Glucose kinetics in groups at t = 0. 

< 3 years 3 – 5 years p

Glucose concentration (mmol/l) 5.0 (4.0 - 5.5) 5.4 (4.8 - 6.1) 0.028

Glucose production (µmol/kg•min) 38.5 (31.5 - 49.6) 36.8 (29.0 - 47.0) 0.505

Gluconeogenesis (µmol/kg•min) 18.7 (8.3 - 32.8) 21.5 (8.0 – 26.0) 0.295

Glycogenolysis (µmol/kg•min) 18.0 (4.8 – 38.4) 14.7 (8.4 – 39.0) 0.240

Glucose clearance (µmol/kg•min) 1.39 (1.16-1.87) 1.30 (1.0-1.59) 0.026

Data are medians and ranges. 

in endogenous glucose production and gluconeogenesis between the very young and 

the older children. Glucose clearance was higher in the very young children (p=0.026).

Glucose kinetics did not differ between children with a weight for length/height < -1.3 

SD (n=10) compared with children with a weight for length/height > -1.3 SD (n=14): 
plasma glucose concentration p=0.266, endogenous glucose production p=0.079, 

gluconeogenesis p=0.143 and glycogenolysis p=0.412. 

Univariate linear regression analysis revealed that plasma glucose concentration was 

not predicted by fasting duration (p=0.762), or by any of the other factors that could 

influence plasma glucose concentration.

Hormones, precursors and free fatty acids 

The results are shown in table 4. Plasma insulin was higher in the group of older 

children (p=0.022). There was no difference in the plasma concentration of the other 

glucoregulatory hormones, the gluconeogenic precursor alanine and the free fatty acids.
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DISCUSSION

Hypoglycemia is a frequent and serious complication in falciparum malaria in children. 

Our data confirm the higher risk of hypoglycemia in very young children with malaria, 

as the plasma glucose concentration was lower in the very young children. However, 

this could not be attributed to a difference in glucose production, indicating that factors 

influencing peripheral uptake are important for maintenance of the plasma glucose 

concentration. 

The effect of age on glucose concentration is not specific for children with malaria. It is 

well-known that young children are more vulnerable to low plasma glucose concentrations 

than adults (Chaussain et al. 1977; Haymond et al. 1982). 

We did not find differences in endogenous glucose production between children 

< 3 years and children 3-5 years of age. Age is generally considered an important 

determinant of endogenous glucose production: glucose requirements in preterm infants 

are approximately 44 µmol/kg•min (van Kempen et al. 2003), glucose production in 

term infants is approximately 33 µmol/kg•min and ranges between 27 and 43 µmol/

kg•min in 1 month to 6 year old children. Thereafter EGP decreases with age to 20 

µmol/kg•min at the age of 8 to 10 years and 13 µmol/kg•min in adolescents (Haymond 

& Sunehag 1999; Cowett et al. 1983; Kalhan et al. 1986; Bier et al. 1977; Sunehag 

et al. 2001). Glucose production in children between 2.5 and 3.9 years with idiopathic 

ketotic hypoglycemia ranged between 31.2 and 39.6 µmol/kg•min after an overnight 

fast (Huidekoper et al. 2007). Glucose production rates of the 3-5 year old children with 

uncomplicated falciparum malaria in this study were comparable with the production 

rates in Kenyan children between 3-5 years of age in our previous study (29.6 µmol/

kg•min, p=0.072)  (Dekker et al. 1996). EGP in both age-groups is within the range 

of EGP in healthy children between 1 month and 6 years (Haymond & Sunehag 1999; 

Bier et al. 1977). However, there are insufficient data in the literature to differentiate 

Table 4. Hormones, the precursor alanine and free fatty acids at t=0.

< 3 years 3 – 5 years Reference 
postabsorptive range

Insulin (pmol/l) 20 (15-35) 30 (18-109) † 43-172

Glucagon (ng/l) 87 (43-109) 65 (48-76) 40-140

Cortisol (nmol/l) 330 (90-940) 500 (220-1610) 220-650

Epinephrine (nmol/l) 0.10 (0.05-1.38) 0.22 (0.10-1.42) <0.55

Norepinephrine (nmol/l) 0.57 (0.07-1.34) 0.74 (0.26-3.02) <3.25

Alanine (µmol/l) 123 (49-523) 111 (36-160) 158-314

FFA (mmol/l) 0.76 (0.08-1.08) 0.71 (0.5-0.88) 0.6-1.5

† p = 0.022 for comparison with < 3 years.
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between children less than 3 years and above 3 years of age. If we assume that glucose 

production decreases with age, EGP should have been higher in the younger age-group 

compared with the older children in our study. As we found no differences between the 

age-groups, this indicates either that EGP was ‘suppressed’ in the younger infants or 

that it was ‘increased’ in the older age-group. In other words: either young children are 

not capable of increasing EGP or older children are insulin resistant. In the absence of 

more detailed reference values for the younger children and with normoglycemia in both 

study-groups it is impossible to draw definite conclusions. 

The lack of glucose production as a predictor of the plasma glucose concentration indicates 

that factors influencing peripheral uptake must play a more important role, because the 

plasma glucose concentration is the resultant of the balance between glucose supply and 

glucose utilization. This is supported by the higher plasma concentration combined with 

a comparable EGP resulting in a lower glucose clearance in the older children. In addition, 

the plasma insulin concentration was higher in the group of older children. Because 

insulin regulates glucose metabolism by stimulation of peripheral glucose uptake and 

inhibition of hepatic glucose production (Rizza et al 1981), the higher insulin concentration 

indicates that peripheral insulin sensitivity was lower in the older age-group compared 

with the younger children, resulting in reduced peripheral glucose uptake. Therefore, we 

presume that older children were better capable of reducing glucose utilization in order 

to maintain the plasma glucose concentration. 

Overall gluconeogenesis contributed 56% (median, range 17–87%) to glucose production 

and there were no differences between the very young and the older children (p=0.240). 

This is in the same order of magnitude as gluconeogenesis in children between 2.5 

and 3.9 years with idiopathic ketotic hypoglycemia gluconeogenesis (45%), healthy 

pre-pubertal children and adolescents (50%) and healthy adults after an overnight fast 

(Huidekoper et al. 2007, Sunehag et al. 2001, Landau et al. 1996). In Kenyan children 

between 2 and 6.5 years with uncomplicated malaria glucose production was largely 

derived from gluconeogenesis (73%) after an eight hour fast (Dekker et al. 1997), 

whereas in Vietnamese adults with uncomplicated malaria gluconeogenesis contributed 

87% to glucose production after a seven hour fast (Dekker et al. 1997. We conclude that 

the contribution of gluconeogenesis to glucose production differs between populations 

depending on the age-group and underlying disease. 

Our data do not support an influence of nutritional status since there was no difference 

in any of the parameters of glucose kinetics between children with a weight for length/

height > -1.3 SD and children with a weight for length/height < -1.3 SD. This is in line with 

our previous findings in older Kenyan children with uncomplicated malaria (Dekker et al. 

1997; Dekker et al. 1997). However,  these data need prudent interpretation, as most 

children in our study were only mildly malnourished. Only two children fulfilled the criteria 

of moderate malnutrition (weight for length/height < -2 SD) (WHO 2006). Therefore, at 

this moment there are insufficient data to draw definite conclusions about the influence 

of malnutrition on glucose kinetics in young children with falciparum malaria. 
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The fasting duration did not emerge as a predictor for the plasma glucose concentration in 

our study. This was against our expectations, as we and others have shown a relationship 

between fasting and the occurrence of hypoglycemia (Osier et al. 2003; van Thien et 

al. 2006; Haymond et al. 1999; Bennish et al. 1990; Kawo et al. 1990), The maximum 

duration of fasting in our study was 18 hours, which is probably too short to be of 

influence on the plasma glucose concentration. Healthy children are able to maintain a 

normal plasma glucose concentration during a fasting period up to 24 hours (Haymond 

& Sunehag 1999). Furthermore the assessment of the fasting duration may play a role: in 

the present study the fasting duration prior to admission was obtained from the patient 

history, and could not be confirmed objectively. It is well-known that diet histories in 

general are unreliable, and this could be true for the fasting duration in our study as 

well. Therefore further studies on glucose kinetics during an objectively recorded fasting 

period in children with falciparum malaria are necessary. 

A minor point in our study is the relatively small number of patients. For ethical reasons 

children with hypoglycemia cannot be included in studies like this, because hypoglycemia 

requires prompt treatment and therefore glucose kinetics cannot properly be studied. Also 

for ethical reasons it is unacceptable to study an appropriate control group consisting of 

healthy children of similar age. We found no data in the literature on glucose kinetics in 

children under the age of two years with or without disease to compare our results. In 

that aspect this study is unique since it is the first to provide these data in this age group.

In conclusion: our data confirm the higher risk of hypoglycemia in very young children 

with uncomplicated falciparum malaria. This could not be attributed to an impaired 

glucose production, but is presumably due to a lack in reduction of glucose utilization. 

The influence of nutritional status and the influence of fasting remain unclear, and must 

be subject for further studies. Studies on glucose kinetics are feasible in very young 

children with UFM and reveal more insight in the pathophysiology of hypoglycemia.
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ABSTRACT

Fasting could be an important factor in the induction of hypoglycemia in children with 

malaria, because fasting results in a decline in endogenous glucose production. The 

influence of extended fasting on plasma glucose concentration, glucose production 

and gluconeogenesis were measured using [6,6-2H2]glucose and 2H2O in 12 Surinamese 

children with severe malaria and compared with 16 children with non-severe malaria 

during a 16 hour controlled fast. Glucose concentration and glucose production were 

comparable after 8 hours of fasting and decreased in both groups (p < 0.001) with an 

extension of the fast up to 16 hours. Glucose concentration decreased faster in the non-

severe group than in the severe group (p = 0.029). The decrease in glucose production 

was not different between groups (p = 0.954). Conclusion: fasting predisposes for 

hypoglycemia in young children with falciparum malaria. Hypoglycemia due to fasting 

develops later in young children with severe malaria than in children with non-severe 

malaria.
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INTRODUCTION

Hypoglycemia is a common and serious complication in children with severe malaria, and 

it also predicts mortality. 1,2 Hypoglycemia occurs more frequently in children (up to 25%) 
3--6 than in adults (8%).7 The pathogenesis of hypoglycemia in malaria is still incompletely 

understood. There are several generally accepted risk factors, like prolonged fasting, 

severity of the infection, young age and malnutrition. 8--16 

Fasting is considered a risk factor because it leads to glycogen depletion, which can 

result in decreased glucose production and hypoglycemia.8,17,18 Healthy adults are able 

to maintain normal plasma glucose levels up to 86 hours of fasting.9 Healthy children 

however are not able to maintain a normal plasma glucose concentration during a 

fasting period of 24 hours and show a significant steeper decrease in plasma glucose 

concentration than adults.10--12 

In earlier studies we found that infection with Plasmodium falciparum resulted in an 

increase in glucose production in different patient groups, both in non-severe falciparum 

malaria and in severe falciparum malaria.8,13,14,19 In adults with non-severe malaria 

glucose production increased 20% compared with healthy controls.8,19 In adults with 

severe malaria and adults with cerebral malaria glucose production was doubled.14,20 

In pregnant women, infection with Plasmodium falciparum resulted in higher glucose 

production and higher glucose concentrations during 24 hours of fasting, thereby delaying 

the occurrence of hypoglycemia.8 There are few studies of glucose production in young 

children with malaria. In older children with non-severe malaria endogenous glucose 

production proved to be a significant determinant of plasma glucose concentration.21 

Other studies show that glucose production was higher in children with severe malaria 

than with non-severe malaria.22,23 There are no studies comparing glucose kinetics in 

children with severe malaria and non-severe malaria during a controlled and objectively 

observed fasting period. 

Hypoglycemia is particularly common in young children with falciparum malaria below 

the age of 3 years.3,15 Since glycogen stores in the young child are limited, a period of 

prolonged fasting could be a major risk factor for hypoglycemia. Nutritional status is of 

influence on glucose production but data in children are limited and contradictory. 16,23,24 

We hypothesized that prolonged fasting is an important determinant in the development 

of hypoglycemia in children with falciparum malaria, and that children with severe malaria 

are more at risk than children with non-severe malaria. 

The primary objective of this study was to measure the influence of a prolonged period of 

controlled fasting on the plasma glucose concentration, endogenous glucose production 

(EGP) and the contribution of gluconeogenesis in children with severe malaria and non-

severe malaria in Suriname. 
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MATERIALS AND METHODS

Patients.

All children admitted during the 2.5 year study period to the Diakonessen Hospital in 

Paramaribo, which is the main referral hospital for the interior of Suriname, with a primary 

diagnosis of falciparum malaria and plasma glucose concentrations at admission of ≥ 3.0 

mmol/L were eligible for inclusion in the study. Six children with non-severe malaria were 

studied at Distrikt Hospital Stoelmanseiland in the interior of Suriname. 

Exclusion criteria were: plasma glucose concentration < 3.0 mmol/L, treatment with 

quinine or other well-known stimulators of insulin secretion, severe chronic diarrhea, 

documented endocrinological disease and concomitant infectious diseases. Children 

were considered to have severe malaria according to the WHO criteria: if > 2% of 

erythrocytes were infected, in case of severe anemia (haemoglobin < 5.0 g/dL or 3.1 

mmol/L), hypoglycemia (plasma glucose concentration < 3.0 mmol/L, in that case the 

patient would be excluded), if they were prostrated or in respiratory distress, in case of 

impaired consciousness, multiple convulsions within the past 24 hours, or if they had 

(other) signs of cerebral malaria (Blantyre coma score ≤ 2) 15 which was not attributable 

to any other cause. All patients with suspected cerebral malaria had a lumbar puncture to 

exclude other causes of coma. Patients with non-severe malaria were defined as having < 

2% of erythrocytes infected and none of the above mentioned criteria.

All severely ill children admitted at the Diakonessenhuis Hospital were treated according 

to the guidelines of proper pediatric intensive care medicine. In case of respiratory or 

circulatory insufficiency and in case of metabolic dysregulation this was promptly 

corrected. Patients with hypoglycemia were instantly treated and were not eligible for 

the study.

Patients with a haemoglobin concentration below 3.5 mmol/L were given a blood 

transfusion of at least 20 ml/kg. If the haemoglobin concentration after the blood 

transfusion was > 5.0 mmol/l, they were eligible for the study. 

Nutritional status was assessed by weight for length/height on the WHO Child Growth 

Standards for children under five years of age.25 Children with a weight for length/height 

below -2.0 SD were considered malnourished.

The time the children had their last meal or drink either at home or in the hospital was 

recorded and considered as the start of the fasting period prior to the study. 

Written informed consent was obtained from the accompanying parent or guardian. 

This study was approved by the Suriname National Ethical Committee and the Ethical 

Committee of the Academic Medical Centre, Amsterdam, The Netherlands.

Study design. After admittance, patients were stabilized and recruited immediately after 

laboratory confirmation of the clinical diagnosis and exclusion of quinine-use by a quinine 

dipstick.26 Basal hematological and biochemical parameters were measured for clinical 

purposes. 
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Patients with non-severe malaria were treated with halofantrine. An electrocardiogram 

was made to rule out congenital prolonged QT interval (halofantrine would then be contra-

indicated). Patients with severe malaria were treated with intramuscular artemotil. 

An intravenous cannula was introduced in a peripheral vein for stable isotope infusion. A 

second cannula for bloodsampling was introduced into a suitable vein in the contralateral 

arm or foot. Both cannula’s were introduced after Emla® cream application for local 

anesthesia. Blood sampling from the venous catheter proved to be technically possible 

and was tolerated well by all children. Whenever possible, blood samples for study 

purposes were tied with samples for clinical reasons. The catheters were kept patent by 

a slow isotonic saline drip.

The study design is shown in figure 1. After obtaining a baseline blood sample at t = -8.15 hr 

for determination of background isotopic abundance and plasma glucose, the patients were 

given 1 g of 2H2O per kg body water at 30-minute intervals for a total of five times (total 

dose of 5 g/kg body water). Body water was estimated to be 60% of body weight both for 

boys and girls. The patient was fasted until the end of the study but was allowed to drink 

water ad libitum, enriched 0.5% with 2H2O, in order to maintain isotopic steady state. 

At t = -2.15 hr a blood sample was drawn for plasma glucose concentration and enrichment 

of [6,6-2H2]glucose. Immediately thereafter a primed (3.2 mg/kg), continuous (2.4 mg/

kg/h or 0.33 µmol/kg•min) infusion of [6,6-2H2]glucose (Cambridge Isotope Laboratories, 

Andover MA, USA) dissolved in sterile isotonic saline and sterilized by passage of the 

solution through a millipore filter was administered by a motor-driven, calibrated syringe 

pump (Perfusor Secura FT, B.Braun, Germany). At t = -0.30 hr (7.45 hrs of fasting) three 

↓ ↓ ↓ ↓ ↓ 2H2O ↓ [6,6-2H2]glucose prime

 [6,6-2H2]glucose continuous infusion

Time (hr) Admission -8 -6 -4 -2 0 2 4 6 8

Blood samples

Parasitology X

Hematology X

Chemistry X

Plasma glucose X X X XXX X X X X X X X X

Bedside glucose X X X X X X X X X X X X X X X X X

Enrichment

Background 

[6,6-2H2]glucose X XXX X X X X X X X X

2H at glucose C5 X X X X

Hormones X X

Alanine, FFA X X

Figure 1 Study design.
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blood samples were collected at intervals of 15 minutes for the measurement of isotopic 

enrichment and plasma glucose concentration. Between t = 0 hr and t = 8 hr (16 hrs of 

fasting, end of the study) blood samples for plasma glucose concentration and enrichment 

of [6,6-2H2]glucose were obtained every hour. Blood samples for 2H-enrichment in glucose 

(at the C5 position) were drawn at  t = -8, t = 0, t = 4 and t = 8 hr. Blood samples for 

determination of plasma concentration of insulin, counterregulatory hormones and FFA 

were collected at t = 0 hr and t = 8 hr. 

Safety measures.

Two major concerns had to be addressed in this study: the risk of hypoglycemia and 

amount of blood to be sampled. In order to detect hypoglycemia without delay, glucose 

concentrations were checked hourly during the entire study using a bedside point of care 

device (Precision Q•I•D, MediSense Inc., Il, USA) in addition to the glucose measurements 

on admission and samples taken for the study. In case hypoglycemia would occur (blood 

glucose < 3 mmol/l) the patient would be promptly treated and excluded from further 

study (however, none of the patients developed hypoglycemia during the study). 

The maximum amount of blood to be taken for study purposes was set at 5 ml/kg body 

weight with a maximum absolute amount of 36.8 ml for the entire study. For that reason, 

in one child with a body weight of 7.1 kg, only blood samples for glucose concentrations 

and enrichment were taken (total amount 24.8 ml); samples for hormones, alanine and 

FFA were omitted. Haemoglobin concentration was checked after a blood transfusion (if 

applicable) and after the study. 

Assays

Blood for measurement of gluconeogenesis was promptly deproteinized by adding an 

equal amount of 10% perchloric acid. Blood for [6,6-2H2]glucose enrichment as well as 

hormones was collected in prechilled heparinized tubes. All samples were kept on ice and 

centrifuged immediately. Plasma was stored at –20oC and was transported on dry ice 

before assay in the Netherlands. 

Plasma samples for glucose enrichments of [6,6-2H2]glucose were deproteinized with 

methanol.27 The aldonitril penta-acetate derivative of glucose was injected into a 

gas chromatograph/mass spectrometer system. Separation was achieved on a J&W 

(J&W Scientific, FOL, CA, USA) DB17 column (30 m x 0.25 mm, df 0.25 µm). Glucose 

concentrations were determined by gas chromatography using xylose as an internal 

standard. Glucose was monitored at m/z 187, 188 and 189. The enrichment of [6,6-2H2]

glucose was determined by dividing the peak area of m/z 189 by the peak area of 187 

and correcting for natural enrichments. 

To measure deuterium enrichment at the C5 position, glucose was converted to 

hexamethylenetetraamine (HMT) as described by Landau and Ackermans.28,29 HMT was 

injected into a gas chromatograph mass spectrometer. Separation was achieved on an 

AT-Amine (Alltech, Deerfield, IL, USA) column (30 m x 0.25 mm, df 0.25 µm). HMT 
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consists of six formaldehyde molecules, originally derived from the C5 of six glucose 

molecules (intra-assay coefficient of variation (c.v.) for deuterium enrichment at the C5 

position: 8.5%, inter-assay c.v.: 10%). 

Deuterium enrichment in body water was measured by a method adapted from Previs 

30 intra-assay c.v. for deuterium enrichment in body water: 6%, inter-assay c.v.: 6%). All 

isotopic enrichments were measured on a gas chromatograph mass spectrometer (model 

6890 gas chromatograph coupled to a model 5973 mass selective detector, equipped 

with an electron impact ionisation mode, Hewlett-Packard, Palo Alto, CA). 

Cortisol and insulin were measured n an Immulite 2000 system (Diagnostic Products 

Corporation, Los Angeles, USA). Cortisol was determined with a chemiluminiscent 

immunoassay (intra-assay variation 89 nmol/L 8%, 500 nmol/L 7%; inter-assay variation 

136 nmol/L 8%, 1092 nmol/L 7%; detection limit 50 nmol/L) and insulin was determined 

with a chemiluminiscent immunometric assay (intra-assay variation 47 pmol/L 6%, 609 

pmol/L 3%; inter-assay variation 91 pmol/L 4%, 120 pmol/L 6%; detection limit 15 

pmol/L). Glucagon was determined by RIA (Linco Research, St. Charles, MO, USA), intra-

assay c.v.: 3--5 %, inter-assay c.v.: 9--13 %, detection limit: 15 ng/L. Norepinephrine and 

epinephrine were determined by an in-house HPLC method. Norepinephrine: intra-assay 

c.v.: 6--8 %, inter-assay c.v.: 7--10 %, detection limit: 0.05 nmol/L. Epinephrine: intra-

assay c.v.: 6--8 %, inter-assay c.v. 7--12 %, detection limit: 0.05 nmol/L. Serum free fatty 

acids were measured by an enzymatic method (NEFAC; Wako chemicals GmbH, Neuss, 

Germany), intra-assay c.v. 2--4 %, inter-assay c.v.: 3--6 %, detection limit: 0.02 mmol/L. 

Calculations.

The glucose rate of appearance (Ra) was calculated by the isotope dilution from the [6,6-
2H2] enrichment of glucose in plasma, using non steady state equations as described by 

Steele 31,32:

 F – pV * [(C2 + C1) / 2] * [(E2 – E1) / (t2 – t1)]

Ra = 

(E2 + E1) / 2

where Ra = rate of appearance of glucose (in µmol/kg•min), F = [6,6-2H2]glucose infusion 

rate (in µmol/kg•min), E = percent of glucose molecules enriched with 2H (in absolute values), 

C = plasma glucose concentration (in mmol/L), t = time at the sampling points (in min) 

and pV = effective distribution volume of glucose, assumed to be 75% of the extracellular 

water volume. The volume of extracellular water was calculated by normogram from body 

weight and height.33 To calculate endogenous glucose production rate exogenously infused 

glucose was subtracted from glucose Ra. The fractional gluconeogenesis (%) = 100 × ([2H] 

enrichment on C5 of glucose/ [2H] enrichment in total body water). The rationale for these 

calculations has been discussed in detail by Landau. 28

Statistics. To investigate the influence of fasting duration, severity of infection, age and 

weight-for-height percentile on plasma glucose concentration and EGP, mixed models 
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analysis with repeated measurements analysis of variance (SPSS version 12.0.1) was used 

with time as a linear variable. Since some data of glucose kinetics were not normally 

distributed, ranks of valuables were used. To investigate after how much time children 

with severe malaria and non-severe malaria would become hypoglycemic, extrapolation 

of the plasma glucose concentration was performed using parametric lineair mixed model 

analysis. For each of the models, the residuals were normally distributed (Wilk-Shapiro’s 

W > 0.95) and showed constant variance. Differences between the severe and the non-

severe group in clinical and laboratory data and glucose kinetics at t = 0 were analyzed by 

the t-test for independent variables, the paired data of hormones and FFA by the paired 

samples t-test. Data are represented as the median and range unless otherwise stated. 

Statistical significance was set at p < 0.05. 

RESULTS

Clinical data 

Clinical and laboratory details are given in table 1. Twenty-eight Surinamese children 

under the age of five years with acute falciparum malaria were studied: 12 children had 

severe malaria, 16 children had non-severe malaria. Three children with severe disease had 

cerebral malaria. The severe malaria children had a longer duration of illness, were more 

severely anemic, and had higher concentrations of C-reactive protein, aminotransferases, 

bilirubin and creatinine, all consistent with severe disease.

Table 1 Clinical and biochemical characteristics on admission 

severe (n = 12) non-severe (n = 16) p

Age (yr) 3.3 (1.0--4.8) 2.1 (1.3--4.3) 0.197

Fasting prior to study (hr) 11 (2--32) 12 (9--18) 0.879

Weight for length/height (SD) -0.65 (-3.3--0.7) -0.25 (-2.6--2.0) 0.193

Duration of illness (d) 5 (2--14) 4 (1--7) 0.018

Temperature (0C)  38.3 (36.4--39.8) 36.9 (36.0--40.0) 0.125

Parasitemia (/µl) 174000 (177--495000) 16810 (317--78000) 0.001

Haemoglobin (mmol/L) * 3.2 (1.3--6.1)  5.3 (3.6--6.4) 0.001

CRP (mg/L) 101 (31--333) 46 (5--225) 0.021

Serum AST (U/L) 87 (23--551) 37 (19--60) 0.013

Serum ALT (U/L) 22 (5--52) 8 (3--17) 0.001

Bilirubin (µmol/L) 19 (7--43) 9 (2--26) 0.002

Kreatinine (µmol/L) 38 (23--62) 25 (18--40) 0.001

Sex (M/F) 3/9 7/9

* Patients with a haemoglobin concentration below 3.5 mmol/L on admission were given a blood 
transfusion. After the transfusion the haemoglobin concentration was > 5.0 mmol/l in all children.
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All children with severe anemia had haemoglobin values above 5.0 mmol/l after blood 

transfusion before entering the study. None of the children had a decline in Hb greater 

than 0.5 mmol/l after the study.

All patients, including the children with cerebral malaria, responded well to therapy 

and made uneventful recoveries. None of the children experienced any side effects 

(specifically: nausea or vertigo) of the deuterated water.

Basal glucose kinetics 

After 8 hours of controlled fasting, all parameters of glucose kinetics were comparable in 

severe malaria and non-severe malaria children (table 2).

Table 2 Glucose kinetics after 8 hours of fasting. Data are medians and ranges

severe non-severe p

Glucose concentration (mmol/L) 5.1 (3.5--7.6) 5.0 (4.0--6.1) 0.718

Glucose production (µmol/kg•min) 35.9 (27.1--49.9) 37.4 (29.3--47.0) 0.862

Gluconeogenesis (µmol/kg•min) 21.3 (10.7--34.8) 20.6 (8.0--33.0) 0.413

Glycogenolysis (µmol/kg•min) 15.8 (4.9--28.7) 15.1 (4.8--39.0) 0.350

Glucose kinetics during extended fasting

Figure 1 shows the plasma glucose concentration between 8 and 16 hours of fasting. 

Plasma glucose concentration decreased significantly over time in both groups: severe 

group from 5.1 (3.5 -- 7.6) to 4.5 (3.0 -- 6.6) mmol/L, non-severe group from 5.0 (4.0 

-- 6.1) to 4.4 (2.6 -- 5.5) mmol/L (p < 0.001). The decrease was faster in the non-severe 

group (18%) than in the severe group (13%) (p = 0.029). 

Figure 2 shows endogenous glucose production between 8 and 16 hours of fasting. EGP 

decreased significantly over time in both groups: severe group from 35.9 (27.1 -- 49.9) to 

32.9 (22.6 -- 41.6) µmol/kg•min, non-severe group from 37.4 (29.3 -- 47.0) to 30.9 (20.9 

-- 44.3) µmol/kg•min (p < 0.001). There were no differences between the groups (p = 

0.954). Gluconeogenesis did not change over time in either group: severe group from 

21.3 (10.7 -- 34.8) to 19.1 (10.5 -- 35.1) µmol/kg•min, non-severe group from 20.6 (8.0 

-- 33.0) to 20.4 (8.7 -- 35.5) µmol/kg•min (p = 0.151 for change over time, p = 0.841 for 

difference between groups). 

The contribution of gluconeogenesis to endogenous glucose production increased in 

both groups between 8 and 16 hours of fasting: from 59% to 61% in the severe and 

from 59% to 65% in the non-severe group (p < 0.001 for change over time, no difference 

between groups, p = 0.963). 

Age and nutritional status did not influence glucose kinetics over time: for plasma glucose 

concentration: p = 0.244 and p = 0.987 respectively, for EGP: p = 0.271 and p = 0.954 

and for gluconeogenesis: p = 0.454 and p = 0.841. 
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Hormones, the gluconeogenic precursor alanine, and FFA

Data are shown in table 3. During the period of extended fasting plasma insulin 

concentrations declined and plasma FFA concentrations increased in both groups. After 

8 hours of fasting plasma cortisol concentrations were higher in the severe malaria 

children, between 8 and 16 hours of fasting cortisol concentrations increased only in the 

non-severe malaria children. At the end of the study there were no differences in plasma 

concentrations of glucoregulatory hormones, precursors or free fatty acids between the 

groups. 

Figure 2. Plasma glucose concentration between 8 and 16 hours of controlled fasting in children 
with severe and non-severe falciparum malaria. Regression equation severe group: plasma glucose 
concentration = 5.1952 – (0.0863 × time); non-severe group: plasma glucose concentration = 5.036 
– (0.1120 × time). Data are means ± SEM.
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Table 3. Glucoregulatory hormones and free fatty acids after 8 hours and after 16 hours of fasting. 

severe (n = 12) non-severe (n = 16)

8 hr fast 16 hr fast change (95% CI) 8 hr fast 16 hr fast change (95% CI)

Insulin (pmol/L) 22 (15--109) 15 (15--97) -6 (-11 ; -1) 22 (15--35) 15 (15--30) -5 (-8 ; -2)

Glucagon (ng/L) 87 (48--281) 90 (47--239) +12 (-3 ; +21) 74 (43--109) 83 (39--144) +12 (-4 ; +27)

Cortisol (nmol/L) 870 (310--1670)† 980 (145--1180) -92 (-448 ; +264) 360 (170--940) 660 (250--1220) +254 (+112 ; +396)

Epinephrine (nmol/L) 0.21 (0.08--0.64) 0.35 (0.10--0.87) +0.12 (-0.10 ; +0.34) 0.10 (0.05--1.42) 0.28 (0.05--1.60) +0.27 (-0.12 ; +0.67)

Norepinephrine (nmol/L) 0.72 (0.10--3.90) 0.54 (0.10--5.54) +0.16 (-0.25 ; +0.56) 0.70 (0.19--3.62) 0.63 (0.26--2.34) -0.03 (-0.78 ; +0.72)

FFA (mmol/L) 0.89 (0.42--1.21) 1.04 (0.57--1.73) +0.21 (+0.03 ; +0.39) 0.75 (0.12--1.08) 1.07 (0.62--2.04) +0.47 (+0.24 ; +0.71)

Data are medians and ranges. † = p < 0.001 for comparison with non-severe group
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Figure 3. Endogenous glucose production between 8 and 16 hours of controlled fasting in children 
with severe and non-severe falciparum malaria. Regression equation severe group: endogenous 
glucose production = 36.6374 – (0.5589 × time); non-severe group: endogenous glucose production 
= 37.0693 – (0.5574 × time). Data are means ± SEM.
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Table 3. Glucoregulatory hormones and free fatty acids after 8 hours and after 16 hours of fasting. 

severe (n = 12) non-severe (n = 16)

8 hr fast 16 hr fast change (95% CI) 8 hr fast 16 hr fast change (95% CI)

Insulin (pmol/L) 22 (15--109) 15 (15--97) -6 (-11 ; -1) 22 (15--35) 15 (15--30) -5 (-8 ; -2)

Glucagon (ng/L) 87 (48--281) 90 (47--239) +12 (-3 ; +21) 74 (43--109) 83 (39--144) +12 (-4 ; +27)

Cortisol (nmol/L) 870 (310--1670)† 980 (145--1180) -92 (-448 ; +264) 360 (170--940) 660 (250--1220) +254 (+112 ; +396)

Epinephrine (nmol/L) 0.21 (0.08--0.64) 0.35 (0.10--0.87) +0.12 (-0.10 ; +0.34) 0.10 (0.05--1.42) 0.28 (0.05--1.60) +0.27 (-0.12 ; +0.67)

Norepinephrine (nmol/L) 0.72 (0.10--3.90) 0.54 (0.10--5.54) +0.16 (-0.25 ; +0.56) 0.70 (0.19--3.62) 0.63 (0.26--2.34) -0.03 (-0.78 ; +0.72)

FFA (mmol/L) 0.89 (0.42--1.21) 1.04 (0.57--1.73) +0.21 (+0.03 ; +0.39) 0.75 (0.12--1.08) 1.07 (0.62--2.04) +0.47 (+0.24 ; +0.71)

Data are medians and ranges. † = p < 0.001 for comparison with non-severe group

DISCUSSION

This is the first study on glucose kinetics in children under the age of five with falciparum 

malaria during a 16 hour period of controlled fasting. Fasting proved to be an important 

risk factor for hypoglycemia in young children with severe and non-severe malaria. 

Contrary to the general opinion,15 severe malaria did not induce hypoglycemia, but the 

decline in glucose concentration was slower in children with severe malaria than in non-

severe malaria. This means that hypoglycemia due to prolonged fasting would develop 
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later in severe than in non-severe malaria. Age and nutritional status were no major 

determinants of glucose kinetics in the children during this study.

Plasma glucose concentrations were comparable in the severe malaria and non-severe 

malaria children after 8 hours of controlled fasting. During the following 8 hours of 

controlled fasting plasma glucose concentrations decreased in both groups, but the 

decrease was faster in the non-severe group. With the assumption that the decrease 

of plasma glucose concentration would be linear in time in both groups we calculated 

the period after which hypoglycemia (mean plasma glucose < 3.0 mmol/l) would occur. 

Linear regression analysis, using a mixed linear model, showed that the non-severe 

malaria children would develop hypoglycemia after 26 hours of controlled fasting and 

the severe malaria children after 33 hours (p = 0.036). The fasting duration prior to the 

study must also be taken into account. However, this information can only be obtained 

from the patient history, and can not be confirmed objectively. In this study the fasting 

duration prior to the study was around 12 hours in both groups. Adding this fasting 

duration, non-severe malaria children would become hypoglycemic after 38 hours and 

children with severe malaria after 45 hours.

The influence of severity of infection is consistent with the observation that hyperglycemia 

rather than hypoglycemia is frequently found in sepsis and other acute infections, 34 as 

well as in earlier studies of subjects with falciparum malaria.9 Since the plasma glucose 

concentration decreased less rapidly in the more severely infected children it apparently is 

not malaria in itself that causes hypoglycemia. 

There are no studies on glucose kinetics in children under the age of five during controlled 

extended fasting to compare our results with. Since healthy prepubertal children are 

not able to maintain a normal plasma glucose concentration after a fasting period of 

24 hours,10--12 younger healthy children may develop hypoglycemia after even a shorter 

period of fasting. From this study we extrapolated that children with malaria can maintain 

a normal plasma glucose concentration for at least 26 hours of fasting.

There were some differences in clinical and biochemical parameters between the 

groups of severe malaria and non-severe malaria children that could be of influence on 

the decline in plasma glucose concentration. The severe malaria children had a longer 

duration of illness although this did not result in a faster decline of the plasma glucose 

concentration or endogenous glucose production than in the non-severe malaria children. 

The other differences between the groups were all consistent with severe disease. This 

also concerns nutritional status: although there were no differences between the groups, 

three of the severe malaria children and one of the non-severe malaria children had a 

weight-for-height < -2 SD and could be considered malnourished. This partly will have 

been due to alteration of the initial nutritional status because of longer duration of illness 

and more severe disease leading to acute malnutrition in some of the severe malaria 

children. Nevertheless, nutritional status did not influence plasma glucose concentration 

during the extended fasting period. The single determining factor for the decrease in 

plasma glucose concentration in both severe malaria and non-severe malaria children 
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proved to be the time of controlled fasting during the study. We conclude that the most 

important determinant for hypoglycemia in young children with severe and non-severe 

malaria is the fasting duration. 

The plasma glucose concentration is the resultant of the balance between glucose supply 

and glucose utilization. Hypoglycemia can be caused by diminished glucose production, an 

increase of glucose clearance, or a combination of both. Endogenous glucose production 

decreased in both groups during fasting, but there was no difference between the non-

severe and the severe group. Since plasma glucose concentration decreased faster in 

the non-severe malaria children it means that glucose clearance was lower in the severe 

malaria children. This indicates that malaria, like other inflammatory diseases, results in 

decreased glucose clearance in these children, a phenomenon that is well known during 

acute infections in humans. 35 

Absolute gluconeogenesis did not change over time in either group. However, as 

endogenous glucose production decreased, the fractional gluconeogenesis (contribution 

of gluconeogenesis to glucose production) increased in both groups. When compared 

to other groups of patients with malaria, fractional gluconeogenesis in these children 

was low: the fractional gluconeogenesis after 20 hours of fasting in adults with cerebral 

malaria was 100%, 14 in adults with non-severe malaria 90%,13 in pregnant women with 

falciparum malaria 74% 8 and in Kenyan children aged 2 -- 6.5 years with non-severe 

malaria 74% after 8 hours of fasting.23 However, this also implies that glycogenolysis 

still contributed 35--40% to glucose production after 16 hours of fasting in the children 

we studied. This is remarkable since glycogen stores in the infant and young child are 

supposed to be only adequate for a fasting period of 12 hours.36 There are no other 

studies measuring liver glycogen content in children under five years of age. There are 

also no data on glucose production and gluconeogenesis in healthy children or in children 

with malaria or other comparable illnesses under the age of five during prolonged fasting 

to compare our results.

In conclusion: fasting predisposes for hypoglycemia in young children with severe and 

non-severe falciparum malaria. Hypoglycemia due to fasting develops later in young 

children with severe malaria than in children with non-severe malaria. This is most likely 

due to a difference in peripheral uptake of glucose, indicating that children with severe 

malaria are more insulin resistant than children with non-severe malaria.
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SUMMARY

OBJECTIVE To investigate the influence of fasting and age on glucose kinetics in children 

with severe pneumonia. 

METHODS Plasma glucose concentration, endogenous glucose production and 

gluconeogenesis were measured in 12 Surinamese children (six young: 1-3 years, six 

older: 3-5 years) with severe pneumonia during a controlled 16 hour fast using stable 

isotopes [6,6-2H2]glucose and 2H2O at a hospital-based research facility.  

RESULTS On admission mean glucose concentrations were comparable in both groups: 

young children: 5.1 ± 1.3 mmol/l, older children: 4.8 ± 0.6 mmol/l, P = 0.685, and 

decreased during the first 8 hours of fasting in the young children only: to 3.6 ± 0.5, P 

= 0.04 versus 4.2 ± 0.6 mmol/l, P = 0.08. Glucose production was comparable in both 

groups: young: 24.5 ± 8.3, older: 24.9 ± 5.9 µmol/kg•min, P = 0.926. Between 8 and 

16 hours of fasting glucose concentration decreased comparably in both groups (young: 

-0.9 ± 0.7, P = 0.004, older: -1.0 ± 0.4 mmol/l, P = 0.001, as did glucose production 

(young: -6.8 ± 6.3 P = 0.003, older: -5.3 ± 3.4 µmol/kg•min), P = 0.001. Gluconeogenesis 

decreased in young children only: -5.0 ± 7.4, P = 0.029 versus -1.0 ± 4.7 µmol/kg•min, P 

= 0.609. 

CONCLUSIONS Like in malaria, fasting predisposes to hypoglycemia in children with 

severe pneumonia, but its mechanism differs from that in malaria. Young children are 

more at risk than older children.
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INTRODUCTION

Both hypoglycemia and hyperglycemia are common and serious complications in severely 

ill children (1-3). In Kenyan children hypoglycemia occurs frequently in malaria (8.4%), 

pneumonia (3.9%) and diarrhea (5.5%). The overall mortality is 20.2% in children with 

hypoglycemia compared to 3.8% in normoglycemic children (2), making these three diseases 

major killers in the tropics (4-8). In Tanzanian children the frequency of hypoglycemia did 

not differ between malaria (5.2%) and other serious illnesses (11.2%) (4).

Hypoglycemia is particularly common in young children below the age of 3 years (2,9). 

We previously showed that young children (< 3 years) with uncomplicated malaria had a 

higher risk of developing hypoglycemia than older children (3-5 years): after a controlled 

8 hour fast plasma glucose concentration was lower in children < 3 years than in children 

3 – 5 years of age (median 5.0 (range 4.0 - 5.5) mmol/l versus 5.4 (4.8 - 6.1) mmol/l, p = 

0.028), whereas endogenous glucose production was comparable in both groups (10). 

Several studies show an association between hypoglycemia and the time since the last 

meal (4,8), suggesting that hypoglycemia in severely ill children is not a specific feature of 

disease, but merely a consequence of fasting. This was confirmed in our study on glucose 

kinetics in young Surinamese children with severe and non-severe malaria (11). 

Data on glucose kinetics during fasting in children are scarce. So far, a limited number 

of studies performed direct measurements of endogenous glucose production and 

gluconeogenesis in children under five years of age with malaria and idiopathic ketotic 

hypoglycemia (10-15) and in older healthy obese and normal prepubertal children (16-18). 

There are no data on glucose kinetics during fasting in children with pneumonia.

We hypothesize that hypoglycemia in children with severe pneumonia is due to prolonged 

fasting and younger children are more at risk than older children. The primary objective 

of this study was to measure the influence of a prolonged period of controlled fasting 

and age on the plasma glucose concentration, endogenous glucose production and the 

contribution of gluconeogenesis in children with severe pneumonia under the age of five 

in Suriname.

SUBJECTS AND METHODS

Patients

All children between 1 and 5 years of age with a primary diagnosis of pneumonia and 

necessity of intravenous antibiotic therapy, who were admitted during the 16 month 

study period (lasting from October  2006 to February 2008) to the Diakonessen Hospital 

in Paramaribo, were eligible for inclusion in the study. 

The diagnosis severe pneumonia was defined according to WHO guidelines (19): cough or 

difficult breathing with respiratory distress (lower chest wall retractions or abnormally deep 
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breathing), tachypnoe (≥ 40 breaths per minute) and chest auscultation signs (decreased 

breath sounds, bronchial breath sounds, crackles, abnormal vocal resonance, pleural rub). 

Exclusion criteria were: plasma glucose concentration < 3.0 mmol/l on admission, very 

severe pneumonia according to the WHO criteria (central cyanosis, inability to drink 

or profound vomiting, convulsions, lethargy or unconsciousness, severe respiratory 

distress, or X-ray signs of pleural effusion, empyema, pneumothorax, pneumatocoele and 

interstitial pneumonia) (19), need for mechanical ventilation, severe anemia (hemoglobin 

concentration < 3.5 mmol/l (63 mg/dl), severe acidosis (pH < 7.25), severe chronic 

diarrhea, documented malaria, documented endocrinological disease and concomitant 

infectious diseases. 

Nutritional status was assessed by weight for length/height on the WHO Child Growth 

Standards for children less than five years of age (20). The time the children had their last 

meal or drink either at home or in the hospital was recorded and considered as the start 

of the fasting period prior to the study.

All severely ill children admitted at the Diakonessenhuis Hospital are treated according to the 

guidelines of proper pediatric intensive care medicine. In case of respiratory or circulatory 

insufficiency and in case of metabolic dysregulation this is promptly corrected. 

Written informed consent was obtained from the accompanying parent or guardian. This 

study was approved by the Suriname National Ethical Committee. 

Study design 

After admission, patients were stabilized and recruited immediately after radiodiagnostic 

confirmation of the clinical diagnosis. Basal hematological and biochemical parameters 

were measured for clinical purposes. Patients were treated with intravenous ampicillin. 

An intravenous cannula was introduced in a peripheral vein for clinical reasons (IV 

therapy) and also used for stable isotope infusion. A second cannula for bloodsampling 

was introduced into a suitable vein in the contralateral arm or foot. Both cannula’s were 

introduced after Emla® cream application for local anesthesia. Blood sampling from the 

venous catheter proved to be technically possible and was tolerated well by all children. 

Whenever possible, blood samples for study purposes were tied with samples for clinical 

reasons. The catheters were kept patent by a slow isotonic saline drip.

The study design is shown in figure 1. After obtaining a baseline blood sample at t = 

-8.15 hr for determination of background isotopic abundance and plasma glucose, the 

patients were given 1 g of 2H2O per kg body water at 30-minute intervals for a total 

of five times (total dose of 5 g/kg body water). Body water was estimated to be 60% 

of body weight both for boys and girls. The patient was fasted until the end of the 

study but was allowed to drink water ad libitum, enriched 0.5% with 2H2O, in order to 

maintain isotopic steady state. 

At t = -2.15 hr a blood sample was drawn for plasma glucose concentration and 

enrichment of [6,6-2H2]glucose. Immediately thereafter a primed (3.2 mg/kg), continuous 

(2.4 mg/kg•h or 0.33 µmol/kg•min) infusion of [6,6-2H2]glucose (Cambridge Isotope 
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↓ ↓ ↓ ↓ ↓ 2H2O ↓ [6,6-2H2]glucose prime

 [6,6-2H2]glucose continuous infusion

Time (hr) Admission -8 -6 -4 -2 0 2 4 6 8

Blood samples

Hematology X

Chemistry X

Plasma glucose X X X XXX X X X X X X X X

Bedside glucose X X X X X

Enrichment

Background 

[6,6-2H2]glucose X XXX X X X X X X X X

2H at glucose C5 X X   X

Hormones X X

FFA X X

Figure 1 Study design.

Laboratories, Andover MA, USA) dissolved in sterile isotonic saline and sterilized by 

passage of the solution through a millipore filter was administered by a motor-driven, 

calibrated syringe pump (Perfusor Secura FT, B.Braun, Germany). At t = -0.15 hr (8 hrs 

of controlled fasting) three blood samples were collected at intervals of 5 minutes for 

the measurement of isotopic enrichment and plasma glucose concentration. Between 

t = 0 hr and t = 8 hr (16 hrs of controlled fasting, end of the study) blood samples for 

plasma glucose concentration and enrichment of [6,6-2H2]glucose were obtained every 

hour. Blood samples for 2H-enrichment in glucose (at the C5 position) and deuterium 

enrichment in body water were drawn at t = -8, t = 0 and t = 8 hr. Blood samples for 

determination of plasma concentration of insulin, counterregulatory hormones and FFA 

were collected at t = 0 hr and t = 8 hr. 

Safety measures

Hypoglycemia was defined as a plasma glucose concentration below 2.5 mmol/l. Children 

with a plasma glucose concentration <3.0 mmol/l on admission were excluded from the 

study, because of the risk of developing hypoglycemia during the planned fasting period. 

In order to detect hypoglycemia without delay, glucose concentrations were checked at 

4-hour intervals during the entire study using a bedside point of care device (Precision 

Q•I•D, MediSense Inc., Il, USA) in addition to the glucose measurements on admission 

and samples taken for the study. In case of a glucose concentration < 2.5 mmol/l or 

clinical symptoms of hypoglycemia, the study would be terminated and the patient would 

be promptly treated. The maximum amount of blood to be taken for study purposes was 

set at 5 ml/kg body weight with a maximum absolute amount of 31.0 ml for the entire 

study. Haemoglobin concentration was checked after the study. 
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Assays 

Blood for measurement of gluconeogenesis was promptly deproteinized by adding an 

equal amount of 10% perchloric acid. Blood for [6,6-2H2]glucose enrichment, deuterium 

enrichment in body water as well as hormones was collected in prechilled heparinized 

tubes. All samples were kept on ice and centrifuged immediately. Plasma was stored at 

–20oC and was transported on dry ice before assay in the Netherlands. 

Plasma samples for glucose enrichments of [6,6-2H2]glucose were deproteinized with 

methanol (21). The aldonitril penta-acetate derivative of glucose was injected into a gas 

chromatograph/mass spectrometer system. Separation was achieved on a J&W (J&W 

Scientific, FOL, CA, USA) DB17 column (30 m x 0.25 mm, df 0.25 µm). Glucose was 

monitored at m/z 187, 188 and 189. The enrichment of [6,6-2H2]glucose was determined 

by dividing the peak area of m/z 189 by the peak area of 187 and correcting for natural 

enrichments. Glucose concentrations were determined on a Biosen C-line glucose analyser 

(EKF diagnostics, Barleben/Magdeburg, Germany). 

To measure deuterium enrichment at the C5 position, glucose was converted to 

hexamethylenetetraamine (HMT) as described by Landau et al. (22) and Ackermans et 

al. (23). HMT was injected into a gas chromatograph mass spectrometer. Separation was 

achieved on an AT-Amine (Alltech, Deerfield, IL, USA) column (30 m x 0.25 mm, df 0.25 

µm). HMT consists of six formaldehyde molecules, originally derived from the C5 of six 

glucose molecules (intra-assay coefficient of variation (c.v.) for deuterium enrichment at 

the C5 position: 8.5%, inter-assay c.v.: 10%). 

Deuterium enrichment in body water was measured by a method adapted from Previs et 

al.  (24) intra-assay c.v. for deuterium enrichment in body water: 6%, inter-assay c.v.: 6%). 

All isotopic enrichments were measured on a gas chromatograph mass spectrometer 

(model 6890 gas chromatograph coupled to a model 5973 mass selective detector, 

equipped with an electron impact ionisation mode, Hewlett-Packard, Palo Alto, CA). 

Cortisol and insulin were measured in an Immulite 2000 system (Diagnostic Products 

Corporation, Los Angeles, USA). Cortisol was determined with a chemiluminiscent 

immunoassay (intra-assay variation 89 nmol/l 8%, 500 nmol/l 7%; inter-assay variation 

136 nmol/l 8%, 1092 nmol/l 7%; detection limit 50 nmol/l) and insulin was determined 

with a chemiluminiscent immunometric assay (intra-assay variation 47 pmol/l 6%, 609 

pmol/l 3%; inter-assay variation 91 pmol/l 4%, 120 pmol/l 6%; detection limit 15 pmol/l). 

Glucagon was determined by RIA (Linco Research, St. Charles, MO, USA), intra-assay c.v.: 

3-5 %, inter-assay c.v.: 9-13 %, detection limit: 15 ng/l. Norepinephrine and epinephrine 

were determined by an in-house HPLC method. Norepinephrine: intra-assay c.v.: 6-8 %, 

inter-assay c.v.: 7-10 %, detection limit: 0.05 nmol/l. Epinephrine: intra-assay c.v.: 6-8 

%, inter-assay c.v. 7-12 %, detection limit: 0.05 nmol/l. Plasma free fatty acids were 

measured by an enzymatic method (NEFAC; Wako chemicals GmbH, Neuss, Germany), 

intra-assay c.v. 2-4 %, inter-assay c.v.: 3-6 %, detection limit: 0.02 mmol/l. 
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Calculations

Endogenous glucose production was calculated from the dilution of labelled glucose in 

plasma. Because plasma glucose concentrations and tracer/tracee ratios for [6,6-2H2]

glucose were constant during each sampling phase of the study, calculations for steady 

state kinetics were applied, adapted for the use of stable isotopes (25). 

The rate of gluconeogenesis was calculated by multiplication of the EGP by fractional 

gluconeogenesis. The fractional gluconeogenesis (%) = 

100 × ([2H] enrichment on C5 of glucose / [2H] enrichment in total body water).

Statistics

Normally distributed variables (Shapiro-Wilk statistic > 0.9) are presented as means ± SD. 

Other variables are presented as median with range (min – max). Differences between 

the young and the older group in clinical and laboratory data on admission were analyzed 

by the Mann-Whitney test, differences in glucose kinetics at t = 0 were analyzed by 

the t-test for independent variables. Differences between age groups in the change of 

hormones and FFA after 8 hours and after 16 hours of fasting were analyzed by Mann-

Whitney test, whereas changes within age groups were analyzed using the Wilcoxon 

signed ranks test (paired data).

To investigate the influence of fasting duration and age on plasma glucose concentration 

and EGP, a repeated measurements analysis of variance (SPSS version 16.0) was used 

with time as a linear variable. To investigate after how much time the young and older 

children would become hypoglycemic, extrapolation of the plasma glucose concentration 

values was performed, assuming that the decrease of plasma glucose concentration was 

linear in time in both groups. Statistical significance was set at p < 0.05. 

RESULTS

Clinical data

Clinical and laboratory details are given in table 1. Twelve Surinamese children under the 

age of five years with severe pneumonia were studied: 6 children were younger than 3 

years and 6 children were between 3 and 5 years of age. There were no differences in 

any of the clinical and biochemical characteristics between the groups and all values of 

biochemical characteristics were within the reference range for age. None of the children 

needed a blood transfusion before entering the study and none of them had a decline 

in Hb greater than 0.5 mmol/l after the study. All patients responded well to therapy 

and made uneventful recoveries. None of the children experienced any side effects 

(specifically: nausea or vertigo) from the deuterated water.
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Basal glucose kinetics

Mean plasma glucose concentration on admission was similar in both groups: young 

children: 5.1 ± 1.3 mmol/l, older children: 4.8 ± 0.6 mmol/l, P = 0.685 (table 1). During 

the first eight hours of controlled fasting mean plasma glucose concentration declined 

significantly in the young children: -1.4 ± 1.4  mmol/l (P = 0.04), and in the older children: 

-0.6 ± 0.7  mmol/l, although this decline was not significant (P = 0.08) (figure 2). After 8 

hours of controlled fasting (t = 0) the mean plasma glucose concentration was lower in 

the young children than in the older children (P = 0.038). All other parameters of glucose 

kinetics were comparable in the young and older children (table 2).

Glucose kinetics during extended fasting

Figure 2 shows the plasma glucose concentration on admission and during controlled 

fasting. Between 8 and 16 hours of fasting plasma glucose concentration decreased 

significantly over time in both groups: younger group -0.9 ± 0.7 mmol/l, P = 0.004, 

older group -1.0 ± 0.4 mmol/l, P = 0.001. There was no difference in the rate of decline 

between the groups (P = 0.709). Two young children and one older child developed 

hypoglycemia with plasma glucose < 2.5 mmol/l (2.1, 2.3 and 2.1 mmol/l respectively) 

at the end of the study (after 16 hours of controlled fasting); they were given proper 

treatment immediately. None of the children had clinical symptoms of hypoglycemia.

Figure 3 shows endogenous glucose production between 8 and 16 hours of fasting. EGP 

decreased significantly over time in both groups: younger group: -6.8 ± 6.3 µmol/kg•min, 

Table 1 Clinical and biochemical characteristics on admission

< 3 years (n = 6) 3-5 years (n = 6) P-value

Age (yr) 1.6 ± 0.4 4.1 ± 0.7

Sex (M/F) 4/2 2/4

Fasting prior to study (hr) 7 (1 – 20) 6 (3 – 20) 0.818

Weight for length/height (SD) -1.3 ± 0.8 -0.8 ± 1.3 0.589

Temperature (0C) 38.7 ± 1.2 39.1 ± 0.9 0.485

Glucose concentration on admission (mmol/l) 5.1 ± 1.3 4.8 ± 0.6 0.937

Haemoglobin (mmol/l) 6.2 ± 0.9 6.0 ± 1.7 1.000

CRP (mg/l) 154 (14 – 210) 90 (12 – 366) 0.818

Capillary PH 7.38 ± 0.05 7.41 ± 0.06 0.690

pCO2 (mmHg) 36 ± 2 32 ± 5 0.151

Bicarbonate (mmol/l) 21 ± 3 19 ± 3 0.222

Serum AST (U/l) 29 (17 – 67) 50 (31 – 164) 0.093

Serum ALT (U/l) 22 (13 – 35) 28 (14 – 129) 0.589

Creatinine (µmol/l) 35 ± 9 43 ± 15 0.485

Normally distributed data are presented as means ± SD, other data as median with range. 
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Figure 2 Plasma glucose concentration on admission (= start of controlled fast) and between 8 and 16 
hours of controlled fasting in young (< 3 years) and older (3-5 years) children with severe pneumonia. 
Regression equation young group: plasma glucose concentration = 3.6215 – (0.1155 × time); older 
group: plasma glucose concentration = 4.0927 – (0.1225 × time). Data are means ± SEM.

Table 2 Glucose kinetics after 8 hours of controlled fasting (t=0) 

< 3 years 3-5 years P-value

Glucose concentration (mmol/l) 3.6 ± 0.5 4.2 ± 0.3 0.038

Glucose production (µmol/kg•min) 24.5 ± 9.0 24.9 ± 6.4 0.926

Gluconeogenesis (µmol/kg•min) 17.5 ± 6.7 14.7 ± 2.8 0.383

Glycogenolysis (µmol/kg•min) 7.1 ± 5.4 10.3 ± 5.5 0.334

Data are presented as means ± SD. 

P = 0.003, older group: -5.3 ± 3.4 µmol/kg•min, P = 0.001. There was no difference in 

the rate of decline between the groups (P = 0.451). 

Gluconeogenesis decreased between 8 and 16 hours of fasting in the young children 

from 17.5 ± 6.7 to 12.5 ± 4.7 µmol/kg•min, P = 0.029, but remained stable in the 

older children: 14.7 ± 2.8  and 13.7 ± 5.0 µmol/kg•min (P = 0.609). The contribution 

of gluconeogenesis to endogenous glucose production did not change in either group: 

young children: 72 ± 15  and 69 ± 15  % (P = 0.956), older children: 61 ± 14  and 69 ± 9  

% (p = 0.178). There were no difference between the groups after 8 and after 16 hours 

of fasting: P = 0.227 and P = 0.970 respectively.

87

Glucose kinetics in children with severe pneumonia



Glycogenolysis did not change in the young children between 8 and 16 hours of fasting: 

7.1 ± 5.4  and 5.2 ± 2.3  µmol/kg•min (P = 0.239), but decreased in the older children 

from 10.3 ± 5.5 to 6.0 ± 2.6  µmol/kg•min, P = 0.035. 

Glucoregulatory hormones and free fatty acids

Data are shown in table 3. Between 8 and 16 hours of fasting norepinephrine and free 

fatty acid concentrations increased only in the younger children (P = 0.028 and P = 0.046 

resp.). The plasma concentration of the other glucoregulatory hormones and the free 

fatty acids did not change significantly over time and there were no differences between 

the groups.

Table 3 Glucoregulatory hormones and free fatty acids after 8 hours and after 16 hours of fasting 

< 3 years (n = 6) 3-5 years (n = 6)

8 hr fast 16 hr fast 8 hr fast 16 hr fast

Insulin (pmol/l) 7.5 (7.5-7.5) 7.5 (7.5-7.5) 7.5 (7.5-26) 7.5 (7.5-98)

Glucagon (ng/l) 79 (69-108) 97 (55-151) 72 (57-109) 96 (54-157)

Cortisol (nmol/l) 513 (328-1418) 679 (450-1402) 807 (295-1164) 878 (428-1385)

Epinephrine (nmol/l) 0.06 (0.05-1.81) 0.23 (0.05-1.63) 0.13 (0.05-1.34) 0.12 (0.05-0.86)

Norepinephrine (nmol/l) 0.26 (0.21-1.72) 0.54 (0.20-1.83) † 0.44 (0.14-1.69) 0.35 (0.05-2.75)

FFA (mmol/l) 0.97 (0.78-2.69) 1.16 (0.91-3.3) †† 1.07 (0.84-1.16) 1.08 (0.68-2.50)

Data are median with range. † P  = 0.028 and †† P  = 0.046 for comparison within < 3 years 
group.

Figure 3 Endogenous glucose production between 8 and 16 hours of controlled fasting in young 
(< 3 years) and older (3-5 years) children with severe pneumonia. Data are means ± SEM.
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DISCUSSION

This is the first study on glucose kinetics in children with severe pneumonia under the age 

of five during a 16 hour period of controlled fasting. It shows that both fasting and age 

are important factors in the development of hypoglycemia in these children. On admission 

the plasma glucose concentration was comparable in both groups and decreased only in 

the young children during the first 8 hours of fasting. Between 8 and 16 hours of fasting, 

the plasma glucose concentrations decreased comparably in both groups, indicating 

that the age difference in the rate of decline of plasma glucose exists only in the early 

few hours of the fast. In other words glucose metabolism in children < 3 years adapts 

adequately albeit slower to fasting than in older children. With the assumption that the 

decrease of plasma glucose concentration between 8 and 16 hours of fasting was linear 

in time in both groups, linear regression analysis using a mixed linear model, showed that 

hypoglycemia (plasma glucose < 2.5 mmol/l) would occur after 18 hours of fasting in the 

young children and after 21 hours in the older children (P = 0.041). The fasting period 

prior to the study is of influence but this period was similar for both groups. Adding this 

pre-study fasting duration, young children with severe pneumonia become hypoglycemic 

after 25 hours and older children after 27 hours of fasting. Therefore we conclude that 

prolonged fasting is an important risk factor for hypoglycemia in young children with 

severe pneumonia, mainly due to a less adequate metabolic adaptation to fasting in the 

first 15 hours. Our findings are in line with the literature that states that hypoglycemia is 

not a specific feature of disease, but is considered the consequence of prolonged fasting 

in ill children (2,4,5,8,9,11,26-29). 

Published data on glucose production in young children with severe pneumonia and its 

relation with fasting duration are lacking. After the first 8 hours of fasting EGP was 

not different between groups, although the plasma glucose concentration was lower 

in the young children. Between 8 en 16 hours of fasting the decline in endogenous 

glucose production and plasma glucose concentration in the young children was parallel 

to the decline in older children. In adults, between 10 and 16 hours of fasting,  glucose 

production declines by ~ 20%, with a minimal change in glucose concentration, indicating 

that the mechanism of maintenance of plasma glucose concentration during fasting is 

mainly via a reduction in peripheral utilization (30,31). In the present study in children 

with pneumonia the decline in plasma glucose concentration and in endogenous glucose 

production were positively correlated (R-Square 0.40, P < 0.001) between 8 and 16 hours 

of fasting. This indicates that glucose production is an important determinant of glucose 

concentration in children with pneumonia during fasting. This relationship was also found 

in Kenyan children with uncomplicated malaria (12). Our data therefore suggest that, in 

general, children with infectious disease are less able to reduce glucose utilization than 

adults during fasting. 

Absolute gluconeogenesis decreased in all young children over time, but its contribution 

to glucose production did not change. In the older children absolute gluconeogenesis 
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also decreased in all children except for one child, which precluded the change to be 

statistically significant. We therefore have reservations about possible age-related 

differences in gluconeogenesis or precursor supply as the explanation for hypoglycemia 

in young children  (32-34). However, these findings in children with pneumonia are 

remarkable since in children with malaria absolute gluconeogenesis does not change and 

fractional gluconeogenesis increases after extended fasting (11). A possible explanation 

for this difference are the glucagon and insulin concentration: in children with malaria the 

glucagon concentration increases and insulin concentration decreases during extended 

fasting, whereas it remaines stable in the children with pneumonia in the present 

study. This observation suggests the existence of infectious disease related differences 

in hormonal response during fasting in children. Our data cannot be compared with 

literature due to lack of publications on this issue.

We conclude that fasting is a significant determinant of plasma glucose concentration.  

During fasting young children with severe pneumonia below 3 years of age initially have 

a higher risk for developing hypoglycemia than older children in spite of high plasma 

concentrations of glucoregulatory hormones and free fatty acids.  This is due to a slower 

rate of reducing glucose utilization than in older children. After prolonged fasting the risk 

of hypoglycemia concerns children 3-5 years of age as well. There may also be an effect 

of the kind of infectious disease on the adaptation of glucose metabolism during fasting 

in children. Further studies are needed to elucidate its pathophysiological mechanism. 
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SUMMARY

BACKGROUND & AIMS Fasting is an important risk factor for hypoglycemia in children 

with malaria or pneumonia. Young children are more at risk, because of impaired 

endogenous glucose production (EGP) presumably due to smaller liver glycogen stores. 

The aim was to measure the effect of a bolus glucagon on glucose kinetics, as an indicator 

of glycogen content, in fasted children with malaria and pneumonia. 

METHODS After a 16-hour fast glucose concentration and EGP were measured in six 

children with severe malaria (1-5 years) and 12 with severe pneumonia (6 young (1-3 

years), 6 older (3-5 years)) before and after a bolus glucagon. 

RESULTS Basal glucose concentration and EGP were higher in children with malaria, 

p=0.034 and p=0.010 respectively. Glucose concentration and EGP increased after 

glucagon in both groups (p<0.001). The peak in glucose concentration and in EGP 

was higher in children with malaria, p=0.029 and p=0.023 respectively. There were no 

differences between young and older children with pneumonia. 

CONCLUSIONS After a 16-hour fast, the increase in glucose concentration and EGP in 

response to glucagon are higher in children with malaria suggesting smaller glycogen 

stores in children with pneumonia; glycogen stores in young and older children with 

pneumonia are equally diminished.
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INTRODUCTION

Hypoglycemia frequently occurs in young children with various illnesses of which 

malaria, pneumonia and diarrhea are the most common (1,2). Young sick children with 

hypoglycemia have a four to six time greater chance of dying compared to normoglycemic 

sick children (1,3). Hypoglycemia is not a specific feature of disease, but it is considered 

the consequence of prolonged fasting in severely ill children (2,4). Very young children 

below the age of 3 years are particularly at risk for hypoglycemia after a period of 

extended fasting (1,2,5,6). Reduced endogenous glucose production (EGP) due to lower 

liver glycogen content is considered the underlying mechanism for this increased risk (7).

Glycogen content in children can be measured by liver biopsy or by nuclear magnetic 

resonance imaging combined with stable isotopes. 13C-NMR is a non-invasive alternative 

for quantification of the liver glycogen content in patients, but only a limited number of 

studies report on this technique in young children (8). The use of both liver biopsies and 
13C-NMR for research purposes in children is limited for ethical and practical reasons.

A more feasible non-invasive approach to test the ability to release glucose from glycogen 

stores in young children is to measure the response to a bolus glucagon, a method often 

used in clinical practice (9). In young growth hormone-deficient children (1.1-6.5 years) 

who developed hypoglycemia after a 24 hour fast, the majority (66%) had a normal 

response to glucagon suggesting sufficient hepatic glycogen (10). Similar results were 

found in children with acute lymphoblastic leukemia who were fasted for 16 hours: 7 

out of 11 (64%) children (median age 4.5 years) who developed hypoglycemia had an 

adequate response to glucagon stimulation (11). 

A limitation of these studies is that only the plasma glucose concentration was measured. 

To adequately quantify the increase in EGP after glucagon, stable isotopes are needed 

(12). Currently there are no data on the glucose or EGP response to glucagon stimulation 

in young children with malaria or pneumonia after prolonged fasting. 

The aim of this study was to estimate possible differences in liver glycogen content between 

children with malaria and pneumonia after 16 hours of controlled fasting by measuring 

the change in plasma glucose concentration and EGP using [6,6-2H2]glucose in response 

to a bolus glucagon. We hypothesized that glucose concentration and EGP would increase 

in response to a bolus glucagon, suggesting that liver glycogen content is not exhausted 

after a 16-hour fast. Second, we hypothesized that the increase is not influenced by 

different infectious diseases, i.e. that the increase is comparable in children with malaria 

and pneumonia. Third, we hypothesized that the response to glucagon is lower in very 

young children than in older children because of lower liver glycogen stores. 
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MATERIALS AND METHODS 

Patients

All children included in this study were admitted to the Diakonessen Hospital in Paramaribo 

with a primary diagnosis of malaria or pneumonia. Inclusion criteria were: age between 

1 and 5 years, severe malaria or severe pneumonia, necessity of intravenous infusion and 

plasma glucose concentration ≥ 3.0 mmol/l on admission. 

Severe malaria was defined according to the WHO criteria (5): > 2% of erythrocytes 

infected, or malaria with presence of severe anemia, respiratory distress, impaired 

consciousness, multiple convulsions within the past 24 hours, or (other) signs of cerebral 

malaria (Blantyre coma score ≤ 2) not attributable to any other cause. All patients with 

suspected cerebral malaria had a lumbar puncture to exclude other causes of coma. 

Severe pneumonia was defined according to WHO guidelines (13): cough or difficult 

breathing with respiratory distress (lower chest wall retractions or abnormally deep 

breathing), tachypnoe (≥ 40 breaths per minute) and chest auscultation signs (decreased 

breath sounds, bronchial breath sounds, crackles, abnormal vocal resonance, pleural rub). 

Exclusion criteria were: glucose concentration < 3.0 mmol /l on admission, very severe 

pneumonia according to the WHO criteria (central cyanosis, inability to drink or profound 

vomiting, convulsions, lethargy or unconsciousness, severe respiratory distress, or X-ray 

signs of pleural effusion, empyema, pneumothorax, pneumatocoele and interstitial 

pneumonia) (13), need for mechanical ventilation, severe anemia (hemoglobin 

concentration < 3.5 mmol/l (63 mg/dl)), severe acidosis (pH < 7.25), severe chronic 

diarrhea (which may induce hypoglycemia in childhood), documented endocrine diseases 

and concomitant infectious diseases. 

Nutritional status was assessed by weight for length/height on the WHO Child Growth 

Standards for children less than five years of age (14). 

Written informed consent was obtained from the accompanying parent or guardian. This 

study was approved by the Suriname National Ethical Committee. 

Study design

All severely ill children admitted at the Diakonessenhuis Hospital were treated according 

to the guidelines of proper pediatric intensive care medicine. After admittance, 

patients were stabilized and recruited immediately after laboratory and radiodiagnostic 

confirmation of the clinical diagnosis and exclusion of quinine-use by a quinine dipstick. 

Basal hematological and biochemical parameters were measured for clinical purposes. 

Patients with severe malaria were treated with intramuscular artemotil, patients with 

pneumonia were treated with intravenous ampicillin. The time the children had their 

last meal or drink either at home or in the hospital was recorded and considered as the 

start of the fasting period prior to the study. After inclusion the children were fasted for 

another 16 hours (controlled fasting period). 
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An intravenous catheter was introduced in a peripheral vein for clinical reasons (IV 

therapy) and also used for stable isotope infusion. A second catheter for blood sampling 

was introduced into a suitable vein in the contralateral arm or foot. Both catheters were 

introduced after Emla® cream application for local anesthesia. Blood sampling from the 

venous catheter proved to be technically possible and was tolerated well by all children. 

Whenever possible, blood samples for study purposes were tied with samples for clinical 

reasons. The catheters were kept patent by a slow isotonic saline drip.

The study design is shown in figure 1. After obtaining a baseline blood sample at t = -16 

hr for plasma glucose concentration, the patients were fasted until the end of the study 

but were allowed to drink tap water ad libitum. In order to detect hypoglycemia without 

delay, glucose concentrations were checked regularly during the entire fasting period 

using a bedside point of care device (Precision Q•I•D, MediSense Inc., Il, USA) in addition 

to the glucose measurements on admission and samples taken for the study.

At t = -10 hr a blood sample was drawn to determine background enrichment of [6,6-2H2]

glucose and plasma glucose concentration. Immediately thereafter a primed (5.4 mg/kg), 

continuous (3.6 mg/kg/h or 0.33 µmol/kg•min) infusion of [6,6-2H2]glucose (Cambridge 

Isotope Laboratories, Andover MA, USA) dissolved in sterile isotonic saline and sterilized 

by passage of the solution through a millipore filter was administered by a motor-driven, 

calibrated syringe pump (Perfusor Secura FT, B.Braun, Germany). At t = 0 (16 hours of 

controlled fasting, start of the study) a bolus glucagon was administered intravenously 

(0.1 mg/kg). Between t = 0 min and t = 60 min blood samples for plasma glucose 

concentration and enrichment of [6,6-2H2]glucose were obtained every 15 minutes. 

Blood samples for determination of plasma concentration of insulin and glucagon were 

collected at t = 0 min and t = 15 min. 

↓ glucagon

 [6,6-2H2]glucose continuous infusion

Time (hr) Admission -16 -14 -12 -10 -8 -6 -4 -2 0 +1

Blood samples

Parasitology X

Hematology X

Chemistry X

Plasma glucose X X X X X X X

Bedside glucose X X X X X X X

[6,6-2H2]glucose X X X X X X

Hormones X X

Figure 1 Study design.
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Assays 

Blood for [6,6-2H2]glucose enrichment as well as hormones was collected in prechilled 

heparinized tubes. All samples were kept on ice and centrifuged immediately. Plasma was 

stored at –20oC and was transported on dry ice before assay in the Netherlands. 

Plasma samples for glucose enrichments of [6,6-2H2]glucose were deproteinized 

with methanol. The aldonitril penta-acetate derivative of glucose was injected into 

a gas chromatograph/mass spectrometer system. Separation was achieved on a J&W 

(J&W Scientific, FOL, CA, USA) DB17 column (30 m x 0.25 mm, df 0.25 µm). Glucose 

concentrations were determined by gas chromatography using xylose as an internal 

standard. Glucose was monitored at m/z 187, 188 and 189. The enrichment of [6,6-2H2]

glucose was determined by dividing the peak area of m/z 189 by the peak area of 187 

and correcting for natural enrichments. 

Insulin was measured in an Immulite 2000 system (Diagnostic Products Corporation, 

Los Angeles, USA) with a chemiluminiscent immunometric assay (intra-assay variation 

47 pmol/L 6%, 609 pmol/L 3%; inter-assay variation 91 pmol/L 4%, 120 pmol/L 6%; 

detection limit 15 pmol/L). Glucagon was determined by RIA (Linco Research, St. Charles, 

MO, USA), intra-assay c.v.: 3--5 %, inter-assay c.v.: 9--13 %, detection limit: 15 ng/L. 

Calculations 

After glucagon administration the glucose rate of appearance (Ra) was calculated by the 

isotope dilution from the [6,6-2H2] enrichment of glucose in plasma, using non steady 

state equations as described by Steele (15):

 F – pV * [(C2 + C1) / 2] * [(E2 – E1) / (t2 – t1)]

Ra = 

(E2 + E1) / 2

where Ra = rate of appearance of glucose (in µmol/kg•min), F = [6,6-2H2]glucose 

infusion rate (in µmol/kg•min), E = percent of glucose molecules enriched with 2H (in 

absolute values), C = plasma glucose concentration (in mmol/L), t = time at the sampling 

points (in min) and pV = effective distribution volume of glucose, assumed to be 75% 

of the extracellular water volume. The volume of extracellular water was calculated by 

normogram from body weight and height.  

Statistics

To investigate the response of EGP and plasma glucose concentration to glucagon, mixed 

models analysis with repeated measurements analysis of variance (SPSS version 16.0) was 

used with time as a categorical variable. Since some data of glucose kinetics were not 

normally distributed, ranks of valuables were used. For each of the models, the residuals 

were normally distributed (Wilk-Shapiro’s W > 0.90), but since they did not show constant 

variance nonparametric mixed models analysis was performed. Differences between the 

groups in clinical and laboratory data and glucose kinetics at t = 0 were analyzed by the 
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t-test for independent variables, the paired data of hormones by the paired samples 

t-test. Data are presented as medians and ranges unless stated otherwise. Statistical 

significance was set at p < 0.05.

RESULTS

Clinical data

Clinical and laboratory details are given in table 1. Eighteen Surinamese children under 

the age of five were studied: 6 children had severe malaria and 12 children had severe 

pneumonia. The children with severe pneumonia were divided in a group of 6 young (< 

3 years) and 6 older (3-5 years of age) children. In the group of children with malaria, 3 

children were younger than 3 years and 3 children were between 3-5 years of age. There 

Table 1. Clinical and biochemical characteristics on admission. Data are presented as median and 
range.

malaria (n = 6) pneumonia (n = 12) p-Value

< 3 years (n = 6) 3-5 years (n = 6)

Age (yr) 2.6 (1.1 ; 4.8) 2.8 (1.1 ; 4.9) 0.968

1.5 (1.1 ; 2.3) 4.2 (3.3 ; 4.9) <0.001

Fasting prior to study (hr) 9 (2 ; 18) 7 (1 ; 20) 0.835

7 (1 ; 20) 6 (3 ; 20) 0.783

Weight for length/height (SD) -1.7 (-3.3 ; -0.2) -1.3 (-2.5 ; +1) 0.320

-1.4 (-2.3 ; -0.3) -1.2 (-2.5 ; +1) 0.447

Temperature (0C) 38.9 (36.5 ; 39.4)  39.0 (37.3 ; 40.4) 0.437

38.6 (37.3 ; 40.1) 39.0 (38.1 ; 40.4) 0.536

Haemoglobin after blood 
transfusion (mmol/L) 

 5.8 (3.8 ; 6.6) 6.6 (3.7 ; 8.0) 0.314

6.6 (4.9 ; 7.1) 6.1 (3.7 ; 8.0) 0.786

CRP (mg/L) 146 (18 ; 333) 146 (12 ; 366) 0.716

154 (14 ; 210) 90 (12 ; 366) 0.990

Serum AST (U/L) 106 (34 ; 410) 43 (17 ; 164) 0.181

29 (17 ; 67) 50 (31 ; 164) 0.118

Serum ALT (U/L) 26 (13 ; 52) 25 (13 ; 129) 0.565

22 (13 ; 35) 28 (14 ; 129) 0.234

Creatinine (µmol/L) 33 (19 ; 39) 38 (24 ; 69) 0.164

32 (28 ; 48) 40 (24 ; 69) 0.317

Sex (M/F) 0/6 6/6

4/2 2/4
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were no differences in any of the clinical and biochemical characteristics between the 

groups and values of biochemical characteristics were consistent with severe disease. 

One young child and one older child had cerebral malaria. The young child with cerebral 

malaria and another older child with severe malaria had a blood transfusion on admission 

because of severe anemia. Their haemoglobin values were above 5.0 mmol/l (90 mg/

dl) after blood transfusion before the start of the controlled fasting period. None of 

the children had a decline in Hb greater than 0.5 mmol/l after the study. All patients 

responded well to therapy and made uneventful recoveries.

Basal glucose kinetics before glucagon administration 

Children with malaria versus pneumonia

Data are shown in table 2. The basal plasma glucose concentration and EGP, after 16 

hours of controlled fasting, were significantly higher in the children with malaria than in 

the children with pneumonia (p = 0.034 and p = 0.010 respectively). 

Table 2. Glucose kinetics before glucagon administration. Data are presented as median and range.

malaria (n = 6) pneumonia (n = 12) p-Value

< 3 years (n = 6) 3-5 years (n = 6)

Glucose concentration (mmol/l) 4.2 (3.0 ; 4.7) 3.1 (2.1 ; 3.8) 0.034

2.8 (2.1 ; 3.5) 3.3 (2.1 ; 3.8) 0.224

Glucose production (µmol/kg•min) 25.3 (22.6 ; 36.4) 18.8 (14.1 ; 31.8) 0.010

19.2 (14.1 ; 23.3) 18.2 (14.5 ; 31.8) 0.725

Young versus older children with pneumonia

There were no differences in plasma glucose concentration (p = 0.224) or in EGP (p = 

0.725) between the young and older children with pneumonia after the 16 hour controlled 

fast. Two young children and one older child had plasma glucose concentrations of 2.1, 

2.3 and 2.1 mmol/l after 16 hours of fasting without clinical signs of hypoglycemia. 

They immediately received a bolus glucagon resulting in an increase of the plasma 

glucose concentrations to 2.5, 3.6 and 2.7 mmol/l respectively. Thereafter they remained 

normoglycemic. 

Glucose kinetics in response to glucagon bolus 

Children with malaria versus pneumonia (figures 2 and 3)

The plasma glucose concentration increased significantly in both groups: mean increase of 

2.1 ± 1.2 mmol/l (p < 0.001) in children with malaria, and of 1.0 ± 0.7 mmol/l (p < 0.001) 

in children with pneumonia. The increase was significantly larger in the children with 

malaria (p = 0.002). The peak plasma glucose concentration was higher in the children 

with malaria: 6.0 ± 1.7 mmol/l (increase of 52 ± 26 %) than in children with pneumonia: 

3.9 ± 1.1 mmol/l (increase of 31 ± 23 %) (p = 0.029 for difference between the groups).
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EGP increased significantly in both groups: increase of 32.0 ± 17.4 µmol/kg•min (p < 

0.001) in children with malaria, and of 12.8 ± 9.3 µmol/kg•min (p < 0.001) in children 

with pneumonia. The increase was significantly larger in the children with malaria (p = 

0.001). The peak EGP was higher in the children with malaria: 60.9 ± 22.4 µmol/kg•min 
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Fig. 2. Response of plasma glucose concentration to glucagon after 16 hours of controlled fasting in 
children with severe malaria (open symbols, mean: dashed line) and severe pneumonia (closed symbols, 
mean: black line). Individual data are shown. Plasma glucose concentration increased significantly in 
both groups (p < 0.001), but the increase was greater in the malaria children (p = 0.002).

Fig. 3. Response of endogenous glucose production to glucagon after 16 hours of controlled fasting 
in children with severe malaria (open symbols, mean: dashed line) and severe pneumonia (closed 
symbols, mean: black line).. Individual data are shown. EGP increased significantly in both groups (p 
< 0.001), but the increase was greater in the malaria children (p = 0.001). 
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(increase of 106 ± 42 %) than in children with pneumonia: 31.9 ± 11.2 µmol/kg•min 

(increase of 70 ± 52 %) (p = 0.023 for difference between groups).

Young versus older children with pneumonia (figures 4 and 5)

Plasma glucose concentration increased significantly in both groups: + 0.8 ± 0.8 mmol/l 

(p < 0.001) in young children and + 1.1 ± 0.7 mmol/l (p < 0.001) in older children (p 

= 0.479 for difference between groups). The peak plasma glucose concentration after 

glucagon was similar in both groups: 3.6 ± 1.1 mmol/l (increase of 30 ± 27 %) in the 

young and 4.3 ± 1.1 mmol/l (increase of 33 ± 21 %) in the older children (p = 0.292).

EGP increased significantly in both the young and older children with pneumonia: + 10.8 

± 7.5 µmol/kg•min (p < 0.001) in young children and + 14.8 ± 11.1 µmol/kg•min (p < 

0.001) in older children (p = 0.960 for difference between groups). The peak EGP after 

glucagon was similar in both groups: 29.4 ± 6.2 µmol/kg•min (increase of 65 ± 56 %) 

in the young children and 34.4 ± 15.0 µmol/kg•min (increase of 74 ± 53 %) in the older 

children (p = 0.470).

Plasma glucagon and insulin in response to glucagon bolus 

Children with malaria versus pneumonia

The plasma glucagon and insulin concentrations at t = 0 were not different between 

children with malaria and children with pneumonia (p = 0.981 and p = 0.371 respectively) 

(table 3).

Fig. 4. Response of plasma glucose concentration to glucagon after 16 hours of controlled fasting in 
children with severe pneumonia. The young children (< 3 years) are represented by closed symbols 
(mean: black line), the older children (3-5 years) are represented by open symbols (mean: dashed 
line). Plasma glucose concentration increased significantly in both groups (p < 0.001), no differences 
between the groups (p = 0.479).
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Fifteen minutes after glucagon administration the plasma glucagon concentration 

increased above 1400 ng/l in all children with malaria and pneumonia (p < 0.001). 

There were no differences between the groups (p = 1.0). Fifteen minutes after glucagon 

administration the plasma insulin concentration increased in the children with malaria (p 

= 0.038) but not significantly in the children with pneumonia (p = 0.058). There were no 

differences between the groups (p = 0.326). 

Fig. 5. Response of endogenous glucose production to glucagon after 16 hours of controlled 
fasting in children with severe pneumonia. The young children (< 3 years) are represented by closed 
symbols (mean: black line), the older children (3-5 years) are represented by open symbols (mean: 
dashed line). EGP increased significantly in both groups (p < 0.001), no differences between the 
groups (p = 0.960).
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Table 3. Plasma glucagon and insulin concentration in response to glucagon administration. Data 
are presented as median and range.

malaria (n = 6) pneumonia (n = 12) p-Value

< 3 years (n = 6) 3-5 years (n = 6)

Glucagon concentration (ng/l) 89 (63 ; 143) 98 (54 ; 157) 0.981

before glucagon bolus 97 (55 ; 147) 98 (54 ; 157) 0.884

Glucagon concentration (ng/l) 1400 † 1400 † 1.0

after glucagon bolus 1400 † 1400 † 1.0

Insulin concentration (pmol/l) 7.5 (7.5 ; 19) 7.5 (7.5 ; 98) 0.371

before glucagon bolus 7.5 (7.5 ; 7.5) 7.5 (7.5 ; 98) 0.270

Insulin concentration (pmol/l) 36 (19 ; 93) †† 23 (7.5 ; 312) 0.326

after glucagon bolus 7.5 (7.5 ; 122) 7.5 (7.5 ; 312) 0.230

†  p < 0.001 for comparison with glucagon concentration before glucagon bolus, †† p = 0.038 for 
comparison with insulin concentration before glucagon bolus
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Young versus older children with pneumonia

The plasma glucagon concentration and the plasma insulin concentration at t = 0 were 

comparable in the young children and in the older children with pneumonia (p = 0.884 

and p = 0.270 respectively). 

The plasma glucagon concentration increased significantly 15 minutes after glucagon 

administration above 1400 ng/l in the young and older children with pneumonia (p < 

0.001), no differences between the groups (p = 1.0). The plasma insulin concentration 

did not increase 15 minutes after glucagon administration in the young (p = 0.186) or in 

the older children (p = 0.183), no differences between the groups (p = 0.230). 

DISCUSSION

This study shows that endogenous glucose production and plasma glucose concentration 

increase in response to a glucagon bolus after a 16 hour period of controlled fasting in 

children with severe malaria and in children with severe pneumonia. Adding the fasting 

period prior to the study (9 hours for the children with malaria and 7 hours for the children 

with pneumonia) implies that both in the children with malaria and in the children with 

pneumonia, hepatic glycogen stores are not completely depleted after a 23-25 hour fast. 

However the response was significantly larger in children with severe malaria, suggesting 

that after a prolonged fast, glycogen stores are larger in children with malaria than in 

children with pneumonia. 

Second we show that the increase in EGP and plasma glucose concentration in children 

with severe pneumonia is not influenced by age since it is similar in the young and older 

children. These findings do not support our hypothesis that liver glycogen content in 

young children is lower than in older children.

An increase in plasma glucose of at least 50% 30 minutes after a glucagon bolus in 

healthy children, aged 2-6 years, following a 24 hour fast is considered normal (16). Most 

of the children with malaria had a normal response of plasma glucose concentration to 

glucagon (52%) whereas the response of the children with pneumonia was suboptimal 

(31%), both in the young (30%) and older (33%) children. Whether this inadequate 

response is specific for pneumonia is difficult to establish since only a few studies report 

on glucose responses to glucagon in children. Growth hormone deficient and growth 

retarded children showed an adequate glycemic response to glucagon after different 

durations of fasting (10,17). One study reports on children with infectious disease: 14 

pre-pubertal HIV-infected children age 5-11 years (12 with asymptomatic HIV infection or 

mild disease and 2 with severe HIV infection) had a lower glycemic response to glucagon 

(4%) than age-matched healthy controls (91%) after a 15 hour fast (18). The present 

study is the first measuring both glucose concentration and production in response to 
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glucagon in children 1-5 years of age with malaria and pneumonia after a period of 

prolonged fasting. 

EGP is the sum of glycogenolysis and gluconeogenesis and glycogen stores are regulated 

by glycogen turnover and gluconeogenic flux into glycogen (19). Administration of 

glucagon leads to an increase in glucose production by stimulating both glycogenolysis 

and gluconeogenesis, although the initial response in hepatic glucose production is 

caused primarily by an increase in glycogenolysis (20). It can therefore be expected that 

the initial increase in glucose production we measured in the children in our study was 

mainly due to increased glycogenolysis. 

Although glycogen stores were not depleted after the 23-25 hour fast, the response of 

glucose production to glucagon in the children was comparatively low. The amount of 

glucose released in the first hour after glucagon was 273 µmol/kg in the children with 

pneumonia and 539 µmol/kg in the children with malaria. Assuming a glucose utilization 

rate between 27 and 43 µmol/kg•min, which is the normal rate in 1 month to 6 year 

old healthy children (21), these amounts would be sufficient for only 6-10 minutes in 

the children with pneumonia and 13-20 minutes in the children with malaria. This is 

comparable to preterm infants receiving intravenous glucose at a low rate (25 minutes) 

(22), but much lower than in adults (150 min) (23). Since the liver weight/body weight 

ratio decreases with age (24) from approximately 5 % in preterm infants to 2.5% in 

adults (25) the amount of glucose released per liver mass unit in the children in this study 

was only about 10-20% of the amount released by healthy adults. This is also reflected 

by the relatively small increase in EGP: in the children with pneumonia EGP increased 

1.7 fold and in the children with malaria EGP doubled after glucagon administration 

compared to a 2.5 fold increase in hypoglycemic patients with glycogen storage disease 

(26), a 4.5 increase in preterm infants (22) and a 9-fold increase in healthy adults after a 

10 hour fast (23). However, the response of EGP to glucagon is influenced by the extent 

of the fasting period: when healthy adults are fasted for 60-72 hours, glucose production 

only increases one third in response to glucagon as a result of glycogen depletion (19). 

We therefore presume that the suboptimal response of EGP to glucagon after the 23-25 

hour fast in the children with malaria and pneumonia is the result of an advanced stage 

of liver glycogen depletion. Since the response to glucagon is higher in the children 

with malaria and equal in young and older children with pneumonia, we conclude that 

glycogen content in the children with malaria is relatively preserved whereas it is lower in 

the children with pneumonia with no difference between the age groups. 

Several factors could have influenced our results. Differences in regulatory hormones could 

alter glucose production response. There were no differences in basal plasma glucagon 

and insulin concentrations between the groups. Cortisol and growth hormone were not 

measured in this study, however we do not think these regulatory hormones will have 

been of influence. In contrast to the stimulating effects of glucagon and catecholamines, 

the stimulating effect of cortisol on hepatic glucose production takes several hours to 

occur (27). Growth hormone is a potent insulin-antagonist, but it takes approximately 
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three hours for the anti-insulin actions of growth hormone to become active (28). Second, 

there could be differences in the activity of glycogenolytic enzymes between the groups. 

This remains uncertain as we did not find any studies comparing the activity of enzymes 

involved in glycogenolysis between children or adults with malaria and pneumonia. 

The difference in response between the children with malaria and pneumonia could not 

be attributed to a difference in fasting duration or to a difference in the duration of 

illness prior to the study as these were similar in both groups. Possible differences in 

glucoregulatory hormone concentrations as an explanation seems unlikely for the above 

mentioned reasons. One explanation could be that the lower glucose production and 

concentration prior to glucagon administration in children with pneumonia is because of 

higher energy expenditure due to more intensive work of breathing and/or hypoxemia 

eventually resulting in a more rapid depletion of glycogen stores. Studies in critically ill 

children show a wide variation in individual energy requirements in different diseases and 

a wide range in the ratio of measured to predicted energy expenditure (29). A more likely 

possibility is that different infectious diseases exert different effects on the regulation of 

glucose metabolism at the level of enzymes or transcription factors. In a study in adults 

with uncomplicated malaria who were fasted for 22 hours the decrease in the rate of 

decline of glycogenolysis was slower than in healthy controls, despite a much lower rate 

of glycogenolysis in the malaria patients, indicating that the regulation of glycogenolysis 

in malaria is not dictated by glycogen content, but is driven by the necessity to maintain 

euglycemia (30). 

Unfortunately we could not measure the influence of age in the children with malaria due 

to the small amount of subjects (three children in each group). 

In conclusion, plasma glucose concentration and endogenous glucose production 

in response to glucagon after a 16 hour fast are higher in Surinamese children with 

severe malaria than in children with severe pneumonia, but there are no differences 

between the young and older children with pneumonia. Assuming that the response to 

a glucagon bolus is an indicator of glycogen content, this indicates that hepatic glycogen 

stores in children with pneumonia are smaller than those in children with malaria after a 

prolonged fast and that glycogen stores in young and older children with pneumonia are 

equally diminished. 
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7Chapter

The adaptation of glucose metabolism 
to fasting in young children with 
infectious diseases, a perspective





INTRODUCTION

Hypoglycemia is a frequently encountered complication in young children during fasting 

and severe illness and may result in permanent neurological damage or even death. 

Mortality rate in young children is increased four- to six-fold when severe infectious disease 

is complicated by hypoglycemia (1-9). There are certain well-recognized risk factors such 

as prolonged fasting, severity of disease and young age. Several epidemiological studies 

in children with various infectious diseases, of which malaria, pneumonia and diarrhea are 

particularly common, confirm the association between the occurrence of hypoglycemia 

and duration of fasting (1-13) with especially the younger children below the age of 3 

years being at greater risk (7,9,13). Impaired endogenous glucose production (EGP) due 

to smaller liver glycogen stores in these younger children is presumed to be the reason 

for this increased risk (14,15).

Although hypoglycemia is a frequently experienced complication in clinical practice, very 

few studies on glucose kinetics in children under five years of age are performed in order 

to elucidate the underlying pathophysiological mechanism of this phenomenon. And 

yet the results of such studies may have significant implications for treatment of young 

children with severe illnesses. To explore this issue we have done studies in children 

with malaria and with pneumonia under five years of age during a prolonged period of 

controlled fasting. 

Specifically, several aspects of glucose metabolism were addressed: 

1. the effect of age as a risk factor for hypoglycemia in children with infectious disease 

(16,17).

2. the influence of duration of fasting as a determinant of glucose metabolism in children 

with infectious disease (17,18).

3. the possibility of differences in liver glycogen content after prolonged fasting in children 

with different infectious diseases (19).

4. the effect of the type of infection on different aspects of glucose metabolism (17-19).

The results of these studies are discussed and implications for clinical practice are 

suggested.

Feasibility, limitations and ethical considerations in studying glucose 
kinetics in young children

Research on glucose kinetics in young children requires special attention as to the feasibility, 

limitations and ethical considerations of the techniques used. EGP,  gluconeogenesis and 

glycogenolysis can be accurately measured using stable isotope techniques. The use of 

stable isotope techniques in studying glucose metabolism is safe and is considered to be 

the golden standard. Measurements of glucose kinetics have changed the insight in the 

pathophysiology of glucose metabolism and have revealed differences in the regulation 

of glucose metabolism between adults and children.

115

Perspective



Apart from the general restrictions that accompany research in children (20-22), an 

important restriction is the limited blood-sampling volume, and therefore the amount 

of data that can be obtained. In addition, the procedures that are applied for research 

purposes have to be minimally invasive in young children, precluding e.g. techniques 

involving catheterization of the splanchnic bed or liver biopsies. Another restriction is 

that for ethical reasons children cannot be exposed to long durations of fasting with the 

risk of hypoglycemia. Hypoglycemia requires prompt treatment thereby hindering proper 

study of glucose kinetics during hypoglycemia. Furthermore it is not allowed to study a 

matched healthy control group, as studies in humans incompetent to act for oneself are 

considered unethical especially as the healthy subjects involved do not directly (neither 

indirectly as a group) benefit from those studies.  

Age as a risk factor for hypoglycemia in children with malaria and with 
pneumonia during fasting

Younger age is a well-recognized risk factor for hypoglycemia in healthy and in sick 

children. In healthy children fasting plasma glucose concentration increases progressively 

with age. Both in healthy children (23) and in children with ketotic hypoglycemia, who 

are considered to represent the lower tail of the Gaussian distribution of fasting tolerance 

in healthy children (15), hypoglycemia was found only in the youngest children after an 

overnight fast. Epidemiological studies performed on substantial groups of patients in 

different African countries made similar observations in children with various infectious 

diseases (3-7). 

The increased risk for hypoglycemia in the youngest children, below the age of 3 years, 

was confirmed in our glucose kinetic studies of children with uncomplicated falciparum 

malaria (16) and with severe pneumonia (17): plasma glucose concentrations were 

similar in both groups at the start of the study but decreased faster during the first 8 

hours of controlled fasting in children below 3 years of age than in children of 3-5 years 

(table 1). However, during prolongation of the fast (16 hours) the change over time was 

not different for age groups, indicating that after longer duration of fasting the risk 

of hypoglycemia concerns the older children as well. The observation that age-related 

differences in the rate of decline of plasma glucose exist only in the early 8 hours of 

fasting indicates that glucose metabolism in children younger than 3 years of age with 

malaria and with pneumonia adapts adequately albeit slower to fasting than in older 

children and is an until now not recognized phenomenon. 

Since EGP was similar in both groups (table 1) it can be hypothesized that the older children, 

in order to maintain the plasma glucose concentration, were initially better capable of 

compensating for the decrease in EGP by reducing glucose utilization. Glucoregulatory 

hormonal responses in the young and older children differed between 8 and 16 hours of 

fasting: insulin concentrations decreased and norepinephrine concentrations increased 

in the young children whereas glucagon concentrations increased in the older children. 

Cortisol and epinephrine concentrations did not change in either group, concentrations 
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of free fatty acids (FFAs) increased in both groups. Insulin suppresses hepatic glucose 

production and in high concentrations stimulates peripheral glucose uptake (24), while 

glucagon stimulates EGP (25). 

These differences in hormonal responses during fasting between young and older children 

can explain (at least partly) their differences in glucose kinetics. After an overnight fast, 

insulin concentrations decrease to basal levels resulting in a decrease in glucose uptake 

by insulin-dependent tissues such as resting muscle and adipose tissue, which can use 

FFAs for their energy supply instead of glucose (26). In order to maintain plasma glucose 

concentrations between 8 and 16 hours of fasting the young children decreased insulin 

levels while older children increased glucagon levels to prevent EGP from further decline. 

Furthermore, the decrease in insulin levels may have resulted in reduced peripheral glucose 

uptake in the young children, however, no clamp studies were performed to confirm this 

hypothesis. Catecholamines stimulate both glycogenolysis and gluconeogenesis, but the 

concentrations of norepinephrine in the young children were far below the threshold to 

exert an effect on EGP (27). 

In conclusion, in children under five years of age there are age-related differences in the 

rate of decline of plasma glucose in the early 8 hours of fasting, but during prolongation 

of the fast this risk concerns all children. Since EGP is not different, this decline is probably 

explained by differences in peripheral glucose uptake. Furthermore, there are age-related 

differences in hormonal responses during fasting and infectious diseases which in part 

could be responsible for the observed differences in the early metabolic adaptation to 

fasting. The pathophysiology of these age-related differences in hormonal responses 

during fasting is an unexplored area of research.

The influence of fasting on glucose production in children with malaria 
and with pneumonia

Fasting is a well-known and important risk factor for hypoglycemia in healthy children. 

Healthy pre-pubertal children develop hypoglycemia (plasma glucose < 3.0 mmol/l) 

within 24-30 hours of fasting (28,29). Numerous studies suggest that fasting significantly 

Table 1 Glucose concentration and glucose production in 40 Surinamese children 1-5 years of age 
with malaria and with pneumonia at the start of the study, after 8 hours and after 16 hours of 
controlled fasting

< 3 years (n = 23) 3-5 years (n = 17) p-Value

Glucose concentration (mmol/l) 0 hr fast 5.7 ± 1.3 5.7 ± 1.4 0.889

8 hr fast 4.4 ± 0.7 5.1 ± 1.0 0.022

16 hr fast 3.8 ± 0.9 4.0 ± 1.1 0.546

Glucose production (µmol/kg•min) 8 hr fast 32.2 ± 8.1 34.1 ± 8.0 0.454

16 hr fast 27.9 ± 9.3 27.9 ± 8.7 0.980

Data are presented as means ± SD. 
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contributes to the occurrence of hypoglycemia in sick young children with the implicit 

suggestion that limitations in EGP are its cause.

However, this suggestion is primarily based on observational studies on plasma glucose 

concentrations. Only a few studies measuring glucose kinetics in children with infectious 

disease were published: one in Ghanaian children 11 months to 10 years of age with 

severe malaria and three in Kenyan children aged 2-10 years with uncomplicated malaria 

(30-33). The period of controlled fasting in these studies varied from 2 (33) to maximum 

8 (32) hours, which may be relatively short for adequate measurement of the influence of 

fasting on glucose metabolism. 

In the recent studies performed by our group on glucose kinetics in children 1-5 years of age 

with severe and non-severe malaria and with severe pneumonia, the subjects were fasted 

for a longer controlled period of 16 hours (17,18). The predominant influence of prolonged 

fasting on plasma glucose concentration in children with infectious disease was stressed 

by combining our data on glucose kinetics of 40 children 1-5 years of age with infectious 

disease, (28 children with severe and non-severe malaria (18) and 12 children with severe 

pneumonia (17)), after a 16 hour controlled fast. Plasma glucose concentration decreased 

significantly over time (fig. 1) as did endogenous glucose production (EGP) (fig. 2). Plasma 

glucose concentration and EGP were strongly correlated (fig. 3) indicating that the implicit 

suggestion made in literature was correct as EGP proved to be the important determinant 

of the plasma glucose concentration in fasted young children with infectious disease.

These glucose kinetic studies are the first in sick children to identify EGP to be decreased 

after prolonged fasting in the presence of an infectious disease, which predisposes for 

Figure 1. Change over time of plasma glucose concentration in 40 children 1-5 years of age with 
malaria and with pneumonia between 8 and 16 hours of controlled fasting with an average decrease 
of 0.12 mmol/l/hour, p < 0.0001. Data are means ±SEM.
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hypoglycemia. EGP rates were 20% lower than of age-matched children with ketotic 

hypoglycemia after a 16 hour fast (15). The decline in EGP during fasting is also observed 

in healthy adults (34) and in children with ketotic hypoglycemia (15), but does not occur 

Figure 2. Change over time of endogenous glucose production in 40 children 1-5 years of age 
with malaria and with pneumonia between 8 and 16 hours of controlled fasting with an average 
decrease of 0.76 µmol/kg/hour, p < 0.0001. Data are means ± SEM.

Figure 3. The relationship between plasma glucose concentration and endogenous glucose 
production between 8 and 16 hours of controlled fasting in 40 children 1-5 years of age with 
malaria and with pneumonia, R-Square 0.542, p < 0.0001. 
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within the first hours of fasting, as observed in these sick children. In healthy adults, EGP 

declines by approximately 20% between 16 and 22 hours of fasting, with a minimal change 

in glucose concentration, indicating that the mechanism of preventing hypoglycemia is in 

adults via a reduction in peripheral utilization (34). A similar rate of decline in EGP (18%) 

was found in normoglycemic older children (4.2-11.5 years) with ketotic hypoglycemia 

while EGP declined by 32% in the youngest children (2.5-3.9 years) who all developed 

hypoglycemia (plasma glucose < 3 mmol/l) between 16 and 22 hours of fasting (15). This 

indicates that hypoglycemia in fasted young children is induced by impaired EGP and that 

EGP is further compromised in the presence of infectious disease.

In the young children with malaria and with pneumonia, hypoglycemia is therefore primarily 

induced by impaired EGP accompanied by a relative inability to compensate by restricting 

peripheral glucose utilization (17,18). In adults with severe malaria facilitated peripheral 

uptake rather than decreased production seems the most important determinant for 

glucose concentration since an inverse correlation between plasma glucose concentration 

and EGP was found (35). This mechanism was also observed in several other studies in 

fasted adults with malaria: in adults with uncomplicated malaria, EGP was approximately 

20% higher than in healthy controls while plasma glucose concentrations were higher, 

but within the normoglycemic range (36,37). In adults with cerebral malaria EGP even 

doubled whereas plasma glucose concentrations were 40% higher than in healthy controls 

(38). These findings indicate that peripheral glucose uptake is sometimes facilitated in 

adult patients with certain infectious diseases.  

In conclusion: fasting is an important risk factor for hypoglycemia in children under five 

years of age. Hypoglycemia in these children is induced by impaired EGP. Infectious disease 

is a risk factor that further compromises EGP. This is in contrast with adults with infectious 

disease because adults are better capable of maintaining plasma glucose concentration 

within normal limits. Differences in peripheral uptake is in adults the denominator for 

differences in glucose concentration.

The effect of the type of infectious disease on glucose metabolism in 
children during fasting 

Comparing data on glucose kinetics of children less than five years of age with 

malaria (18) or pneumonia (17) shows a number of disease-related differences in the 

adaptation of glucose metabolism. We found that during a 16 hour fast, plasma glucose 

concentration and EGP differed significantly between disease groups (fig. 4 and 5): 

glucose concentration and EGP were higher in children with malaria than in children with 

pneumonia. Plasma glucose concentration was largely determined by EGP (55-60%) in 

both groups. The difference in EGP can be explained by differences in the concentration 

of the glucoregulatory hormones insulin and glucagon. In children with malaria insulin 

concentrations decreased and glucagon concentrations increased between 8 and 

16 hours of fasting while these concentrations remained stable in the children with 

pneumonia. Insulin inhibits both gluconeogenesis and glycogenolysis, however, as a 
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Figure 4. Plasma glucose concentrations in 28 children with severe and non-severe malaria (closed 
symbols, mean: black line) and 12 children with severe pneumonia (open symbols, mean: dashed 
line) 1-5 years of age between 8 and 16 hours of controlled fasting. In the children with malaria 
the plasma glucose concentration was on average 1.27 mmol/l higher than in the children with 
pneumonia (p < 0.0001). The decrease over time was not different between diseases (p interaction 
= 0.795). Data are means ± SEM.

Figure 5. Endogenous glucose production in 28 children with severe and non-severe malaria 
(closed symbols, mean: black line) and 12 children with severe pneumonia (open symbols, mean: 
dashed line) 1-5 years of age between 8 and 16 hours of controlled fasting. EGP was on average 
12.4 µmol/kg•min higher in the children with malaria than in the children with pneumonia (p < 
0.0001). The decrease over time was not different between diseases (p interaction = 0.708). Data 
are means ± SEM.
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result of the fall in insulin levels after fasting the insulin-induced inhibition of hepatic 

glucose production is less prominent (39,40). Glucagon stimulates both gluconeogenesis 

and glycogenolysis although the stimulation of gluconeogenesis by glucagon is delayed 

(41-43). Concentrations of cortisol, another potent and effective regulator of glucose 

production, did not differ between groups. This observation suggests the existence 

of infectious disease-related differences in hormonal response during fasting in young 

children. Whether children with critical illness acutely reduce insulin production or 

increase insulin clearance as an adaptive response or whether this occurs as a direct 

effect of a specific infectious illness such as seen in meningococcal sepsis (44,45) remains 

to be investigated (46).

The decrease in EGP over time was similar in the children with malaria and with 

pneumonia (fig. 5). EGP consists of gluconeogenesis and glycogenolysis. Consequently 

EGP may decrease because of insufficient gluconeogenesis due to limited precursor 

supply or because of dysfunctional glycogenolysis due to diminished liver glycogen 

stores, or both. Absolute gluconeogenesis remained unchanged in both the children with 

malaria and with pneumonia. The contribution of gluconeogenesis to EGP (fractional 

gluconeogenesis) however significantly increased in the children with malaria whereas 

in the children with pneumonia fractional gluconeogenesis remained unchanged. Since 

absolute gluconeogenesis remained unchanged, the impairment of EGP must be due to 

decreased glycogenolysis. This can be attributed to less available glycogen, i.e. smaller 

liver glycogen stores (14).  

Quantification of glycogen stores can be done by liver biopsy and by using 13C- nuclear 

magnetic resonance spectroscopy (NMR) but the use of both techniques in children for 

research purposes is limited for practical and ethical reasons (47,48). A more feasible 

non-invasive approach to test the ability to release glucose from glycogen stores in 

young children is to measure the response to a bolus glucagon. The response of EGP to 

a glucagon bolus is considered an indicator of glycogen content (49,50). We measured 

the change in plasma glucose concentration and EGP in response to a bolus glucagon in 

the children with malaria and pneumonia after a 16 hour controlled fast (19). In both the 

children with malaria and pneumonia the response of EGP to glucagon in the children 

was comparatively low. The type of disease had a significant effect since the increase 

in glucose concentration and EGP in response to glucagon was higher in children with 

malaria than in children with pneumonia. This suggests that hepatic glycogen stores in 

children with pneumonia were smaller (but not depleted) than those in children with 

malaria after a 16 hour fast. In the same study the influence of age on glycogen content 

was measured within the group of children with pneumonia and showed no difference 

in response of glucose concentration and EGP to glucagon between the children under 3 

years of age and the children 3-5 years of age after such a prolonged fast (19). 

These observations indicate that during prolonged fasting the type of disease has effect 

on glycogen content, however an influence of age within the age-group 1-5 years 

could not be demonstrated. The effect of type of disease may partially be explained by 
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differences in alterations of glucoregulatory hormone concentrations. Since EGP declined 

comparably in both groups and fractional gluconeogenesis increased only in the children 

with malaria, consequently the contribution of glycogenolysis to EGP was higher in the 

children with pneumonia resulting in earlier depletion of glycogen stores whereas the 

glycogen content in the children with malaria was relatively preserved. Glycogenolysis 

and liver glycogen content are correlated during fasting (51), however the potential role 

of glycogen content on glycogen breakdown is limited in infectious disease as it was 

shown that the regulation of glycogenolysis in adults with malaria is not dictated by 

glycogen content, but is driven by the necessity to maintain euglycemia (52). Regulation 

of glycogenolysis is also dictated at the level of enzymes or transcription factors (53) 

whereas in vitro direct cytokine effects on glycogen metabolism during sepsis are 

demonstrated (54), indicating once more that alterations in glycogen content are not 

solely due to changes in circulating levels of glucoregulatory hormones. 

In conclusion, studies on glucose metabolism in young fasting children with different 

infectious diseases reveal disease-specific differences in the adaptation of glucose 

metabolism. Several assumptions can be made as to the underlying cause of these 

differences. First, it can be explained by disease-related differences in the hormonal 

response to fasting leading to changes in the contribution of gluconeogenesis and 

glycogenolysis to EGP. Second, differences in hepatic glycogen content may lead to 

earlier depletion of glycogen stores in children with certain infectious diseases thereby 

compromising glycogenolysis and hence EGP. Finally, the potential influence of enzymes, 

transcription factors and cytokines on glucose metabolism in young children with 

infectious disease needs to be investigated in future studies. 

Implications for clinical practice

Measurements of glucose kinetics in children confirm the observations made in 

epidemiological studies that prolonged fasting is an important risk factor for the 

occurrence of hypoglycemia in young children with infectious diseases. During the first 

8 hours of fasting children under 3 years of age are at greater risk for hypoglycemia, but 

during longer duration of the fast this risk concerns the children 3-5 years of age as well. 

A novel finding is that, in contrast to adults, hypoglycemia in these children is caused by 

limited glucose production due to restricted glycogenolysis. Unique is the observation 

that there are disease-related differences in the adaptation of glucose metabolism during 

fasting in children. 

The results of these studies have implications for the approach in clinical practice towards 

young children with infectious diseases. Infectious diseases are often characterized by 

starvation due to disease-induced anorexia as well as by cultural customs and traditional 

habits in disease (55-57). It is therefore imperative that in an early stage of disease 

adequate nutritional regimes are implemented in these children in order to prevent 

prolonged fasting periods and thereby hypoglycemia. In practice this means that, in case 

enteral nutrition at home is not guaranteed, mothers and caretakers must be urged to 
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seek help for their child in an early stage of disease. These recommendations especially 

concern children under three years of age with infectious illnesses, but they can readily 

be applied to older children as well. Whether the prevention of hypoglycemia by early 

interventions will result in better outcome remains to be established.

The discussed studies on glucose kinetic are the first to reveal the existence of infectious 

disease-related differences in the adaptation of glucose metabolism during fasting in 

children. This phenomenon has not been described before although hypoglycemia is a 

frequently encountered complication in children and adults with various severe illnesses. 

Further studies on glucose kinetics in both children and adults with different infectious 

diseases during an objectively recorded extended fasting period are recommended.
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Summary

Chapter 1

Chapter 1 provides a short introduction to this thesis. Hypoglycemia is a common and 

serious complication in young children under five years of age during fasting and severe 

illness and it predicts mortality. The mortality rate increases four- to six-fold in young 

children with infectious disease complicated by hypoglycemia and children under three 

years of age are particularly at risk. Available data on glucose kinetics in children, with 

fasting, young age and infectious disease as well recognized risk factors for the occurrence 

hypoglycemia, are discussed resulting in the research questions that are addressed in 

this thesis. Furthermore the currently available methods to quantify glucose kinetics in 

children that are used in this thesis are described. 

Chapter 2

In chapter 2 the scarce published data on the effect of age and fasting duration on 

glucose kinetics both in healthy children and in children with infectious diseases are 

reviewed. Differences between adults and children are addressed, since glucose kinetics 

are regulated differently in children than in adults. It is stressed that data are limited and 

therefore, in order to understand and thereby being able to anticipate on the occurrence 

of hypoglycemia in children, further research on glucose kinetics in this age group is 

required.

Chapter 3

Hypoglycemia is considered a major outcome predictor in children with falciparum 

malaria and it is particularly common in young children below the age of 3 years. 

Although hypoglycemia primarily is found in children with severe malaria, the risk for 

hypoglycemia in children with non-severe malaria may be increased in the presence of 

other risk factors such as prolonged fasting and young age. In chapter 3 glucose kinetics 

are measured in seventeen young (< 3 years of age) children and compared with seven 

older (3-5 years of age) children with uncomplicated malaria after an 8 hour controlled 

fast. Plasma glucose concentration was lower in the group of young children than in the 

older children. There were no differences in endogenous glucose production (EGP) and 

gluconeogenesis between the groups. These data confirm the higher risk of hypoglycemia 

in young children with uncomplicated malaria during an 8 hour fast. Since EGP was not 

impaired after such a fasting period, it is concluded that older children are better capable 

of reducing glucose utilization.

Chapter 4

In chapter 4 the influence of severity of infection and prolonged fasting on glucose 

metabolism in children 1-5 years of age with malaria is studied. Plasma glucose 
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concentration, EGP and gluconeogenesis were measured in 12 children with severe malaria 

and compared with 16 children with non-severe malaria during a 16 hour controlled fast. 

Glucose concentration and EGP were comparable after 8 hours of fasting and decreased 

in both groups with an extension of the fast up to 16 hours. Glucose concentration 

decreased faster in the non-severe group than in the severe group. The decrease in 

EGP was not different between groups. These findings confirm that prolonged fasting 

predisposes for hypoglycemia in young children with falciparum malaria. Contrary to the 

general opinion, hypoglycemia due to fasting develops later in young children with severe 

malaria than in children with non-severe malaria. This is most likely due to a difference 

in peripheral uptake of glucose, indicating that children with severe malaria possibly are 

more insulin resistant than children with non-severe malaria.

Chapter 5

In chapter 5 a similar study design as in chapter 4 was applied to measure the influence 

of prolonged fasting and age in children with severe pneumonia. Plasma glucose 

concentration, EGP and gluconeogenesis were measured in 12 children with severe 

pneumonia, 6 young children (< 3 years) and 6 older children (3-5 years), during a 16 

hour controlled fast. On admission glucose concentration was comparable in both groups 

and decreased during the first 8 hours of fasting in the young children only. EGP was 

comparable in both groups. Between 8 and 16 hours of fasting glucose concentration and 

EGP decreased comparably in both groups. Gluconeogenesis decreased in young children 

but not in the older children. It is concluded that during fasting children below 3 years 

of age with severe pneumonia initially have a higher risk for developing hypoglycemia 

than children 3-5 years of age in spite of high plasma concentrations of glucoregulatory 

hormones and free fatty acids. The age difference in the rate of decline of plasma glucose 

exists only in the early few hours of the fast indicating that glucose metabolism in children 

younger than 3 years of age with severe pneumonia adapts adequately albeit slower 

to fasting than in older children. Like in malaria fasting predisposes to hypoglycemia in 

children with severe pneumonia, but its mechanism differs from that in malaria.

Chapter 6

Prolonged fasting is an important factor in the induction of hypoglycemia in children 

with malaria or pneumonia, and young children are more at risk than older children. 

Impaired EGP due to smaller liver glycogen stores in young children is presumed to be the 

underlying cause. To be able to stimulate glycogenolysis sufficient amounts of glycogen 

are needed. The change in EGP induced by a glucagon bolus is considered to be an 

indicator of glycogen content. In chapter 6 the effect of a bolus glucagon on EGP and 

plasma glucose concentration is measured in 18 Surinamese children before and after a 

bolus glucagon after a 16 hour controlled fast. Six children 1-5 years of age had severe 

malaria and 12 children had severe pneumonia, 6 were young (1-3 years) and 6 were older 

(3-5 years). Basal glucose concentration and EGP were higher in children with malaria. 

C H A P T E R   8

132



Glucose concentration and EGP increased after glucagon in both groups. The peak in 

glucose concentration and in EGP was higher in children with malaria. There were no 

differences between young and older children with pneumonia. These findings suggest 

that hepatic glycogen stores in children with severe pneumonia are smaller than those 

in children with severe malaria after a 16-hour fast. Glycogen stores in young and older 

children with pneumonia are equally diminished.

Chapter 7

Chapter 7 provides a perspective of disease-related differences in the adaptation of 

glucose metabolism to fasting in young children by combining and comparing data of 

studies in children with malaria and pneumonia. It is shown that there are age-related 

differences in the rate of decline of plasma glucose since glucose concentrations decline 

faster in children under three years of age than in children 3-5 years of age in the early 

8 hours of fasting. During prolongation of the fast the risk of hypoglycemia concerns all 

children 1-5 years of age. The glucoregulatory mechanism used to maintain plasma glucose 

concentration differs between young and older children. Next, fasting indeed proves an 

important risk factor for hypoglycemia in children under five years of age. Hypoglycemia 

in these children is induced by impaired EGP; infectious disease is a risk factor that further 

compromises EGP. This is in contrast with adults with infectious disease because adults 

are better capable of maintaining plasma glucose concentration within normal limits by 

regulation of peripheral glucose uptake. Furthermore, disease-specific differences in the 

adaptation of glucose metabolism in young fasting children with different infectious 

diseases are revealed and several assumptions are made as to the underlying cause of 

these differences. First, disease-related differences in the hormonal response to fasting 

lead to changes in the contribution of gluconeogenesis and glycogenolysis to EGP. 

Second, differences in hepatic glycogen content may lead to earlier depletion of glycogen 

stores in children with certain infectious diseases thereby compromising glycogenolysis 

and hence EGP. And third, enzymes, transcription factors and cytokines may play a role in 

regulation of glucose metabolism in young children with infectious disease, its potential 

influence needs to be investigated in future studies. Finally, recommendations are given 

for the approach towards all young children with severe infectious illnesses in clinical 

practice in order to prevent hypoglycemia. 
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SAMENVATTING

Hoofdstuk 1

In hoofdstuk 1 wordt een korte introductie tot dit proefschrift gegeven. Hypoglycemie 

is een veel voorkomende en ernstige complicatie bij kinderen jonger dan vijf jaar die 

een ernstige ziekte doormaken en tijdens vasten, bovendien is het een voorspeller van 

mortaliteit. De mortaliteit in jonge kinderen met een infectieziekte gecompliceerd met 

hypoglycemie is 4 tot 6 maal verhoogd en dit risico is het grootst onder kinderen jonger 

dan drie jaar. Beschikbare data over glucose kinetiek bij kinderen, met vastenduur, jonge 

leeftijd en infektieziekte als erkende risicofactoren voor het optreden van hypoglycemie 

in kinderen, worden benoemd resulterend in de onderzoeksvragen die in dit proefschrift 

aan de orde komen. Vervolgens worden de huidige beschikbare methoden voor het 

kwantitatief meten van glucose kinetiek bij kinderen zoals gebruikt in dit proefschrift 

beschreven. 

Hoofdstuk 2

In hoofdstuk 2 wordt een overzicht gegeven van de schaarse gepubliceerde data over het 

effekt van leeftijd en vastenduur op glucose kinetiek in gezonde kinderen en kinderen met 

een infektieziekte. Verschillen tussen volwassenen en kinderen worden benoemd, omdat 

glucose kinetiek bij volwassenen anders wordt gereguleerd dan bij kinderen. Er wordt 

benadrukt dat de data beperkt zijn en dat derhalve, om te begrijpen hoe hypoglycemie bij 

jonge kinderen ontstaat en om er zodoende op te kunnen anticiperen, verder onderzoek 

naar glucose kinetiek in deze leeftijdsgroep vereist is. 

Hoofdstuk 3

Hypoglycemie wordt beschouwd als een belangrijke voorspeller v.w.b. de prognose bij 

kinderen met falciparum malaria en komt vooral veel voor bij kinderen onder de leeftijd 

van 3 jaar. Ofschoon hypoglycemie in eerste instantie gezien wordt bij kinderen met 

ernstige malaria, is het risico voor hypoglycemie bij kinderen met niet-ernstige malaria 

mogelijk verhoogd in aanwezigheid van andere risico factoren zoals lange vastenduur 

en jonge leeftijd. In hoofdstuk 3 wordt glucose kinetiek gemeten in zeventien jonge 

kinderen (< 3 jaar oud) en vergeleken met zeven oudere kinderen (3-5 jaar oud) met 

ongecompliceerde malaria na een gecontroleerde vastenperiode van 8 uren. Plasma 

glucose concentratie was lager in de groep jonge kinderen dan in de oudere kinderen. Er 

waren geen verschillen in endogene glucose productie (EGP) en gluconeogenese tussen 

de groepen. Deze resultaten bevestigen dat jonge kinderen met ongecompliceerde 

malaria een hoger risico hebben op het krijgen van hypoglycemie na een gecontroleerde 

vastenperiode van 8 uren. Aangezien EGP na een dergelijke vastenperiode niet 

gecompromitteerd bleek, betekent dit dat oudere kinderen beter in staat zijn om hun 

glucose verbruik te reduceren.
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Hoofdstuk 4

In hoofdstuk 4 wordt de invloed van de ernst van infectie en van langduriger vasten 

op het glucose metabolisme in kinderen 1-5 jaar oud met malaria bestudeerd. Plasma 

glucose concentratie, EGP en gluconeogenese werden gemeten in 12 kinderen met 

ernstige malaria en vergeleken met 16 kinderen met niet-ernstige malaria gedurende 

een gecontroleerde vastenperiode van 16 uren. Glucose concentratie en EGP waren 

vergelijkbaar na 8 uren vasten en daalden in beide groepen tijdens verlenging van de 

vastenduur tot 16 uren. Glucose concentratie daalde sneller in de niet-ernstige groep 

dan in de ernstige groep. De daling in EGP was niet verschillend tussen de groepen. 

Deze resultaten bevestigen dat langduriger vasten predisponeert tot hypoglycemie in 

jonge kinderen met falciparum malaria. In tegenstelling tot de algemene opinie ontstaat 

hypoglycemie later in jonge kinderen met ernstige malaria dan in kinderen met niet-

ernstige malaria. Dit is waarschijnlijk het gevolg van een verschil in perifere opname van 

glucose wat erop duidt dat kinderen met ernstige malaria mogelijk meer insuline resistent 

zijn dan kinderen met niet-ernstige malaria.

Hoofdstuk 5 

In hoofdstuk 5 werd een studie met een vergelijkbare opzet als in hoofdstuk 4 

uitgevoerd waarbij de invloed van langduriger vasten en leeftijd in kinderen met ernstige 

pneumonie werd gemeten. Plasma glucose concentratie, EGP en gluconeogenese 

werden gemeten in 12 kinderen met ernstige pneumonie, 6 jonge kinderen (< 3 jaar) 

en 6 oudere kinderen (3-5 jaar), gedurende een gecontroleerde vastenperiode van 16 

uren. De glucose concentratie bij opname was vergelijkbaar in beide groepen en daalde 

gedurende de eerste vastenperiode van 8 uren alleen in de jonge kinderen. EGP was 

gelijk in beide groepen. Tussen 8 en 16 uren vasten daalde de glucose concentratie en 

EGP vergelijkbaar in beide groepen. Gluconeogenese daalde in de jonge kinderen maar 

niet in de oudere kinderen. Geconcludeerd wordt dat tijdens vasten kinderen jonger dan 

drie jaar met ernstige pneumonie initieel een hoger risico hebben op het ontwikkelen 

van hypoglycemie dan kinderen 3-5 jaar oud ondanks hoge plasma concentraties van 

glucoregulatoire hormonen en vrije vetzuren. Het leeftijdsverschil in daling van het plasma 

glucose gehalte bestaat alleen in de eerste uren van de vastenperiode wat betekent dat 

glucose metabolisme in kinderen jonger dan 3 jaar met ernstige pneumonie adequaat 

ofschoon langzamer adapteert tijdens vasten dan oudere kinderen. Net als in malaria 

predisponeert vasten tot hypoglycemie in kinderen met ernstige pneumonie, maar het 

mechanisme verschilt van dat in malaria.

Hoofdstuk 6  

Langdurig vasten is een belangrijke faktor voor de inductie van hypoglycemie in kinderen 

met malaria of pneumonie en jonge kinderen lopen meer risico dan oudere kinderen. 

De  algemene veronderstelling is dat dit wordt veroorzaakt door verminderde EGP ten 
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gevolge van kleinere lever glycogeen voorraden in jonge kinderen. Om glycogenolyse 

te stimuleren zijn voldoende hoeveelheden glycogeen nodig. De verandering in glucose 

productie geïnduceerd door een bolus glucagon wordt verondersteld een indicator van 

glycogeen hoeveelheid te zijn. In hoofdstuk 6 wordt het effect van een bolus glucagon 

op EGP en plasma glucose concentratie gemeten in 18 Surinaamse kinderen voor en na 

een bolus glucagon na een gecontroleerde vastenperiode van 16 uren. Zes kinderen 1-5 

jaar oud hadden ernstige malaria en 12 kinderen hadden ernstige pneumonie, zes waren 

jong (1-3 jaar) en 6 waren ouder (3-5 jaar). Basale glucose concentratie en EGP waren 

hoger in de kinderen met malaria. Glucose concentratie en EGP stegen na glucagon 

toediening in beide groepen. De piek in glucose concentratie en in EGP was hoger in de 

kinderen met malaria. Er waren geen verschillen tussen de jonge en oudere kinderen met 

pneumonie. Deze bevindingen suggereren dat lever glycogeen voorraden in kinderen 

met ernstige pneumonie kleiner zijn dan in kinderen met ernstige malaria na 16 uren 

vasten. Glycogeen voorraden in jonge en oudere kinderen met pneumonie zijn in de 

zelfde mate afgenomen.

Hoofdstuk 7

In hoofdstuk 7 wordt een overzicht gegeven van ziekte-gerelateerde verschillen in de 

adaptatie van glucose metabolisme tijdens vasten bij jonge kinderen door data van 

studies over kinderen met malaria en pneumonie te combineren en te vergelijken. Er 

wordt aangetoond dat er leeftijd-gerelateerde verschillen zijn in de snelheid van dalen 

van de plasma glucose omdat tijdens de eerste 8 uren vasten de glucose concentraties in 

kinderen jonger dan 3 jaar sneller dalen dan in kinderen 3-5 jaar oud. Tijdens verlenging 

van de vastenduur blijkt het risico van hypoglycemie voor alle kinderen 1-5 jaar te 

gelden. Het gluco-regulatoire mechanisme wat gebruikt wordt om de plasma glucose 

concentratie te handhaven verschilt tussen jonge en oudere kinderen. Daarnaast blijkt 

vastenduur inderdaad een belangrijke risicofactor voor hypoglycemie in kinderen jonger 

dan vijf jaar. Hypoglycemie in deze kinderen wordt veroorzaakt door afgenomen EGP; 

infektieziekte is een risicofactor die EGP verder compromitteert. Dit is in tegenstelling 

tot volwassenen met infektieziekte omdat volwassenen beter in staat zijn hun plasma 

glucose concentratie binnen de normale grenswaarden te handhaven door perifere 

glucose opname te reguleren. Verder worden ziekte-specifieke verschillen in de adaptatie 

van glucose metabolisme in jonge kinderen met verschillende infektieziekten aangetoond 

en worden er meerdere veronderstellingen gedaan met betrekking tot de onderliggende 

oorzaak van deze verschillen. Ten eerste, ziekte-gerelateerde verschillen in de hormonale 

respons op vasten leidt tot veranderingen in het aandeel van gluconeogenese en 

glycogenolyse in EGP. Ten tweede, verschillen in lever glycogeen gehalte kunnen leiden 

tot snellere depletie van glycogeen voorraden in kinderen met bepaalde infektieziekten 

waarna glycogenolyse wordt gecompromitteerd en derhalve ook EGP. En ten derde, 

enzymen, transcriptie factoren en cytokines spelen mogelijk een rol in de regulatie van 

glucose metabolisme bij jonge kinderen met infektieziekte, de potentiële invloed hiervan 
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dient in toekomstige studies te worden onderzocht. Ten slotte worden aanbevelingen 

gedaan voor de aanpak in de klinische praktijk ter preventie van hypoglycemie bij jonge 

kinderen met ernstige infektieziekten. 
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BONDRU-KON-NA-WAN 

Na fosi Kapitri fu a buku e dji wan kon-na-ini fu a heri buku. Dyaso joe kan lesi dati ini 

den yosyosi di no psa feifi yari ete, sukru ini den brudu kan lagi te den pikin disi e siki 

tranga nanga te den no e nyan bun. Efu a sukru lagi ini den pikin di e siki, disi kan kiri den 

feifi tron moro esi leki te a sukru no lagi. A pisi disi e ferteri tu fa a sukru e wroko ini a skin 

fu den jongu wan, te den e siki tranga nanga korsu, infectie so bun, te den no e nyan. Na 

a bakapisi fu a edemarki disi a skrifi fa yu kan ondrosuku a fasi fa sukru e wroko na ini a 

skin fu den yongu wan.

Kapitri tu fu a boekoe e ferteri fu den wan wan ondrosuku di ben teki presi keba di e 

luku fa sukru e wroko na gesontu pikin, siki pikin nanga pikin di no e nyan. So srefi dyaso 

a skrifi fa den differenti fasi fa sukru e wroko na bigisma nanga pikin. A pisi disi e sori dati 

unu no sabi so furu fu a tori disi nanga dati a de fanowdu fu luku moro fini ini a sukru 

tori fu den jongu wan.

Kapitri dri e ferteri dati pikin di habi na moro takru sortu fu malaria, falciparum so bun, 

kan dede moro esi te a sukru lagi; Ef’ a sukru no lagi, den pikin nanga malaria no e dede 

so furu. A sukru e lagi te a malaria kisi den pikin bun tranga, ma toku, awinsi a malaria no 

de so tranga, efu den pikin no e nyang nanga morofuru den pikin toti wan, a sukru kan 

saka tu. Ini a pisi disi wi kan leri fa a waka nanga a sukru fu 17 yongu pikin (den no ben 

doro 3 yari) en 7 moro owru pikin (3–5 yari) di ben habi malaria ma den no ben siki so 

tranga. Un ben luku fa a sukru e wroko ini den pikin disi te den ben faste aiti juru langa. 

Ala den pikin disi ben de na atoso dan wan suster be’luku den fini fini heri dey. Un feni 

dati a sukru ben de moro lagi na ini den yongu wan. Disi e sori dati sa un ben denki keba 

dati den moro owru pikin kan seti den skin moro bun leki den jongu wan, fu a sukru no 

kon lagi tumsi.

Na ini kapitri fo un ben ondrosuku na bakapisi te a malaria de tranga en te den pikin fu 

1-5 yari e vaste moro langa. Un ben marki 12 pikin di ben siki hebi nanga malaria nanga 

16 tra pikin nanga malaria di no ben siki so tranga, baka di ala den pikin disi ben vaste 16 

yuru. A sukru ini den 16 pikin di no ben siki so tranga ben saka moro esi leki na ini den 12 

moro siki wan. A ondrosuku disi e sori dati efu pikin nanga malaria no e nyan wan langa 

pis ten, den sukru e saka. Disi na sang un ben prakseri keba, ma un no ben ferwakti dati 

a sukru b’o saka moro esi na in den pikin di no habi a malaria so tranga.

Kapitri feifi e kruderi a srefi ondrosuku na ini pikin di no habi malaria, ma di siki fu 

longontsteking. Siksi yosyosi (ondro 3 yari) nanga siksi moro owru wan (3–5 yari). Ala 

den pikin ben faste 16 yuru langa. Na ini den moro jongu nomo a sukru ben bigin saka 

baka 8 yuru faste. Moro fara, a sukru ben saka na ala den pikin na a srefi fasi. Un ben 

kan konkruderi dati na ini den bigin yuru fu a faste wawan a sukru e saka moro tranga ini 
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den jongu pikin leki ini den moro bigi wan. Efu yu luku moro fini, a sori leki na ini malaria, 

sosrefi na ini longontsteking a sukru e saka, ma toku a no a srefi.

Kapitri siksi e luku fa dresi kan meki a sukru no saka ini den pikin disi. 18 pikin ben kisi 

a dresi, glucagon, baka di den ben faste 16 yuru langa. 6 pikin ben siki tranga fu malaria 

en 12 pikin ben siki tranga fu longontsteking. Un ben si dati ini ala den pikin, yongu wan 

nanga moro bigi wan, a sukru ben kon kren, ma a ben kren moro tranga ini den pikin 

nanga malaria.

Kapitri seibi e kruderi fu san ede malaria nanga longontsteking kan meki a sukru saka 

na ini den jongu pikin. A pisi disi e luku den ondrosuku di unu ben du keba. Baka 8 yuru 

faste, sukru e saka moro esi na den yongu wan (ondro 3 yari) leki na den moro bigi wan 

(3-5 yari). Efu den pikin e faste moro langa, dan alamala kan kisi wan lagi sukru. Na ini 

bigisma a sukru no e saka te de’ faste, bika den skin habi moro koni fasi fu meki a sukru 

tan bun. A pisi disi e sori tu dati nanga fu san ede a no ala siki e meki sukru saka ini den 

pikin. Na keba pisi fu a buku e taki fu den fasi fa unu kan sorgu dati den jongu pikin 

nanga infectie no e kisi tumsi lagi sukru, bika dati kan kiri den.
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DANKWOORD

Onderzoek doen met stabiele isotopen bij jonge kinderen in (het binnenland van) 

Suriname is zonder twijfel een prachtige en grote uitdaging. Om dergelijk onderzoek 

tot een goed einde te brengen is teamwork nodig. Het onderzoek en het daaruit 

voortvloeiende proefschrift wat voor u ligt zijn slechts mogelijk geworden door de hulp 

en inzet van velen. Ik wil aan een ieder die een bijdrage heeft geleverd, in wat voor vorm 

dan ook, hiervoor mijn welgemeende dank betuigen. Er zijn een aantal van deze mensen 

die ik apart wil noemen: 

Patienten en hun ouders/verzorgers:

mi wani taki gran tangi na ala siki pikin nanga den m’ma èn p’pa fu yepi meki a ondrosuku 

disi waka wan bun fasi; ik ben de patienten en hun ouders/verzorgers zeer erkentelijk 

voor hun bereidheid mee te willen werken aan dit onderzoek.

Mijn promotores, co-promotores en andere mede-auteurs:

Prof. dr. H.P. Sauerwein, beste Hans, reeds in het begin heb je mijn hart gestolen toen 

mijn kinderen aan je lippen hingen terwijl jij ze voorlas uit Toon Tellegen. Ook je adagium 

‘ik ken geen problemen, alleen oplossingen’ staat voor altijd in mijn geheugen gegrift. Je 

bent absoluut een wetenschapper van wereldformaat en ik ben trots dat ik onder jouw 

bezielende leiding dit onderzoek heb mogen doen. Ik hoop dat we binnenkort een mooi 

‘suiker’congres kunnen organiseren in Suriname. Ik ben je erg dankbaar.

Prof. dr. P.A. Kager, beste Piet, jij bent voor mij degene die mijn stelling 10 ten voeten uit 

eer aan doet. Ook jij bent een gerespekteerde top-wetenschapper in de wereld en ik ben 

zeer vereerd dat je mijn promotor bent, veel dank daarvoor én voor al je hulp. 

Dr. A.A.M.W. van Kempen, lieve beste Anne, een dankwoord voor jou is niet goed 

in woorden uit te drukken. Wat moet ik zeggen wanneer je altijd en overal wel een 

oplossing voor had? of als het me duizelde wanneer Hans me weer eens vol geestdrift 

met zijn schier onnavolgbare gedachtensprongen had bestookt en jij dat daarna voor mij 

in helder Nederlands vertaalde? of toen je me blauwe plekken kneep op de sula terwijl 

we te pletter dreigden te varen op de rotsen samen met alle lading en isotopen? of als je 

beladen met nieuwe ideeën en oneindig enthousiasme de 22ste versie van artikel 1 naar 

me terug stuurde? Wat moet ik zeggen? Dank je.

En in één adem noem ik je echtgenoot, ir. T. Giedro, beste Tom, dank voor je geduld bij 

al die keren wanneer Anne achter de computer verdween om iets voor mij te doen, dank 

voor het warme ontvangst en de hartelijkheid als ik bij jullie te gast mocht zijn en dank 

voor alle gezellige etentjes, die houden we er zéker in!  
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Dr. M.J.M. Serlie, beste Mireille, ik ben je zeer erkentelijk voor je gedegen en kritische 

wetenschappelijke bijdrage aan dit proefschrift. En nu we eenmaal hebben laten zien dat 

dit soort onderzoek in Suriname goed mogelijk is, hoop ik dat we de stabiele isotopen-

samenwerking kunnen voortzetten. Er is nog zoveel te doen!

Dr. Ir. M.T. Ackermans, beste Mariëtte, met groot respect heb ik geprobeerd de 

ingewikkelde en bijzondere analyses, die maar op een paar plaatsen in de wereld worden 

uitgevoerd, werkelijk te volgen, maar ik heb de hoop opgegeven ooit echt de finesses 

ervan te begrijpen. Jijzelf blijft gewoon met twee benen op de grond staan. Ik wil je heel 

veel dank zeggen voor je geduld en je fantastische hulp.

Drs. Jeetendra Jitan, beste Jitan, dank voor je enthousiaste inzet en bijdrage tijdens de 

(nachtelijke) metingen van onze pneumonie kinderen. Je bent een zeer toegewijde en 

consciëntieuse werker aan wie ik de afnames met een gerust hart kon overlaten. En 

dankzij jou konden de zieke kinderen op de polikliniek de volgende ochtend gewoon 

worden geholpen! 

Dr. M.W.T. Tanck, beste Michael, dank je wel dat je me veilig hebt willen leiden door het 

donkere statistiek-bos met zijn vele, vele paden en zijwegen vol voetangels en klemmen. 

Ik hoop dat ik ook in de toekomst een beroep op je mag doen.

Dr. J. de Metz, beste Jesse, ‘Jesje’, wat een feest was het toen jij in Suriname was! Je hebt 

bij menigeen blijvende indruk gemaakt. Dank je wel voor je hulp bij de proeven op Stoeli, 

je niet aflatende humor en vooral de vriendschap die is ontstaan. 

De leden van de promotiecommissie:

Prof. dr. B.J. Brabin, dear Bernard, I am very grateful that you want to participate in the 

Thesis Defense Committee and I like to thank you for your encouraging judgment of 

my thesis. I sincerely look forward to work together as Surinamese partners with the 

Liverpool School of Tropical Medicine as well as cooperating with you as members of the 

Global Child Health Group of the Emma Children’s Hospital / The Children’s AMC. Thank 

you very much indeed.

Prof. dr. H.S.A. Heymans, beste Hugo, ik ben erg dankbaar en trots dat ik onder jouw 

vleugels als mijn opleider kindergeneeskunde heb mogen werken. Nog regelmatig 

ervaar ik je blik over mijn schouder wanneer ik op de ronde ben over de afdelingen. 

Jij stelt het kind werkelijk centraal en je inspirerende kijk op het vak zal ik proberen 

met evenveel enthousiasme uit te blijven dragen. Bedankt dat je zitting hebt willen 

nemen in de promotiecommissie. Bedankt ook voor je ondersteuning van het 

onderzoek, zowel financieel via de Stichting tot Steun als praktisch door collega’s uit 

het Emma Kinderziekenhuis de gelegenheid te geven ons op de kinderafdeling van het 
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Diakonessenhuis te komen ondersteunen. Ik hoop dat we nog vele mooie plannen gaan 

maken in de toekomst.

Prof. dr. T.W. Kuijpers, beste Taco, ik herinner me nog heel goed onze eerste ontmoeting 

tijdens onze polistage in het AMC. Ik als absolute nieuweling in de academische 

kinderwereld en jij als briljante assistent die volgens mij toen al ruimschoots professorabel 

was. Het klikte direkt en het is uitgegroeid tot een vriendschap die, alhoewel nu op 

afstand, niets aan kracht heeft ingeboet. Dank dat je in de promotiecommissie zitting 

wilt nemen en weet dat de deur van ons huis altijd open staat.  

Prof. dr. J.M. Prins, beste Jan, ik wil je bedanken dat je zitting hebt willen nemen in de 

promotiecommissie en ik hoop dat we in de toekomst kunnen blijven samenwerken aan 

het bestrijden van de HIV epidemie in Suriname.

Dr. S.G.S. Vreden, beste Stephen, waarde collega en brother in arms, jouw grote 

wetenschappelijke potentie voor Suriname wordt gelukkig door steeds meer mensen 

onderkend. Ik ben je zeer erkentelijk dat je helemaal naar Nederland wilt gaan om 

zitting te nemen in de promotiecommissie. Veel dank ook voor je hulp bij de Surinaamse 

samenvatting. Ik hoop op een langdurige en vruchtbare samenwerking. 

Prof. dr. F.A. Wijburg, beste Frits, tijdens mijn opleiding bracht jij mij de kneepjes van 

het supervisie-vak bij. Ik kijk terug op een hele plezierige samenwerking en ik hoop op 

nog veel meer daarvan in de toekomst. Bedankt dat je zitting hebt willen nemen in de 

promotiecommissie.

En zovele anderen:

De werknemers van de verschillende laboratoria: drs. Haidi L. Tjon Kon Fat-Bronstein, 

voormalig hoofd van het Centraal Laboratorium Paramaribo en Tilotma Soebhag, 

medisch analiste en ISO-certified IATA-shipper, wil ik bedanken voor de zeer plezierige 

samenwerking en de bereidheid om ook in het weekend monsters te willen inpakken. 

Vera Kranenburg en Uselencia Esajas, respectievelijk voormalig en huidig hoofd en alle 

overige medewerkers van het Diakonessenhuis laboratorium: bedankt dat ik dag en 

nacht mocht binnenvallen, jullie pipetten mocht ontvreemden en voor jullie geduld als 

het geluid van de (inmiddels overleden) centrifuge weer eens door het lab galmde. Ik wil 

ook bedanken de medewerkers van het Laboratorium voor Klinische Parasitologie (met 

name dr. Tom van Gool) en het Laboratorium Endocrinologie en Radiochemie (hoofd drs. 

Eric Endert), beide van het Academisch Medisch Centrum in Amsterdam. Speciale dank 

aan An Ruiter: An dank je wel voor al je werk én de behoedzaamheid waarmee je met 

de bloedmonsters omging, voorwaar een hele geruststelling ook naar de ouders van de 

kinderen!
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Drs. R. Codfried-Kranenburg en drs. M. Eersel, respectievelijk de voormalige en huidige 

Directeur van Volksgezondheid, wil ik bedanken voor hun toestemming om dit onderzoek 

in Suriname te mogen uitvoeren, alsmede de leden van de Surinaamse Medisch Ethische 

Commissie voor hun positief advies in deze.

De verpleegkundigen van de kinderafdeling van het Diakonessenhuis met als hoofd Zr. 

Annie Saling, dank jullie voor alle kundige en dierdare zorgen voor de zieke kinderen, ik 

hoop nog lang met jullie te mogen samenwerken.

De mensen van de Medische Zending wil ik bedanken voor alle hulp bij de logistiek en 

voor de gelegenheid om met hen samen te werken, we gaan die banden nog weer 

verder verstevigen! Special thanks to dr. Thompson Danzo at Stoelmanseiland, my dear 

colleague and friend, for your warm hospitality, your help with the inclusion of patients 

and with providing us with everything else we needed to convey this survey properly in 

the interior of Suriname, many thanks!

Drs. Ingrid Krishnadath wil ik bedanken voor haar hulp bij het bepalen van de 

voedingstoestand van de kinderen in dit proefschrift.

Hijn Bijnen, Otto Dunker, Anne van Kempen, Errol Telting, Shyam en Marisca Ganga-

Blankendaal: bedankt voor de prachtige foto’s!

Chris Bor wil ik bedanken voor de mooie lay-out van dit  boekje.

Mijn dierbare collega’s in het Diakonessenhuis, stuk voor stuk specialisten uit het goede 

hout gesneden, we zijn een team waar we trots op mogen zijn! Dank dat ik met jullie 

mag samenwerken, dank voor jullie begrip toen ik me even echt op het schrijven van 

dit boekje moest storten. En natuurlijk een heel speciale dank aan mijn twee mati-pikin-

nengre-datra’s drs. L Bemmel en drs. R. Cooman, beste Loes en Remon ik weet me 

gezegend met twee geweldige en loyale collega-kinderartsen, dank je wel! 

Mijn oud-collega’s in het Bosch Medicentrum (tegenwoordig Jeroen Bosch Ziekenhuis, ik 

moet nog steeds wennen) ben ik mijn verdere carrière dankbaar voor het mij willen inlijven 

in de grondbeginselen van de kindergeneeskunde. Wat jullie me geleerd hebben heeft 

me voor een belangrijk deel gevormd en daarmee ontegenzeglijk ook veel bijgedragen 

aan het welslagen van dit onderzoek. Speciaal wil ik noemen wijlen drs. Frans Nabben die 

een groot voorbeeld voor mij is geweest. En natuurlijk dr. J.H. Hoekstra, mijn toenmalige 

opleider: beste Hans, jij weet als geen ander wat het is om naast een voltijdse baan als 

kinderarts onderzoek te doen en een proefschrift te schrijven. Jij hebt me laten zien dat 

het kan, veel dank voor de inspiratie die je me daarmee hebt gegeven! 
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In dat verband, Anne noemde het ook al in haar boekje, is het vermelden van de in 

Den Bosch opgerichte MAKZONEL onvermijdelijk. Anne van Kempen, Germ Immink en 

ondergetekende: we waren een onverwoestbaar trio! Wat voor pret hebben we niet 

gehad tijdens die voor huidige begrippen ongehoord lange werktijden! En het heeft me 

iets geleerd over collegialiteit wat ik nooit meer vergeten ben, beste Max en lieve Nel: 

dank daarvoor, dit blijft voor altijd!  

Ir. R. Douwenga en dr. H. van der Linde, beste Rolf en Harmen, mijn studiemaatjes van 

het eerste uur. Laten we vooral doorgaan met onze vriendschap, samen het glas heffen 

en mooie avonturen beleven! Dank jullie wel dat je mijn paranimf wilt zijn. En Sieze, 

bedankt voor het bellen van de sponsoren!

Mijn moeder en mijn vader, die dit helaas niet meer mag meemaken, wil ik intens 

bedanken voor álles wat jullie voor mij hebben gedaan en betekend. Bedankt voor jullie 

nuchtere levenswijsheid: je bereikt alleen echt iets door toewijding, gewoon hard werken 

en doorzetten. Mam, laten we samen nog meer genieten van de (klein)kinderen, het 

gastenverblijf is bijna af! 

Lieve Els, jouw onvoorwaardelijke steun, op alle fronten, is van onschatbare waarde. Ik 

koester dat élke dag weer. 
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