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NUTRITION AND DISEASE RELATED MALNUTRITION IN CRITICALLY ILL CHILDREN  

Adequate nutrition is an essential need of all children for survival, mental and motor 
development and for growth. When food supply is inadequate as is often the case in 
developing countries, due to socioeconomic, political or natural factors, primary 
malnutrition ensues, leading to high child morbidity and mortality. 
In more developed countries primary malnutrition is an unusual event. Still, malnutri
tion is not uncommon in hospitalized children associated with underlying acute or 
chronic diseases and its prevalence and importance are often underappreciated. In 
critically ill children disease related malnutrition may be present in 15 25% of all 
children admitted to a pediatric intensive care unit (PICU)(1, 2) and nutritional status 
has been shown to deteriorate during admission (3). Despite advances in medical 
care, prevalence of disease related malnutrition did not change in these patients over 
the last 20 years or more (3). 
Several studies of adult intensive care unit (ICU) patients have shown that disease
related malnutrition is associated with impaired wound healing, impaired immune 
response to infections, reduced gastrointestinal function, decreased function of 
muscles and an increase in morbidity and mortality (4 6). Also in children with 
(chronic) diseases inadequate feeding increases morbidity and mortality and nega
tively affects body composition and growth (7, 8). Critically ill children receiving 
better nutritional support show significant improvement in physiologic stability and 
outcome (9 11). There is also evidence for the importance of providing optimal 
nutritional support in conditions such as prematurity (12, 13) and pediatric burn injury 
(14). 
Malnutrition and nutrient store depletion are particularly important in younger 
children because the ability to support and compensate for insufficient or unbal
anced supplies is very limited due to small endogenous stores of a number of 
relevant substrates such as glycogen, fat and especially protein (15) while baseline 
requirements are higher. This is illustrated by the differences in expected survival 
time during total starvation between adults (60 to 70 days)(16), infants (<40 days) and 
very low birth weight premature neonates (<7 days)(17). The supply and utilization of 
nutrients during the first 2 years of life are of greater biological relevance than during 
any other period of life. The quantity and quality of nutrient supply modulates the 
differentiation of tissues and organs and has short  and long term effects for health 
and development. Immature metabolic pathways and physiological functions also 
play a role. This makes children more vulnerable and more dependent on the 
provision of adequate nutrition than adults. Studies have also associated protein
energy malnutrition in infancy to decreased intelligence and neurological function 
(18, 19). Although a critical duration of nutritional deprivation has not been estab
lished, even infants undergoing relatively short periods of nutritional deprivation may 
have poorer learning abilities (20). Adequate nutritional support in order to prevent 
disease related malnutrition should therefore play an important role in the clinical 
management of critically ill children both in acute illness and during recovery 
thereafter (9, 21, 22). 
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CAUSES OF DISEASE RELATED MALNUTRITION IN CRITICAL ILLNESS 

The major factors causing disease related malnutrition in critically ill children are the 
protein catabolic response to injury and stress and the protein and energy deficits 
due to inadequate nutritional intake (39). Furthermore many children admitted to the 
PICU already have a history of disease or associated anomalies and show a high 
prevalence of malnutrition upon admission (3).  

The protein catabolic response to injury  

Critical illness is characterized by increased (muscle) protein breakdown, negative 
nitrogen balance and loss of lean body mass (23, 24). This protein catabolic response 
can be seen as an adaptation to severe stress and injury in order to secure or promote 
an optimal supply of amino acids to other organs to serve as substrates for gluconeo
genesis and synthesis of acute phase proteins in the liver, as substrates for synthesis 
of proteins necessary for immune defense and wound repair and to serve as energy 
substrates for fast replicating cells such as immune cells and enterocytes (25, 26). In 
severe or prolonged critical illness, the increased protein degradation may lead to 
extensive muscle wasting with negative clinical consequences. Studies of critically ill 
adults have shown that up to 20% of total body protein may be lost in 3 weeks, most 
during the first 10 days after injury (4). Animal studies and observations in starving 
human beings have shown that loss of > 25% of total body nitrogen can be fatal. 
Biochemical measurements of cellular proliferation and inflammatory response are 
impaired after only 7 days of protein restriction after injury (27). Even a 10–15% loss in 
lean body mass can lead to significant increases in infection rate (28), marked delay in 
wound healing (29) and delayed weaning from mechanical ventilation (30). Further
more, persistent protein catabolism after large burn injury in children can result in 
growth delay for up to 2 years (31).  
The protein catabolic response to severe injury and stress is induced by changes in 
the (neuro)endocrinological system and the immune system. Hallmarks of this 
response are an increased activity of the sympathetic system and changes in hormo
nal balance with increased secretion of catabolic hormones (adrenalin, glucagon and 
cortisol) and resistance to the activity of anabolic hormones (insulin and growth 
hormone). Proinflammatory cytokines (e.g. TNF α, IL 1 and IL 6) also play important 
roles. Although the nature of the response is uniform regardless of the cause, the 
extent and duration of the metabolic disturbances vary with the type and severity of 
the injury (32, 33)35). In contrast to the wealth of studies of critically ill adults, consid
erably less knowledge exists about the pathophysiology of the protein catabolic 
response induced by critical illness in children (34). Also the role of nutritional 
support on this response is not well defined. Although the metabolic responses to 
stress and injury in children may qualitatively resemble the adult (35), important 
quantitative differences have also been described (36, 37). 
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Inadequate nutritional intake  

Inadequate nutritional intake is the second important factor causing disease related 
malnutrition in critically ill children. Children admitted to the ICU have been shown 
to accumulate substantial energy and protein deficits compared to estimated re
quirements and these deficits are associated with decreases in anthropometric 
parameters and outcome (3, 38). Inadequate nutritional intake is most frequently 
caused by inadequate prescription and/or delivery of nutrients (39).  

Inadequate prescription 

Protein and energy requirements of critically ill children are not well established but 
may be significantly different from those of healthy children. Requirements may also 
depend on the nature and severity of the injury (35). In practice, the estimated protein 
need of children, admitted to a pediatric intensive care unit, is most frequently based 
on recommended dietary allowances (RDA) of healthy children with adaptations to 
account for increased nitrogen loss during disease states. However the validity of 
these adaptations is not well defined. Estimated energy needs, on the other hand, are 
most often based on predictive equations (40, 41). These predictive equations 
however have been shown to estimate individual energy needs incorrectly, especially 
in disease states, when compared with the measurement of energy expenditure using 
indirect calorimetry (42, 43). Due to the problems in assessing nutritional needs, many 
PICUs work with feeding protocols based on (estimated) body weight and predictive 
equations which are applied to all patients (44). Therefore, the prescription of calories 
and protein is not individualized and discrepancies between required and prescribed 
nutritional intake inevitably occur. Another important cause of inadequate prescrip
tion of nutritional intake is the restriction of the volume of enteral nutrition by the 
treating physician in order to compensate for the large volumes of fluids for drugs 
and intravenous infusions these children invariably receive. Since standard enteral 
formulas are most often used initially, this leads to an extended period of low caloric 
and protein intake especially in the first week(s) of admission (21, 45). A third cause of 
inadequate nutritional intake is the unfounded belief of many physicians and nursing 
staff that most critically ill children cannot tolerate significant amounts of enteral 
feeding shortly after admission and that enteral nutrition should be introduced very 
slowly in all patients. This too leads to unnecessary protein and energy deficits in the 
first days of admission. 

Inadequate delivery 

Important factors for inadequate delivery are interruption of feeds for medical or 
nursing interventions and for increased gastric retentions (38). These will not be 
further discussed in this thesis.  

Thesis Waardenburg V8.pdf   11 17-7-2008   14:58:17



CHAPTER 1 
 

 12 

CONCLUSIONS 

Disease related malnutrition is a frequent finding in critically ill children and is 
associated with adverse outcome. Important causes are the protein catabolic re
sponse to injury and stress combined with inadequate nutritional intake. To prevent 
malnutrition and improve outcome more insight is necessary into the alterations in 
protein and amino acid metabolism and the role of nutritional support in critically ill 
children in the acute phase of disease and during recovery. 
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GENERAL  

Proteins form the major structural components of all cells in the body and also 
function as enzymes, in membranes, as transport carriers and as hormones. Their 
component amino acids serve as precursors for nucleic acids, peptide hormones, 
vitamins, and also as substrates for gluconeogenesis in the liver and as energy 
substrates for enterocytes and immune cells. Within the body, the bulk of proteins 
are present in the skeletal muscles (40 45%) especially as myofibrillary proteins. 
Visceral tissues contain comparatively small amounts of protein (about 10% of the 
total) (1). Dietary proteins play an important role during health and disease. Dietary 
proteins are a source of energy but, more importantly, deliver the essential amino 
acids needed to synthesize proteins and nitrogen containing molecules that are 
necessary for the maintenance and growth of tissue, for the immune response and for 
recovery from injury and disease. Twenty different amino acids are used for protein 
synthesis and several others exist in the body (e.g. citrulline, ornithine). Amino acids 
can be classified as non essential, essential and conditionally essential based upon 
the need for them to be supplied in the diet (see Table 1). The non essential amino 
acids are those that can be synthesized within the body. Conditionally essential 
amino acids can be endogenously synthesized but become deficient when pathology 
modifies or impairs protein and amino acid metabolism and synthesis cannot meet 
the metabolic need. 
 

Table 1  

Essential Non essential Conditionally essential 

Histidine Alanine Arginine (neonates, critical illness) 

Isoleucine Aspartic acid Glutamine (critical illness) 

Leucine Asparagine Cysteine (prematurity)  

Lysine Glutamic acid Glycine (neonates) 

Methionine Serine Proline (critical illness) 

Phenylalanine  Tyrosine 

Threonine   

Tryptophan   

Valine   

 
The nutritional quality of dietary protein depends on its amino acid composition, 
ideally approaching the amino acid composition of human proteins as much as 
possible. Restriction in the availability of even a single (essential) amino acid can limit 
the rate of whole body protein synthesis (2). In the human body proteins have no 
storage form (like glycogen and fat) but all have a biological function. Net protein 
breakdown (due to starvation or disease) therefore inevitably results in loss of 
function and preservation of body protein in adults and protein accretion during 
growth in children is an important goal both in health and disease. 
 

Thesis Waardenburg V8.pdf   17 17-7-2008   14:58:17



CHAPTER 2 
 

 18 

PROTEIN METABOLISM 

Protein turnover  

All proteins in the body undergo a continuous turnover, meaning that they are part of 
a constant cycle of protein synthesis and breakdown. The exchange between body 
protein and the free amino acid pool is illustrated in a simplified scheme in Figure 1. 

Tissue 
protein

Free amino
acid pool

Protein breakdownProtein synthesis

Dietary intake De novo 
(dispensable) amino
acid synthesis

Urea and CO2

Oxidation/hydroxylation

Amino acid excretion

Protein turnover

Skin

Hair 

Feces

 
Figure 1 Two pool model of protein and amino acid metabolism 

 
 
Apart from protein synthesis and breakdown, amino acids enter or leave the free 
amino acid pool by processes like dietary amino acid intake and de novo amino acid 
synthesis, urinary amino acid excretion and amino acid oxidation with urea produc
tion. The protein turnover rate signifies the rate by which body proteins are continu
ously broken down and resynthesized (adults 250 g protein/24h compared to an 
intake of 50 100 g protein/24h (3)). In infants and children the relative rates of protein 
turnover are increased compared to those of adults and gradually decrease with age 
(4). The rate of protein synthesis or breakdown can differ from one protein to the 
other by several fold. For instance gut mucosal proteins show high turnover while 
skeletal myofibrillary proteins show low rates of turnover (5). Protein metabolism also 
varies from one tissue or organ to another (6). The continuous destruction and 
rebuilding of body proteins may appear to be wasteful but serves several functions: 
cells selectively degrade proteins with abnormal conformation, degradation of 
regulatory proteins is necessary for control of metabolic pathways, and breakdown of 
(muscle) proteins during starvation or in response to infection or stress provides 
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necessary amino acids for energy and protein synthesis in other parts of the body (7, 
8).  Physiological (e.g. postabsorptive vs. the postprandial state) and pathophysiologic 
processes (e.g. protein catabolism during severe illness) have an influence on the 
rates of these fluxes, leading to changes in protein (and nitrogen) balance depending 
on the direction and extent of these processes.   

Protein synthesis 

Protein synthesis starts with the transcription of genetic information from DNA to 
messenger RNA (mRNA) and translation of mRNA on ribosomes involving transfer
RNA (tRNA). Protein synthesis takes place in the cytoplasm or endoplasmatic reticu
lum of nucleated cells. The translation process consists of three stages: initiation, 
elongation and termination. The initiation step of translation is the most important 
step for the regulation of the rate of protein synthesis. The initiation complex is 
formed when the ribosome assembles on the mRNA in the presence of various 
eukaryotic initiation factors (eIF). The ribosome moves down the mRNA to the start 
AUG codon and forms the 70S initiation complex. Each amino acid has a specific 
aminoacyl tRNA synthetase, which catalyses the binding of the amino acid to an 
acceptor site on the tRNA, forming aminoacyl tRNA; this complex carries the amino 
acid to the ribosome, where it binds and is committed for protein synthesis (methion
ine is always incorporated first). Elongation involves the binding of subsequent 
aminoacyl tRNA complexes. The ribosome moves one codon down the mRNA and 
the process is repeated. The protein is released when a stop codon is reached 
(termination). Protein synthesis is predominantly regulated by plasma concentrations 
of amino acids and hormones (especially insulin and glucocorticosteroids). 

Protein breakdown  

Protein breakdown occurs in three systems, the lysosomal system, the ATP
dependent ubiquitine proteasome system and the calcium calpaine dependent 
system (7, 9).   
Lysosomal protein breakdown is most actively expressed in the liver. Extracellular 
proteins (e.g. plasma lipoproteins or hormones) undergo endocytosis and are 
completely degraded within lysosomes while the same holds true for cell membrane 
proteins. Some cytosolic proteins are degraded by being engulfed in autophagic 
vacuoles that fuse with lysosomes. Lysosomal proteolysis is regulated by hormones 
such as insulin, glucagon and glucocorticosteroids, and by amino acids (10). 
The ATP dependent ubiquitin proteasome pathway degrades intracellular proteins. In 
this pathway, proteins targeted for degradation are conjugated to multiple molecules 
of ubiquitin. The ubiquitination of proteins is regulated by three sets of enzymes. The 
ubiquitinated proteins are recognized and degraded by a large proteolytic complex, 
the 26S proteasome. The 26S proteasome consists of a central proteolytic core (20S 
proteasome) and the capping 19S subunit. The 19S subunit recognizes, binds and 
unfolds the substrate protein that is then passed through the interior of the 20S 
proteasome while it is degraded into peptides. In skeletal muscle, the ubiquitin
proteasome system is regarded to be the main proteolytic pathway for bulk proteoly
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sis. However the ubiquitin proteasome may not be able to degrade intact myofibrils 
and the myofibrillary proteins, myosin and actin, must first be released from the 
sarcomere before they can be ubiquinated and degraded (9). A calcium calpaine 
dependent release of these proteins from the sarcomere may therefore be an 
important and possibly also rate limiting step in muscle proteolysis. The ubiquitin
proteasome system itself is not dependent on insulin and amino acids under healthy 
circumstances (basal conditions or after meals)(7). The findings that protein feeding 
(11) and even feeding leucine alone (12) can reduce muscle protein degradation in 
animals therefore suggest that lysosomes may also play a role in the proteolysis of 
myofibrillary proteins.   

Amino acid oxidation  

Amino acid oxidation occurs predominantly in the liver. In this process amino acids 
first loose their amino group by the process of deamination or transamination. 
Transamination is a reversible reaction that transfers the amino nitrogen to a ketoacid 
like pyruvate, oxaloacetate and α ketoglutarate. The carbon skeleton then can enter 
the Krebs cycle or can be used for synthesis of glucose, non esterified fatty acids 
(NEFA) or ketones while the amino group enters the urea cycle with formation of urea 
that is subsequently excreted by the kidney. Deamination involves several processes 
in which amino acids (for instance glutamine and asparagine) lose their amino 
nitrogen to the formation of ammonia, which is also excreted by the kidney.  

Whole body protein metabolism (Wb PM) 

Wb PM in health  

Whole body protein metabolism (Wb PM) represents the average of the individual 
rates of protein synthesis and breakdown in all the tissues of the body. This overall 
rate is of physiological importance and can be expressed as whole body protein 
turnover (Wb PT), synthesis (Wb PS) and breakdown (Wb PB). One of the principal 
goals of measuring Wb PM is to determine the protein balance (Wb PBal), meaning 
the rate of synthesis minus the rate of breakdown, that determines if an individual 
gains (as in children during growth), loses (as in catabolic states) or maintains lean 
body mass. In healthy adult human subjects, ingesting adequate amounts of dietary 
protein, protein synthesis equals protein breakdown on a 24 h basis implying that 
Wb PBal is zero. In (growing) children, Wb PBal is positive since growth consists in a 
large part of protein deposition in the body. Whole body protein metabolism also 
varies as a consequence of food intake. After a meal there is a net accumulation of 
protein, whereas in the post absorptive state a net loss of protein takes place.  

Wb PM during critical illness 

Following injury or sepsis the absolute and relative rates of whole body protein 
synthesis and breakdown change. In general critical illness is characterized by a 
negative protein balance meaning that protein breakdown exceeds protein synthesis. 
The way protein is lost and the degree of protein loss however depends on the 
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duration and severity of the injury (13). A minor injury (minor surgery) results in a 
depression of protein synthesis while breakdown is unaltered (14, 15) which results in 
net protein loss. With more severe injury the rate of protein breakdown strongly 
increases. Whole body protein synthesis however increases but to a lesser degree 
leading to net protein loss that further increases with the severity of injury (16). 
Although only few studies were performed in critically ill infants similar alterations in 
whole body protein metabolism were found in children with burn injury (17), severe 
malaria (18) and in infants with sepsis (19). 

Tissue protein metabolism 

Measurement of whole body protein metabolism does not give information on the 
relative contribution of various tissues and proteins. Of these tissues skeletal muscle 
and splanchnic protein metabolism are especially important and will be further 
discussed below. Both skeletal muscle and splanchnic protein metabolism are 
profoundly affected by many physiological conditions such as feeding, fasting, and 
disease states.   

Muscle protein metabolism in health 

Skeletal muscle is the largest tissue of the human body and forms the largest mass of 
protein (40% of body weight)(6). The main function of skeletal muscle is to provide 
power for locomotion. In addition, it has an important metabolic role. Skeletal muscle 
is the major reservoir of protein and free amino acids in the body. 
Fasting is characterized by net muscle protein degradation under influence of 
alterations in plasma concentrations of amino acid and hormones (especially those of 
insulin and glucocorticosteroids). This results in a net amino acid efflux to the plasma 
predominantly the gluconeogenic amino acids glutamine and alanine. Alanine is 
taken up by the liver, stimulated by increased glucagon levels, and used for glu
coneogenesis. Glutamine is used by the kidneys for gluconeogenesis and ammonia 
formation and also as energy substrate by the intestinal cells. Around 1.75 g of muscle 
protein must be broken down to provide each gram glucose since not all amino acids 
can be converted to glucose and are oxidized causing irreversible protein loss (6). 
During starvation not only the protein of muscle tissue is broken down since the 
protein content of the visceral organs also decreases with 40% (20).  
After a protein containing meal plasma amino acid concentrations increase, especially 
those of the branched chain amino acids (BCAA) since they are relatively spared from 
first pass splanchnic metabolism. The BCAAs are preferentially taken up by muscle 
cells, primarily stimulated by their own plasma concentrations and not by insulin. In 
combination with increased plasma insulin levels and decreased glucagon and 
cortisol levels, the increased BCAA availability also stimulates muscle protein synthe
sis while muscle protein breakdown is suppressed leading to a net muscle protein 
synthesis. BCAA are also oxidized to generate energy for the muscle.  
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Muscle protein metabolism during critical illness 

During critical illness muscle protein metabolism is characterized by net protein 
degradation leading to muscle protein loss and muscle wasting (8, 21).  Muscle 
protein loss is primarily caused by an increased breakdown of myofibrillary proteins 
due to activation of the ubiquitin proteasome pathway (22, 23). Activation of this 
pathway occurs through increased plasma levels of catabolic hormones (glucocorti
costeroids) and inflammatory cytokines (TNF alpha and IL 1 via activation of NF κB) 
(24) whose plasma levels are elevated during critical illness. The catabolic effect of 
glucocorticosteroids is further potentiated by bed rest (25). The primary involvement 
of the ubiquitin proteasome may explain why muscle protein breakdown during 
critical illness responds poorly to nutritional interventions. The net muscle protein 
degradation combined with an inhibited uptake of amino acids by the muscles results 
in an net efflux of amino acids from muscle (predominantly glutamine and alanine) 
which supplies the substrates for the increased gluconeogenesis in the liver, hepatic 
acute phase protein synthesis and the increased protein synthesis in several other 
organs (liver, spleen, kidney, jejunum, diaphragm, lung and skin) (7, 8, 26, 27). Fur
thermore, glutamine is used as energy substrate by the enterocytes and other fast 
replicating cells like immune cells (lymphocytes and macrophages) (2).  
Skeletal muscle protein synthesis is decreased during critical illness in adult and 
neonatal animals (both of myofibrillary and sarcoplasmatic proteins) which may be 
due to an inhibitory effect of TNF α and IL 1 on mRNA translation initiation and 
muscle amino acids uptake (26, 28). Protein synthesis may also be decreased due to 
low IGF 1 levels and absence of a stimulatory effect of insulin due to insulin resis
tance (29). In septic neonatal pigs however muscle protein synthesis is less decreased 
than in adult animals and can still be stimulated by insulin and amino acids (34). 
Evidence also exists of resistance to the anabolic effects of leucine during sepsis 
probably through a combined effect of TNF α and glucocorticosteroids. This may 
explain the disappointing results of clinical trials using nutritional support enriched 
with branched chain amino acids for instance in trauma patients (30). Similar to 
results in animal studies, a decreased muscle protein synthetic rate was also found in 
studies of adults after major surgery (31, 32) and in a heterogeneous group of ICU 
patients (33).  

Splanchnic protein metabolism in health 

The splanchnic organs (especially the liver and gut) play an important role in protein 
and amino acid metabolism although they contain only 10% of total body protein (1).  
After a protein containing meal the splanchnic organs extract essential and non
essential amino acids from the diet for their own requirements thereby reducing 
amino acid availability for the systemic circulation (first pass splanchnic utilization of 
dietary amino acids). Studies using isotopically labeled amino acids have investigated 
utilization rates of various amino acids in animal, adults and neonates under different 
conditions (see for review (35, 36)). First pass utilization approaches 50 % of dietary 
amino acids, the large majority by the gut, and differs significantly among the various 
amino acids (25 96%) (37 39). In neonates utilization rates are higher than in adults 
(35). A large part of these amino acids are used for the synthesis of mucosal and 
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secretory proteins (40), synthesis of other amino acids (like citrulline, arginine and 
proline) and glutathione (36) but amino acids are also used as energy substrates with 
concomitant irreversible oxidation to CO2, urea and ammonia (41). In the fed state 
both arterial and luminal amino acids are used simultaneously. Luminal glutamate and 
aspartate and arterial glutamine account for the majority of the energy generated in 
the small intestine (42) although essential amino acids such as lysine and leucine and 
also glucose play a significant role as fuel source. Almost one third of dietary glucose 
is utilized during first pass by the splanchnic tissues, irrespective of the amount of 
dietary intake, and used for energy generation (43). Since dietary amino acids are the 
primary source of amino acids for the intestinal mucosa, enteral feeding is obligatory 
for maintaining of intestinal mucosal mass and integrity and for recovery after 
mucosal damage. 
It is often assumed that during fasting conditions protein breakdown and efflux of 
amino acids for gluconeogenesis and protein synthesis occurs predominantly in 
muscle tissue. The fractional synthesis rate of muscle, i.e. the percentage of the total 
muscle protein pool that is newly synthesized per day, is very low and therefore 
protein renewal after a meal can only occur in muscle to a limited degree (44). It is 
much more likely that protein accumulation after a meal takes place in the so called 
“labile pool” of the splanchnic area, because the fractional synthesis rate is much 
higher (45). The splanchnic organs thus may play an important buffering role by 
preventing major plasma amino acid variations and in delivering amino acids for 
gluconeogenesis and meeting metabolic needs in peripheral tissues during non fed 
conditions. Albumin synthesis in the liver for instance is stimulated during feeding 
and this increased synthesis may play an important role in the temporary "storage" of 
ingested essential amino acids in this labile pool (46) and in preventing irreversible 
losses of a significant fraction of ingested essential amino acids while it may also 
serve as a vehicle to capture excess dietary amino acids and transport them to 
peripheral tissues to sustain local protein synthesis. Furthermore the gut is able to 
release amino acids in the portal vein by increased proteolysis and by arterial amino 
acid uptake and thereby has the capacity to channel amino acids via the portal vein 
toward the liver for metabolism. By these actions intestinal amino acid metabolism 
has a strong influence on the pattern of amino acids entering the portal circulation 
(41) that differs markedly from that in the diet and on the pattern and amount of 
amino acids available for peripheral utilization.  

Splanchnic protein metabolism during critical illness 

During critical illness hepatic uptake of amino acids is stimulated and protein synthe
sis and gluconeogenesis in the liver are enhanced. Net hepatic protein synthesis is 
increased due to an increased synthesis of acute phase proteins (27, 47) induced by 
proinflammatory cytokines (8, 21). Acute phase proteins are proteins with a variety of 
immunological, transport and haemostatic functions. The increase in synthesis of 
these proteins may even be far greater than the change in plasma concentration (see 
for reference Obled et al.  (48). For instance, the synthesis of albumin is enhanced (47) 
while the plasma concentration decreases in sepsis. The increase in hepatic acute 
phase synthesis is the major cause of the increased whole body protein synthesis 
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during critical illness illustrated by the finding % in polytrauma patients that the 
contribution of total plasma proteins to whole body protein synthesis is greatly 
increased from 7.2 % in healthy volunteers to 15.5 (48).  

REGULATION OF PROTEIN METABOLISM  

Protein metabolism in health and during disease is predominantly regulated by 
substrate availability and hormonal concentrations while during disease the proin
flammatory mediators also play important roles. 

Substrate availability 

Plasma amino acid concentrations 

An increase in the plasma concentrations of essential amino acids is the most impor
tant factor stimulating muscle protein synthesis (muscle PS) (50). Although muscle PS 
takes place in the cytoplasm or endoplasmatic reticulum, extracellular amino acid 
concentrations serve as signals to activate protein synthesis although it is not known 
how amino acid availability is sensed by the cell. Once synthesis is activated this 
results in increased rate of inward transport of amino acids. Non essential amino 
acids are not needed for the stimulation of muscle PS. The response to increased 
amino acid availability however may be time dependent. During a continuous 
intravenous amino acid infusion the rate of muscle PS has been shown to rapidly rise 
but to decrease again after 2 hours (68). Anthony et al. (69) further showed that 
leucine is the most potent of the (branched chain) amino acids in stimulating muscle 
PS. Other amino acids also stimulate muscle PS but significantly less effective. 
Leucine has no effect on global rates of protein synthesis in the liver suggesting that 
the regulatory role of leucine may be specific for the muscle.  
Lysosomal proteolysis in the liver is also controlled by extracellular plasma amino 
acids concentrations, especially those of leucine, tyrosine, phenylalanine, glutamine, 
histidine, tryptophan, proline and methionine, also called regulatory amino acids, 
with alanine as a co regulatory amino acid. Amino acid availability regulates lysosomal 
proteolysis in a suppressive manner, meaning that high plasma amino acid levels 
inhibit proteolysis in the liver and low amino acid levels stimulate proteolysis (70).  
During critical illness the plasma and tissue concentration of most amino acid are 
decreased. This is especially true for the intracellular amino acid concentrations but 
also the large majority of plasma amino acids show a decline in concentration (71). 
The decrease in plasma amino acid concentrations occurs early during critical illness. 
In general it is believed that these changes are a reflection of starvation due to limited 
nutritional protein supply, increased hepatic utilization for acute phase protein 
synthesis, gluconeogenesis and oxidation for energy supply (27, 71) and protein 
synthesis in immune cells. These changes persist as long as the infection persists and 
resolve during recovery. 
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Energy intake 

Energy intake has an important influence on protein metabolism. When energy intake 
is lower than energy expenditure (negative energy balance) either due to an inade
quate dietary intake or an increased energy expenditure, catabolism of body energy 
stores occurs including increased breakdown of muscle protein (72 74). After deami
nation or transamination the carbon skeletons of amino acids are then used to meet 
energy needs (80). The famous Minnesota study in 1950 already showed that healthy 
volunteers develop substantial lean tissue loss during energy restriction despite 
adequate protein consumption (75).  
When energy intake exceeds energy expenditure proteins are deposited in associa
tion with weight gain and development of adiposity leading to a positive nitrogen 
balance. In children the influence of energy intake on protein and amino acid 
requirements is more complex since the relationship between energy intake and 
protein accretion is strongly influenced by the rate of protein deposition as a conse
quence of growth. In studies of growing animals positive nitrogen balance could even 
be achieved in negative energy balance (76) while in growing children provision of 
extra protein can stimulate height growth at the expense of mobilization of body fat 
stores (77).  
The type of energy does not influences protein utilization.  Although carbohydrates 
are thought to be more insulinogenic and thereby more effective in stimulating 
protein utilization, carbohydrates and fat have been shown to be equally effective in 
maintaining nitrogen balance or growth in both adults and children when energy 
intake is sufficient (73).  In fact dietary fat also stimulates insulin secretion by increas
ing plasma non esterified fatty acid concentrations (NEFA) (78) and by stimulation of 
glucose dependent insulinotropic polypeptide (GIP) (79).  

Dietary carbohydrate and fat intake 

Carbohydrates and fat alone have no direct effect on muscle protein synthesis but 
exert important influences on protein metabolism by their energy content and their 
hormonal effects for instance on glucagon and especially insulin secretion (73).  

Hormones 

Insulin 

Secretion of insulin by pancreatic β-cells is primarily stimulated by increased plasma 
concentrations of glucose and amino acids, especially the branched chain amino 
acids (leucine, isoleucine, valine), leucine being the most potent (49). Insulin is an 
important factor stimulating muscle protein synthesis but only in the presence of 
sufficient extracellular amino acids meaning that both insulin and amino acids are 
required for maximal stimulation of muscle protein synthesis (50). Insulin also has a 
direct inhibitory effect on muscle protein breakdown (51) by an effect on lysosomal 
proteolysis (10) and by opposing the stimulating effect of glucocorticosteroids on 
proteolysis by the ubiquitin proteasome system (51, 53). The ubiquitin proteasome 
system itself is not dependent on insulin and amino acids under normal circum
stances (basal conditions or after meals). 
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Glucocorticosteroids 

Glucocorticosteroids are produced in the adrenal cortex and their synthesis and 
secretion are regulated by adrenocorticotropic hormone (ACTH) from the anterior 
pituitary. Plasma glucocorticosteroid concentrations are increased during fasting 
conditions and during stress such as critical illness. Glucocorticosteroid treatment of 
rats prevents the stimulation of muscle protein synthesis that occurs in response to 
infusion of insulin and amino acids (52). Glucocorticosteroids activate the ubiquitin
proteasome proteolytic system in skeletal muscle during fasting (53) but the catabolic 
effects of glucocorticosteroids are opposed by insulin (51). Thus, the activation of 
muscle proteolysis in the fasting state requires two signals: the presence of glucocor
ticosteroids and a decrease in insulin.  
During injury and stress the increased levels of proinflammatory cytokines (TNF and 
IL 1) stimulate secretion of ACTH in the pituitary gland resulting in increased plasma 
glucocorticosteroid levels (54, 55). The increased plasma levels of glucocorticoster
oids together with increased levels of proinflammatory cytokines activate the ubiq
uitin proteasome pathway leading to muscle proteolysis (24). Indeed, in catabolic 
conditions, glucocorticosteroids are considered to be an important regulator of 
muscle protein mass (56).  
 
Glucagon 

Glucagon secretion is stimulated by low plasma glucose and amino acid concentra
tions. It exerts its effect predominantly in the liver and muscle cells contain a paucity 
of glucagon receptors. In the liver glucagon stimulates gluconeogenesis and also 
stimulates hepatic extraction of circulating amino acids. Critical illness in adults is 
associated with increased plasma glucagon levels.  

Plasma catecholamines 

Epinephrine and norepinephrine are secreted by the adrenal medulla under direct 
control of the brain. Catecholamines produce anabolic, protein sparing effects on 
skeletal muscle protein metabolism by an inhibitory effect on muscle calcium
calpaine dependent protein degradation, independently of other hormones (58). In 
addition, norepinephrine released from adrenergic terminals of the nerves may 
increase the rate of muscle protein synthesis, leading to increased protein accretion. 
These effects seem to be mediated by β2 adrenoreceptors and cAMP dependent 
pathways (58). Immediately after injury, there is a 10 fold increase in plasma cate
cholamine concentrations. This produces a hyperdynamic circulation, increases basal 
energy expenditure, glycogenolysis and hepatic glucose production (59). 

Human Growth hormone (HGH) 

HGH, synthetized and secreted by the pituitary, is the major physiologic stimulus for 
IGF 1 and IGF 2 production in the liver. Many of the actions of HGH are mediated 
through IGF 1. HGH stimulates protein synthesis in muscle and on the whole body 
level by increasing IGF 1 concentrations. Stress and critical illness in adults are 
associated with increased plasma HGH levels and HGH resistance (60). In critically ill 
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children low, normal and high values for HGH have been reported while very high 
levels were found in non surviving children with meningococcal sepsis (61, 62).  

Insulin like growth factor 1 (IGF 1) 

IGF 1 is synthesized and released to the blood primarily by the liver although most 
tissues can synthesize IGF 1 in an autocrine or paracrine way. IGF 1 is essential for 
growth and development as demonstrated by severe growth failure in IGF 1 knockout 
mice (63). IGF 1 also plays an important roll in regulation of muscle mass (66).  IGF 1 
increases protein synthesis in myocardial myocytes and muscle cell cultures. Infusion 
studies and amino acid clamp studies have shown an insulin like effect (direct 
promoting effect on muscle protein synthesis in the presence of adequate supply of 
amino acids). During sepsis in adults and children, levels plasma levels of IGF 1 and 
its major binding protein IGFBP3 are below reference values (61, 64) in spite of normal 
or elevated HGH levels suggesting a state of hepatic HGH resistance (60). This is 
probably caused by increased levels of TNF alpha an IL 1 either downregulating the 
hepatic HGH receptor (65) or inhibiting the local production of IGF 1 in muscle (66).  
Recovery from critical illness is associated with an increase in circulating levels of IGF
1 and IGFBP 3 (67) 

Thyroid hormone (T3) 

T3 sets the general level of metabolism and regulates the sensitivity of metabolic 
processes to catecholamines. Its effects on protein metabolism are conflicting. 
Hypothyroidism may lead to decreased protein synthesis and breakdown while 
hyperthyroidism has the opposite effect. During stress T3 levels are decreased both in 
adults and children (61).  

Inflammatory mediators 

Critical illness is characterized by the activation of a strong inflammatory response 
associated with the synthesis and release of a variety of pro  and inflammatory 
cytokines that have an effect on both splanchnic and muscle protein metabolism (24).  

TNF α  

TNF α is produced by mononuclear cells is responsible for many metabolic and 

nutritional changes that occur in catabolic disease states. TNF α cannot always be 
detected in the acute phase of critical illness because of its short plasma half life of 17 
minutes and its sensitivity to sampling handling methods. TNF α levels peak between 
90 min. and 2 hours after injection of endotoxin (81) and induce synthesis of IL 1, IL 6, 
IFNγ. TNF α activates the hypothalamus pituitary axis, producing elevated levels of 

ACTH and cortisol (54, 55). TNF α also has a direct stimulatory effect on hepatic amino 
acid uptake and redirection of hepatic protein synthesis toward acute phase protein 
synthesis while it also stimulates hepatic gluconeogenesis (82). TNF α inhibits muscle 
amino acid uptake, decreases muscle protein synthesis (66) and increases muscle 
proteolysis by stimulating the ubiquitine proteasome pathway (7, 83).  
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IL 1 

IL 1 is also produced by mononuclear cells. Endotoxin is the primary stimulus for IL 1 
release but TNF α and IL 1 itself can stimulate IL 1 production as well. IL 1 levels are 
elevated within 1 hour after injection of endotoxin, peak around 2 hours and remain 
elevated up to 4 hours. Injection of IL 1 leads to release of ACTH, cortisol and insulin. 
IL 1 stimulates hepatic acute phase protein synthesis, gluconeogenesis (84) and 
muscle proteolysis.  

IL 6 

IL 6 is produced in large amounts by activated mononuclear phagocytes. IL 6 is the 
primary mediator of acute phase protein synthesis in the liver (with both pro  and 
inflammatory properties). Glucocorticosteroids augment the effects of this cytokine 
on hepatic acute phase protein synthesis.  

Soluble cytokine receptors 

Soluble cytokine receptors are shed by macrophages and endothelial cells upon 
activation. While expression of TNF α and IL 1 is rapidly down regulated and only 
detectable in the most acute stage of the disease, levels of soluble TNF receptor 55, 
soluble TNF receptor 75 and soluble IL 1 receptor 2 are more stable and remain 
elevated for 5 6 days after onset of sepsis (85). Plasma levels of these soluble cytokine 
receptors are increased in children with meningococcal sepsis (86, 87) and differenti
ate between shock and non shock patients while they also correlate with admission 
TNF α and IL 1 levels (85) . 

METHODS TO EVALUATE PROTEIN AND AMINO ACID METABOLISM AND THE 
EFFECTS OF NUTRITIONAL INTERVENTIONS IN CRITICALLY ILL CHILDREN 

General 

There are only few studies that have investigated the alterations of protein and amino 
acid metabolism during critical illness in children. Despite a high incidence of severe 
morbidity and mortality of these disorders there is little information on which to base 
nutritional or therapeutic strategies aimed at prevention or treatment of protein 
catabolism and muscle wasting. One of the major reasons for the limited number of 
studies on protein and amino acid metabolism in children is the fact that most stable 
isotope methods (precursor methods) require intravenous infusions of amino acids 
labeled with stable isotopes and repeated blood sampling, which is often difficult in 
children. Other methods that are used in adult patients, for instance the arterio
venous amino acid balance method to measure muscle protein synthesis, are not 
ethically acceptable in pediatric patients because catheterization of the femoral vein 
and artery is needed in combination with multiple muscle biopsies. Still in pediatric 
patients with severe burn injury the latter method has been occasionally used during 
surgery for burn wounds (88, 89). It has been shown that parents frequently refuse to 
give permission for participation in research ranging form 30% for anthropometrical 
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measures to 70% for stable isotope intravenous infusion, gas exchange measurement, 
and blood sampling (90). Among factors that influence parental refusal the most 
important are: the invasiveness of the research protocol, the severity of illness of the 
child as subjectively perceived by the parents (91) and the lack of benefit for the 
individual child. Research methods to study protein and amino acid metabolism in 
children therefore should have the lowest level of invasiveness as possible since the 
other factors cannot be easily influenced.  

Anthropometric methods 

Assessment of nutritional needs in healthy children has been traditionally based on 
ideal growth rates. The use of growth charts however cannot be used in critically ill 
children since changes in linear growth over the short period of intensive care 
admission are neglectable. Measurement of body weight, upper arm circumference 
and skin fold thickness may theoretically be used to detect weight loss and loss of 
lean body mass but have severe limitations since fluid retention and edema are very 
common in critically ill children. Even accurate measurement of body weight is often 
impossible during admission in unstable critically ill children. In order to investigate 
alterations in whole body protein and amino acid metabolism and the role of nutri
tional support in the acute phase of critical illness other methods are needed.    

Biochemical parameters 

Several plasma proteins show decreased concentrations during malnutrition, espe
cially those proteins that are synthesized in the liver such as albumin, transferrin, 
transthyretin (formerly called prealbumin), and retinol binding protein. During 
recovery from malnutrition, for instance with nutritional support measures, the 
plasma concentrations of these proteins return to normal levels reflecting increased 
hepatic synthesis in response to nutrient supply. Therefore the plasma levels of these 
proteins are often used to monitor the severity of malnutrition and the efficacy of 
nutritional interventions (92). However the plasma half life of the majority of these 
proteins is too long (up to 20 days for albumin) to be used to evaluate the short term 
effects of nutritional interventions in critically ill children. Furthermore the plasma 
concentrations of these proteins during critical illness are also strongly influenced by 
the disease process. For instance hypoalbuminemia is a very common phenomena 
during critical illness, due to redistribution to the interstitial space, and therefore 
cannot be used as a measure of disease related malnutrition. Plasma levels of trans
ferrin and transthyretin are influenced by the severity of the inflammatory state and 
therefore are also not useful for the evaluation of nutritional interventions in critically 
ill children (93). 
Plasma levels of IGF 1 have shown a strong relationship with nutritional status and 
have also been used to monitor the response to nutritional support in malnourished 
patients (94). However in a recent study in critically ill children (95) the adequacy of 
feeding did not affect the normalization of IGF 1. The value of plasma levels of IGF 1 
to monitor nutritional interventions in critically ill children needs further investiga
tion. 
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Since protein and amino acid metabolism in health and during critical illness is 
strongly influenced by the plasma concentrations of the anabolic (insulin, HGH) and 
catabolic hormones (glucagon, catecholamines and cortisol), assessment of these 
hormone levels may give information on mechanisms behind the alteration of protein 
and amino acid metabolism during critical illness. This is also true for the plasma 
levels of those inflammatory mediators that have been shown to play roles in protein 
and amino acid metabolism (TNF α, IL 1, IL 6).  

Energy expenditure and substrate utilization 

When total daily energy expenditure (TDEE) is not met by nutritional intake (negative 
energy balance) catabolism of body energy stores occurs including increased break
down of protein. Knowledge of energy expenditure is therefore essential to define 
and evaluate nutritional interventions. Energy requirements can be estimated using 
prediction equations (96) but several studies of  critically ill children have shown that 
the accuracy of these equations is low (97, 98). Reliable estimates of energy require
ments can only be obtained by measuring energy expenditure in the individual child 
using indirect calorimetry, a method that has also been validated in mechanically 
ventilated critically ill children (99). During indirect calorimetry oxygen consumption 
(VO2), carbon dioxide production (VCO2) and respiratory quotient (RQ) are measured 
using a metabolic monitor  (for instance Deltatrac II MBM 200, Datex Division 
Instrumentarium Corp. Finland)(100) Measured energy expenditure (MEE) is calcu
lated using the modified Weir formula (101) (MEE = 5.5 VO2+ 1.76 VCO2; MEE in 
kcal/day; VO2 in ml/min; VCO2 in ml/min). If the duration of measurement is suffi
ciently long (>2 hrs), the results can be considered to represent the total daily energy 
expenditure (TDEE)(99, 102). In ventilated patients REE can only be reliably measured 
when tube leakage is less than 10 % and FiO2 less than 0.60. From the measured 
values of VO2, VCO2 and total nitrogen excretion it is possible to calculate substrate 
utilization according to previously published methods (103): fat oxidation (g/min) = 
1.67*10 3 (VO2  VCO2)  1.92 N; fat synthesis (g/min) = 1.67*10 3 (VCO2  VO2) + 1.92 N; 
glucose oxidation (g/min) in case of net fat oxidation = 4.55*10 3 xVCO2  3.21*10 3 
xVO2  2.87 N; glucose oxidation in case of net fat synthesis = 1.34*10 3 (VCO2  4.88 
N), where VO2 is oxygen consumption in ml/min, VCO2 is carbon dioxide production 
in ml/min and N is urinary urea nitrogen excretion in g/min.  

Urinary 3 methyl histidine excretion 

Methods that specifically determine muscle tissue breakdown are of special interest 
in studies evaluating effects of nutritional interventions in critical ill patients. The 
degradation of the contractile protein actin results in the release of the amino acid 3
methylhistidine (104) that is excreted unmetabolized in urine at an increased rate in 
catabolic patients (105). The 24 hour urinary excretion of 3 methylhistidine (3 MEH) 
has been shown to reflect muscle protein breakdown (106).  By using the urinary 3
MEH/creatinin ratio, muscle protein degradation can also be determined from a single 
voiding specimen (107) whereas with stable isotope technology using isotopically 
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labeled 3 MEH whole body production of 3 MEH can be measured directly (108). 
There are however some concerns: the nutritional intake must be totally free from 3
MEH (meat) and the production of 3 MEH from other tissues is considerable 
(splanchnic organs) especially in animals although this is probably less a problem in 
adults and children (106). 

Nitrogen balance 

Nitrogen balance is an apparently simple method, one measures nitrogen intake and 
excretion and the difference is the amount retained or lost by the body. It is generally 
accepted that normal adults, who neither gain nor lose weight, are in zero balance 
while growing children have positive nitrogen balance. In practice however accurate 
nitrogen balance studies are difficult to perform since reliable results (in order to be 
able to calculate absolute protein requirements) can only be obtained when all intake 
and all excretions (urine, faeces, sweat, blood, tears, saliva etc.) are measured and 
analyzed for their nitrogen content. Therefore, results obtained with nitrogen balance 
methods have a general tendency to overestimate nitrogen intake and underestimate 
nitrogen excretion. Another point of concern is that changes in urinary nitrogen 
excretion may lag behind changes in nitrogen intake (109). Finally, nitrogen balance 
methods give no information about the underlying processes that result in a positive 
or negative balance i.e. no information about rates of protein synthesis and degrada
tion. Nitrogen balance however is a non invasive method that can be useful in 
nutritional studies especially when relative rather than absolute values for nitrogen 
balance are wanted as in studies comparing the effects of different nutritional 
interventions. Given the fact that many critically ill children have a urinary catheter, 
reliable determination of total urinary nitrogen or urinary urea nitrogen is possible. 
Total nitrogen excretion can be approached by measuring total urinary nitrogen 
(TUN) or urinary urea nitrogen (UUN) (110 112). When using UUN to estimate TUN a 
correction factor of 1.25 is used to compensate for non urea and insensible nitrogen 
loss. Nitrogen contents of different proteins vary somewhat, but on the average are 
close to 16% and the standard factor for converting nitrogen to protein is 6.25.  

Plasma amino acid concentrations 

Changes in plasma amino acid concentrations can be detected more rapidly than 
weight gain or growth and have been used to detect deficiencies and excesses of 
dietary amino acid intakes in animals and children (114, 115). Assessment of plasma 
amino acid concentrations has also been used to develop parenteral amino acid 
solutions (113). Plasma amino acid concentrations are the result of their rate of 
appearance (Ra) in plasma minus their rate of disappearance from plasma (Rd). Ra 
consist of 1) the nutritional amino acid intake after first pass splanchnic amino acid 
metabolism 2) the amino acid release from protein breakdown in tissues and 3) the de 
novo amino acid synthesis. Rd is the sum of amino acid oxidation, amino acid me
tabolism, protein synthesis, and protein losses. The plasma pool of free amino acids is 
very small compared to the intracellular pool of free amino acids, which in his turn is 
small, compared to the pool of amino acids bound in proteins (98%). Plasma amino 
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acid concentrations show wide variation depending on the physiological condition 
under which they are measured, reflected by a wide variation in reported reference 
values both in adults and children. Therefore plasma amino acid concentrations are 
often considered difficult to interpret. Still determination of plasma amino acid 
concentration can be useful in nutritional science as long as the interpretation takes 
the physiologic situation into account (116). Protein intake modifies the plasma amino 
acid profiles, since some amino acids are extracted in large amounts by splanchnic 
tissues (glutamine, glutamate), others are hardly metabolized in the gut and liver 
(branched chain amino acids) while citrulline, which is not a part of food protein, is 
produced in the gut and released into the circulation. This is also reflected by the 
specific plasma amino acid patterns in infants receiving human milk, whey protein 
based formulas, casein protein based formulas or total parenteral nutrition (115). 
Organ dysfunction can influence plasma amino acid concentrations: renal failure 
increases citrulline levels, liver failure increases phenylalanine levels while terminal 
multiple organ failure is associated with generalized hyperaminoacidemia (116). The 
site of blood collection (venous versus arterial) also has influence on plasma amino 
acid concentrations especially of those amino acids that are taken up or released by 
peripheral tissue (branched chain amino acids, alanine, glutamine). Amino acid levels 
in arterial blood are more representative of amino acid homeostasis particularly 
during critical illness, a condition associated with redistribution of blood flow to vital 
organs, hypoperfusion of the extremities and increased muscle protein breakdown 
with release of gluconeogenic amino acids (116). Conditions of preparation and 
storage also have great influence on plasma amino acid concentrations since degrada
tion of amino acids occurs in non deproteinized plasma even at temperatures of –
70ºC (117). 

Stable isotope tracer methods 

General  

Since pathophysiological processes can have an influence on both protein synthesis 
and breakdown, it is generally accepted that the best way to assess changes in protein 
and amino acid metabolism is through the use of stable isotope tracer methods. With 
these methods the rates of protein turnover, synthesis, breakdown and net protein 
balance can be evaluated. Since nutritional interventions can affect synthesis and 
breakdown tracer methods are also best suited to evaluate the responses of protein 
kinetics on nutrient ingestion. Stable isotopes are naturally occurring non radioactive 
elements with a higher mass number due to the presence of a greater number of 
neutrons in the core (for instance 13C, 15N, 2H and 18O). Stable isotopes behave as the 
“normal” elements and have no known side effects when present in small amounts 
and therefore can be used safely for metabolic studies of infants, children and adults 
both in health and during disease states. Stable isotope tracer methods rely on the 
principle of isotope dilution: isotopically labeled amino acids are administered 
intravenously or orally and their plasma concentration (in the precursor methods) or 
the concentration of the isotope label in one of the end products of protein metabo
lism (for instance urea or ammonia in the end product methods) is followed using 
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one of the different types of mass spectrometry. The most often used tracer methods 
make use of [15N]glycine (118), L [1 13C]leucine (119) or L [2H5]phenylalanine (120, 121). 
In the last decades these tracer methods have been used in numerous studies of 
adults but also in newborns, infants and children. All tracer methods for the assess
ment of Wb PM assume a two pool model in which amino acids are either free or 
protein bound (Figure 1).    

The [15N]glycine single oral dose method  

The first method to be developed for use in human metabolic studies was the end 
product method using [15N]glycine in either a continuous infusion or a single oral 
dose, followed by the measurement of 15N in plasma urea and urinary urea and 
ammonia or in urinary ammonia alone. As with most stable isotope tracer methods it 
is based on several assumptions, which include the existence of a single metabolic 
pool and the possibility of labeling it through the administration of an amino acid 
tracer. Although the [15N]glycine single oral dose method has been the subject of 
methodological criticisms and is used less frequently, the non invasive nature of the 
method makes it more useful to assess protein kinetics in healthy and ill children 
than the invasive precursor methods that need intravenous infusions of amino acid 
tracers and multiple blood samples. The method has been used in studies of non
critically ill children to evaluate whole body protein metabolism in children with 
malnutrition (122), HIV (123), malaria (18) or leukemia (124), during recovery from 
burn injury and also in premature neonates (125). The method was also used in a 
single study in critically ill children with accidental trauma (126).  

The L [1 13C]leucine method 

This precursor method is based on the continuous intravenous infusion of L [1
13C]leucine. Rate of appearance (Ra) of leucine is calculated by measuring the tracer 
dilution when a plateau arterial leucine enrichment (Matthews et al. 1980) or venous 
α ketoisocaproic acid (α KIC) enrichment has been reached. The achievement of a 

plateau is accelerated by infusion of a priming dose of the tracer. The α
ketoisocaproic acid  (a transamination product of leucine) has been suggested to 
better reflect the enrichment of leucine in the free amino acid pool from which direct 
incorporation of the leucine into whole body protein occurs (127). The rate of 
appearance (Ra) in the free amino acid pool can be calculated from the tracer to 
tracee ratio observed at steady state according to the formula Q= Ra = TTR / I where 
TTR is the tracer to tracee ratio, I is the infusion rate of the tracer. At steady state, 
leucine turnover (Q) equals both Ra (Ra = protein synthesis + protein oxidation) and 
the rate of disappearance (Rd; Rd = protein breakdown + dietary intake). Leucine 
turnover is converted to whole body protein turnover using the average leucine 
content of body protein of 8 g/100 g protein (119). The oxidation of L [1 13C]leucine is 
quantified by measuring breath 13CO2 enrichment and multiplying this enrichment by 
total CO2 production and a bicarbonate correction factor for losses of CO2 between 
the site of oxidation and appearance in the breath (128). Protein synthesis (or non
oxidative Ra) can then be calculated. Most tracer studies are done in the overnight
fasted state when the dietary protein intake (i.e. I in the equation Rd =B + I) is zero. In 
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the latter case the turnover (i.e. Q in the earlier equation) equals protein breakdown 
(i.e. B). In the fed state protein intake should be known and should be constant with 
time. This method has been used in numerous studies of children especially in 
neonates but only few studies have used this method in critically ill children (129, 
130). 

The L [ring 2H5]phenylalanine / L [ring 2H4]tyrosine / L [ring 2H2]tyrosine method 

In this method the L [ring 2H5]phenylalanine tracer is given as a primed continuous 
intravenous infusion with an additional L [2H4]tyrosine prime. After about 2 h a 
plateau is reached in the plasma enrichment of both these tracers, and flux can be 
calculated from the arterial plasma L [ring 2H5]phenylalanine TTR. The first step in the 
oxidation of phenylalanine is hydroxylation in the liver and kidney to tyrosine. The 
rate of oxidation, therefore, can be quantified from the enrichment of L [2H4]tyrosine 
at steady  state (for exact details of the assumptions behind the method and calcula
tions, see Thompson et al. (120). In a modification of this method (121) a second 
tyrosine tracer (L [2H2]tyrosine) is infused in order to measure total tyrosine Ra in 
arterial plasma, analogous to the measurement of total CO2 production in the leucine 
method. This method too has been used only in few studies of critically ill children 
(19, 131).  

Dual tracer stable isotope methods 

When stable isotope tracer methods are used to estimate protein metabolism in the 
fed state, it is necessary to be able to estimate the first pass splanchnic amino acid 
extraction in order to make accurate calculations of the rates of appearance of the 
specific amino acids possible. Splanchnic amino acid extraction can be studied by the 
dual tracer method (38), in which different tracers of the same amino acid are admin
istered simultaneously both intravenously and intragastrically. The splanchnic 
extraction results in a lower plasma enrichment of the intragastrically administered 
tracer compared to the tracer administered intravenously. The difference reflects the 
splanchnic extraction or utilization. For instance when L [ring 2H5]phenylalanine is 
used as IV tracer and [13C]phenylalanine as enteral tracer:  true protein intake of Phe 
(PIPhe) = dietary intake of Phe (DIPhe) x (1 – Splanchnic extraction of Phe (SPEPhe) *0.01). 
Splanchnic extraction can be calculated as SPEPhe = (1 – Ra [2H5]Phe / Ra [13C]Phe) * 
100%. In several studies of neonates splanchnic extraction of several amino acids was 
investigated (see for review Riedijk et al. (35)) and Beaufrere et al. (132). No data on 
splanchnic amino acid extraction in critically ill children have been reported. 

OUTLINE AND OBJECTIVES OF THE THESIS 

Adequate nutrition in healthy children should provide the optimal amount of nutri
ents and energy for maintenance, growth and specific functions of the body. In 
critically ill children the goal of nutritional support is to supply the body with suffi
cient energy to prevent catabolism of body stores as much as possible and supply the 
necessary substrates (amino acids) for synthesis of proteins involved in immune 
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defense and injury repair. During the recovery phase extra protein and energy will be 
necessary for catch up growth.  
The objectives of this thesis are to obtain better insight in the alterations in protein 
and amino acid metabolism during critical illness in children and their consequences 
for nutritional requirements. Therefore the following questions must be answered: 
- Which methods are useful and feasible to investigate protein and amino acid 

metabolism in critically ill children and the role of nutrient intake both in the acute 
phase of the disease and during recovery?   

- What are the characteristics of the protein catabolic response in critically ill 
children? 

- What are the effects of nutritional interventions on protein and amino acid 
metabolism in critically ill children?   

 
In Chapter 3 we use a non invasive stable isotope tracer method, the [15N] glycine
single oral dose method, to evaluate the dynamic aspects of whole protein metabo
lism (turnover, synthesis, breakdown and net protein balance) in groups of healthy 
children, in children with pneumonia and in critically ill children. The questions to be 
answered are: 
- What are the alterations in whole body protein metabolism during critical illness in 

l children (meningococcal septic shock) when compared to non critically ill chil
dren (pneumonia) and when compared to healthy children in the fed and the 
fasted state?    

- Is this method useful to evaluate whole body protein metabolism and the effects of 
nutritional interventions in critically ill children in the acute phase of the disease as 
well as during recovery? 

 
In Chapter 4 we investigate the metabolic alterations during critical illness in children 
with meningococcal sepsis and septic shock with emphasis on the hyperglycemic 
response and the most important anabolic hormone, insulin. The questions to be 
answered are: 
- What are the characteristics of the hyperglycemic response in critically ill children? 
- What is the relationship between the metabolic alterations and the inflammatory 

response?   
 
In Chapter 5 we study plasma amino acid concentrations in critically ill children with 
different underlying disorders. Emphasis is laid on arginine, citrulline and glutamine, 
being of particular interest in terms of nutritional management during severe injury 
and sepsis. The questions to be answered are:  
- What is the effect of critical illness on plasma amino acid profiles in critically ill 

children? 
- Is critical illness in children associated with specific amino acid depletions? 
- Is supplementation of specific amino acids during critical illness in children 

warranted? 
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In Chapter 6 and Chapter 7 we report the results of a double blind randomized 
controlled study that investigates the effects of early administration of a protein and 
energy enriched formula (PE formula) in comparison with a standard infant formula 
on nutritional parameters and whole body protein metabolism in mechanically 
ventilated infants with viral bronchiolitis.  
 
In Chapter 6 the effects of the two infant formulas on nutrient delivery, tolerance, 
safety, protein and energy balance, substrate utilization and amino acid profiles are 
described. The questions to be answered are: 
- Does early administration of a PE formula improve nutrient delivery in critically ill 

infants in the first five days of admission?  
- Is this formula well tolerated and safe?  
- Does the use of this formula promote anabolism in critically ill infants? 
 
In Chapter 7 we report the effects of the two infant formulas on splanchnic and whole 
body phenylalanine kinetics using combined infusions of an enteral and intravenous 
phenylalanine tracer. The questions to be answered are: 
- Does a high protein and energy intake improves whole body protein balance by 

stimulating whole body protein synthesis, inhibiting protein breakdown or a com
bination of both?  

- What is the influence of splanchnic phenylalanine utilization on whole body 
phenylalanine kinetics in critically ill infants in the fed state? 
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ABSTRACT 

Background and aims: Most stable isotope methods to evaluate whole body protein 
metabolism in patients are invasive and difficult to use in children. In this study 
protein metabolism was evaluated with the non invasive [15N]glycine single oral dose 
method in critically ill children and the value of the method discussed. 
 
Methods: [15N]glycine (100 mg) was given orally to children (mean age 5.5 yr.; range 
0.6 15.5 yr.) with meningococcal septic shock (MSS, n=8), pneumonia (n=5) and to 
healthy fed and post absorptive children (n=10). Urine was collected during 9 hours, 
total amount of NH3, labeled NH3 and nitrogen were measured, and protein turnover, 
synthesis and breakdown were calculated using urinary NH3 as end product. 
 
Results: Mean protein turnover in children with MSS, pneumonia and fed and post
absorptive healthy children was 0.63±0.13, 0.38±0.10, 0.28±0.03 and 0.28±0.02 
gramN/kg/9h respectively. Mean protein synthesis was 0.55±0.12, 0.29±0.09, 0.18±0.02, 
0.20±0.02 gramN/kg/9h. Mean protein breakdown was 0.56±0.14, 0.28±0.12, 0.08±0.03, 
0.28±0.02 gramN/kg/9h. Protein turnover, synthesis and breakdown were significantly 
increased in MSS patients compared to the fed healthy children (p<0.01) and post
absorptive children (p<0.05). Protein turnover, protein synthesis, protein breakdown 
were significantly correlated with disease severity and body temperature (p<0.05). 
 
Conclusions: Results of whole body protein metabolism measured with the 
[15N]glycine single oral dose method in children with MSS and in healthy children 
were in line with expectations based on results obtained in earlier reports and with 
different methods. 
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INTRODUCTION 

Acute disorders like sepsis, burns, trauma or major surgery are characterized by an 
increased breakdown of body proteins, negative nitrogen balance and depletion of 
body cell mass. Most data on protein metabolism during severe illness are derived 
from adult studies and few studies have focused on whole body protein metabolism 
(WBPM) in critically ill children. Protein energy malnutrition is a common finding (1) 
in these children and may either increase the incidence of complications or prolong 
the recovery phase (2 4). More insight into the mechanism of WBPM in the acute 
phase of critical illness and during the subsequent recovery may help to define 
rational therapeutic interventions aimed at preventing excessive protein breakdown 
in the acute phase the disease and optimizing catch up growth in the recovery phase. 
One of the major reasons for the limited number of studies on protein metabolism in 
children is that most stable isotope methods (precursor methods) require intrave
nous infusions of amino acids labeled with stable isotopes and repeated blood 
sampling which can be difficult in children. Although it may be possible to use these 
methods in critically ill children in the acute phase of the disease, given the relatively 
short length of stay of most patients in de paediatric ICU (5 7 days), these precursor 
methods are neither suitable for serial evaluation of protein metabolism nor for the 
evaluation of therapeutic interventions in these children. It would similarly be 
impossible to obtain results in healthy children in order to make comparisons with a 
control group possible. 
The [15N]glycine single oral dose method proposed years ago by Waterlow et al. (5) is 
a method to evaluate WBPM in a non invasive manner. In this method a single oral of 
dose of [15N]glycine is given and rates of protein turnover are calculated from the 15N 
content of its end products (ammonia or urea) in urine collected over 9 hours. When 
ammonia is used as end product the method requires no blood sampling due to the 
small plasma pool, which makes it particularly suitable for use in the paediatric 
population. Several studies making use of this method have been reported in chil
dren with acute disorders such as burn injuries (6, 7), malaria (8), HIV (9), measles (10) 
or prematurity and very low birth weight (11) but so far none in critically ill children 
after the neonatal period. The method has been the subject of criticism since uncer
tainties about the theoretical basis exists (see discussion) and although results 
obtained with this method in groups of subjects have been in agreement with those 
obtained by the more accepted precursor methods, (12 14) this was not the case in 
individual patients (15). The present study forms our first step in evaluating the value 
of the [15N]glycine single oral dose method for the non invasive assessment of whole 
body protein metabolism in critically ill children during different phases of the 
disease. We recognize that a definitive value of this method may only be obtained by 
using it simultaneously with a precursor method and comparing the results. Because 
continuous enteral feeding is started as soon as possible after admission in all 
patients in our paediatric intensive care unit as part of our standard treatment, we 
measured whole body protein metabolism in the fed state in all patients. Since energy 
and protein intake in these children is still very low, whole body protein metabolism 
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results were compared both with a group of healthy children in the fed state and in 
the post absorptive state. 

MATERIALS AND METHODS 

Patients 

Children admitted to the paediatric intensive care unit of the university hospital 
Maastricht were enrolled in the study if they fulfilled the diagnosis of either menin
gococcal septic shock or severe bacterial pneumonia. Meningococcal septic shock 
(MSS) was defined as a clinical diagnosis of septic shock according to the criteria of 
the Society of Critical Care Medicine and the American College of Chest Physicians 
(SCCM/ACCP) as adapted to infants and children by Jafari et al. (16) in combination 
with petecchiae and/or purpura and a positive blood culture with Neisseria Meningi
tidis. Severe bacterial pneumonia was defined as temperature > 38.5 degrees Celsius, 
a chest X ray with pulmonary infiltrates, a CRP > 80 mg/l and respiratory distress. 
Evaluation of WBPM was performed after respiratory and circulatory functions had 
been stabilized either with or without mechanical ventilation and inotropic medica
tion (dopamine and norepinephrine). Patients did not receive continuous blood 
products like plasma infusions or albumin at the time of the investigation. Patients 
with renal failure (manifested by urine production < 0.5 ml/kg/hour and/or a glomeru
lar filtration rate < 25 ml/minute/1.73 m2), extensive skin necrosis or limb amputation, 
(known) gastrointestinal disorders or patients that did not tolerate enteral feeding 
were excluded from the study. Patients were also excluded when urinary collection 
was unsuccessful. To allow comparison between patients and healthy children, 
WBPM was also evaluated in a group of 10 healthy Dutch children in the fed state. 
Seven of these children were measured a second time in the post absorptive state 
(overnight).  

METHODS 

[15N]glycine single oral dose method 

WBPM was studied using the [15N]glycine single oral dose method as described by 
Waterlow et al. (5). In this method a single oral of dose of [15N]glycine is given and 
rates of protein turnover are calculated from the 15N content of ammonia in urine 
collected over 9 hours, the time taken for most of the label to clear the body ammonia 
pool. On the morning (between 8 10 AM) of the day of the investigation [15N]glycine 
(100 mg 99 atom % [15N]glycine, Isotec Inc., Miamisburg, USA) dissolved in sterile 
water was given by nasogastric tube or by mouth. Urine was collected during the next 
9 hours in a container acidified by 2 ml 6N HCl and put at +4° Celsius. After the 

collection was completed urine was stored in the freezer at 20° Celsius until analysis. 
To evaluate protein metabolism in the post absorptive state [15N]glycine was given 5 
hours after the evening meal (about 23:00 PM) and urine was collected during the 
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next 9 hours. In these children no food intake was allowed during urinary collection. 
After mixing of the urine one ml. was taken and ammonia isolated. After transforma
tion into N2 gas the 15N enrichment was determined on an isotope ratio mass spec
trometer (Mat 252 Finnigan, Bremen, Germany). The 15N enrichment of ammonia was 
corrected for background isotopic enrichment as measured in a urinary sample 
collected before tracer administration. Total urinary nitrogen excretion was consid
ered to be the sum of ammonia and urea nitrogen. Whole body protein turnover was 
calculated using a single pool model according to Waterlow (4) using the equation: Q 
= D * E NH3 / e NH3  where Q = nitrogen turnover calculated from ammonia as end 
product (gram N/9h), D = tracer dose (mg 15N), E NH3 = total nitrogen excreted as 
ammonia in the 9h urine collection (gram N/9h.) and e NH3 = total 15N excreted as 
ammonia in the 9h urine collection (gram N/9h). Protein synthesis and protein 
breakdown were calculated using the equation Q = S + E = B + I where S = nitrogen 
used for protein synthesis, E = nitrogen excreted in urine as urea and ammonia, B = 
nitrogen derived from protein breakdown and I = dietary nitrogen intake. A factor of 
6.25 was used to convert grams of nitrogen to grams of protein. Protein balance was 
calculated as the difference between protein synthesis and breakdown. All results 
were expressed as grams of nitrogen per kilo body weight per 9 hours. 

Nutrition 

All patients received standard paediatric enteral nutrition by continuous gastric drip 
at a rate decided by the treating physician. Parenteral administration of fluids, glucose 
and electrolytes were given according to the patient needs. Protein and caloric intake 
was registered in detail. In the healthy children measured in the fed state meals of 
known composition (only dairy products) were offered at 3 hourly intervals starting 2 
hours before tracer administration and protein and caloric intake was registered. 

Severity of illness 

Severity of acute illness was assessed in the two patient groups using the Paediatric 
Index of Mortality (PIM)(17), a mortality prediction score that uses 8 physiological 
variables all collected within 1 hour after the time of admission to the paediatric 
intensive care unit. In this scoring system severity of illness is expressed as the 
mortality risk in percentage (0 100%). 

Statistical analysis 

All data were analyzed using the statistical program SPSS (10.0) for Windows (SPSS 
Inc, Chicago, IL). The Mann Whitney U test was used to compare differences between 
groups and Spearman’s rank correlation coefficient was used to identify possible 
correlations between body temperature, PIM scores and protein parameter results. 
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Ethical considerations 

The study was approved by the Medical Ethical Committee of our hospital. Informed 
consent was obtained from either the patients and control subjects or their parents. 
The test was well tolerated by all patients and control subjects and no adverse 
reactions attributable to the test were observed. 

RESULTS 

Whole body protein metabolism 

In the six months study period 10 patients with MSS and 6 patients with severe 
bacterial pneumonia were admitted to the paediatric intensive care unit. Two patients 
with MSS were excluded from the study (extensive skin necrosis: n=1, no informed 
consent: n=1) and one patient with pneumonia (urinary losses: n=1). In Table 1 the 
clinical and anthropometric details of the patients and controls are presented. There 
were no significant differences in mean age and mean body weight between the four 
groups. Caloric intake during the study period was significantly lower in the patients 
with MSS and pneumonia (p<0.05) when compared to the healthy, fed controls. 
Protein intake (see Table 2) was only significantly lower in patients with MSS (p<0.01) 
when compared to the group of healthy children in the fed state. WBPM was evalu
ated between 24 and 192 hours (median 48 hours) after admission in the children with 
MSS and between 28 and 144 hours (median 72 hours) after admission in children 
with pneumonia.  
Results of WBPM evaluated with the [15N]glycine single oral dose method in the 
patients and controls are presented in Table 2 and expressed as grams of nitrogen per 
kilogram body weight per 9 hours. Of the 100 mg (1.32 mmol) [15N]glycine given an 
average of 1.5 ± 0.12 % was recovered in ammonia in the 9 hour urine collection 
without significant differences between groups. Mean protein turnover was signifi
cantly higher in children with MSS when compared to results found in healthy fed 
(p<0.01) and post absorptive (p<0.01) children. The same was true for mean protein 
synthesis (both p<0.01) and mean protein breakdown (p<0.001 and p<0.05 respec
tively). Although mean protein breakdown was increased to a higher degree than 
mean protein synthesis in patients with MSS, mean protein balance was not signifi
cantly different from zero. In children with pneumonia mean protein turnover, 
synthesis and breakdown were higher than in healthy subjects in the fed state and 
lower than in children with MSS but these difference failed to reach statistical 
significance. In the healthy children in the fed state mean protein synthesis was 
higher than protein breakdown leading to a positive protein balance as could be 
expected in healthy growing children. Changing from the fed state into the post
absorptive state had no effect on protein turnover or on protein synthesis. Protein 
breakdown however was significantly increased (p<0.01) resulting in a negative 
protein balance. 
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Table 1. Clinical and anthropometric details of patients and controls 

Group Patient Sex Age 
 

(yr) 

Weight 
 

(kg) 

Caloric 
intake 

(kcal/kg/9h) 

Other diagnosis PIM
score 
(%) 

Healthy, fed 1 F 4.5 16.4 56.6   

 2 F 3.2 16.7 45.6   

 3 M 0.6 11.1 67.4   

 4 F 7.3 24.0 47.5   

 5 F 4.4 15.0 65.5   

 6 F 7.3 37.0 14.4   

 7 M 8.7 31.0 44.1   

 8 M 3.5 14.0 79.6   

 9 M 4.4 19.0 30.5   

 10 F 6.0 20.0 38.3   

Healthy, 
postabsorptive 

11 F 7.5 24.0 0   

 12 F 4.5 15.0 0   

 13 F 7.3 37.0 0   

 14 M 8.7 31.0 0   

 15 M 3.6 14.0 0   

 16 M 4.4 19.0 0   

 17 F 6.1 20.0 0   

Pneumonia 18 M 6.9 24.0 9.3 IPPV 6.1 

 19 F 4.6 11.1 56.3 Dysraphism 1.4 

 20 M 6.9 21.6 16.4  0.9 

 21 M 2.4 8.8 11.0 Noonan 
Syndrome 

5.5 

 22 F 8.9 33.0 17.6  0.3 

MSS 23 M 15.5 50.0 7.2  5.6 

 24 M 9.1 30.0 33.8 Inotropic drugs, 
IPPV 

4.3 

 25 M 0.6 8.5 53.4  0.4 

 26 M 5.0 18.0 8.6 Inotropic drugs, 
IPPV 

8.9 

 27 F 2.6 13.0 13.8  1.4 

 28 M 8.1 30.0 6.0 Inotropic drugs, 
IPPV 

12.9 

 29 F 0.5 6.5 62.8  1.7 

 30 M 1.5 11.0 5.1 Inotropic drugs, 
IPPV 

19.5 

Healthy, fed Mean ± SEM 5.0 ± 0.8 20.4 ± 2.6 49.0 ± 6.1   

Healthy, 
postabsorptive 

Mean ± SEM 6.0 ± 0.7 22.9 ± 3.2 0   

Pneumonia Mean ± SEM 5.9 ± 1.1 19.7 ± 4.4 22.1 ± 8.7a  2.8 ± 1.2 

MSS Mean ± SEM 5.4 ± 1.9 20.9 ± 5.2 23.8 ± 8.2a  6.8 ± 2.3 

MSS =meningococcal septic shock; IPPV = mechanical ventilation. a p<0.05 versus healthy fed children 
(Mann Whitney U test) 
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Table 2. Rates of whole body protein metabolism in individual patients and healthy subjects. 

Group Patient PI PT PS PB PBal 

Healthy, fed 1 0.29 0.26 0.15 0.00   0.15 

 2 0.24 0.29 0.14 0.05   0.09 

 3 0.27 0.46 0.35 0.19   0.16 

 4 0.19 0.21 0.11 0.02   0.09 

 5 0.26 0.29 0.17 0.03   0.13 

 6 0.06 0.15 0.10 0.09   0.01 

 7 0.18 0.24 0.17 0.07   0.11 

 8 0.32 0.29 0.17 0.00   0.18 

 9 0.10 0.29 0.19 0.16   0.03 

 10 0.13 0.32 0.21 0.22   0.00 

Healthy, 
postabsorptive 

11 − 0.28 0.21 0.28 −0.07 

 12 − 0.31 0.20 0.31 −0.11 

 13 − 0.19 0.15 0.19 −0.04 

 14 − 0.25 0.18 0.25 −0.07 

 15 − 0.38 0.29 0.38 −0.08 

 16 − 0.30 0.21 0.30 −0.09 

 17 − 0.25 0.19 0.25 −0.06 

Pneumonia 18 0.04 0.71 0.56 0.67 −0.11 

 19 0.30 0.24 0.14 0.00   0.15 

 20 0.10 0.54 0.44 0.44   0.00 

 21 0.02 0.19 0.16 0.17 −0.01 

 22 0.13 0.23 0.17 0.10   0.07 

MSS 23 0.03 0.75 0.63 0.72 −0.08 

 24 0.11 0.43 0.32 0.33   0.00 

 25 0.09 0.45 0.40 0.36   0.04 

 26 0.03 0.63 0.52 0.60 −0.08 

 27 0.06 0.36 0.30 0.30   0.00 

 28 0.03 0.50 0.41 0.47 −0.06 

 29 0.17 0.43 0.41 0.27   0.15 

 30 0.02 1.47 1.36 1.45 −0.09 

Healthy Mean ± SEM 0.20 ± 0.03 0.28 ± 0.03 0.18 ± 0.02 0.08 ± 0.03 0.10 ± 0.02 

Healthy, 
postabsorptive 

Mean ± SEM 0 0.28 ± 0.02 0.20 ± 0.02  0.28 ± 0.02a −0.08 ± 0.01a 

Pneumonia Mean ± SEM 0.12 ± 0.05 0.38 ± 0.10 0.29 ± 0.09 0.28 ± 0.12  0.03 ± 0.05 

MSS Mean ± SEM  0.07 ± 0.02a    0.63 ± 0.13a,c     0.55 ± 0.12a,c    0.56 ± 0.14b,d −0.02 ± 0.03a 

PI, PT, PS, PB, PBal = respectively protein intake, turnover, synthesis, breakdown and protein balance 
expressed as gramN/kg/9 hours. ap<0.01 and bp<0.001 versus healthy fed children. cp<0.01 and dp<0.05 versus 
healthy post absorptive children (Mann Whitney U test). 

 

Thesis Waardenburg V8.pdf   50 17-7-2008   14:58:20



ASSESSMENT OF WHOLE BODY PROTEIN METABOLISM 

 51 

Relationships between clinical parameters and whole body protein metabolism 

Disease severity as expressed by the PIM score on the admission day was significantly 
and positively correlated with protein turnover (r=0.60; p<0.05), protein synthesis 
(r=0.59, p<0.05) and protein breakdown (r=0.69, p<0.01)(Figure 1, panel A) and nega
tively correlated with protein balance (r= 0.80, p<0.01)(Figure 1 panel B). A significant 
correlation was also found between body temperature and protein turnover (r=0.69, 
p<0.01) protein synthesis (r=0.67, p<0.05) and protein breakdown (r=0.57, p<0.05).  
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Figure 1. Relationship between whole body protein breakdown (Wb 
PB)(Panel A), whole body protein balance (Wb PBal)(Panel B) and PIM 
score at admission in patients with meningococcal septic shock (MSS) 
and pneumonia. The solid lines indicate the correlation of the whole 
patient population. 
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DISCUSSION 

With the non invasive [15N]glycine single oral dose method, using [15N]ammonia as 
end product, we were able to demonstrate a significant increase in whole body 
protein turnover, protein synthesis and protein breakdown in children with MSS 
when compared to healthy children. Protein balance tended to be negative but this 
did not reach statistical significance. Our results are in good agreement with studies 
performed with precursor methods in adult intensive care patients where a similar 
increase in protein turnover, protein synthesis and protein breakdown has been 
demonstrated after severe surgery (18), major trauma (19) and sepsis (20). Our results 
do also agree with the studies of pediatric patients that used [15N]glycine as a tracer 
(Table 3).  
 
 

Table 3. Rates of whole body protein metabolism in children obtained from different studies. 

Reference Subjects Protein 
intake 

Protein synthesis Protein breakdown 

     

Tomkins et al. (10) Acute measles infection 0.03 ± 0.02 1.66 ± 0.31 2.21 ± 0.44 

 Malnourished  0.07 ± 0.01 0.57 ± 0.14 0.50 ± 0.13 

Kien et al. (6) After burn injury 0.62 ± 0.31 1.14 ± 0.34 1.01 ± 0.29 

 Healthy controls 0.37 ± 0.09 0.56 ± 0.03 0.49 ± 0.03 

Berclaz et al.(8) Acute malaria 0.09 1.81 ± 0.12 1.99 ± 0.14 

 Post recovery 0.09 0.94 ± 0.05 0.88 ± 0.06 

Castillo et al. (23) Critically ill infants 0.19 ± 0.13 1.34 ± 0.10 1.49 ± 0.10 

This paper  MSS 0.07 ± 0.02 1.45 ± 0.33 1.50 ± 0.37 

 Healthy controls 0.20 ± 0.03 0.47 ± 0.06 0.20 ± 0.07 

Data are extrapolated to gram N/kg/24 hours and expressed as means ± SEM.  MSS = meningococcal septic 
shock. 

 
 
Tomkins et al. (10) found similar results when studying WBPM in children with acute 
viral infections (measles) and mild malnutrition. In their study [15N]glycine was 
administered intravenously which has been shown to give slightly lower results (3
14%) (21) since, when given orally, a small part of the tracer is excreted in faeces and 
some uptake in the splanchnic area takes place. Berclaz et al. (8) also found compara
ble results in children suffering from acute malaria. In their study protein turnover 
was calculated from the excretion of 15N in ammonia in a 12 hour urine collection.  
Grove et al. (22) showed that most of the 15N label, excreted in urinary NH3, is passed 
over 3 hours with a rapid fall to low levels within 12 hours. Calculation of protein 
turnover from excretion of 15NH3 in either a 9 hour or 12 hour urine collections gave 
comparable results. Kien et al. (7), studying protein metabolism in children after burn 
injury used a modification of the method described by Picou and Taylor Roberts (21) 
in which [15N]glycine is given intragastrically or intravenously at 3 hour intervals for 
about 30 hours and protein turnover is calculated from plateau enrichment of urinary 
urea. This intermittent dose regimen has been shown to give results that are consis
tently lower (25%) than the single dose regimen although the reason for this has not 
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been clarified (22). Finally, Castillo et al. (23) studied amino acid metabolism in 
parenterally fed new borns and infants with sepsis using a precursor method in which 
a primed constant intravenous infusion of L [1 13C]phenylalanine and L [3,3
2H2]tyrosine was given. All children were parenterally fed. Rates of whole body 
protein synthesis and breakdown using this method were comparable to those of the 
septic patients in our study. 
Protein catabolism in adults has been shown to be proportional to the magnitude of 
the trauma (19). In children positive correlations between protein turnover and either 
body temperature (8) or percentage of total body surface area burned (7) have been 
reported. In our study we could demonstrate a positive correlations between protein 
metabolism parameters, body temperature and disease severity expressed by the PIM 
score. 
In spite of the high rate of protein breakdown in the children with MSS in our study, 
protein balance was not significantly negative due an equal increase in protein 
synthesis. Although protein breakdown in sepsis predominantly reflects muscle 
protein breakdown and protein synthesis reflects visceral protein synthesis (24), two 
separate processes, this is still somewhat surprising since critical illness is generally 
associated with negative protein balance. An explanation for this observation may be 
the fact that we did not measure total urinary nitrogen excretion (TUN) but calculated 
TUN from the sum of urinary urea and NH3 excretion. Although this is an accepted 
and often used method (25), TUN may have been underestimated. Indeed Boehm et 
al. demonstrated that calculation of TUN from either urinary urea nitrogen alone or in 
combination with urinary ammonia in critically ill children could lead to an underes
timation of TUN of up to 30% (26). From the equation Q= S+E=B+I follows that 
underestimation of TUN can lead to overestimation of protein synthesis and there
fore also protein balance. A second explanation may also be found in the variability in 
disease severity. Indeed we could demonstrate a significant negative correlation 
between protein balance and disease severity as expressed by the PIM score. A 
negative protein balance could consequently only be found in the more severe cases. 
Protein turnover and synthesis in the healthy controls showed similar results in either 
the fed or the post absorptive state. Although others found protein turnover to be 
increased in the fed state, the response to nutritional intake has been contradictory in 
different studies (27, 28) and dependent on the amount of protein ingested (29). 
Indeed protein intake in the healthy, fed controls was relatively low due to the low 
protein content of the feeding offered to these children (dairy products). Protein 
breakdown however was significantly increased in our post absorptive control 
children and protein balance was negative. This is in accordance with the concept 
that protein breakdown is the major process regulating body protein mass with 
changes in dietary intake and that food intake has relatively little effect on protein 
synthesis (27, 30). However, the lower protein intake in the children with MSS, 
compared to the healthy controls in the fed state, can only partially explain the 
elevated rate of protein breakdown since protein breakdown was even significantly 
higher than in the healthy controls in the post absorptive state. 
Although the results obtained with the [15N]glycine single oral dose method in our 
study are in line with expectations based on results obtained both in adult patients 
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with precursor methods and in children with different disorders using different 
methods, this does not necessarily imply that the method is suitable for studies of 
critically ill paediatric patients. As mentioned in the introduction the [15N]glycine 
single oral dose method has been subject of criticism. The metabolism of glycine is 
not well understood and sources of error may therefore be difficult to recognize. 
Theoretically tracer sequestration in glycine rich acute phase proteins with a short 
turnover could occur which could result in lower urinary excretion of label in the end 
product and overestimation of protein turnover (31). Also the underlying assumption 
of the method, concerning the even distribution of label among all amino acids in a 
homogeneous metabolic pool, is clearly an oversimplification. This is reflected by the 
observation that different rates of protein turnover can be calculated when either 
ammonia or urea is used as end product. The precursors from which urinary NH3 is 
derived are clearly not the same as the precursors for urea. Fern et al. (12) therefore 
proposed the use of the harmonic mean of the values obtained with [15N]ammonia 
and [15N]urea as end product. Unfortunately, in order to use [15N]urea data, two blood 
samples are necessary to determine the amount of [15N]urea retained within the urea 
pool because of the large size of this pool and the delayed excretion of isotope. The 
method would thereby lose one of its major advantages that of its non invasiveness. 
Another point of concern is that Van Goudoever et al. (15), studying whole body 
protein metabolism in fed preterm infants and using two different tracer methods 
simultaneously, [15N]glycine as a 72 hour intragastric infusion and [1 13C]leucine as a 4 
hourly intragastric infusion, found that although group means were comparable with 
both methods, individual rates obtained from the different methods did not corre
spond well. Therefore before the [15N]glycine single oral dose can be advised for the 
assessment of protein metabolism in critically ill children further validation of the 
method is necessary, for instance by comparing results of end product and precursor 
methods used simultaneously in the same patients. We consider this worth the effort 
since a non invasive method has definitive practical advantages over more invasive 
methods and may facilitate more research on protein metabolism in paediatric 
patients in the acute phase and recovery phase of critically illness. 
In conclusion, whole body protein turnover, protein synthesis and breakdown 
measured with the non invasive [15N]glycine single oral dose method, are significantly 
increased in critically ill children when compared to healthy children. Although 
further validation of the method in these patients is necessary, our present results are 
in line with results obtained both in critically adult patients and in children with 
different disorders using different methods.  
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ABSTRACT 

Context:  Hyperglycemia and insulin resistance are common findings in critically ill 
adult patients and associated with increased morbidity and mortality.  
 
Objectives: The objective of this study was to investigate the hyperglycemic response 
to critical illness in children 
 
Design: The study was designed as an observational cohort study 
 
Setting: The study was set in a university affiliated pediatric intensive care unit 
 
Patients: Six children with meningococcal sepsis (MS) without shock and 10 children 
with meningococcal septic shock (MSS) were patients  
 
Main Outcome Measures: Differences in blood glucose levels (measured during 72 h 
after admission), differences in plasma levels of glucoregulatory hormones (insulin, 
GH, IGF 1, cortisol, glucagon, leptin), soluble cytokine receptors (sTNF R55 and R75, 
sIL 1 R2) and IL 6 (measured on d 3) between MS and MSS patients were assessed 
 
Results: Blood glucose levels on day 2 and 3 were higher in MSS than in MS patients 
(7.5 (3.9 13.0) vs. 5.1 (4.0 6.0) and 6.5 (4.0 9.9) vs. 5.5 (4.8 6.8) mmol/l, both P<0.05). 
Maximum blood glucose values recorded in individual patients during the study were 
higher in MSS patients  (9.3 (6.5 13) vs. 7.2 (6.2 9.9, p<0.05) and correlated with severity 
of illness (r=0.833, p<0.001). Insulin levels in MSS patients were significantly lower 
than in MS patients (7.2 vs. 19.0 mU/l, p < 0.001) compatible with insufficient insulin 
response to hyperglycemia while MS patients showed insulin resistance. Plasma 
insulin levels correlated inversely with levels of sTNF R55 and R75 (r = 0.814 and 
0.878, both p<0.001) suggesting a suppression of the pro inflammatory response on 
insulin secretion.  
 
Conclusion: Hyperglycemia associated with hypoinsulinemia rather than insulin 
resistance seems to be the normal pathophysiological response in acute meningo
coccal septic shock in children. Our study emphasizes that application of intensive 
insulin therapy in critically ill children demands further investigation.   
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INTRODUCTION 

Hyperglycemia and insulin resistance are universal findings in critically ill adult 
patients (1, 2). In the acutely stressed state this metabolic response can be regarded as 
an adaptive response, promoting cellular glucose uptake in non insulin dependent 
tissue and as such important for survival. However more prolonged hyperglycemia 
has been associated with increased risk of complications like infections (3), polyneu
ropathy, multiple organ dysfunction syndrome (MODS)(4) and even death in adults 
(5, 6) and recently also in children (7). Prevention of hyperglycemia with intensive 
insulin therapy has been shown to decrease morbidity and mortality in critically 
patients in surgical intensive care units (ICU) (4) and is now widely propagated 
although the mechanisms by which insulin exerts its beneficial effects are uncertain. 
This is underscored by the fact that high doses of insulin in the acute setting of critical 
illness have also been associated with adverse outcome (8). In a recent study in 
patients on a medical ICU, mortality was not reduced by intensive insulin therapy and 
even increased in those patients who stayed in the ICU for less than three days (9).  
The mechanisms underlying hyperglycemia and insulin resistance are not well 
understood. Increased hepatic gluconeogenesis combined with hepatic and skeletal 
muscle insulin resistance (10 12) are considered important factors while the role of 
plasma insulin levels is less well defined. Insulin resistance typically presents with 
hyperglycemia despite normal or increased insulin levels (10) although low insulin 
levels have been reported in the acute phase of injury (13 15). Pro inflammatory 
cytokines play crucial roles in these mechanisms and have been shown to promote 
hyperglycemia either by a direct effect or via de stimulation of glucoregulatory 
hormones. Hepatic gluconeogenesis, for instance, is promoted by increased levels of 
TNF α, IL 1, glucagon and catecholamines (16, 17) while increased levels of TNF α and 
other cytokines reduce insulin induced tyrosine phosphorylation of insulin receptor 
substrate 1 (IRS I) leading to defective glucose transporter 4 (GLUT 4) translocation 
and thereby to a diminished glucose uptake and insulin resistance in insulin depend
ent tissues as skeletal and heart muscle and adipocytes. Finally, a direct inhibitory 
effect of TNF α and/or IL 1 on pancreatic β cells has been described in vitro (18). 
Sepsis in adults has often a gradual and not well defined onset and occurs in patients 
with coexisting disorders such as chronic or acute nutrient depletion, cancer or 
recent surgery. In contrast meningococcal sepsis in children is a fulminant form of 
sepsis with an acute and well defined onset and occurring in previously healthy 
children. Still meningococcal sepsis features most of the secondary outcome parame
ters used in the Van de Berghe study such as a high incidence of MODS, renal 
insufficiency and red blood cell transfusion (4). This makes meningococcal sepsis in 
children interesting to study mechanisms of hyperglycemia in the acute phase of 
sepsis. Such insight into the pathophysiology of this response in this age group is 
necessary before exogenous insulin therapy can be safely applied to children. The 
objective of the present study therefore was to investigate the hyperglycemic re
sponse in children with meningococcal sepsis and septic shock with the emphasis on 
plasma levels of insulin and inflammatory mediators.  
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MATERIAL AND METHODS 

Study protocol 

Children in the age between 3 months and 16 years admitted to the pediatric inten
sive care unit (PICU) of the university hospital Maastricht, between December 1998 
and December 2000, were enrolled in the study if they fulfilled the diagnosis of severe 
meningococcal disease. Patients were retrospectively classified as having either 
meningococcal sepsis (MS) or as having meningococcal septic shock (MSS). MS was 
defined according to the sepsis criteria of the Society of Critical Care Medicine and 
the American College of Chest Physicians (SCCM/ACCP), adapted to infants and 
children (19), in combination with petecchiae and/or purpura and a positive blood or 
spinal fluid culture with neisseria meningitidis. MSS was defined as MS in combina
tion with the presence of systolic hypotension occurring within the first 12 hours after 
admission refractory to one or more fluid bolus and requiring inotropic medication 
or vasopressors. In children younger than 4 years systolic blood pressure had to be 
<75 mmHg and in children between 4 and 12 years <85 mmHg. Exclusion criteria were: 
death within 24 hours, acute renal failure (manifested by urine production less than 
0.25 ml/kg/hour), and extensive skin and/or limb necrosis. By definition all MSS 
patients received inotropic medication or vasopressor therapy (dopamine and/or 
norepinephrine) and were mechanically ventilated. All patients were treated with 
intravenous antibiotics and did not receive corticosteroids or insulin. The study was 
approved by the local Medical Ethical Committee and informed consent was obtained 
from the parents. 

Enteral and parenteral intake 

All patients received intravenous dextrose solution at a rate of approximately 4 
mg/kg/min. as part of the standard care. Continuous enteral feeding was started at low 
rates within the first 24 hours after admission (Nutrison Pediatric, Nutricia, Zoeter
meer, the Netherlands) and slowly increased during the next days. The rates of 
administration of both enteral feeding and intravenous dextrose were not changed in 
the 6 hour prior to blood sampling. Patients did not receive either amino acids or 
lipids parenterally.  

Clinical parameters 

The physiologic stability index (PSI) (20) was calculated over the first 24 hours after 
admission. Other clinical parameters that were recorded included use of mechanical 
ventilation, maximum doses of inotropic medication and vasopressors given and total 
carbohydrate and nutritional intake.  
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Blood analysis 

Blood sampling 

Serial determinations of blood glucose levels were performed in both patient groups 
starting at admission and continuing at 8 hour intervals during the subsequent 3 days 
of their stay in the PICU. Arterial blood samples for the determination of plasma 
levels of insulin, glucagon, GH, IGF 1, cortisol, leptin and plasma levels of soluble TNF 
receptor 55 and 75 (sTNF R55 and R75), soluble IL 1 receptor 2 (sIL 1R2) and IL 6 were 
collected on the third day after admission (61.7 ± 3.3 hours after admission; mean ± 
SEM), between 9:00 and 10:00 AM from an indwelling arterial catheter. At this time all 
patients were in a circulatory and respiratory stable condition. To calculate insu
lin/glucose ratios a blood glucose level was determined from the same blood sample. 
Blood for cytokine analysis was collected in EDTA containing tubes and immediately 
centrifuged for 15 minutes at 4000 rpm at 4°C. Plasma was then frozen at 70°C until 
analysis. 

Laboratory determinations 

Blood glucose levels (Uni Kit III; Roche, Basel, Switzerland) were analyzed with the 
COBAS FARA semiautomatic analyzer (Roche). Plasma insulin (Insulin RIA 100 kit; 
Pharmacia, Uppsala, Sweden), glucagon (DPS, Los Angeles, CA) and IGF I (DSL 5600 
ACTIVE; DSL Deutschland, Sinsheim, Germany) concentrations were analyzed by 
radioimmunoassay. Immunometric assays were used to determine plasma GH 
(Nichols Institute Diagnostis, San Juan Capistrano, CA) and cortisol (Chiron Diagnos
tics, East Walpole, MA) concentrations. Urinary dopamine and epinephrine excretion 
was measured in an 8 hour urinary collection. sTNF R55 and R75, sIL 1R2 and IL 6 were 
determined in EDTA plasma using available double sandwich enzyme linked immu
nosorbent assays (ELISA) kits (Hycult Biotechnology, Uden, The Netherlands). Assays 
were carried out according to the manufacturer’s instructions. For detection of 
plasma leptin levels by ELISA reagents, kindly provided by Dr. R. Devos (Hoffmann La
Roche, Welwyn Garden City, UK), were used. The detection limit of this leptin assay is 
0.04 ng/ml. CRP was measured on a routine clinical chemistry analyzer, Synchron LX 
20, by immunoturbidimetry, with a detection limit of 5.0 mg/L and a measuring range 
of 5.0–488 mg/L (Beckman Coulter, Inc., Fullerton, CA). 

Statistical analysis 

The Mann Whitney U test was used to compare differences between two groups and 
Spearman’s rank correlation coefficients were used to identify possible correlations 
between plasma levels of soluble TNF receptors, plasma glucose and hormone 
concentrations and PSI. Statistical analysis was defined as a two tailed p<0.05. Analysis 
was performed with the SPSS statistical software package for Windows ® (version 11.5; 
SPSS inc., Chicago, USA). Data are presented either as mean±SEM or median (range). 
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RESULTS 

Patient characteristics 

16 patients admitted to the pediatric intensive care were included in the study. Ten 
patients were classified as meningococcal septic shock (MSS patients) and six patients 
as meningococcal sepsis/meningitis without shock (MS patients). Patient characteris
tics are shown in Table 1. Median age and body weight were similar in both groups. 
MSS patients had significantly higher disease severity scores as expressed by PSI. 
Amount of enteral intake was still low at the moment of blood sampling (<25% of 
estimated requirements) but similar in both groups. Total carbohydrate intake (both 
intravenous and enteral) did not differ between both groups (MSS vs. MS patients: 
3.67 ± 0.76 vs. 3.86 ± 0.28 mg/kg/min., data not shown). No significant difference in 
renal function as expressed by plasma creatinine levels was found (MS vs. MSS 
patients: 48.5 ± 10.1 and 42.7 ± 5.2 ug/l respectively) 
 
 

Table 1. Baseline characteristics of MSS and MS patients 

 MSS patients MS patients 

Number 10 6 

Sex 5F/5M 3F/3M 

Age (months) 31.5 (9 145) 48.5 (18 183) 

Body weight (kg)  15.0 (9 30) 15.9 (11 65) 

PSI  16.5 (13 30)* 4.0 (1 7) 

Inotropic medication 10 0 

Mechanical ventilation 10 0 

Data expressed as median (range). MSS=meningococcal septic shock, MS=meningococcal sepsis, 
PSI=physiologic stability index. *p<0.001 versus MS patients (Mann Whitney U test) 

 

Blood glucose levels  

Differences in severity of the hyperglycemic response between MSS and MS patients 
were analyzed by comparing median blood glucose levels at admission and in the 
subsequent three 24 hour intervals. Further the percentage of elevated blood glucose 
values and the maximum blood glucose value (peak blood glucose level) recorded in 
individual patients in the three day study period were analyzed. To this end blood 
glucose levels were measured serially in all patients starting at admission and subse
quently at 8 hour intervals (2.8 ± 0.1 measurements per patient per day). Hyperglyce
mia was defined using three cutoff values (6.1, 7.8 and 11.1 mmol/l), based on earlier 
studies reporting adverse outcome of high blood glucose values in either adult 
critically ill patients (4), pediatric burn patients (21) or diabetic patients (22). Median 
blood glucose levels in MSS and MS patients at admission and in the three subse
quent 24 hour intervals are shown in Table 2.  
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Table 2. Blood glucose levels in MSS and MS patients 

 MSS MS 

Admission  7.5 (2.6 11.0) 6.9 (4.0 9.9) 

0 24 hours (day 1) 5.4 (4.0 11.3) 5.7 (4.0 8.8) 

24 48 hours (day 2) 7.5 (3.9 13.0)# 5.1 (4.0 6.0) 

48 72 hours (day 3) 6.5 (4.0  9.9)# 5.5 (4.8 6.8) 

Data expressed as median (range). MSS=meningococcal septic shock, MS=meningococcal sepsis. #p<0.05 
versus MS patients     (Mann Whitney U test)        

 
 
No differences were found at admission and in the first 24 hour period but blood 
glucose levels were significantly higher in MSS patients on day 2 and 3. In MSS 
patients 57.0% of all measured blood glucose levels were higher than 6.1 mmol/l while 
23.3% and 3.1% exceeded 7.8 mmol/l and 11.1 mmol/l respectively. In MS patients 
these percentages were 42.2%, 13.6% and 0% (Chi square, not significant). In MSS 
patients the peak blood glucose levels were higher than in MS patients (9.3 (6.5 13) vs. 
7.2 (6.2 9.9, p<0.05). Furthermore the relationship between hyperglycemia and severity 
of illness was assessed by correlating the peak blood glucose levels with the PSI 
resulting in a strong correlation (r=0.833, p<0.001). 

Mediators of the hyperglycemic response to sepsis 

To obtain better insight in the pathophysiology of hyperglycemia in sepsis, the 
association between glucose levels and metabolic and inflammatory parameters was 
assessed. Table 3 shows the results of the metabolic evaluation in MSS and MS 
patients. Interestingly plasma insulin levels were low in most MSS patients while 
normal to elevated in MS patients, resulting in a highly significant difference in 
median insulin levels between both groups. Insulin/glucose ratios were also signifi
cantly lower in MSS patients compared to MS patients. Although plasma insulin levels 
were low in MSS patients (Table 3), blood glucose levels correlated positively with 
plasma insulin levels (r = 0.782, p < 0.01) (Figure 1). This indicates that the pancreatic β
cells in these patients still respond to glucose levels but at a lower overall level. These 
findings are supportive for normal or enhanced insulin sensitivity in these patients. 
MS patients however were insulin resistant as shown by their high insulin/glucose 
ratios (>2.5). Median plasma levels of the glucoregulatory hormones showed no 
significant differences between both groups (Table 3). Interestingly plasma levels of 
leptin, a hormone that participates in the regulation of insulin sensitivity, were low in 
both groups of patients.  
Plasma triglyceride levels were elevated in both groups of patients compatible with 
increased lipolysis or increased hepatic lipogenesis although levels of non esterified 
fatty acids (NEFA) were within normal limits. Sympathico adrenal activity, expressed 
as urinary excretion of epinephrine, was similar in both patients groups. 
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Table 3. Hormonal, metabolic and inflammatory parameters on day 3 in MSS and MS patients  

 MSS MS Reference values 

Glucose (mmol/l)   6.0 (4.2 9.0)  5.3 (4.7 7.0) 3.1 6.1 

Insulin (mU/l)   7.2 (1 14)* 19.0 (16 38) 4 25 

Ins/glucose ratio   1.1 (0.4 2.2)*  3.4 (2.7 7.3) <2.5 

Cortisol (nmol/l)   524 (121 1020)  402 (207 862) 200 700 

Growth hormone (mU/l)   6.1 (2.2 24.0)  9.1 (0.4 16.0) 0 20 

IGF 1 (mg/ml)    44 (10 65)   65 (27 270) 51 288 

Glucagon (pmol/l)    36 (14 46)   37 (10 38) 11 37 

Leptin (ng/ml)   0.8 (0.3 3.2)  0.6 (0.1 1.8) 1 5 

Non esterified fatty acids (mmol/l)   0.5 (0.1 0.9) 0.34 (0.15 0.81) 0.10 0.60 

Triglycerides (mmol/l)   1.6 (0.7 4.0)  1.7 (0.9 2.2) 0.40 1.40 

Urinary dopamine (nmol/mol creat)  3510 (943 12590)#  140 (77 836) 80 640 

Urinary epinephrine (nmol/mol creat)    11 (1 75)   13 (5 16) 1 20  

sTNF R55 (ng/ml)   3.4 (2.0 8.8)*  1.2 (0.8 2.1)  

STNF R75 (ng/ml)   6.5 (2.8 9.7)*  2.1 (1.2 3.6)  

IL 6 (pg/ml)   524 (72 9849)  354 (107 4021)  

sIL 1R2 (ng/ml)  12.2 (9.9 20.5)#  7.0 (3.2 12.4)  

CRP (mg/l)   330 (230 465)#  243 (69 282) 0 10 

Data expressed as median (range). MSS=meningococcal septic shock. MS=meningococcal sepsis. #p<0.05, 
*p<0.001 versus MS patients 

 
 
 
 

 
Figure 1. Relationship between plasma insulin levels and blood glucose 
levels in meningococcal septic shock patients. 
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Analysis of inflammatory mediators revealed that plasma levels of sTNF R55 and R75, 
sIL 1R2, IL 6 and CRP were all strongly elevated in both MS and MSS patients. Plasma 
levels of sTNF R55 and R75, sIL 1R2, CRP but not IL 6 were significantly higher in MSS 
patients than in MS patients (Table 3). Levels of inflammatory mediators correlated 
well with clinical severity of illness as shown by a strong correlation between plasma 
levels of the soluble cytokines (sTNF R75, R55 and sIL 1R2) and PSI score (r=0.803, 
r=0.712 and r=0.530, respectively p<0.001, p<0.001 and p<0.05, data not shown).  
Taken together these data show that plasma levels of both insulin and inflammatory 
mediators differ significantly between MSS and MS patients. This led us to further 
analyze the correlation between parameters of glucose metabolism and inflamma
tion. A highly significant inverse correlation was found between plasma levels of 
insulin on the one hand and levels of sTNF R55 and R75 on the other hand both for 
the whole patient population (Table 4) as for the MSS group (r= 0.754 and r= 0.850, 
both p< 0.01) (Figure 2: insulin vs. sTNF R75). Blood glucose levels correlated with 
severity of illness as mentioned before but not with inflammatory mediators besides a 
weak association with sIL 1R2 (Table 4). Also a correlation was found between blood 
glucose and plasma leptin levels, suggesting a role for this hormone in the regulation 
of glucose metabolism in our septic patients. Other glucoregulatory hormones were 
not significantly correlated with either inflammatory parameters or with disease 
severity. 
 
 
 

Table 4. Spearman’s correlation coefficients in MSS and MS patients  

 Glucose Insulin Insulin/glucose 

sTNF R55    0.053   −0.814* −0.829* 

sTNF R75 −0.077   −0.878* −0.868* 

IL 1sRS2    0.618#  −0.488 −0.550# 

IL 6   0.210    0.213   0.134 

CRP   0.031  −0.293 −0.481 

PSI    0.134   −0.760‡ −0.821* 

Insulin    0.220   

Cortisol    0.104  −0.108 −0.121 

Growth hormone −0.334   −0.215 −0.204 

IGF 1    0.237     0.344   0.247 

Glucagon    0.031   −0.077 −0.116 

Leptin    0.716‡     0.044 −0.209 

MSS, meningococcal septic shock, MS, meningococcal sepsis, PSI, physiologic stability index, #p <0.05, 
‡p<0.01, *p<0.001.  
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Figure 2. Relationship between plasma insulin levels and plasma levels of 
soluble TNF receptor 75 in meningococcal septic shock patients 
(MSS)(black circles) and meningococcal sepsis patients (open circles). 
The solid line indicates correlation of the whole patient population (r=
0.878, p<0.001), the dashed line the correlation of the MSS population (r=
0.850, p<0.01)  

DISCUSSION 

Our study clearly shows that MSS and MS patients have frequent and significant 
hyperglycemic episodes during acute disease. The data are supported by Joosten et 
al. (23) who reported elevated blood glucose levels in children with MSS at admission 
and 24 and 48 hours later. In line, a retrospective study of blood glucose levels in a 
heterogeneous group of PICU patients found comparable elevated blood glucose 
levels both at admission and up to ten days later (7). The prevalence and severity of 
hyperglycemia in critically ill children is not known which can be partially explained 
by the absence of an accepted definition of hyperglycemia in critical illness. While 
hyperglycemia is defined by WHO criteria as a random blood glucose >11.1 mmol/l, 
lower levels have been associated with adverse outcome in both adult and pediatric 
critically ill patients (4, 7, 21). In view of the Leuven Intensive Insulin Trial (4) hyper
glycemia should be considered in any adult patient with a blood glucose > 6.1 mmol/l. 
Since hyperglycemia may have severe consequences when untreated, uniform 
criteria for hyperglycemia in critical illness in adults and children should be estab
lished and threshold values defined above which interventions are necessary. 
In our prospective study with standardized blood sampling during 72 hours after 
admission we demonstrate that hyperglycemia is strongly correlated with severity of 
illness as expressed by the PSI which is supported by Faustino et al. (7) Although a 
causal relationship cannot be conferred from our data, it shows that children with the 
highest risk of dying have the highest blood glucose values and may benefit most 
from treatment aimed at reducing hyperglycemia. Further, our study shows significant 
differences in plasma insulin levels and insulin glucose ratios between MS and MSS 
patients. While MSS patients showed signs of insufficient insulin response to hyper
glycemia, MS patients were insulin resistant. The relationship between insulin levels 
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and severity of illness was further illustrated by the strong inverse correlation 
between insulin and PSI. Similarly, Joosten et al. (23) reported low insulin levels and 
low insulin/glucose ratios in surviving children with MSS with even lower values in 
non surviving children. In surviving patients both parameters increased gradually in 
the first 48 hours. However we demonstrate that insulin levels and insulin/glucose 
ratios remained lower in MSS than in MS patients up to 72 hours. This contrasts with 
findings in adult critically ill patients in which low insulin levels are only reported 
during hypovolemic shock (13) or in early stages of sepsis (14, 24) while in later stages 
hyperinsulinemia is a constant feature. Low insulin levels in early sepsis have been 
attributed to suppressed insulin secretion due to strong � adrenergic inhibition of 
pancreatic β cells. Our patients however were in a stabilized circulatory state al
though receiving inotropic support. However we cannot exclude the role of (en
dogenous or exogenous) catecholamines on either the systemic or splanchnic 
circulation in our septic patients. Neural influences may also have contributed to the 
differences in insulin levels in our patients since the autonomic nervous system has 
the potential to play a major role in control of insulin secretion in response to glucose 
(25) while insulin secretion is also under influence of gastrointestinal hormones as 
glucagon like peptide 1 and glucose dependent insulinotropic polypeptide (26). 
In contrast to the differences in plasma insulin levels between MS and MSS patients, 
levels of cortisol, GH, IGF 1 and glucagon did not discriminate between the MS and 
MSS patients, which is supported by earlier studies of children with meningococcal 
disease. (23, 27) Leptin levels were low in both groups of patients as reported by 
Blanco Quiros et al. (28) while in adults with sepsis both high and unchanged leptin 
data were reported (29 31). Leptin is a pleiotrope adipocyte derived hormone that 
regulates feeding behavior, substrate utilization and energy balance but also the 
inflammatory response. Leptin levels are increased related to body fat stores and 
decline early in starvation due to a down regulation of human adipose tissue leptin 
production resulting from changes in free fatty acid levels as well as to changes in 
glycemia/insulinemia (32).  Prolonged fasting may explain the low leptin levels in our 
patients since both before and during admission nutritional intake was well below 
estimated requirements.  
MS and MSS in our patients were characterized by high levels of the soluble cytokine 
receptors (sTNF R55 and 75, sIL 1R2), IL 6 and CRP with significantly higher levels in 
the MSS patients. Soluble cytokine receptors are shed by macrophages and endothe
lial cells upon activation. While expression of TNF α and IL 1 is rapidly down regu
lated and only detectable in the most acute stage of the disease, levels of sTNF R55, 
R75 and sIL 1R2 are more stable (33). Our data are supported by van Deuren et al. (34, 
35) who found similar levels of soluble cytokine receptors in a group of pediatric 
patients with meningococcal disease. In their studies sTNF R55, R75 and sIL 1R2 levels 
differentiated between shock and non shock patients and correlated with admission 
TNF α and IL 1 levels. In the present study levels of soluble cytokine receptors 
strongly correlated with the admission PSI, supporting the relationship between 
soluble cytokine receptor levels clinical disease severity in meningococcal disease. 
Analysis of the relationship between parameters of glucose metabolism and inflam
matory state in MS and MSS patients resulted in highly significant but inverse correla
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tions between plasma insulin levels and levels of sTNF R55 and R75. Although a causal 
relationship cannot be conferred from the data, our findings are compatible with an 
inhibitory effect of the inflammatory response on insulin secretion. This is supported 
by several in vitro studies showing IL 1 and TNFα mediated inhibition of insulin 
secretion by pancreatic β cells (18, 36).  
The metabolic response to critical illness involves multiple neuroendocrine altera
tions with different features in the acute and chronic stages. The acute hyperglycemic 
response is an adaptive process to ensure provision of essential metabolic substrates 
for survival. Pro inflammatory cytokines (TNFα, IL 1) play a crucial role by promoting 
hepatic gluconeogenesis and diminishing glucose uptake in insulin dependent non
immune tissues via inhibition of insulin secretion. However insulin resistance does 
not play an important role as evidenced by the normal or even enhanced insulin 
sensitivity in our MSS patients. 
The differences between adults and children may be explained by the important 
differences between adult and pediatric sepsis. Sepsis in adults often develops 
gradually after major surgery or injury and is superposed on an underlying illness 
while meningococcal sepsis occurs abruptly in otherwise healthy children. Next, 
while most deaths in adult sepsis are caused by progressive organ failure after several 
days of intensive care treatment most deaths in children with MSS occur in the first 24 
hours after admission from refractory circulatory shock. 
Our findings of prolonged hypoinsulinemic hyperglycemia in children with MSS may 
have important consequences for the management of hyperglycemia in meningococ
cal sepsis in children. Since tight glycemic control with exogenous insulin therapy has 
beneficial effects in adult sepsis, pediatric intensivists consider applying this treat
ment in pediatric septic patients. However, our study shows that the acute phase of 
sepsis in children is quite different from the hyperinsulinemic hyperglycemia associ
ated with insulin resistance in adult sepsis. Our data suggest that suppression of the 
hyperglycemic and pro inflammatory responses in sepsis with exogenous insulin 
when these responses are still crucial in the phase of overwhelming bacterial infec
tion may not be supportive and even potentially detrimental. However further 
investigations are warranted to unravel the role of insulin and insulin therapy in 
septic children. These studies should include a greater number of pediatric patients 
with sepsis and septic shock and a more intensive follow up of plasma levels of 
glucose, insulin, catecholamines and inflammatory mediators in combination with 
markers of splanchnic circulation (gastric tonometry). This will necessitate a multicen
ter design given the relatively low incidence of meningococcal sepsis and septic 
shock. It would also be of particular interest to compare the hyperglycemic response 
between children with meningococcal and postoperative sepsis in order to look for 
possible explanations for the differences in clinical response to intensive insulin 
therapy found in adults (4, 9).  
In conclusion, MSS in children is characterized by significant hyperglycemia associ
ated with low plasma insulin levels. Plasma insulin levels are inversely correlated with 
levels of soluble cytokine receptors suggesting a suppressive effect of pro
inflammatory mediators on insulin secretion. Our findings emphasize that the use of 
intensive insulin therapy in children with MSS demands further investigation.  
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ABSTRACT 

Background: The amino acid arginine plays a key role in many metabolic processes in 
health and disease. Low arginine concentrations are found in various illnesses in 
children. 
 
Objective: To investigate the relationship between plasma concentrations of arginine 
(and precursor amino acids) and severity of inflammation in critically ill children. 
 
Design: Observational cohort study in children with viral respiratory disease (n=21, 
control group), accidental/surgical trauma (n=19) or sepsis (n=19) admitted to a 
pediatric intensive care unit. 
 
Results: Plasma arginine and citrulline concentrations were lower in sepsis and 
trauma than in viral disease (arginine: 33±4 and 37±4 vs. 69±8 μmol /L, both p<0.01; 

citrulline: 10±1 and 14±1 vs. 23±2 μmol/L, both p<0.01) and correlated strongly and 
inversely with severity of inflammation expressed by plasma CRP concentration (r=
0.645 and r= 0.660, respectively, both p< 0.001). During recovery plasma arginine and 
citrulline concentrations increased, also strongly related to the reduction in inflam
mation as shown by the inverse correlation between arginine and citrulline concen
trations and CRP concentration on days 3 (r= 0.832 and r= 0.756, both p< 0.001) and 7 
(r= 0.784 and r= 0.694, both p< 0.001). 
 
Conclusions: Plasma concentrations of arginine and citrulline are low during the 
acute phase of critical illness in children and normalize again during recovery. Plasma 
arginine and citrulline are strongly related to the severity of inflammation indicated 
by plasma CRP levels. 
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PLASMA AMINO ACID CONCENTRATIONS 

INTRODUCTION 

The amino acid arginine plays a key role in many metabolic processes in health and 
disease (1) such as detoxification of ammonia (urea cycle), synthesis of polyamines 
and creatine, modulation of immune function, release of anabolic hormones and 
synthesis of nitric oxide (NO)(2). It is considered a conditionally essential amino acid 
since endogenous arginine synthesis may not be sufficient to meet metabolic needs 
especially during growth (infants and children) (3) and during highly catabolic 
conditions such as sepsis (4) and burns (5, 6). Children with critical illness may 
therefore particularly be at risk to develop arginine deficiency. 
Low plasma arginine concentrations have been described in children with various 
pathological conditions such as in premature infants with necrotizing enterocolitis 
(NEC) (7) and children with asthma (8), cerebral malaria (9) or sickle cell crisis (10). 
Arginine supplementation can increase arginine concentrations and has shown 
beneficial effects such as prevention of NEC in premature infants and lowering of 
pulmonary pressure during sickle cell crisis (10, 11). However data on plasma arginine 
concentrations during critical illness in children are lacking. Critical illness is often 
associated with a strong inflammatory response that is related to increased NO 
production, increased arginase activity (4) and decreased renal de novo arginine 
synthesis (12). Inflammation could therefore play a key role in the arginine depletion 
and anticipated need for arginine supplementation in these conditions. 
We therefore studied arterial plasma concentrations of arginine and amino acids 
involved in arginine metabolism (citrulline, glutamine and ornithine) in critically ill 
children with different diagnoses associated with mild (viral infection), moderate 
(accidental/surgical trauma) or severe inflammation (sepsis) and evaluated the 
relationship between plasma concentrations of these amino acids and inflammatory 
parameters. 

SUBJECTS AND METHODS 

Subjects 

Children admitted to the pediatric intensive care unit (PICU) of the University 
Hospital Maastricht between January 2004 and December 2005 were enrolled in the 
study if they fulfilled the following criteria: (1) age between one month to 16 years; (2) 
diagnosis of viral respiratory disease, accidental/surgical trauma or sepsis; (3) indwell
ing arterial catheter. Sepsis was defined according to the criteria of the Society of 
Critical Care Medicine and the American College of Chest Physicians (SCCM/ACCP), 
adapted to infants and children (13). Exclusion criteria were known metabolic or 
endocrine disease. The Medical Ethical Committee of the University Hospital Maas
tricht approved the study. Written informed consent was obtained from all patients 
and/or caregivers. 
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Methods 

Blood sampling 

Arterial blood samples were collected from an indwelling arterial catheter. Day 1 
samples were collected within 24 hours after admission in the acute phase of the 
disease and after a fasting period of at least 6 hours. In a subgroup of 10 patients, with 
either viral disease or sepsis, additional blood samples were collected during recov
ery on days 3 and 7 during enteral feeding. Patients with accidental/surgical trauma 
were not included in this follow up analysis due to their predominantly short stay in 
the PICU. From all blood samples plasma amino acid concentrations and plasma 
concentrations of glucose, insulin, cortisol, albumin, C reactive protein (CRP) and 
leucocytes were determined. 

Blood analyses 

Arterial blood (500 μl) for amino acid analysis was collected into pre cooled heparin
containing tubes (BD Microtainer, Becton Dickinson, United States) and immediately 

put on ice. Within 30 min the samples were centrifuged for 10 min at 4000 rpm, 4 °C, 
and the plasma was deproteinized by mixing with sulfosalicylic acid (8 mg per 100 μL 
plasma). Samples were subsequently frozen in liquid nitrogen and stored at –80 °C 
until analysis. Amino acid concentrations were measured in plasma by high
performance liquid chromatography (HPLC) as described by van Eijk et al. (14) with 
variation coefficients < 3%. Glucose, albumin and CRP were determined on a Sychron 
LX20 PRO (Beckman Coulter, Inc., Fullerton, CA, USA). The methods used were 
Glucose Oxidase (Glucm), Bromcresol Purple (BCP, ALBm) and immunoturbidimetry 
(CRP). Plasma insulin concentrations were determined on the AutoDelfia (Perkin 
Elmer Life and Analytical Sciences, Wellesley, MA, USA) by an Immunofluorimetric 
monoclonal antibody (IFMA) assay and cortisol by using a Counting immunoassay 
(CIA) on an Immulite 2000 system (DPC, Los Angeles, CA, USA). Blood cells count was 
measured using a Beckman Coulter LH 750 (Beckman Coulter, Fullerton, CA, USA). 

Clinical parameters 

Severity of illness was assessed by the pediatric risk of mortality score (PRISM) (15). 
Other clinical parameters recorded included use of mechanical ventilation, inotropic 
and vasopressor therapy and corticosteroids. 

Nutritional intake 

All patients received intravenous dextrose at a rate of approximately 4 mg/kg/min. In 
the subgroup of patients who were also studied on days 3 and 7, a continuous enteral 
drip feeding (Nutrison Pediatric, Nutricia, Zoetermeer, The Netherlands) was started 
24 hours after admission (after the first blood sampling) and the drip rate was in
creased daily according to the treating physician. Nutritional intake, including protein 
intake, was registered in detail.  
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Statistical analysis 

All data were analyzed using the statistical program SPSS (12.0) for Windows® (SPSS 
Inc., Chicago, USA). A normal distribution of the data was evaluated by Kolmogorov
Smirnov test. Variables with a normal distribution were compared among the groups 
with a one way ANOVA with post hoc Bonferroni analysis. When a variable had no 
normal distribution, Kruskal Wallis and post hoc Mann Whitney U analysis with 
adjustment for multiple comparisons was applied. Correlations between amino acid 
concentrations, protein intake and clinical and laboratory parameters were tested by 
using Spearman’s . The influence of CRP and protein intake on amino acid concen
trations was further analyzed using (stepwise multiple) linear regression analysis. 
Significance was defined as p< 0.05. Data are presented as means ± SEM. 

RESULTS 

Patient characteristics. 

During the study period 59 patients were included: 21 patients with viral respiratory 
disease, 19 patients with accidental/surgical trauma and 19 patients with sepsis. Patient 
characteristics are shown in Table 1. Mean age, body weight and total fasting time did 
not differ between patients with viral respiratory disease and those with sepsis. 
Trauma patients however were significantly older, had a higher body weight and 
more prolonged fasting time compared to both other groups. Interestingly, disease 
severity expressed by the PRISM score did not differ between groups. Patients with 
sepsis were more often treated with inotropic support (dopamine and/or norepi
nephrine) compared to both other groups while corticosteroid treatment was not 
different among the groups.  
  

Table 1. Baseline characteristics of the study groups 

 Viral respiratory 
disease 
(n=21) 

Accidental/surgical 
trauma 
(n=19) 

Sepsis 
 

(n=19) 

Age (yr)1 2.2 ± 0.7a 10.3 ± 1.4b 2.7 ± 0.6a 

Body weight (kg)1 12.5 ± 2.4a 35.2 ± 4.0b 13.7 ± 1.7a 

Gender 3F/18M 10F/9M 4F/15M 

PRISM1 16.0 ± 2.8a 12.3 ± 2.0a 20.2 ± 2.2a 

Temperature (ºC)1,2 37.1 ± 0.2a 37.2 ± 0.2a 37.0 ± 0.1a 

Fasting time (h)1,2 13.3 ± 2.2a 34.5 ± 3.7b 19.3 ± 3.7a 

Mechanical ventilation 
(yes/no) 

17/4 8/11 16/3 

Inotropic support         
(yes/no) 

0/21 2/17 11/8 

Corticosteroids             
(yes/no) 

7/14 4/15 5/14 

1 Values are means ± SEM. PRISM, Pediatric risk of mortality. Means within a row with different superscript 
letters are significantly different, bP < 0.01 (ANOVA or Kruskal Wallis with adjustment for multiple 
comparisons). 2At time of blood sampling.    
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The subgroup of patients in whom blood was also analyzed on days 3 and 7, consisted 
of 5 patients with viral disease (median age 0.4 years, range 0.3 0.8 years; median body 
weight 4.6 kg, range 4.3 7.3 kg) and 5 patients with sepsis (median age 0.74 years, 
range 0.1 6.3 years, median body weight 6.0 kg, range 4 24 kg). Patients with sepsis in 
this subgroup were older and had higher body weights than patients with viral 
disease (both p<0.05). Mean protein intake was zero, 1.0±0.3 and 1.8±0.2 gram/kg/day 
on days 1, 3 and 7 respectively. 

Arterial plasma amino acid concentrations 

Plasma arginine concentrations were significantly lower in patients with severe 
inflammation (sepsis and trauma) than in patients with mild inflammation (viral 
disease) (Figure 1: A). This was also true for plasma citrulline and glutamine concen
trations, precursors for de novo arginine synthesis (Figure 1: A C). Plasma concentra
tions of ornithine, a product of arginine catabolism via the enzyme arginase, were 
only decreased in the patients with accidental/surgical trauma (Figure 1: D).  
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Figure 1. Plasma concentrations of arginine, citrulline, glutamine and ornithine in children with viral 
respiratory disease (n=21), surgical/accidental trauma (n=19) and sepsis (n=19). Data are expressed as mean ± 
SEM. Bars with different letters are significantly different, bP < 0.05, cP < 0.01, dP < 0.001 (ANOVA or Kruskal
Wallis with adjustment for multiple comparisons). 

 
 
The arginine to ornithine ratio was significantly lower in septic patients when com
pared to the other diagnostic groups, which may indicate increased arginase activity 
in septic patients (Table 2). The sum of the concentration of all measured amino acids 
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was also lower in the patients with sepsis and trauma than in children with viral 
disease. Other amino acids that showed lower concentrations included tyrosine, 
glycine, alanine, serine, tryptophan and lysine, while histidine showed higher plasma 
concentrations in septic patients when compared to patients with viral disease (Table 
2). 
 

Table 2. Arterial amino acid concentrations in the different study groups1 

  Viral Respiratory 
Disease 
(n=21) 

Accidental/surgical 
trauma 
(n=19) 

Sepsis 
 

(n=19) 

Tyrosine 48 ± 3a 37 ± 2b 36 ± 3b 

Taurine 36 ± 3a 37 ± 4a 28 ± 4a 

Glycine 372 ± 9a 178 ± 11b 172 ± 20b 

Glutamate 104 ± 9a 60 ± 5c 52 ± 5c 

Asparagine 47 ± 4a 31 ± 3b 34 ± 5a,b 

Alanine 188 ± 15a 154 ± 13a,b 130 ± 13b 

Serine 139 ± 8a 86 ± 7c 82 ± 10c 

Methionine 20 ± 2a 15 ± 2a 15 ± 1a 

Phenylalanine 52 ± 3a 50 ± 2a 55 ± 5a 

Tryptophan 31 ± 2a 30 ± 2a 18 ± 3c 

Isoleucine 48 ± 5a 44 ± 5a 35 ± 5a 

Leucine 84 ± 7a 83 ± 7a 66 ± 8a 

Valine 133 ± 10a 137 ± 10a 115 ± 10a 

Histidine 66 ± 3a,b 55 ± 3a 73 ± 7b 

Lysine 139 ± 14a 89 ± 8c 88 ± 10c 

Threonine 107 ± 11a 69 ± 9a 68 ± 14a 

Ratio arginine:ornithine 1.4 ± 0.1a 1.5 ± 0.1a 0.8 ± 0.1c 

BCAA 267 ± 22a 263 ± 21a 216 ± 22a 

Sum AA 2328 ± 123a 1610 ± 104 c 1538 ± 137 c 
1 amino acid concentrations in μmol/L, expressed as mean ± SEM. BCAA, branched chain amino acids; Sum 
AA, sum of all measured amino acids (incl. arginine, citrulline, glutamine and ornithine). Means within a row 
with different superscript letters are significantly different, bP < 0.05, cP < 0.01 (ANOVA or Kruskal Wallis with 
adjustment for multiple comparisons). 

 

Inflammatory and metabolic parameters 

Table 3 shows the results of the inflammatory and metabolic evaluation in the 
different study groups. Plasma concentration of CRP, a marker of the acute phase 
response during inflammatory states, was significantly higher in patients with sepsis 
than in patients with either trauma or viral respiratory disease while CRP concentra
tion in trauma patients was significantly higher than in patients with viral disease. 
Plasma concentration of albumin was lower in the septic patients than in both other 
groups. Leukocyte count was significantly higher in the septic patients when com
pared to patients with viral disease. Plasma insulin concentration was lower in the 
septic patients when compared to both other groups while glucose and cortisol 
concentrations were not significantly different among the groups. 
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Table 3. Inflammatory and metabolic parameters in the different study groups1 

  Viral respiratory 
disease 
(n=21) 

Accidental/surgical 
trauma 
(n=19) 

Sepsis 
 

(n=19) 

Refer
ence 

values 

CRP (mg/L) 21 ± 5a 117 ± 22b 242 ± 24c < 10 

Leucocytes 
(x109/L) 

15 ± 2a 14 ± 2a 19 ± 3b 8  14 

Glucose (mmol/L) 5.7 ± 0.3a 6.2 ± 0.4a 5.5 ± 0.3a 3.1  5.6 

Insulin (mU/L) 12.0 ± 1.6a 9.4 ± 1.7a 4.8 ± 0.9b 4  25 

Cortisol (nmol/L) 433 ± 79a 553 ± 119a 818 ± 213a 100  700 

Albumin (g/L) 29 ± 1a 28 ± 1a 20 ± 1b 35  50 
1All values are means ± SEM; CRP, C reactive protein. Means within a row with different superscript letters 
are significantly different, b,cP < 0.01 (ANOVA or Kruskal Wallis with adjustment for multiple comparisons). 

 

Correlation between plasma amino acids and inflammatory an metabolic parameters 

To obtain better insight in the relation between inflammation and arginine metabo
lism, we investigated the association between plasma amino acid concentrations on 
the one hand and metabolic and inflammatory parameters on the other hand. The 
most striking finding was a strong but inverse correlation between plasma arginine, 
citrulline and glutamine concentrations on the one hand and severity of inflammation 
as expressed by the CRP concentration on the other hand (r= 0.645, r= 0.660 and r=
0.525 respectively, all P <0.001). CRP was also significantly correlated with the arginine 
to ornithine ratio (r= 0.518, P <0.01). 
Regression analysis revealed that the slopes and intercepts of the regression lines of 
the relation between CRP and arginine and between CRP and citrulline in the three 
diagnostic groups were not significantly different. Therefore one regression equation 
could be calculated for the relation between arginine and CRP (plasma arginine = 
120.1–41.6*logCRP) and between citrulline and CRP (plasma citrulline = 31.1–
8.9*logCRP).   
Plasma citrulline and arginine concentrations were positively correlated with plasma 
albumin concentration (r=0.436 and r=0.279, P <0.001 and P <0.01, respectively) but no 
correlation was found between plasma amino acid concentrations and leukocyte 
count. Contrary to expectations, plasma concentration of insulin, an anabolic hor
mone that suppresses amino acid release from muscle tissue and stimulates amino 
acid uptake, was positively correlated with low concentrations of several amino acids 
such as glutamine and arginine (r=0.400 and r=0.315, respectively, both P <0.01) while 
levels of cortisol, a catabolic hormone that promote net protein breakdown and 
amino acid output from muscle, showed an inverse correlation with glutamine and 
arginine concentrations (r= 0.377 and r= 0.402, both P <0.01). 

Amino acid concentrations during recovery 

To investigate plasma arginine, citrulline, glutamine and ornithine concentrations 
during recovery, we measured amino acid concentrations (and plasma CRP concen
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tration) also on post admission days 3 and 7 in a subgroup of patients with either 
sepsis or viral disease while they were receiving continuous enteral feeding. In septic 
patients a significant increase was found in plasma concentrations of arginine (27±7 
vs. 68±15 μmol/L), citrulline (11±3 vs. 20±3 μmol/L), glutamine (410±70 vs. 807±180 

μmol/L) and ornithine (59±8 vs.109±30 μmol/L)(all P <0.05) between day 1 and 7 of 

admission, while mean plasma CRP concentration decreased (229±51 vs. 57±12; P 
<0.05). In the children with viral disease the concentrations of arginine, citrulline, 
glutamine and ornithine also increased and CRP decreased but the differences were 
not significant. Similar to the observations on day 1, strong inverse correlations were 
found between plasma arginine and citrulline concentrations and plasma CRP 
concentration on days 3 and 7 (day 3: r= 0.832 and r= 0.756 for arginine and citrulline 
respectively, both P <0.01; day 7: r= 0.784 and r= 0.694 for arginine and citrulline 
respectively, both P <0.001)(data not shown). Regression analysis showed that the 
slopes and intercepts of the regression lines of the relation between CRP and arginine 
and between CRP and citrulline in the three diagnostic groups were not significantly 
different on all separate days. Therefore one regression equation could be calculated 
for the relation between arginine and CRP and between citrulline and CRP in both 
groups on days 1, 3 and 7 (for days 3 and 7 see Figure 2). 
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Figure 2. Relationship between plasma arginine, plasma citrulline and CRP levels on day 3 and 7 after admission 
in patients with viral respiratory disease (open circles, n=5) and sepsis (filled circles, n=5). The solid lines 
indicate the regression lines of the pooled data of patients with viral disease and sepsis on each day, with the 
corresponding regression equation. Log transformation of CRP values was performed because of the 
exponential form of the CRP curve. 
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 Arginine and citrulline concentrations were positively correlated with protein intake 
(r=0.502, p< 0.001 and r=0.302, P <0.05 for arginine and citrulline respectively) in the 
total group of patients. Stepwise linear regression using either plasma arginine or 
citrulline concentrations as dependent variable and dietary protein intake and CRP 
concentrations as independent variables showed that CRP was the only significant 
factor of plasma arginine and citrulline concentrations explaining 66% of the variation 
in arginine and 76% of citrulline concentrations. 

DISCUSSION 

In the present study we investigated arterial plasma concentrations of arginine and 
other amino acids involved in arginine metabolism (citrulline, glutamine and or
nithine) in different diagnostic groups of critically ill children both in the acute phase 
and during recovery. Our results clearly show that plasma arginine concentrations are 
decreased in the acute phase of critical illness while during recovery a gradual 
increase in plasma concentrations is observed. This may indicate that arginine 
depletion develops in the early course of acute illness. Similar results were found for 
citrulline, glutamine and ornithine. Moreover, an interesting and new observation is 
that the reduction in arginine and citrulline concentrations in critical illness is 
predominantly related to the severity of systemic inflammation as expressed by the 
plasma CRP, a very sensitive non specific biochemical marker of inflammation and 
tissue damage. 
Reference values for plasma amino acid concentrations in healthy children are only 
available in venous blood (16), often collected in the postprandial state and under less 
uniform and optimal conditions. This may explain the large variation in reference 
values reported (16 18) and makes comparison of these values with the arterial plasma 
amino acid concentrations obtained in our patients under optimal conditions 
according to van Eijk et al. (19), difficult. For obvious ethical reasons it was impossible 
to obtain arterial reference values from a control group of healthy children. However, 
children with respiratory insufficiency due to viral upper or lower airway disease are 
admitted to the PICU primarily because of airway obstruction. Although these 
children need intensive care treatment they have only mild inflammatory disease 
(CRP <50 mg/L) and were therefore chosen as control/reference group. Indeed their 
plasma amino acid concentrations are close to reported reference values (16 18). Still, 
in this group of patients a comparable relation was found between plasma arginine 
and citrulline concentrations and CRP concentration, both in the acute phase and 
during the recovery. Although there are limited data on plasma amino acid concentra
tions in critically ill children our results are supported by studies that have reported 
low arginine concentrations in other childhood diseases associated with inflamma
tion such as necrotizing enterocolitis in premature infants (7), cerebral malaria (9), 
sickle cell disease during vaso occlusive crises (20) and asthma during acute exacerba
tions (8). In the latter two studies normalization was also seen during recovery as in 
the present study. A direct relationship between plasma arginine concentration and 
level of inflammation however was not described in these studies. Only in a single 
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study in adult patients with chronic kidney disease a relationship between chronic 
inflammation expressed by plasma CRP concentration and reduced plasma concen
trations of specific plasma amino acids including arginine, has been reported (21). 
The strong association between plasma arginine and citrulline concentrations and 
systemic inflammation that we found in the children in our study may have several 
explanations. Concentrations of these amino acids are determined by different 
metabolic processes that are altered in inflammatory conditions. Arginine concentra
tions may be decreased by increased arginase 1 and 2 activity (with formation of 
ornithine and urea)(4, 22), increased NO synthesis by isoforms of the enzyme NO 
synthase (with formation of NO and citrulline)(4) or secondary to decreased endoge
nous de novo arginine synthesis from citrulline in the proximal renal tubule (1) which 
is a major pathway for the maintenance of plasma arginine concentrations (12, 23). 
Arginine concentrations may also be decreased by increased protein synthesis 
(formation of acute phase reactants) or decreased dietary protein intake. Citrulline, a 
non protein amino acid, is predominantly produced by intestinal conversion of 
arterial and luminal glutamine, glutamate and proline through the glutamate to
ornithine pathway (1, 24) but also by NO synthesis (4) and by breakdown of asymmet
rical dimethyl arginine, a important non selective NOS inhibitor (25) of which plasma 
concentration is increased in critical illness (26). Citrulline is metabolized by conver
sion into arginine in the kidney (endogenous arginine synthesis)(1). Decreased 
citrulline levels may be caused by decreased substrate availability in the gut (gluta
mine, glutamate), but since low citrulline levels have been associated with decreased 
gut function (27) we hypothesize that severe systemic inflammation may also have 
negative effects on gut function (for instance through splanchnic hypoperfusion) and 
thereby on citrulline production. 
Argaman et al. (4) and Yu et al. (5, 28) studied whole body arginine metabolism using 
stable isotope methods in pediatric patients with sepsis and in pediatric patients with 
burn injury respectively. In both studies an increased whole body arginine break
down was found whereas de novo arginine synthesis was unchanged leading to 
negative arginine balance. The increased arginine breakdown was associated with 
increased NO production and increased oxidation (by arginase) to urea and or
nithine. Our results are in good agreement with these studies but also show that the 
changes in arginine metabolism are directly related to the severity of inflammation. In 
our septic patients low arginine levels were associated with increased arginase activity 
as shown by a low arginine to ornithine ratio while this ratio too was inversely 
correlated to severity of inflammation. Low arginine levels were also strongly associ
ated with low citrulline concentrations suggesting that decreased citrulline availability 
for arginine production in the kidney may play a role in the genesis of arginine 
depletion. However to further investigate the mechanisms behind the effects of 
inflammation on plasma arginine and citrulline concentrations an in depth study of 
arginine and citrulline metabolism is needed using stable isotope methods.  
Analysis of the relationship between plasma arginine concentrations and hormonal 
and metabolic parameters revealed a positive correlation between concentrations of 
insulin and those of arginine and glutamine while an inverse correlation was found 
between these amino acids and cortisol concentrations. This is unexpected because 
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under normal conditions insulin is known to lower plasma amino acid concentration 
(by suppressing amino acid release from muscle tissue and by stimulation of amino 
acid uptake) and cortisol is known to induce hyperaminoaciduria (by promoting net 
protein breakdown and amino acid output from muscle). Since severe inflammation 
is also strongly associated with high cortisol and low insulin concentrations (29) we 
suggest that the change in plasma amino acid levels is primarily the result of inflam
mation. However the low arginine levels may also have limited the normal stimulatory 
effect of arginine on insulin secretion (30). 
Dietary protein intake may modify amino acid profiles but plasma amino acid concen
trations in all children in our study were obtained in the fasting state on day 1. Fasting 
time, however, was more prolonged in the trauma patients but similar in patients with 
viral disease and sepsis therefore it cannot explain the differences in amino acid 
concentrations we found in this study. Moreover, in the subgroup of patients who 
were also studied during recovery while they received continuous enteral feeding, 
CRP was the only significant determinant of plasma arginine and citrulline levels and 
dietary protein intake had no further effect, although our study may not have been 
adequately powered to detect an effect of diet. 
Our results show that arginine and citrulline depletion develops early in the course of 
critical illness and is proportional to the severity of the inflammatory state. Standard 
pediatric enteral nutrition may not contain sufficient amounts of arginine or its 
precursors citrulline and glutamine to correct for this depletion while the need for 
supplementation is probably also related to the severity of inflammation. Plasma CRP 
concentration, the most commonly used biochemical marker for inflammatory illness 
in most hospitals, may therefore be a good marker for the metabolic alterations in 
inflammatory states and may even predict the need for supplementation of arginine 
and citrulline. Citrulline availability could be an important factor in arginine depletion 
in the critically ill and could also indicate that inflammation affects gut function, 
although the latter needs further proof.  
In conclusion, plasma concentrations of arginine and citrulline are low during the 
acute phase of critical illness in children and normalize again during recovery. Plasma 
arginine and citrulline are strongly related to the severity of inflammation indicated 
by plasma CRP levels. 
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ABSTRACT 

Background and aims: Nutritional support improves outcome in critically ill infants 
but is impeded by fluid restriction, gastric intolerance and feeding interruptions. 
Protein energy enriched infant formulas may help to achieve nutritional targets 
earlier during admission and promote anabolism. 
 
Methods: Randomized controlled design. Infants with respiratory failure due to RSV
bronchiolitis received a protein energy enriched formula (PE formula, n=8) or a 
standard formula (S formula, n=10) during 5 days after admission. Primary outcome: 
nutrient delivery, energy and nitrogen balance and plasma amino acid concentra
tions. Secondary outcome: tolerance and safety. 
 
Results: Nutrient intakes were higher in PE fed infants and met RDA by day 3 5 whilst 
in S fed infants RDA was met on day 5 only. Cumulative nitrogen balance (cNB) and 
energy balances (cEB) were higher in PE infants compared to S infants (cNB: 866 ± 113 
vs.296 ± 71 mg/kg; cEB: 151 ± 31 and 26 ± 17 kcal/kg, both p<0.01). Essential amino acid 
levels were higher in PE infants but within reference limits whereas below these limits 
in S infants. Both formulas were well tolerated. 
 
Conclusions: Early administration of a protein and energy enriched formula in 
critically ill infants is well tolerated, promotes a more adequate nutrient intake and 
improves energy and nitrogen balance without adverse effects. 
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INTRODUCTION 

Nutritional support is an important aspect of the clinical management of pediatric 
intensive care patients. Critically ill children receiving better nutritional support show 
significant improvement in physiologic stability and outcome (1). There is also 
evidence for the importance of providing adequate nutritional support in conditions 
such as prematurity (2) and pediatric burn injury (3, 4). Malnutrition and nutrient store 
depletion may be particularly harmful in infants since this is the most critical period 
of brain growth and endogenous stores of a number of relevant substrates such as 
glycogen, fat and especially protein are small (5). Malnutrition in infancy is associated 
with decreased intelligence and neurological function and even infants undergoing 
relatively short periods of nutritional deprivation may have poorer learning abilities 
(6). 
Several factors may impede adequate delivery of nutritional support to critically ill 
infants such as fluid restriction, frequent interruptions of enteral feeding for proce
dures and relative gastrointestinal intolerance (7). Therefore enteral nutritional intake 
frequently differs from the amount prescribed by the physician and protein energy 
deficits are often observed. 
One of the most important targets of nutritional support in critically ill children is to 
prevent increased protein breakdown and loss of lean body mass associated with 
critical illness, whilst at the same time promoting tissue synthesis. It also means 
preventing under  or overfeeding and ultimately improving clinical outcome to 
ascertain normal growth and development. Protein energy enriched infant formulas 
(PE formulas) may help to achieve nutritional targets in critically ill infants in the early 
phase of the disease. However, it is not known if these enriched formulas are toler
ated by these vulnerable infants or if they could lead to overfeeding and thereby 
further increase the metabolic demands of the acute illness (8). The primary goal of 
the present study was therefore to compare the nutritional effects (nutrient delivery, 
energy and nitrogen balances, and plasma amino acid profiles) of a protein and 
energy enriched infant formula (PE formula) with a standard infant formula (S
formula) in a double blind randomized controlled manner, in ventilated critically ill 
infants. Secondary aims were to assess tolerance and safety of these formulas.  

SUBJECTS AND METHODS 

Subjects and randomization 

Patients were recruited between December 2003 and February 2006 in the pediatric 
ICU’s (PICU) of the Maastricht University and Medical Center (MUMC) and the 
Erasmus Medical Center/Sophia Rotterdam (Erasmus MC), both in the Netherlands. 
Infants admitted with respiratory failure due to respiratory syncytial virus (RSV) 
infection (positive RSV immunofluorescence in nasopharyngeal aspirate) were 
enrolled if they met the following inclusion criteria: 1) age between 4 weeks and 12 
months; 2) born at term, or born preterm but >40 weeks postmenstrual age; 3) 
mechanical ventilation; 4) indwelling arterial and venous catheter; 5) stable haemody
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namic condition (normal blood pressure with or without inotropic medication). 
Exclusion criteria were: 1) breastfeeding; 2) parenteral nutrition besides intravenous 
dextrose; 3) congenital GI obstructions (duodenal atresia, anal atresia etc.); 4) con
genital metabolic disease; 5) abnormal liver or kidney function tests or active upper 
GI bleeding; 6) known chromosomal disorder; 7) diarrhea, vomiting or gastric 
distension before randomization 
After obtaining informed consent from the parents/caregivers, infants were random
ized within 24 hours of admission to receive the PE formula (Infatrini®) or the S
formula (Nutrilon 1®)(both from Nutricia Nederland B.V. Zoetermeer, The Nether
lands) during 5 days. The compositions of both formulas are summarized in Table 1. 
Both study formula, indistinguishable by smell or consistency, were manufactured, 
prepared and delivered in identical masked and numbered bottles. Doctors, re
searchers, nursing staff, parents and caregivers were blinded to the feeds given. 
Randomization took place separately (parallel) in both centers by permuted block 
randomization and sequentially numbered, opaque and sealed envelopes. The code 
of the numbered bottles was guarded by Nutricia and only revealed after completion 
of the data collection in both centers. 
 
Clinical parameters 

Anthropometric measurements were taken at inclusion in the study using calibrated 
equipment but were not repeated because the severity of illness, with concomitant 
edema formation in all infants, precluded accurate measurements, whereas the study 
period was too brief to cause significant alterations in anthropometric values. Severity 
of illness was assessed by the pediatric risk of mortality score (PRISM) (9). Clinical 
parameters recorded during the study period included number of ventilator days and 
length of stay in the PICU. 

Nutritional regimen and tolerance 

After randomization the study formulas were started as continuous drip feeding by 
nasogastric (MUMC) or nasoduodenal catheter (Erasmus MC) according to institu
tional guidelines and using a calibrated feeding pump. Infants who already received 
enteral formula at inclusion in the study were switched to the study formulas. In 
order to optimize nutritional intake, the target volume of the enteral feed was 130 
ml/kg/24h for all infants. This was estimated to be the maximum achievable volume of 
fluid available for enteral nutrition in these critically ill ventilated infants. Study feeds 
were started at 25% of the target volume and increased with steps of 25% of the target 
volume every 12 hours with the aim of reaching the target volume after 36 hours. The 
treating physician however could limit the total volume of enteral intake when fluid 
restriction was deemed necessary on clinical grounds. Total macronutrient intake 
(enteral and intravenous) was recorded and compared to recommended dietary 
allowances (RDA) for healthy infants below 6 months of age (10). Tolerance of both 
formulas was evaluated by monitoring the volume of gastric retention every 4 hours,  
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Table 1. Composition of the two enteral formulas 

Average content per 100 ml  PE formula S formula 

Energy (kcal) 100 67 

Protein (g) 2.6 1.4 

   En% 10 8 

Casein (g) 1.0 0.6 

Whey protein (g) 1.6 0.8 

Amino acids   

L Alanine (mg) 117 55 

L Arginine (mg) 83 46 

L Aspartic acid / L Asparagine (mg) 225 120 

L Cystine (mg) 39 22 

L Glutamic acid / L Glutamine (mg) 556 260 

Glycine (mg) 52 27 

L Histidine (mg) 60 35 

L Isoleucine (mg) 159 74 

L Leucine (mg) 278 130 

L Lysine (mg) 257 120 

L Methionine (mg) 68 34 

L Phenylalanine (mg) 112 55 

L Proline (mg) 198 110 

L Serine (mg) 156 69 

L Threonine (mg) 169 73 

L Tryptophan (mg) 39 21 

L Tyrosine (mg) 107 44 

L Valine (mg) 169 82 

Carbohydrates( g) 10.3 7.5 

En% 41 45 

Fat (g) 5.4 3.5 

En% 49 47 

P:E ratio (g protein/100 kcal) 2.6 2.1 

PE formula, protein energy enriched formula; S formula, standard infant formula; En%, energy percentage. 
P:E ratio, protein:energy ratio. 

 
 
the frequency and volume of vomiting and volume, frequency, and consistency of 
stools by the nursing staff. Intolerance was defined as gastric retentions >50% of the 
administered volume over the previous 4 hours on more than one occasion, occur
rence of any gastric distension or vomiting and/or diarrhea defined as >4 stools per 
day of watery consistency and leading to substantial fluid loss as either shown by 
negative fluid balance or haemodynamic consequences (extra fluid requirement, 
signs of dehydration, tachycardia or hypotension). Nitrogen balance was assessed by 
measuring urinary urea concentration in urine collected 24 hourly by urinary catheter.  
Urea was determined by an enzymatic method (Urease) on a routine clinical chemis
try analyzer (Synchron LX20 Pro, Beckman Coulter Inc., Fullerton, CA, USA). Urinary 
urea concentration (mmol/L) was converted to urinary urea nitrogen excretion (UUN) 
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and subsequently total urinary nitrogen excretion (TUN) with the following equa
tions. Equation 1: UUN (mg/kg/24h) = urinary urea concentration (mmol/L) * urine 
volume (L/24h) * 28.02(mg/mmol) * BW (kg) –1. Equation 2: TUN (mg/kg/24h) = UUN * 
1.25, the factor 1.25 was used to correct for non urea nitrogen. Equation 3: Nitrogen 
balance (NB) = total daily protein intake (mg/kg/24h) / 6.25 – TUN, the factor 6.25 
representing the average amount of nitrogen in protein. Cumulative nitrogen balance 
was calculated by summation of the nitrogen balances of day 1 to 5. 

Energy expenditure and substrate utilization 

Resting energy expenditure was measured (MREE) daily by indirect calorimetry using 
a previously validated metabolic monitor (Deltatrac II MBM 200, Datex Division 
Instrumentarium Corp. Finland) (11). The measurement was only performed in infants 
fulfilling previously described criteria (tube leakage <10%, FiO2 <60%), to assure 
accurate measurement. Total energy expenditure (TEE) was then calculated by adding 
10% to MREE for patient activity related to nursing care. If assessment of MREE was 
not possible, resting energy expenditure was predicted (PREE) using the Schofield 
equation, adapted for age and sex (12) and used instead of MREE. Energy balances 
were calculated by subtracting TEE from the total daily energy intakes. Cumulative 
energy balances were calculated by summation of the energy balances of day 1 to 5. 
Respiratory quotient (RQ) was defined as VCO2/VO2 and lipogenesis was defined as 
an RQ > 1.0. Values obtained by indirect calorimetry (VO2, VCO2) and UUN on day 5 
were used to calculate rates of protein, fat and glucose utilization during continuous 
enteral feeding as previously described (13). Protein, carbohydrate and fat balances 
were calculated by subtracting the values of nutrient utilization from the daily 
nutrient intake. 

Biochemical parameters and plasma amino acid concentrations 

Plasma concentrations of glucose, insulin, triglycerides (TG), non esterified fatty acids 
(NEFA), urea and creatinine were determined in arterial blood collected on day 1 
(before start of the study formula) and on day 5 (at the end of the study period). 
Severity of inflammation was assessed by measuring plasma C reactive protein (CRP) 
concentrations on days 1 and 5. Amino acid concentrations in plasma were measured 
on day 5 by high performance liquid chromatography (HPLC) as described by van Eijk 
et al. (14) with variation coefficients <3%. For this purpose arterial blood (500 μl) was 
collected into heparin containing tubes (BD Microtainer, Becton Dickinson, United 
States) and immediately put on ice. Within 30 min the samples were centrifuged for 10 
min at 3500 g, 4 °C, and the plasma was deproteinized by mixing with sulfosalicylic 
acid (8 mg per 100 μL plasma). Samples were subsequently frozen in liquid nitrogen 
and stored at –80 °C until analysis. Determination of glucose, TG, NEFA, urea,  
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creatinine and CRP were done on a routine clinical chemistry analyzer. Plasma insulin 
concentrations were determined in the MUMC and Erasmus MC on an AutoDelfia 
(Perkin Elmer Life and Analytical Sciences, Wellesley, MA, USA) by an Im
munofluorimetric monoclonal antibody assay. 

Statistical Analysis 

Power analysis was performed based on results of nitrogen balance studies of  
critically ill infants (15). With two sided significance of 0.05 and sensitivity of 0.80 the 
number of patients needed in both groups was 8. Data were analyzed using the 
statistical program SPSS 12.0 for Windows (SPSS Inc, Chicago, IL). Normality of all data 
was verified by the Kolmogorov Smirnov test. Variables with a normal distribution 
were compared among the groups with the independent samples t test. When a 
variable had no normal distribution the Mann Whitney U analysis was applied. 
Results are expressed as mean ± SEM, unless otherwise indicated. A P value < 0.05 was 
considered significant. 

Ethics 

Approval of the Central Committee on Research Involving Human Subject (The 
Hague, The Netherlands) and the local ethical committees in both centers was 
obtained. Written informed consent was obtained from all parents/caregivers. 

RESULTS 

Patient characteristics 

20 critically ill infants with respiratory failure due to RSV infection were included in 
the study (MUMC: n=10; Erasmus MC: n=10). Of these patients 10 were randomized to 
receive PE formula and 10 to receive S formula. Two infants in the PE group were 
withdrawn from the study because they were switched by mistake to non study 
formula after extubation before day 5 in both cases. Patient characteristics are shown 
in Table 2. Gestational age was significantly lower in the PE group, but no other 
differences between the groups were found. Also there were no differences noted 
between patients enrolled in either center (data not shown). Duration of ventilation 
and length of stay on the pediatric ICU did not differ significantly between the 
groups. 
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Table 2. Baseline patient characteristics 

 PE group (n=8) S group (n=10) 

MUMC/Erasmus MC 4 / 4 6 / 4 

Gender (M/F) 2 / 6 3 / 7 

Age (months) 2.7 ± 0.5 3.0 ± 0.6 

Body weight (gram) 3967 ± 357 4791 ± 371 

Crown heel length (cm) 52.1 ± 1.4 55.2 ± 1.5 

Gestational age (weeks) 35.0* ± 1.2 37.3 ± 0.4 

Postmenstrual age (weeks) 46.8 ± 2.9 49.9 ± 3.0 

Birth weight (gram) 2299 ± 341 2846 ± 71 

PRISM score 20.3 ± 1.6 18.6 ± 1.5 

CRP on admission (mg/l) 76.7 ± 23.2 64.4 ± 20.1 

Mechanical ventilation (days)  7.1 ± 2.2 5.5 ± 0.7 

Length of PICU stay (days) 9.0 ± 2.7 6.7 ± 0.7 

PE group, protein energy enriched formula group; S group, standard formula group; MUMC, Maastricht 
University Medical Center; Erasmus MC, Erasmus Medical Center; PRISM, Pediatric Risk of Mortality; CRP, C
reactive protein. Data are presented either as number of subjects or mean ± SEM; *P<0.05 (independent 
samples t test or Mann Whitney U). 

 

Nutrent delivery and tolerance 

Most infants (6 patients in the PE group and 7 in the S group) received infant formula 
before start of the study and were switched to the study formula after randomization. 
Study formulas were started 25.3 ± 5.6 and 23.4 ± 5.4 hours after admission to the PICU 
in the PE  and S group respectively and increased every 12 hours, according to the 
study protocol, until the target volume was reached or the treating physician decided 
to limit further increases of the fluid volume. Volumes of enteral intake increased 
during the study period but were not significantly different between the groups on 
any of the 5 study days (Figure 1)(day 5: 109 ± 4 and 111 ± 5 ml/kg/24h in the PE  and S
group respectively). The same was true for volumes of intravenous fluids (day 5: 20.2 ± 
6.4 and 20.3 ± 4.2 ml/kg/24h in the PE  and S group respectively). In the majority of 
patients in both groups (75% and 80% of patients in the PE group and S group 
respectively) the target volume of enteral intake (130 ml/kg/24h) was not reached 
during the study period due to fluid restriction measures by the treating physician. 
Total intake of energy, protein, carbohydrate and fat on day 1 to 5 in both groups are 
depicted in Figure 2. Energy, protein and fat intake were significantly higher on days 
3,4 and 5 in infants in the PE group compared to the S group, whilst total carbohy
drate intake was higher on days 4 and 5.  
Nutritional intake in the PE infants met the RDA for energy (85 95 kcal/kg/24h), protein 
(1.52 g/kg/24h), carbohydrates (10 g/kg/24h) and fat (4.7 g/kg/24h) already by days 3 to 
5, whilst in S infants this was only the case by day 5. Both formulas were well tolerated 
and gastric distension, vomiting and diarrhea did not occur and feed delivery was not 
reduced or stopped for reasons of intolerance in any of the patients in both groups 
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Figure 1. Volumes of enteral intake on days 1 to 5. Data are presented as mean with error bars representing 
SEM. PE group, protein energy enriched formula fed group (n=8); S group, standard formula fed group (n=10)   

 
 
 

 
Figure 2. Total energy and macronutrient intake on days 1 to 5. Data are presented as mean with error bars 
representing SEM. Dotted lines represent recommended dietary allowances (RDA) for energy, protein, fat and 
carbohydrates. PE group, protein energy enriched formula fed group (n=8); S group, standard formula fed 
group (n=10). *P <0.05, #P <0.01 vs. the S group (independent samples t test or Mann Whitney U). 
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during the study period. Gastric retention volumes however were significantly higher 
in the PE group (9.8 ± 2.7 and 4.7 ± 2.4 ml/24hrs in the PE group and S group respecti

vely, p <0.01). Volume of stools did not differ between the groups (6.4 ± 1.6 and 5.8 ± 
1.7 gram/24 hrs in the PE group and S group respectively). Duodenal drip feed was 
given in 4 infants in the PE group and 4 in the S group. There were no significant 
differences in the amount of feed given between infants receiving nasogastric or 
nasoduodenal feed and there were no differences in gastric retention volumes or 
stool volumes (data not shown).  

Nitrogen balance and plasma amino acid concentrations 

Because of incomplete urinary collections in the majority of patients on the first day 
of admission, 24 hour nitrogen balances and therefore cumulative nitrogen balances 
could only be calculated using data from days 2 to 5. The nitrogen balance increased 
during the study period in both groups but was significantly higher in infants in the 
PE group on days 2 to 5 (Figure 3). Data of day 5 are also shown in Table 3. From the 
second day onwards all infants receiving PE formula were anabolic whereas some 
infants receiving S formula remained catabolic until day 4. Significantly higher 
concentrations of several essential amino acids (histidine, lysine, phenylalanine, 
methionine and valine) and of the non essential amino acid ornithine were found in 
the PE group compared to the S group on day 5 (Table 4). This was also true for the 
sum of the branched chain amino acids (BCAA: isoleucine, leucine and valine) and the 
sum of all essential amino acids (methionine, histidine, phenylalanine, tryptophane, 
lysine, threonine and BCAA). Plasma concentrations of most amino acids did not 
exceed age related reference values (16), except for concentrations of glycine, lysine 
and threonine, which were elevated in both groups. In the S group levels of histidine, 
glutamic acid, valine and isoleucine were below these reference values. 
 
 

 
Figure 3. Cumulative nitrogen and energy balances on days 1 to 5. Data are presented as mean with error bars 
representing SEM. PE group, protein energy enriched formula fed group (n=8); S group, standard formula fed 
group (n=10). *P <0.05, #P <0.01 vs. the S group (independent samples t test or Mann Whitney U). 
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Table 4. Plasma amino acid concentrations on day 51 

 PE group ((n=8) S group ((n=10) 

Methionine2 36* ± 2 28 ± 2 

Histidine2 72* ± 5 58 ± 4 

Phenylalanine2 77* ± 4 64 ± 3 

Tryptophan2 75 ± 5 65 ± 6 

Lysine2 238* ± 27 155 ± 14 

Threonine2 244 ± 44 195 ± 20 

Isoleucine2,3 35 ± 4 27 ± 2 

Leucine2,3 128 ± 6 113 ± 5 

Valine2,3 142* ± 9 112 ± 4 

Ornithine 104* ± 9 80 ± 8 

Glutamic acid 198 ± 21 191 ± 20 

Asparagine 68 ± 8 67 ± 6 

Serine 154 ± 8 143 ± 9 

Glutamine 646 ± 61 610 ± 30 

Glycine 257 ± 20 250 ± 13 

Citrulline 22 ± 3 22 ± 2 

Arginine 101 ± 13 89 ± 7 

Alanine 332 ± 63 294 ± 20 

Taurine 28 ± 6 27 ± 3 

Tyrosine 70 ± 5 59 ± 5 

Sum of all AA 3026 ± 226 2648 ± 98 

Sum of EAA 1047* ± 80 817 ± 42 

Sum of BCAA 305# ± 17 252 ± 9 
1All data in μmol/l and expressed as mean ± SEM. PE group, Protein and energy enriched formula fed group; 
S group, Standard formula fed group; AA, amino acids; Sum of all AA, sum of all measured AA; EAA, 
2essential AA; 3BCAA, branched chain AA. *P <0.05; #P<0.01 (independent samples t test or Mann Whitney 
U). 

 

Energy expenditure and substrate utilization 

Indirect calorimetry was performed daily in a subgroup of 14 infants (5 PE infants and 
9 S infants) fulfilling the entry criteria (tube leakage <10%, FiO2 <60%). 57 measure
ments were performed (2.9 ± 0.6 measurements per patient). The results of day 5 in 
these infants are shown in Table 3. MREE did not differ significantly between PE  and 
S infants on days 1 to 5. The cumulative E balance (calculated in all infants) increased 
in both groups during the study period but was significantly higher in the PE group 
on days 3 5 (Figure 3). RQ on day 4 and 5 was significantly higher in PE patients than in 
S patients. A RQ > 1.0, indicative of overfeeding, was found in two infants in the PE 
group but only on a single occasion (one on day 4 and one on day 5) out of a total of 
22 measurements. Substrate utilization was calculated in the subgroup of patients in 
whom indirect calorimetry could be performed (Table 3).  
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Glucose oxidation was significantly higher in infants receiving PE formula in who 
carbohydrate intake was also higher. Carbohydrate balance was not significantly 
different. Fat oxidation was significantly lower in the PE group compared to the S
group, in spite of a higher fat intake. This resulted in a significantly higher fat balance 
in the PE group. 
 
 

Table 3. Parameters of substrate utilization on day 5 

    PE group S group 

Energy intake2 kcal/kg/day 112# ± 13 82 ± 4 

MEE1 kcal/kg/day 54 ± 3 50 ± 3 

RQ1  0.96# ± 0.02 0.91 ± 0.01 

Cumulative energy balance2 kcal/kg 151# ± 31 26.1 ± 17.2 

Protein intake2 g/kg/day 2.8# ± 0.3 1.5 ± 0.1 

TUN2 mg/kg/day 151 ± 43 117 ± 29 

Cumulative nitrogen balance2 mg/kg 866# ± 113 296 ± 71 

Carbohydrate intake1 mg/kg/day 13.1* ± 1.3 9.9 ± 0.6 

Glucose utilization1 mg/kg/day 14.3* ± 1.3 10.7 ± 1.6 

Carbohydrate balance1 mg/kg/day 0.9 ± 1.0 0.7 ± 1.7 

Fat intake1 g/kg/day 5.8* ± 0.4 3.8 ± 0.2 

Fat utilization1 g/kg/day 0.7* ± 0.3 1.4 ± 0.2 

Fat balance1 g/kg/day 5.1* ± 0.7 2.4 ± 0.4 
1Subgroup of patients (5 PE patients and 9 S patients in whom indirect calorimetry could be performed).2all 
patients. PE group, protein energy enriched formula fed group; S group, standard formula fed group; RQ, 
respiratory quotient; MEE, measured energy expenditure; TUN, total urinary nitrogen excretion; Data are 
presented as mean ± SEM. *P <0.05 #P <0.01 versus the S group (independent samples t  test or Mann
Whitney U). 

 
 
 

Table 5. Biochemical parameters on day 1 and 5 

  Day 1 Day 5 

  PE group 
(n=8) 

S group 
(n=10) 

PE group 
(n=8) 

S group 
(n=10) 

      

Glucose mmol/L 5.4 ± 0.3 5.5 ± 0.3 5.6 ± 0.2 5.2 ± 0.1 

Insulin mU/L 19 ± 5 9 ± 3 17 ± 4 12 ± 3 

Triglycerides mmol/L 0.99 ± 0.14 0.87 ± 0.17 1.36 ± 0.22 1.85 ± 0.35 

NEFA mmol/L 0.37 ± 0.10 0.25 ± 0.04 0.30 ± 0.08 0.42 ± 0.12 

Urea  mmol/L 2.45 ± 0.48 2.27 ± 0.42 1.88 ± 0.59 1.25 ± 0.20 

Creatinine μmol/L 27 ± 4 25 ± 3 27 ± 3 27 ± 3 

CRP mg/L 75 ± 23 75 ± 18 23* ± 7 28* ± 8 

PE, protein energy enriched formula fed group; S, standard formula fed group; NEFA, non esterified fatty 
acids; CRP, C reactive protein. Data are presented as mean ± SEM. *P <0.05 day 5 vs day 1 in same group 
(independent samples t test or Mann Whitney U). 
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Biochemical parameters 

There were no significant differences in biochemical parameters between the study 
groups on day 1 and 5 (Table 5). CRP decreased significantly between day 1 and 5 in 
both study groups. 

DISCUSSION 

The present double blind randomized controlled study compared the nutritional 
effects of a protein energy enriched formula (PE formula, providing 2.6 g protein and 
100 kcal/100ml) with a standard infant formula (S formula, providing 1.4 g protein and 
67 kcal/100ml) in similar groups of critically ill infants in the first 5 days of admission to 
a pediatric ICU. Our results show that the use of a PE formula in critically ill infants 
promotes a higher and more adequate nutrient delivery and improves energy and 
nitrogen balance. 
Gastrointestinal intolerance did not occur in any of the infants in our study and both 
formulas were well tolerated. This is in agreement with studies showing that gastroin
testinal dysfunction is not a major reason for reduced intakes in critically ill infants 
and children Rogers, 2003 #2610] It is also consistent with the finding of Evans et al. 
(17) demonstrating that PE formula is generally well tolerated in infants even when 
given at full strength from the first day of usage. Further support for the safety of PE
formula in critically ill children was found by the evaluation of biochemical parame
ters; plasma levels of triglycerides, NEFA, glucose and insulin were all within normal 
ranges and without significant differences between both groups. The higher protein 
and energy intake in infants in the PE group resulted in a significantly higher net 
positive nitrogen balance suggestive of improved protein accretion and growth in the 
first days after admission, which is considered the most important target of nutritional 
support. This is in agreement with the study of Clarke et al. (18) who demonstrated 
that a high energy, high protein feed can improves length growth in infants with 
growth faltering with various disease states. Is also in agreement with earlier studies 
of preterm infants showing that protein balance and growth can be improved by 
amino acid supplementation (19), while positive effects of a high protein intake have 
also been found in severely ill children (3, 20). 
The positive effect of increasing nutrient intake on protein metabolism is thought to 
be primarily mediated by its effect on the availability of essential amino acids. The 
level of carbohydrate intake alone has no effect on protein metabolism but may have 
an additive effect by stimulating insulin secretion (21). Increase of the plasma concen
tration of essential amino acids and especially the branched chain amino acids have 
been shown to stimulate (muscle) protein synthesis (21), suppress protein breakdown 
(22) and improve net protein balance. Indeed in the present study, infants receiving 
PE formula had significantly higher plasma concentrations of many essential amino 
acids, especially the branched chain amino acids in comparison to the infants receiv
ing S formula. 
High protein intake in infants is associated with hyper aminoacidemia and increased 
blood urea levels (16). However, this did not occur in the infants in the present study. 
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Most plasma essential amino acid concentrations were within normal limits in the PE
group whilst reduced concentrations of several essential amino acids were found in 
infants in the S group. Since limitation in the availability of essential amino acids may 
limit the protein synthetic rate, insufficient intake of essential amino acids in the S
group may have contributed to differences in nitrogen balance found in the present 
study. 
Optimal energy intake in infants recovering from critical illness is not well defined. 
Measurement of energy expenditure (MREE) with indirect calorimetry for tailoring 
energy supply is therefore often advocated (23). However, MREE should be seen as 
the minimum level of intake for maintenance of body functions and not the optimal 
energy intake for critically ill infants because it does not take in account the losses of 
energy via stools (up to 10% in infants) and energy deposition in tissues for growth 
that may be as high as 50 kcal/kg/24h (24). Since the acute metabolic response to 
severe stress will resolve rapidly (<48 hrs) in most infants, normal growth and even 
catch up growth may resume early and energy and protein requirements might be 
equal to RDA. However, a considerable risk of overfeeding also exists, especially due 
to high carbohydrates intake (8), which was the reason for us to evaluate substrate 
utilization by indirect calorimetry. Infants receiving PE formula indeed showed a 
higher RQ, a higher rate of glucose oxidation and a lower rate of fat oxidation. This is 
in agreement with earlier studies showing that glucose oxidation increased in a linear 
manner with increasing carbohydrate intake whilst fat utilization concomitantly 
decreased (25). In two infants receiving PE formula a RQ >1.0 was found in a single 
measurement during the study (two out of the 22 measurements), which may indicate 
carbohydrate overfeeding. Total carbohydrate intake (intravenous and enteral) in 
these two infants was 8.1 and 10.2 mg/kg/min at the time of measurement. Previous 
studies have shown a maximum glucose oxidation capacity ranging from 5 to 9 
mg/kg/min in critically ill children (26, 27) and up to 12.5 mg/kg/min in infants (25). This 
large variation may be explained by differences in methodology (26), the severity of 
the underlying illness (27) and also by individual oxidation capacity of carbohydrates 
(28). Although a RQ >1.0 is often used to detect overfeeding, one should be cautious 
in using it on a single occasion because other factors may also affect RQ, for instance 
a period of tachypnea during weaning from the mechanical ventilation and measure
ment errors (23, 28). 
Although the medical teams in both hospitals were strongly encouraged to maximize 
the delivery of enteral feeding in order to achieve the target volume of enteral intake, 
the actual volume of feeding delivered did not match this target in the majority of 
infants in both groups. This was primarily due to limiting the enteral feeds by the 
treating physician to compensate for fluids given with drugs and infusions and to a 
lesser degree also due to interruptions of enteral feeding for procedures. This is a 
recognized problem in ICU’s and has been reported previously in critically ill children 
as well as in infants (29). In spite of the volume limits of the enteral feeds, nutrient 
intakes in infants receiving the PE formula matched recommended daily allowances 
(RDA) for protein, fat and carbohydrates as early as the third day of admission while S
fed infants achieved RDA by day 5. The importance of our findings is supported by 
the study of Hulst et al. (30) who prospectively studied energy and protein intake in 
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pediatric ICU patients. In the course of their admission these children showed 
significant cumulative nutritional deficits compared to RDA associated with declined 
weight and arm circumference. Since deficits accumulated most rapidly during the 
first days of admission, they emphasized that special attention should be paid to the 
adequacy of feeding during the first days of admission. As shown by our data, a 
protein and energy enriched formula may be of particular benefit to reach nutritional 
goals in critically ill infants in this early phase without the risk of overfeeding. 
 
In conclusion, early enteral administration of PE formula to critically ill infants is well 
tolerated and safe, promotes an adequate nutrient delivery early in admission and 
improves energy and nitrogen balance without adverse metabolic effects. Further 
research is needed to provide insights into the potential long term benefits of using 
PE formula in critically ill infants. 
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ABSTRACT 

Background: Critical illness in infants and children is associated with net protein 
degradation, negative nitrogen balance and loss of lean body mass. Nutritional 
support improves outcome in critically ill adults and children. However, requirements 
for critically ill infants are not well defined. 
 
Objective: To compare the effects of (enteral) feeding with high versus standard 
protein and energy content on whole body protein balance in critically ill infants. 
 
Design: Double blind randomized controlled trial. Critically ill infants (<1year) with 
respiratory failure due to RSV infection were randomized to receive a protein and 
energy enriched formula, PE formula (n=8) (providing 3.0 ± 0.2 g protein/kg/24h and 
118 ± 5 kcal/kg/24h or standard formula, S formula (n=10) (providing 1.6 ± 0.1 g/kg/24h 
protein and 84 ± 3 kcal/kg/24h, equivalent to RDA for healthy infants) during the first 5 
admission days. Primary outcome measures were whole body protein synthesis, 
breakdown and balance, measured by combined intravenous and enteral phenyla
lanine and tyrosine isotope infusions on day 5. 
 
Results: Whole body protein synthesis (9.6 ± 1.6 vs. 5.2 ± 0.8 g/kg/24h; p=0.019), 
protein breakdown (8.9 ± 1.6 vs. 5.2 ± 0.8 g/kg/24h; p=0.046) and net protein balance 
(0.7 ± 0.2 vs. –0.03 ± 0.16 g/kg/24h; p=0.026) were significantly higher in PE fed infants 
compared to S fed infants. 
 
Conclusions: Feeding critically ill infants a high protein and energy formula from the 
first days of admission leads to net protein anabolism. 
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INTRODUCTION 

Critical illness in children is associated with profound changes in protein metabolism 
like increased net protein degradation, negative nitrogen balance and loss of lean 
body mass. This protein catabolism is aggravated by inadequate nutritional intake in 
relation to the substantial protein and energy deficits that are present early during 
admission (1). Protein energy malnutrition is found in 16 24% of these children (2, 3) 
and is associated with adverse outcome (4 6) while critically ill children receiving 
more adequate amounts of nutritional support show significant improvement in 
physiologic stability and outcome (5 8). 
Nutritional supplementation with amino acids can improve net protein balance and 
growth by increasing protein synthesis in preterm infants (9 11). Beneficial effects of 
high protein intake (> recommended dietary allowances (RDA) for healthy children) 
have been described in neonates undergoing surgery (2.5 g/kg/24h)(12), children with 
burns (2.9 4 g/kg/24h) (13) (14) and cystic fibrosis (5 g/kg/24h)(15). In addition, energy 
intake is of importance as it is well established that energy deficiency worsens 
nitrogen balance (16, 17). The goal of nutritional therapy in critical illness is to protect 
lean body mass and function as much as possible and to improve health state by 
providing adequate amounts of substrates. Although high intakes of protein and 
energy may also benefit critically ill infants and children, knowledge on nutritional 
requirements is limited and requires further study. 
Stable isotope methods are most appropriate to determine the effect of nutritional 
interventions on parameters of protein metabolism. Dietary protein is partly extracted 
by the splanchnic area where it serves both the synthesis of liver proteins and the 
accumulation of proteins in the so called labile protein pool in the gut (18). By the 
simultaneous administration of an intravenous and an enteral tracer, the first pass 
splanchnic utilization of dietary protein can be measured and accounted for when 
calculating the whole body effects of nutrition on protein metabolism (19). 
In the present study we measured whole body protein synthesis and breakdown on 
the fifth day of admission, using combined intravenous and enteral phenylalanine 
and tyrosine isotope infusions to study the effect of two infant formulas with different 
protein and energy contents (2.6 g protein and 100 kcal/100 ml vs. 1.4 g protein and 67 
kcal/100ml formula) in two comparable groups of critically ill infants. The primary aim 
of this study was to compare the effects of two levels of dietary protein and energy 
intake on whole body protein balance in these critically ill infants. The second aim 
was to assess splanchnic amino acid utilization during continuous enteral nutrition. 

SUBJECTS AND METHODS 

Patient population 

Infants with respiratory insufficiency and need for mechanical ventilation admitted to 
the pediatric intensive care unit (PICU) of Erasmus Medical Center Sophia Children’s 
Hospital (Erasmus MC) or Maastricht University and Medical Center (MUMC) were 
enrolled if they fulfilled the following inclusion criteria: 1) diagnosis of respiratory 
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syncytial virus (RSV) bronchiolitis (positive RSV immunofluorescence in nasopharyn
geal aspirate); 2) age between 4 weeks–12 months; 3) >40 weeks postmenstrual age; 4) 
ability to start enteral feeding within 24 h after admission; 5) expected length of stay 
>72 hours; 6) exclusively formula fed; 7) venous and arterial catheter. Exclusion 
criteria were 1) history of gastrointestinal, metabolic or chromosomal disorder; 2) 
renal or hepatic disease; 3) parenteral nutrition besides intravenous dextrose. 
The Central Committee on Research Involving Human Subjects (CCMO, The Hague, 
the Netherlands) and the local ethical committee reviewed and approved this study. 
Written informed consent was obtained from the parents of the infants who served as 
study subjects. 
 
 

Table 1. Macronutrient composition of the infant formulas 

Average content per 100 ml  PE formula S formula  

Energy (kcal) 100 67 

Protein (g) 2.6 1.4 

En% 10 8 

Casein / whey (g) 1.0 / 1.6 0.6 / 0.8 

Amino acids    

L Alanine (mg) 117 55 

L Arginine (mg) 83 46 

L Aspartic acid / L Asparagine (mg) 225 120 

L Cystine (mg) 39 22 

L Glutamic acid / L Glutamine (mg) 556 260 

Glycine (mg) 52 27 

L Histidine (mg) 60 35 

L Isoleucine (mg) 159 74 

L Leucine (mg) 278 130 

L Lysine (mg) 257 120 

L Methionine (mg) 68 34 

L Phenylalanine (mg) 112 55 

L Proline (mg) 198 110 

L Serine (mg) 156 69 

L Threonine (mg) 169 73 

L Tryptophan (mg) 39 21 

L Tyrosine (mg) 107 44 

L Valine (mg) 169 82 

Carbohydrates( g) 10.3 7.5 

En % 41 45 

Fat (g) 5.4 3.5 

En% 49 47 

P:E ratio (g protein/100 kcal) 2.6 2.1 
 
PE formula, protein energy enriched formula; S formula, standard infant formula; En%, energy percentage. 
P:E ratio, protein:energy ratio. 
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Nutritional regimen 

Patients were randomized within 24 h of admission to the PICU to receive a standard 
infant formula (Nutrilon 1®, S formula: 1.4 g protein and 67 kcal/100ml) or a protein
energy enriched formula (Infatrini®, PE formula: 2.6 g protein and 100 kcal/100 ml) both 
from Nutricia Nederland BV, Zoetermeer, The Netherlands. Randomization took 
place separately (parallel) in the two centers by using sequentially numbered, opaque 
and sealed envelopes. Both formulas were administered as nasogastric 
(n=10)(MUMC) or as nasoduodenal (n=8)(Erasmus MC) continuous drip using 
calibrated syringe pumps conform institutional guidelines. Compositions of both 
formulas are summarized in Table 1. The study formulas were manufactured, pre
pared and delivered in identical masked and numbered bottles. Researchers, medical 
and nursing staff and patients were blinded to the study formula given. When 
informed consent was obtained, the study formulas were started at 25% of target 
enteral intake (130 ml/kg/24h), estimated to be the maximum achievable volume of 
fluid available for enteral nutrition in these critically ill ventilated infants. Infants 
already receiving enteral feeding at inclusion in the study were switched to the study 
formula. Enteral intake was increased every 12 hours with steps of 25% of the target 
volume of intake with the aim of reaching this target after 36 hours. The treating 
physician however could limit the enteral intake when fluid restriction was deemed 
necessary on clinical grounds. Enteral intake was not changed in the 6 hours before, 
and during the stable isotope tracer measurement. 

Whole body protein kinetics 

On the 5th day of admission whole body protein metabolism was assessed in the fed 
state. An intravenous priming dose was given over a 3 minute period followed by 2 
hours constant intravenous infusion using a calibrated syringe pump. The following 
intravenous isotope infusion rates and priming doses were used: L [ring
2H5]phenylalanine, infusion rate = 4.5 μmol/kg/h, priming dose = 4.4 μmol/kg; L [ring
2H2]tyrosine, infusion rate = 1.5 μmol/kg/h, priming dose = 1.9 μmol/kg; L [ring
2H4]tyrosine, priming dose = 0.63 μmol/kg. Splanchnic phenylalanine utilization was 
assessed by enteral administration of an additional prime continuous infusion of L [1
13C]phenylalanine = 9.0 μmol/kg/h, priming dose = 4.4 μmol/kg. All isotope tracers (> 
98 atom percent excess) were purchased from Cambridge Isotope Laboratories 
(Woburn, MA, USA) as sterile pyrogen free powders. Infusates were prepared 
aseptically by the clinical pharmacists at the participating centers. Before and during 
tracer administration 500 μl arterial blood samples were taken at 0, 60, 90, and 120 
minutes time points in tubes containing heparin, immediately put on ice and subse
quently centrifuged at 4° C for 10 min. (3500 g) to obtain plasma. Plasma was depro
teinized with sulfosalicylic acid (5%) and immediately frozen in liquid nitrogen and 
stored at –80° C until analysis. Plasma amino acid concentrations were analyzed at 
MUMC using a fully automated high performance liquid chromatography 
(HPLC)(Pharmacia, Woerden, The Netherlands) as described by van Eijk et al. (20) with 
variation coefficients <3%. The tracer to tracee ratios (TTRs) of L [ring 2H5]Phe, L [1
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13C]Phe and L [ring 2H2]Tyr and L [ring 2H4]Tyr were analyzed using a liquid chroma
tography mass spectrometry system (LC MS; Thermoquest LCQ, Veenendaal, The 
Netherlands), after pre column derivatization with 9 fluorenylmethylchloroformate 
(21). 
 
 

PB

PI PI SPE

PS + oxidation

SPE

SP (gut+liver)

systemic plasma pool

PS

oxidation
= OH

2H5-PHE

13C-PHE

 

Figure 1. Single pool model of protein metabolism and amino acid tracer fluxes as used In the present study. 
PB, protein breakdown; PI, protein intake; PS, protein synthesis; OH, hydroxylation; SP, splanchnic pool; SPE, 
splanchnic extraction; PIspe, protein 
intake available for protein synthesis/oxidation. 

 
 
Calculations 

We used a 2 pool model in which the whole body amino acid pool is assumed to be 
homogeneous with a constant exchange of amino acids that enter and exit from a 
metabolic pool of amino acids, because all proteins are constantly being synthesized 
and simultaneously degraded (Figure 1). TTRs were corrected for background 
enrichment, and, when multiple masses of one amino acid were enriched, contribu
tion of isotopomers from lower masses to the measured TTRs were accounted for as 
described by Vogt et al. (22). The flux of amino acids or protein turnover is defined 
under steady state conditions as the total flux into or out of the active metabolic 
amino acid pool. The influx into the metabolic pool is from protein breakdown (PB) 
and protein intake (PI). The efflux from the metabolic pool includes amino acids used 
for protein synthesis (PS) and for oxidation/hydroxylation. In case of phenylalanine, 
oxidation resembles phenylalanine hydroxylation (OH) to tyrosine. During feeding: 
protein turnover = PB +PI = PS + OH (23). Splanchnic extraction (SPEPhe) represents 
the fraction (in %) of nutritional Phe that is taken up by the gut and liver during its 
first pass and metabolized via oxidation or protein synthesis. SPEPhe (%) is calculated 
as (24): 
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- SPEPhe = [1  (Wb Ra[2H5]Phe / Wb Ra[13C]Phe)]* 100% 
 
where Wb Ra[2H5]Phe and Wb Ra[13C]Phe represent whole body rate of appearances 
of Phe calculated from the intravenous [2H5]Phe and enteral [13C]Phe, respectively. 
Phenylalanine intake available for peripheral protein synthesis and oxidation (PISPE in 
μmol/kg/h) is calculated as: 
 
- PISPE = Dietary intake of Phe x (1 – SPEPhe *0.01) 
 
The absolute splanchnic extraction (ASPE) of Phe from the meal (in μmol/kg/h) can be 
calculated by multiplying SPEPhe and the nutritional Phe intake. 
Further equations used (all rates are expressed as μmol/kg/h): 
 
- Whole body rate of tracer appearance (WbRa) = intravenous or enteral amino 

acid tracer infusion rate / TTR where TTR is the tracer to tracee ratio in arterial 
plasma. 

- Hydroxylation of Phe into Tyr (OHPhe>Tyr) = WbRa[2H2]Tyr x (TTR[2H4]Tyr / 
TTR[2H5]Phe). 

- Whole body Breakdown (WbPB) = Whole body endogenous rate of appearance 
of Phe (Wb endRaPhe) = WbRaPhe – PISPE 

- Whole body Protein Synthesis (WbPS) = WbRaPhe – OHPhe>Tyr 
- Whole body Protein Balance (Wb PBal) = Wb PS – Wb PB 
 
To calculate the rates of whole body protein kinetics in g/kg/24h, we used a molecular 
weight of Phe of 165.2 g/mol and a phenylalanine content of human protein of 280 
�mol/g protein (25). 

Nitrogen balance 

As a second estimate of whole body protein metabolism, we assessed the 24 hours 
nitrogen balance on the study day by measuring urinary urea concentration in urine 
collected by urinary catheter. Urea was determined by an enzymatic method (Urease) 
on a routine clinical chemistry analyzer (Synchron LX20 Pro, Beckman Coulter Inc., 
Fullerton, CA, USA). Urinary urea concentration (mmol/L) was converted to urinary 
urea nitrogen excretion (UUN) and subsequently total urinary nitrogen excretion 
(TUN) with the following equations. Equation 1: UUN (mg/kg/24h) = urinary urea 
concentration (mmol/L) * urine volume (L/24h) * 28.02(mg/mmol) * BW (kg) –1. Equa
tion 2: TUN (mg/kg/24h) = UUN * 1.25, the factor 1.25 was used to correct for non urea 
nitrogen. Equation 3: Nitrogen balance (NB) = total daily protein intake (mg/kg/24h) / 
6.25 – TUN, the factor 6.25 representing the average amount of nitrogen in protein.  
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Further blood analyses 

Plasma concentrations of C reactive protein (CRP), glucose, insulin, and urea were 
determined in arterial blood obtained before start of the protein kinetic study. 
Determination of glucose, urea, and CRP were done on a routine clinical chemistry 
analyzer (Synchron LX20 Pro, Beckman Coulter Inc., Fullerton, CA, USA). Urea was 
determined by an enzymatic rate method (Urease), glucose was determined using 
Glucose Oxidase (GOD PAP), and CRP with immunoturbidimetry (CRPLX). Plasma 
insulin concentrations were determined on an AutoDelfia (Perkin Elmer Life and 
Analytical Sciences, Wellesley, MA, USA) by an Immunofluorimetric monoclonal 
antibody (IFMA) assay. 

Clinical parameters 

Anthropometric measurements were taken at inclusion in the study but were not 
repeated because the severity of illness with concomitant edema formation in all 
infants precluded accurate measurements, whereas the study feeding period was too 
brief to cause significant alterations in anthropometric values. Severity of illness, 
calculated over the first 24 hours of admission, was assessed by the Pediatric Risk of 
Mortality (PRISM II) (26) score. Outcome measures like duration of mechanical 
ventilation and length of stay in the PICU were registered. 

Statistical analysis 

Power analysis was performed based on results of protein metabolism parameters in 
infants obtained in earlier reports (27). With two sided significance of 0.05 and 
sensitivity of 0.80 the number of patients needed in both groups was 6. All data were 
analyzed with the SPSS statistical software package (version 12.0; SPSS, Chicago, IL). 
Normality of all data was verified by the Kolmogorov Smirnov test. Variables with a 
normal distribution were compared among the groups with the independent samples 
t test. When a variable had no normal distribution the Mann Whitney U analysis was 
applied. Correlations amongst whole body protein metabolism parameters and 
between whole body protein metabolism and plasma amino acids were tested by 
using Spearman correlation coefficients. Statistical significance was defined as a two
tailed P<0.05. Data are presented as mean ± SEM. 

RESULTS 

20 critically ill infants with respiratory failure due to RSV infection were included in 
the study (MUMC: n=10; Erasmus MC: n=10). Of these patients 10 were randomized to 
receive PE formula and 10 to receive S formula. Baseline patient characteristics are 
shown in Table 2. Two patients in the PE group were excluded from the final analysis 
because they were switched by mistake to non study feeding before the tracer 
infusion protocol. Gestational age was significantly lower in the PE group, but birth 
weight, postmenstrual age, length and body weight on admission did not differ 
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significantly between groups. CRP and PRISM score on admission, duration of 
ventilation and length of stay on the pediatric ICU did not differ significantly between 
groups. There were no significant differences in baseline characteristics between 
patients enrolled in the two centers (data not shown). 
 

Table 2. Baseline patient characteristics 

 PE group 
(n=8) 

S group 
(n=10) 

MUMC/Erasmus MC 4 / 4 6 / 4 

Gender (M/F) 2 / 6 3 / 7 

Age (months) 2.7 ± 0.5 3.0 ± 0.6 

Body weight (gram) 3967 ± 357 4791 ± 371 

Crown heel length (cm) 52.1 ± 1.4 55.2 ± 1.5 

Gestational age (weeks) 35.0* ± 1.2 37.3 ± 0.4 

Postmenstrual age 
(weeks) 

46.8 ± 2.9 49.9 ± 3.0 

Birth weight (gram) 2299 ± 341 2846 ± 71 

PRISM score 20.3 ± 1.6 18.6 ± 1.5 

CRP on admission (mg/l) 76.7 ± 23.2 64.4 ± 20.1 

Mechanical ventilation 
(days)  

7.1 ± 2.2 5.5 ± 0.7 

Length of PICU stay 
(days) 

9.0 ± 2.7 6.7 ± 0.7 

PE group, protein energy enriched formula fed group; S group, standard formula fed group; MUMC, 
Maastricht University and Medical Center; Erasmus MC, Erasmus Medical Center; PRISM, Pediatric Risk of 
Mortality; CRP, C reactive protein. Data are presented either as number of subjects or mean ± SEM; *P <0.05 
(independent samples t test or Mann Whitney U). 

 

Nutritional intake 

Study formulas were started 25 ± 6 and 23 ± 5 hours after admission in PE  and S
infants respectively and increased according to protocol. Although the volume of 
enteral intake did not differ between the groups on any of the 5 study days (22 ± 12, 67 

± 8, 87 ± 7, 101 ± 11, 109 ± 7 ml/kg/24h respectively in the combined group of infants on 
days 1 5). the target enteral intake was not reached in the majority of infants in both 
groups within the 5 days of the study period. This was primarily due to fluid restric
tion measures by the treating physician and to a lesser degree to interruptions of 
enteral intake for procedures. Table 3 shows the rates of nutrient intake during the 
stable isotope study. Protein, energy, carbohydrate and fat intake were significantly 
higher in PE fed compared to S fed infants. PE infants had higher protein (200%) and 
energy (140%) intake compared to RDA for healthy infants below 6 months (1.5 g 
protein/kg/24h, 85 95 kcal/kg/24h) (28) while protein and energy intake matched RDA 
in S infants. No differences in protein and energy intake between centers were found 
(data not shown). 
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Table 3. Rate of nutrient intake during the tracer infusion protocol on day 5 

   PE group 
(n=8) 

S group 
(n=10) 

Energy  kcal/kg/24h 118# ± 5 84 ± 3 

Carbohydrates:         

 intravenous g/kg/24h 1.3 ± 0.5 1.7 ± 0.6 

 enteral g/kg/24h 11.8# ± 0.5 8.5 ± 0.4 

Fat  g/kg/24h 6.2# ± 0.6 4.0 ± 0.2 

Protein  g/kg/24h 3.0# ± 0.2 1.6 ± 0.1 

Data presented as mean ± SEM. PE group, protein and energy enriched formula fed group; S group, 
standard formula fed group. #P <0.01 versus the S group (independent samples t test or Mann Whitney U). 

 

Whole body phenylalanine kinetics 

Isotopic enrichment reached a steady state level after 1 hour of tracer infusion as 
shown by the lack of a statistically significant slope of the plasma L [ring
2H5]phenylalanine, L [1 13C]phenylalanine, L [ring 2H2]tyrosine and L [ring
2H4]tyrosine tracer to tracee ratios (Figure 2). The coefficients of variation at plateau  
for the L [ring 2H5]phenylalanine, L [1 13C]phenylalanine, L [ring 2H2]tyrosine and L
[ring 2H4]tyrosine enrichments were 6%, 8% and 8%, 9% respectively. Results of 
splanchnic and whole body phenylalanine kinetics are shown in Table 5. No signifi
cant differences were found between infants fed by the nasogastric or nasoduodenal 
route (data not shown).  
 
 

 
Figure 2. Tracer to tracee ratios of L [ring 2H5]phenylalanine, L [1
13C]phenylalanine, L [ring 2H2]tyrosine and L [ring 2H4]tyrosine during the 2 
hour tracer infusion, corrected for baseline enrichment. Data presented as 
mean ± SEM. 
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Table 5. Splanchnic and whole body phenylalanine kinetics on the fifth day of admission1  

 PE group 
(n=8) 

S group 
(n=10) 

Splanchnic Phe kinetics        

Dietary Phe intake  32.3# ± 1.1 13.7 ± 0.8 

SPEPhe (%) 39.8 ± 6.7 52.4 ± 4.8. 

ASPEPhe 12.7 ± 1.9 8.3 ± 0.9 

PISPE  19.6# ± 2.6 7.4 ± 0.7 

Whole body Phe kinetics       

Wb RaPhe  124.5* ± 14.5 67.9 ± 9.9 

Wb RaTyr  115.4* ± 10.7 57.6 ± 3.0 

Wb endogenous RaPhe  105.0* ± 12.6 60.5 ± 10.3 

Wb Phe utilization for PS  112.5* ± 11.8 60.4 ± 9.1 

WbOHPhe>Tyr 13.5 ± 3.4 7.7 ± 1.5 

Wb net Phe balance 7.5* ± 1.4 0.06 ± 0.9 
1All data in μmol/kg/hr unless otherwise specified and presented as mean ± SEM. PE group, protein and 
energy enriched formula fed group; S group, standard formula fed group; Phe, phenylalanine; Tyr, tyrosine; 
SPE, splanchnic extraction; ASPE, absolute splanchnic extraction; PISPE, protein intake available for protein 
synthesis and oxidation; Wb Ra, whole body rate of appearance; WbOHPhe>Tyr, whole body Phe hydroxyla
tion to Tyr. *P <0.05; bP <0.01 (independent samples t test or Mann Whitney U). 

 
 
The higher protein intake in PE infants resulted in significantly higher phenylalanine 
intake compared to S infants. Splanchnic phenylalanine extraction (SPEPhe), expressed 
as a percentage of phenylalanine intake tended to be lower in PE  compared to S
infants  (P=0.08) while absolute splanchnic phenylalanine extraction (ASPEphe) (in 
�mol/kg/h) did not differ between groups (P=0.16). Dietary phenylalanine intake 
available for peripheral protein synthesis and oxidation (PISPE) was significantly higher 
in the PE group. 
Whole body Ra of phenylalanine (WbRaPhe) (reflecting protein turnover) was 
significantly higher in PE infants compared to S infants. This was also the case for the 
endogenous phenylalanine Ra (WbendRaPhe, reflecting Wb protein breakdown, 
WbPB) and the Phe utilization for protein synthesis (reflecting Wb protein synthesis, 
WbPS). Although WbPB and WbPS were both higher in PE infants, Wb net Phe 
balance (reflecting net protein balance, WbPBal) was positive in these infants, i.e. 
indicating net protein synthesis or anabolism, and significantly higher than in S
infants, in whom WbPBal was not significantly different from zero. A negative WbPBal 
(reflecting catabolism) was found in one patient (12.5%) in the PE group but in four 
infants in the S group (40%). Figure 3 depicts the rates of WbPS, WbPB and WbPBal in 
g protein/kg/24h.  
Phenylalanine hydroxylation to tyrosine (WbOHPhe>Tyr) was higher in PE infants 
compared to S infants but differences were not significant (P=0.24). A significant but 
negative correlation however was found between phenylalanine hydroxylation and 
WbPBal in both groups of patients (r = 0.76 and r = 0.69 in PE and S infants respec
tively, both p<0.05). When phenylalanine kinetics were calculated without correction 
for first pass splanchnic phenylalanine extraction WbPB was 15% lower in PE infants 
and 18% lower in S infants (92 ± 11 vs. 52 ± 8 μmol/kg/h in PE  and S infants respec
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tively) while WbPBal was 74% higher in PE  and 58% higher in S infants (20.4 ± 2 vs. 8.5 
± 1 μmol/kg/h). Figure 3 depicts the rates of WbPS, WbPB and WbPBal in g pro
tein/kg/24h. 
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Figure 3. Whole body protein synthesis (WbPS), protein breakdown (WbPB) (Panel A) and whole body net 
protein balance (WbPBal) (Panel B) in protein and energy enriched formula fed infants (PE group, open bars) 
and standard infant formula fed infants (S group hatched bars). Data presented as mean ± SEM. *P<0.05 vs. the 
S group (independent samples t test or Mann Whitney U). 

 

Nitrogen balance 

The results of the phenylalanine and tyrosine kinetics were in line with the results of 
the 24 hour total urinary nitrogen excretion (TUN). TUN, as a measure of amino acid 
oxidation, was higher in the PE formula fed infants compared to the S fed infants, but 
not significantly so (151 ± 43 and 117 ± 29 mg/kg/24h respectively). 24 hours nitrogen 
balance was significantly higher in the PE fed infants compared to S fed infants (297 ± 
56 and 123 ± 28 mg/kg/24h respectively; p<0.05). 

Plasma metabolites 

In the fed state on day 5, plasma concentrations of urea (1.9 ± 0.6 and 1.3 ± 0.2 mmol/l), 
glucose (5.6 ± 0.2 and 5.2 ± 0.1 mmol/l) and insulin (17 ± 4 and 12 ± 3 mU/l) did not 
differ between PE  and S infants. This was also the case for plasma concentrations of 
CRP, a sensitive measure of inflammation (23 ± 7 and 28 ± 8 mg/l in PE  and S infants 
respectively). To evaluate the effect of both formulas on amino acid metabolism we 
measured plasma amino acid concentrations in arterial blood taken just before tracer 
administration on day 5 (Table 4). Concentrations of histidine, valine, methionine, 
phenylalanine and lysine were significantly higher in PE infants compared to S
infants. This was also the case for the sum of the branched chain amino acids (BCAA) 
and the sum of essential amino acids. To understand if plasma amino acid concentra
tions possibly could drive protein anabolism in these critically ill children, we calcu
lated the correlations between the plasma amino acid concentration, WbPS and 
WbPBal. WbPS was positively correlated with plasma concentrations of histidine 
(r=0.46, p<0.05), methionine (r=0.64, p<0.01), tryptophan (r=0.51, p<0.05), leucine 
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(r=0.56, p<0.05), isoleucine (r=0.47, p<0.05) and also with the sum of BCAA (r=0.51, 
p<0.05) and the sum of essential amino acids (r=0.51, p<0.05). WbPBal was positively 
correlated with isoleucine (r=0.52, p<0.05), valine (r=0.46, p<0.05) and sum of BCAA 
(r=0.53, p<0.05). Whole body phenylalanine kinetics were not related to severity of 
inflammation (plasma CRP concentration) or with parameters of glucose metabolism 
(plasma glucose or insulin concentrations). 
 
 

Table 4. Plasma amino acid concentrations on day 51 

 PE group 
(n=8) 

S group 
(n=10) 

Methionine2 35* ± 2 28 ± 2 

Histidine2 73* ± 5 58 ± 4 

Phenylalanine2 78* ± 4 64 ± 3 

Tryptophane2 75 ± 5 65 ± 6 

Lysine2 223* ± 27 155 ± 14 

Threonine2 205 ± 44 195 ± 20 

Isoleucine2,3 34 ± 4 27 ± 2 

Leucine2,3  129 ± 6 113 ± 5 

Valine2,3  141* ± 9 112 ± 4 

Ornithine 104 ± 9 80 ± 8 

Glutamic acid 197 ± 21 191 ± 20 

Asparagine 62 ± 8 67 ± 6 

Serine 146 ± 8 143 ± 9 

Glutamine 630 ± 61 610 ± 30 

Glycine 240 ± 20 250 ± 13 

Citrulline 20 ± 3 22 ± 2 

Arginine 95 ± 13 89 ± 7 

Alanine 291 ± 63 294 ± 20 

Taurine 24 ± 6 27 ± 3 

Tyrosine 70 ± 5 59 ± 5 

Sum of all AA 2873 ± 226 2648 ± 98 

Sum of EAA 994* ± 69 817 ± 42 

Sum of BCAA 304# ± 19 252 ± 9 
1All data in μmol/l and presented as mean ± SEM. PE group, protein and energy enriched formula fed group; 
S group, standard formula fed group; AA, amino acids; sum of all AA, sum of all measured AA; 2EAA, 
essential AA; 3BCAA, branched chain AA. *P <0.05, #P <0.01 (independent samples t test or Mann Whitney 
U). 

DISCUSSION 

In the present study we compared the effects of a standard infant formula (S formula; 
providing 1.6 g protein/kg/24h and 84 kcal/kg/24h) with a protein and energy enriched 
formula (PE formula; providing 3.0 g protein/kg/24h and 118 kcal/kg/24h, equivalent to 
RDA for healthy infants) on whole body protein balance (Wb PBal) in critically ill 
infants. Wb PBal was measured by combined intravenous and enteral phenylalanine 
and tyrosine isotope infusions on the fifth day of admission. Our results clearly show 
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that the provision of high protein and energy intakes, achieved with the PE formula, 
promote anabolism in these critically ill infants as shown by a significantly higher and 
positive WbPBal. This was due to an increased rate of whole body protein synthesis 
(WbPS) that exceeded the rate of protein breakdown (WbPB). Phenylalanine hydroxy
lation to tyrosine, as a measure of amino acid oxidation was not increased in the 
infants receiving the PE formula and did not induce a rise in plasma urea. Results of 
the 24 hour nitrogen balance were in line with these results. 
Most knowledge about the effect of nutritional interventions on whole body protein 
metabolism in infancy has been obtained in studies of parenterally fed premature and 
term neonates (9, 27, 29 31), using leucine or phenylalanine and tyrosine kinetics. 
Comparable to our findings, these studies have shown that (intravenous) amino acid 
supplementation can improve WbPBal by stimulating WbPS (9,27,29,31,32). Our study, 
however, demonstrates for the first time that in critically ill infants the enteral 
provision of high amounts of protein and energy can stimulate WbPS and improve 
WbPBal without significant side effects.    
The higher rate of whole body protein breakdown (WbPB) in the critically infants 
receiving the PE formula in our study seems to contrast with results of some earlier 
reports that demonstrated lower rates of WbPB during amino acid supplementation. 
However, a suppressive effect of amino acid supplementation on WbPB was only 
found in those studies (31,33) that compared the rates of WbPS and WbPB obtained in 
the basal (fasted) state with those obtained after short term  (intravenous) amino acids 
supplementation. In contrast, in studies more similar to our study design, that 
evaluated the effects of continuous amino acid supplementation, no decrease (9,29) 
or even an increase in WbPB (34) was found. Wolfe et al. (35) studied leucine kinetics 
in critically ill adults with burn injury and also found that both WbPB and WbPS were 
higher in patients receiving a high protein intake (2.2 g/kg/24h) when compared to 
those receiving a low protein intake (1.4 g/kg/24h) for three days. WbPBal however did 
not improve with the higher protein intake. Patterson et al. (14) studied phenylalanine 
and tyrosine kinetics in critically ill children with severe burn injury receiving normal 
enteral protein intake (1.2 g/kg/24h), high protein intake (1.84 g/k/24h) or very high 
protein intake  (2.9 g/k/24h) for 4 days. No significant differences in the rates of WbPB 
were found between the groups although WbPB increased gradually (70.8, 76.8 to 78.6 
μmol/kg/hr in the three groups respectively). Although WbPS was not calculated, net 
skin protein synthesis was increased in the group receiving the very high protein 
intake. In children recovering from malnutrition, the rates of whole body protein 
turnover, synthesis and breakdown obtained with [15N]glycine kinetics were found to 
be twice as high several days after introduction of enteral feeding than on admission 
(36) while WbPBal was positive. These studies in different patient groups and with 
different tracer methodologies in combination with animals experiments (37), support 
our findings that increasing protein intake can stimulate both WbPB and WbPS at the 
same time, possibly by increasing whole body protein turnover (35). Furthermore the 
present study in critically ill infants shows that high protein and energy intakes 
stimulate WbPS more than WbPB resulting in a positive WbPbal.  
When protein intake exceeds nutritional needs, excess amino acids are oxidized in 
the liver with the formation of urea (or hydroxylated in the case of phenylalanine). In 
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the present study however, phenylalanine hydroxylation, as a measure of amino acid 
oxidation, tended to be higher in the PE formula fed infants when compared to the S 
fed infants but differences were not significant. Earlier reports in premature and term 
neonates have demonstrated that amino acid oxidation and urea genesis increases 
with increasing amino acid supplementation. The lack of a significant difference in 
phenylalanine hydroxylation between the groups in the present study may suggest 
that the level of protein intake did not exceed amino acid requirements for protein 
synthesis. This is further supported by the absence of increased plasma urea concen
trations in the PE formula fed infants. In the enterally fed infants in the present study 
splanchnic phenylalanine extraction amounted to 50% of phenylalanine intake. 
Although our study is the first to report values for splanchnic phenylalanine utiliza
tion in critically ill infants on continuous enteral nutrition, comparable values have 
been described in normal volunteers after a complete meal (19) and in enterally fed 
piglets. Splanchnic phenylalanine extraction was not significantly affected by differ
ences in protein intake in the infants in the present study, although studies of  
premature infants (38) and piglets (39) have shown that during restriction of enteral 
protein intake splanchnic phenylalanine extraction increases in comparison with 
adequate enteral feeding. The lack of a difference between the groups in our study 
may be explained by the fact that although the infants in the S group received less 
protein than the PE group they were not protein restricted. Furthermore our results 
show that when phenylalanine and tyrosine kinetics are investigated in enterally fed 
subjects, the influence of first pass splanchnic amino acid utilization should be taken 
in account. Without correction for splanchnic phenylalanine extraction Wb PB would 
have been underestimated with at least 15 % while whole body protein balance would 
be overestimated with 60%.   
Although our study design, comparing the effect of two clinically available infant 
formulas with different nutrient composition, makes it difficult to discern the influ
ences of the separate macronutrients on whole body protein metabolism, studies of 
adults and children have shown that protein is the major dietary determinant of 
whole body protein metabolism as long as energy intake is sufficient (40). Further
more our finding of a positive relationship between WbPS and WbPBal on the one 
hand and plasma concentrations of several essential amino acids on the other hand 
suggests that increased dietary amino acid intake is the major stimulus for the 
increased WbPS and WbPBal in the PE fed infants in our study. This also fits with 
previous observations in healthy adults, which indicated that essential amino acids 
are the primary stimuli for (muscle) protein synthesis (41). Studies of  premature and 
term newborn infants have also shown that protein synthesis and protein deposition 
can be stimulated by increasing amino acid intake while energy intake is kept con
stant (29). Although carbohydrates and fat can exert a positive effect on protein 
metabolism due to their insulinogenic effects, plasma insulin concentrations did not 
differ between the infants receiving the PE  or S formula in our study. Earlier studies 
also have shown that the type of energy does not influence protein synthesis and that 
carbohydrates and fats are equally effective in maintaining nitrogen balance or 
growth as long as energy intake is sufficient (17). 
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In conclusion, high protein and energy intakes in critically ill infants in the first days 
of admission using a protein and energy enriched formula lead to protein anabolism 
by stimulating whole body protein synthesis in spite of a concomitant increase in 
whole body protein breakdown and without signs of protein intolerance. Splanchnic 
phenylalanine extraction is significant and should be taken into account when 
phenylalanine kinetics are measured in enterally fed infants. Further research is 
needed to study to the effects of protein and energy enriched formulas on outcome 
in critically ill infants.  
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INTRODUCTION 

The critically ill child is subject to two important metabolic responses, the protein 
catabolic response to stress combined with the response to (semi)starvation. This 
leads to rapid development of protein and energy deficits and disease related 
malnutrition associated with negative effects on recovery and outcome (1,98). 
Nutritional support should supply sufficient protein and energy to prevent catabolism 
of body stores, supply substrates for synthesis of proteins involved in immune 
defense and injury repair and extra protein and energy for catch up growth in the 
recovery phase. Little information however exists on the optimal amounts of macro
nutrients that should be administered to critically ill children to achieve these goals. 
In the studies of this thesis we investigated the alterations in protein and amino acid 
metabolism during critical illness in infants and children and the consequences for 
nutritional support by using different methodologies.  

METHODS TO MEASURE PROTEIN AND AMINO ACID METABOLISM IN CRITICALLY 
ILL CHILDREN 

In paragraph 2.9 we addressed the difficulties in assessing protein and amino acid 
metabolism in critically ill children, due to the fact that many research methods that 
are acceptable for use in critically ill adults are too invasive and therefore not accept
able for use in critically ill children. We summarized the methods that can be used in 
critically ill children and were used in the studies in this thesis (Table 1). 

Plasma amino acid concentrations 

Determination of plasma amino acid concentrations can be useful in nutritional 
science to detect deficiencies and excesses of dietary amino acid intake (2, 3) as long 
as the interpretation takes the (patho)physiologic situation into account (4). In 
Chapter 5 we investigated plasma amino acid concentrations in groups of critically ill 
children with viral respiratory disease, accidental or surgical trauma or with meningo
coccal septic shock. Measurements were performed in arterial blood, collected at 
admission, in the fasted state and under standardized and optimal conditions as 
described by van Eijk et al. (5, 6). In a subgroup of children the measurements were 
repeated on day 3 and 7 while they were receiving a continuous enteral infusion of 
standard pediatric enteral nutrition. Our results show that critical illness in children is 
characterized by decreased plasma concentrations of most amino acids and especially 
those of arginine, glutamine and citrulline occurring in the early and acute phase of 
critical illness. A strong inverse relationship was found between plasma amino acid 
concentrations and severity of illness but a striking and new finding was that plasma 
arginine, citrulline and glutamine concentrations were strongly but inversely related 
to the severity of the inflammatory response as expressed by the plasma CRP concen
tration. Although Beisel et al. (7) also described generalized hypoaminoacidemia 
during critical illness but others found normal amino acid levels or even increased 
levels and without a relationship with severity of illness (8). Our findings are in line 
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with the concept that changes in plasma amino acid levels may be a reflection of 
increased amino acid utilization in spite of an increased amino acid efflux from 
muscle protein breakdown. Low plasma amino acid levels may have potential nega
tive effects on net protein balance given the fact that protein synthesis is most 
strongly regulated by the plasma amino acid availability (9). Although parenteral 
amino acid administration has been shown to correct low plasma amino acid concen
trations in preterm infants and promote anabolism (10) the benefits of correcting low 
amino acid levels with enteral or parenteral amino acid supplementation in the acute 
phase of critical illness remains to be established both in critically ill adults and 
children. 
In Chapter 6 and 7 we assessed plasma amino acid concentrations in critically ill 
infants to compare the metabolic effects of early administration of two enteral 
formulas with different protein and energy content. In infants receiving a protein and 
energy enriched infant formula the plasma concentrations of most essential amino 
acids were significantly higher but within normal reference limits compared to the 
infants receiving the standard formula in which plasma amino acid levels were below 
reference limits. This demonstrates that early enteral administration of sufficient 
amounts of protein can improve plasma amino acid concentrations in critically ill 
infants. In Chapter 7 we also showed that increasing the plasma levels of BCAA’s and 
other essential amino acids improved whole body protein synthesis and net protein 
balance. Together the results of our studies suggest that assessment of plasma amino 
acid concentrations is a useful tool to investigate protein and amino acid metabolism 
and the effects of nutritional in critically ill children. Furthermore, our results demon
strate that increasing plasma amino acid availability by early enteral administration of 
sufficient protein lead to anabolism as shown by the positive nitrogen balance and 
increased protein synthesis and net protein balance. 

Whole body protein metabolism 

It is generally accepted that the best way to evaluate changes in protein and amino 
acid metabolism is through the use of stable isotope tracer methods. The most often 
used stable isotope tracer methods make use of [15N]glycine (11), L [1 13C]leucine(12) 
or L [2H5]phenylalanine (13, 14). However most stable isotope methods require 
intravenous infusions of amino acids labeled with stable isotopes and repeated blood 
sampling, which is often considered as an unacceptable burden for the child. Criti
cally ill children however often have need for placement of venous and arterial 
catheters in the acute phase of the disease and therefore these methods can be used 
more easily in these children. However given the relatively short length of stay of 
most patients in de pediatric ICU (5 7 days), intravenous tracer methods are less 
suitable for serial evaluation of protein metabolism in critically ill children, for 
instance to monitor the effect of nutritional interventions. It is also impossible to 
obtain results in healthy children in order to make comparisons with a control group 
possible. 
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The [15N]glycine single oral dose method 

The [15N]glycine single oral dose method proposed years ago by Waterlow et al. (11) is 
a method to evaluate whole body protein metabolism (WbPM) in a non invasive 
manner. In this method a single oral of dose of [15N]glycine is given and rates of 
protein turnover are calculated from the15N content of its end products (ammonia or 
urea) in urine collected over 9 hours. When ammonia is used as end product the 
method requires no blood sampling due to the small plasma pool of ammonia, which 
makes it particularly suitable for use in the pediatric population. In Chapter 3 we used 
this method to measure whole body protein metabolism in critically ill children with 
meningococcal septic shock and compared the results with those obtained in non
critically ill children with pneumonia outside the pediatric intensive care and also in a 
group of healthy children in which measurements were made both during feeding 
and in the fasted state. Whole body protein metabolism in children with meningo
coccal septic shock was characterized by increased protein turnover, increased 
protein synthesis and protein breakdown compared to healthy children. Protein 
breakdown exceeded protein synthesis in the most severely ill children leading to 
negative protein balance. In the children with pneumonia, protein breakdown and 
protein synthesis were also increased compared to the healthy children but to a 
lesser degree. The results found in our study were comparable to results found in 
earlier reports on critically ill children and adults using intravenous tracer protocols 
(15, 16). A close relation was found between the alterations in whole body protein 
metabolism and differences in severity of illness as expressed by the PIM score, 
demonstrating the close interaction between the degree of catabolism and the 
magnitude of the stress imposed as described earlier in studies using both nitrogen 
balance and stable isotope methods (15, 17 18). Although our results obtained with 
the [15N]glycine single oral dose method were in line with results obtained in earlier 
studies, this does not imply that the method can be validly used in critically ill 
pediatric patients. The metabolism of glycine is not well understood and sources of 
error may be difficult to recognize. This is reflected by the observation that different 
rates of protein turnover can be calculated when either ammonia or urea is used as 
end product (19). Van Goudoever et al. (153) assessed whole body protein metabo
lism in preterm infants, using intragastric infusions of [15N]glycine and [13C]leucine 
but on two separate days. Although the group means were comparable, individual 
rates obtained from the different methods did not correspond well. Still, this non
invasive method has significant advantages over the intravenous tracer methods but 
needs further validation before it can be advocated for the assessment of whole body 
protein metabolism in critically ill children. This should be done by the assessment of 
whole body protein metabolism using this method and one or more of the more 
accepted intravenous tracer methods simultaneously. In a recent study in adults with 
peritoneal dialysis with comparable design, a good correlation was found between 
results of whole body net protein synthesis obtained with the [15N]glycine single oral 
dose method and the [13C]leucine method used simultaneously (152).  
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Table 1 Methods to investigate protein and amino acid metabolism in critically ill children  

Methods 
 

Clinical use Limitations 

Anthropometrics Assessment of body weight, 
body composition (skin folds, 
mud upper arm circumference) 
and growth 
 

• Changes often undetectable during 
(short) PICU admission  

• Unreliable results due to edema 
• Often impossible in clinically 

unstable children 
 

Nitrogen balance Assessment net protein balance 
(catabolism versus anabolism) 

• Black box (no information about 
synthesis and breakdown 

• Difficult (all sources of nitrogen loss 
need to be determined) 

• Inaccuracy (overestimation of 
nitrogen balance) 

• Nitrogen excretion lags behind 
changes in nitrogen intake 

 

Urinary 3 methyl 
histidine excretion 

Assessment of the rate of muscle 
protein breakdown  

• Other sources of 3 methylhistidine 
body not well defined 

 

Plasma amino acid 
levels 

Assessment of specific amino 
acid depletions or unbalanced 
nutritional support 
 

• Influenced by many factors that are 
not all well defined during critical 
illness 

• Plasma amino acid pool small in 
comparison with intracellular pool 

• Clinical relevance of specific amino 
acid depletions and target levels not 
well defined 

 

Oral isotope methods Assessment of whole body 
protein synthesis, breakdown 
and net protein balance  

• Validity of methods not defined 
• Influence of splanchnic amino acid 

utilization not accounted for. 
 

Intravenous isotope 
methods 

Assessment of whole body 
protein synthesis, breakdown 
and balance  

• Invasive (intravenous infusion and 
blood sampling necessary) 

• Choice of tracer 
 

Splanchnic amino acid 
extraction 

Assessment of first pass 
splanchnic amino acid 
utilization.  

• Invasive (intravenous infusion and 
blood sampling necessary) 

 

 

The L [ring 2H5]phenylalanine / L [ring 2H4]tyrosine method (phenylalanine and 
tyrosine kinetics) 

This method as well as the L [1 13C]leucine method are considered the reference 
methods to obtain reliable estimates of whole body protein metabolism in most 
physiological conditions (20). In Chapter 7 we used phenylalanine and tyrosine 
kinetics to evaluate the effects of two infant formulas with different macronutrient 
content on whole body protein metabolism in critically ill infants in a double blind 
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randomized intervention study. With this method we could show that the protein and 
energy enriched formula exerts a positive effect on whole body net protein balance 
by stimulation of protein synthesis. Protein breakdown however was also stimulated 
by the higher protein and energy intake but to a lesser degree while protein oxidation 
did not differ between groups. We deliberately chose to perform the protein kinetic 
study after a relatively short intervention period of 5 days for two reasons. First of all 
we were interested in the effects of a high protein and energy intake in the first days 
of admission to investigate if anabolism could be achieved in the acute phase of 
critical illness. Secondly, it would also have been difficult to perform the tracer 
studies in a later phase since the duration of mechanical ventilation in critically ill 
children and after extubation arterial and venous catheters are often removed making 
the study impossible without additional burden for the patient. 

Assessment of splanchnic amino acid utilization 

In Chapter 7 we simultaneously infused an intravenous and enteral phenylalanine 
tracer (L [ring 2H5]phenylalanine and L [13C]phenylalanine) to calculate the percent
age of dietary phenylalanine taken up by the gut and liver during its first pass and 
metabolized via oxidation or protein synthesis. Splanchnic phenylalanine extraction 
was 40 50% of the total dietary phenylalanine intake in the critically ill infants in our 
study, which is in agreement with earlier reports in adults (21 23) and neonates (24). 
Without correction for splanchnic extraction the rate of appearance of endogenous 
phenylalanine (reflecting protein breakdown) would have been underestimated by 
15 18% while net protein balance would have been overestimated by 58 74%. This 
demonstrates that correction for splanchnic amino acid extraction using a second 
enteral tracer is essential when whole body protein metabolism is assessed in 
enterally fed children. 

PROTEIN AND AMINO ACID METABOLISM IN CRITICALLY ILL CHILDREN 

General 

The studies in this thesis show that critical illness in children is characterized by 
profound alterations in protein and amino acid metabolism as shown by alterations in 
plasma concentrations of anabolic and catabolic hormones involved in protein and 
amino acid metabolism (Chapter 4), alterations in plasma amino acid concentrations 
(Chapter 5) and altered rates of whole body protein turnover, breakdown and 
synthesis leading to net protein breakdown and negative nitrogen balance (Chapters 
3, 6 and 7). Although we could assess whole body protein metabolism, the increased 
protein synthesis probably reflects increased visceral protein synthesis, while the 
increased protein breakdown reflects increased muscle protein breakdown. All 
changes in protein and amino acid metabolism were strongly related to the severity of 
illness and more specifically the severity of the inflammatory response and less to the 
nature of the underlying illness (Chapters 3, 4 and 5). 
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Relationship with the underlying illness 

The nature of the protein catabolic response in adults has been shown to be re
markably uniform regardless of the underlying disease (25). Differences in metabolic 
alterations induced by various underlying diseases (for instance sepsis, trauma of 
burn injury) can be primarily explained by differences in the onset, severity and 
duration of the inflammatory response. This is supported by the short duration of 
metabolic alterations for instance in acute meningococcal sepsis (26) and the ex
tended duration of metabolic alterations in burn injury, associated with an ongoing 
inflammatory stimulus induced by the extended wound tissue (27). It is further 
supported by our results in the studies presented in Chapter 3, 4 and 5. In Chapter 3 
we demonstrated the relationship between whole body protein metabolism as 
measured by the [15N]glycine method and severity of illness. In Chapter 4 we showed 
that the differences in plasma insulin levels between children with meningitis and 
children with meningococcal septic shock could be explained by differences in the 
severity of the inflammatory response (as expressed by plasma cytokine levels). 
Finally, in Chapter 5 we showed that the differences in plasma arginine and citrulline 
concentrations between children with viral disease, trauma or sepsis could be 
explained by the severity of the inflammatory response as expressed by the plasma 
CRP levels while there was no relation with the underlying disease. Furthermore, the 
slope of the regression line that described the relation between these amino acid 
levels and CRP was similar in children with viral disease and children with septic 
shock. 
 

Relationship with the phase of illness 

The results of Chapter 5 and 6 suggest that the alterations in protein and amino acid 
metabolism in critically ill children gradually change from an early protein catabolic 
phase to a later anabolic phase and that these changes are strongly related to changes 
in the severity of the inflammatory state. In Chapter 5 we show that plasma concentra
tions of several amino acids are strongly but inversely correlated with plasma CRP 
concentrations both in the acute phase of disease and during recovery. In other 
patients with different underlying diagnosis, but with a protracted course, we serially 
measured plasma arginine and citrulline levels up to 24 days after admission (Figure 2 
A and B) (DA van Waardenburg, unpublished data). Plasma arginine levels remained 
low as long as the CRP remained high and a comparable and strong inverse relation
ship between plasma arginine and CRP levels was found in these patients. These 
results give further evidence for the strong relationship between the protein catabolic 
response and the inflammatory response, independent from the nature of the 
underlying illness. 
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Figure 2.  Plasma arginine levels during PICU admission in 3 patients with 
prolonged PICU stay.  Panel A: plasma arginine levels on day 1 24 after 
admission.  Panel B relationship between plasma arginine levels and 
plasma CRP level. CRP, C reactive protein; CLD, chronic lung disease; 
MSS, meningococcal septic shock.  

 

Consequences for nutritional support 

The alterations in protein and amino acid metabolism during acute illness and during 
recovery have consequences for nutritional support. In the acute phase of illness 
plasma levels of cytokines and cortisol are increased while anabolic hormones show 
decreased plasma levels or decreased action (Chapter 4). This is associated with low 
plasma amino acid levels (Chapter 5), increased (acute phase) protein synthesis, 
increased  (muscle) protein breakdown and negative net protein balance (Chapter 3, 6 
and 7). Although the low plasma amino acid levels were not significantly influenced 
by standard pediatric enteral formula, high protein and energy intakes were associ
ated with increased plasma concentrations of (conditionally) essential amino acids 
(Chapter 6), increased protein synthesis and improved net protein balance (Chapter 6 
and 7). This suggests that high protein and energy intakes may have beneficial effects 
on protein and amino acid metabolism in the acute phase of critical illness in chil
dren.  
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It is generally accepted that the increased (muscle) protein breakdown delivers amino 
acids needed for the increased hepatic protein synthesis (acute phase proteins). Since 
the amino acid content of muscle protein is different from the content of acute phase 
proteins a larger amount of muscle protein has to be broken down for a comparable 
amount of protein synthesis (28). Therefore administration (of mixtures) of specific 
amino acids that closely resemble the amino acids needed for protein synthesis may 
be superior to increasing protein intake (28). However the validity of these theoretical 
benefits have not yet been established.  
Increased protein breakdown also occurs to deliver amino acids for the increased 
gluconeogenesis that is primarily caused by increased levels of inflammatory media
tors and alterations in the activity of anabolic and catabolic hormones. Since these 
last two factors cannot be easily influenced by nutritional support measures, other 
therapies, like for instance exogenous administration of anabolic hormones, may be 
of benefit. 
When the underlying disease is cured, the inflammatory process will abate and the 
recovery phase ensues characterized by decreasing levels of cytokines, decreased 
acute phase protein synthesis and increasing anabolic hormonal action. In this phase 
requirements for dietary proteins and energy are necessary to restore the protein lost 
in the acute phase of the disease and for (catch up) growth. Ideally the provision of 
nutritional support should be adapted to the substrate needs in every phase of critical 
illness. However more studies are needed (using stable isotope methodology) to 
define the specific macronutrient needs in every phase of the disease. Given the 
close relationship between protein and amino acid metabolism and markers of 
inflammation, assessment of plasma cytokines or acute phase proteins in combina
tion with hormonal markers (e.g. IGF 1) and plasma amino acid levels may help to 
identify the patient’s phase of disease and eventually help to predict his nutritional 
needs. 

PROTEIN AND AMINO ACID METABOLISM IN CRITICALLY ILL CHILDREN: FROM 
NUTRITIONAL MODULATION TO NUTRITIONAL REQUIREMENTS. 

General measures 

The inflammatory response to infection, accidental or surgical trauma, or burn injury 
plays a crucial role in the protein catabolic response. As long as the disease process 
continues, the inflammatory response to critical illness will sustain the protein 
catabolic response (27). Optimal treatment of the underlying disorder by antimicro
bial therapy, wound closure or abscess drainage therefore is of utmost importance 
(29). The response to treatment should be evaluated by serial determination of 
markers of the inflammatory response (e.g. plasma CRP levels). If possible, drugs with 
known or possible catabolic effects should be avoided (glucocorticosteroids, cate
cholamines). Measures should also be taken to prevent secondary infections (ventila
tor associated pneumonia and catheter related infections) since these will reactivate 
the protein catabolic response. 
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Early administration of nutritional support 

Metabolic reserves of critically ill infants and children are very small compared to 
adults and therefore insufficient nutritional intake may have greater consequences in 
this age group (30). Several studies in critically ill children have emphasized the 
importance of early administration of nutritional support. Hulst et al. (1) prospectively 
studied energy and protein intake in pediatric ICU patients and demonstrated that 
significant cumulative nutritional deficits occurred in these children, which were 
associated with declined body weight and arm circumference. Since deficits accumu
lated most rapidly during the first days of admission, they emphasized that special 
attention should be paid to the adequacy of feeding during the first days of admis
sion. Briassoulis et al. (31, 32) demonstrated the safety of early enteral feeding in 
critically ill children and its benefits on nutrition indices and outcome while Chalou
pecky et al. (33) showed that early parenteral feeding in infants after cardiac surgery 
improved hypoaminoacidemia and decreased proteolysis as assessed with urinary 3
methylhistidine excretion. In pediatric burn patients early aggressive feeding was 
shown to attenuate muscle catabolism and improved infectious outcomes (29). In 
extremely premature infants current evidence suggests that early administration of 3 
g amino acids/kg/d is safe and effective in limiting proteolysis and producing protein 
accretion (34). However in most critically ill children the volume of enteral intake 
delivered during the first days of admission is low, mainly due to limitation of the 
volume of enteral nutrition to compensate for fluids given with drugs and infusions 
(35). This leads to prolonged periods of low protein and caloric intake.  
In Chapter 6 and 7 we showed that early administration of a protein and energy 
enriched enteral formula to critically ill infants is well tolerated and promotes an 
adequate nutrient delivery within the first days of admission despite fluid restriction. 
Furthermore the higher protein and energy intake in the infants receiving the protein 
and energy enriched enteral formula improved cumulative nitrogen and energy 
balances and whole body protein synthesis and net protein balance as measured with 
phenylalanine and tyrosine kinetics. 
Based on current knowledge as well as our own findings we advocate limiting the 
(semi )starvation period in critically ill children as much as possible. This can be done 
by early introduction of enteral nutrition (as soon as possible and at least within 24 
hours after admission). Furthermore, we advocate to use protein and energy enriched 
enteral formulas that improve nutrient delivery in the early phase of the disease when 
fluid restriction is an important barrier to adequate nutrient take (35). 

Enteral nutrition (EN) vs. parenteral nutrition (PN) 

The splanchnic organs play crucial roles in nutrient metabolism and utilization of 
specific amino acids. A number of amino acids (phenylalanine, methionine and 
citrulline) are also metabolized and converted into other amino acids within the 
intestine and/or liver upon first pass. Bypassing the intestine will lower systemic 
availability of these amino acids and thus increase requirements. Since dietary amino 
acids are the primary source of amino acids for the intestinal mucosa, enteral feeding 
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is also obligatory for maintenance of the intestinal mucosal mass and integrity and for 
recovery after mucosal damage. In rats receiving isocaloric and isonitrogenous 
nutritional support by either the enteral or the parenteral route whole body protein 
metabolism, body weight and fractional synthesis of liver proteins were significantly 
higher in the enteral group compared to the parenteral group (36). Also in septic rats 
nitrogen balance was significantly higher in the orally fed rats compared to the 
parenterally fed rats (37). Although positive effects of early enteral nutrition (first 24
48 hours of intensive care) versus parenteral nutrition on mortality were found in 
adult intensive care patients (38), no studies have compared the effects of enteral 
nutrition versus parenteral nutrition on protein metabolism or outcome in critically ill 
children. It is also not known if a combination of EN and PN, to improve nutrient 
intake in the first period of admission, offers benefit over EN alone in critically ill 
children although this was not the case in adult patients PN (39). More research is 
needed to determine effects of EN versus PN or a combination of EN and PN in 
critically ill children especially in those who are poorly tolerant to EN. In the mean 
time we advocate to use the enteral route (pre  or post pyloric) in all children when
ever possible and to reserve parenteral nutrition for those children whose gastroin
testinal tract is not intact or in whom EN cannot be introduced in sufficient amounts 
within 48 hours. 

Protein intake 

The recommended dietary allowance (RDA) for protein of healthy children is tradi
tionally based on requirements for growth and maintenance. Dietary protein re
quirements for growth are very small in relation to maintenance needs except at a 
very young age (0.15 0.4 g/kg/24h in children <1 year, 0.1 g/kg/24h between 1 to 3 years 
and < 0.05 g/kg/24h >3 years (40)).  
In critically ill children growth will be attenuated due to the profound but often short 
lived hormonal alterations (26) in the acute phase of critical illness. After this period 
somatic growth and catch up growth may resume early during recovery and will be 
associated with increased protein and energy requirements. In children recovering 
from severe malnutrition protein requirements were calculated based on maximum 
weight gain and increased up to 5 g/kg/24h (41). 
Maintenance requirements are based on the basal or obligatory nitrogen losses that 
occur even when no food is consumed. The major nitrogen losses are in urine (urea 
and ammonia from amino acid oxidation) and faeces (proteolytic enzymes and 
mucosal cell proteins (42)). Other losses are skin cells, hair and urinary amino acids. 
Most data on maintenance requirements have been obtained from analysis of 
nitrogen balance studies of healthy children (40, 43, 44) and the mean value obtained 
was 0.68 g protein//kg/24h. This value is very similar to the value obtained in a much 
larger dataset of adult studies (0.66 g protein//kg/24h) and therefore seems to be 
independent of age. 
Critical illness is characterized by increased nitrogen loss due to increased protein 
breakdown and amino acid oxidation for gluconeogenesis. The amount of nitrogen 
loss has been shown to be proportional to the severity of illness (45) and the severity 
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of the inflammatory response (46). This implies that maintenance needs are related 
not only to the severity of the disease and the inflammatory response but will also 
depend on the phase of the disease, being highest in the most acute phase. Other 
factors that increase nitrogen loss, and should be accounted for, are loss of blood or 
plasma and loss of protein containing fluids from wounds of fistulas. It is not estab
lished if nitrogen loss from the gut is increased during critical illness. Mickell et al. 
(47) investigated urinary urea nitrogen excretion in critically ill children and described 
that the variability in total urinary urea nitrogen excretion was independent of 
diagnostic or therapeutic subgroups and ranged from 28 to 584 mg/kg/day (mean 
171±89 mg/kg/day). This means that a provision of 0.2 to 3.7 g protein/kg/24h would 
have equilibrated nitrogen excretion in these children. This was confirmed in a more 
recent study by Joosten et al. (48) who found similar values (mean 230±120 mg/kg/day, 
range 68 494 mg/kg/day) in a heterogeneous group of critically ill children.  
In healthy infants and children the recommended dietary allowance (RDA) for protein 
is defined as the amount of protein intake that covers the maintenance needs and 
protein requirements for growth of 97.5% of the children. Therefore estimated 
average requirements (EAR) obtained from nitrogen balance and growth studies are 
increased by an amount equal to two times its standard deviation (40). When we 
would apply the same calculations on the data from the studies of Mickell et al. (47) 
and Joosten et al. (48), the protein intake that would cover the maintenance needs of 
97.5% of all critically ill children would be 2.2 and 3.0 g protein/kg/day respectively. 
There are, however, few data on the relation between protein intake and clinical 
outcome and optimal protein intake therefore is not defined.  
In severely septic adult patients Shaw et al. (49) studied the effect of glucose infusion 
and parenteral nutrition on whole body lysine and urea kinetics. No advantage was 
found in terms of protein sparing when protein was provided in amounts exceeding 
1.5 g/kg/day. Wolfe et al. (50) studied the effects of two levels of protein intake on 
leucine kinetics and N excretion in severely burned adults. The leucine data and the 
N excretion data indicated that a balance between protein synthesis and catabolism 
could be achieved with a protein intake of 1.4 protein/kg/24h. When protein intake 
was increased to 2.2 g protein/kg/24h no further beneficial effect on net protein 
synthesis was found although the absolute rates of protein synthesis and catabolism 
were increased. The N excretion data, on the other hand, indicated a significant 
improvement in net protein synthesis with higher protein intake. Cerra et al. (51) 
found that in hypermetabolic surgical ICU patients, higher protein intake (1.9 vs. 1.5 
vs. 1.2 g/kg/24h) was associated with improved N retention. In contrast, Ishibashi et al. 
(52) investigated changes in total body protein over a 10 day period in severe septic 
and posttraumatic patients using in vivo neutron activation and found that increasing 
protein intake above 1.2 g/kg/day resulted in no further improvement of protein 
retention. These reports form the basis for recommendations (53, 154) in adult ICU 
patients that protein and amino intake should be between 1.2 and 1.5 g/kg/24h and 
should not exceed 1.8 g/kg/24h. However since the results of these studies can be 
considered as the average responses of heterogeneous groups of patients in positive 
energy balance, they may not apply to all patients. Hoffer et al. (54) recently argued 
that due to concomitant energy deficits, most critically ill patients may benefit from at 
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least 2 g amino acids/kg/24h to mitigate the loss of proteins caused by their energy 
deficiency. Further research into requirements of different groups of adult ICU 
patients is still necessary. 
In preterm infants early nutritional supplementation with amino acids has been 
shown to improve net protein balance and growth by increasing whole body protein 
synthesis (10, 55, 56) while neurodevelopmental outcome was also improved (57). 
Reynolds et al. (58) investigated whole body protein balance using leucine kinetics 
and nitrogen balance in neonates undergoing surgical procedures on the first day of 
life. Administration of higher amounts of parenteral amino acids (2.5 vs. 1.5 g/kg/24h) 
in the immediate peri operative period lead to a positive protein balance without 
evidence of protein intolerance. In infants after cardiac operations for congenital 
defects administration of parenteral amino acids (0.8 g/kg/d) versus glucose only was 
associated with improved nitrogen balance and decreased muscle proteolysis. In 
children with severe burn injury increasing protein intake (2.9 vs. 1.2 g/kg/d) had 
positive effects on wound healing (59) while higher protein intakes (> 4 g/kg/d) had 
beneficial effects on immunological function and outcome (60). Also in a heteroge
neous group of critically ill children high protein intake (2.8 vs. 1.7 g/kg/24h) was 
associated with positive nitrogen balance (61). Further support for beneficial effects 
of high protein intakes in children in catabolic states can be found in the study of 
Geukers et al. (62) who found that the highest stimulation of whole body protein 
synthesis in patients with cystic fibrosis could be achieved with dietary protein 
intakes of 5 g/kg/24h). 
Our results in Chapter 6 and 7 give further evidence for the beneficial effects of high 
protein intake in critically ill children. In these studies we compared the effects of 
high protein intake (3.0 g/kg/24h) with normal protein intake (1.6 g/kg/24h) on whole 
body protein metabolism in critically ill infants on the fifth day of admission. Infants 
receiving the high protein intake had increased plasma amino acid levels, higher and 
positive nitrogen balance, and increased rates of whole body protein synthesis and 
net protein balance as measured by phenylalanine and tyrosine kinetics when 
compared to the infants receiving the normal protein intake. Net protein anabolism 
was only achieved with the high protein intake and without signs of overfeeding. 
Although high protein intake is well tolerated and has shown beneficial effects, 
maintenance needs and protein requirements for (catch up) growth will most 
certainly depend upon disease severity and the phase of illness. At this moment, 
however, insufficient data are available to relate the protein requirements directly to 
the severity of the metabolic alterations. We therefore advocate supplying high 
protein intakes (1.5 g/kg/day and increasing to 3.0 g//kg/24h within the first days of 
admission) to critically ill infants and children. 

Specific amino acids 

The nutritional quality of dietary protein depends on its amino acid composition. 
Restriction in the availability of even a single (essential) amino acid can limit the 
entire protein synthetic rate. During critical illness hepatic protein synthesis is 
increased and the synthesis of numerous acute phase proteins require the supply of 
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specific amino acids according to their amino acid composition. However, the amino 
acids needed for acute phase protein synthesis are different from those provided by 
(muscle) proteolysis. This may be one of the major factors leading to the excessive 
mobilization of muscle proteins until the appropriate amount of the most limiting 
amino acid is reached. Reeds et al. (28) estimated that the amount of amino acids 
required for typical acute phase protein response of the adult is twice the amount 
present in the same quantity muscle protein implying that 2 gram of muscle must be 
degraded to synthesize 1 gram of acute phase proteins. Therefore, theoretically net 
muscle protein breakdown may be diminished by providing the specific amino acids 
needed for synthesis of acute phase proteins. The excessive degradation of muscle 
proteins also imbalances the free amino acid pool which directs amino acids into 
oxidation (63). It may therefore be necessary to establish the specific amino acid 
requirements for each clinical condition to be able to meet these requirements by 
specific amino acid supplementation. However, as long as the specific amino acid 
needs are not established, a generous nutritional supply of protein and thereby 
amino acids may be the best way to supply all necessary amino acids for (hepatic) 
protein synthesis. Indeed the results of our studies in Chapter 6 and 7 show the 
positive effects of high protein intake on plasma amino acid levels and also on 
nitrogen balance and net protein balance.  
Amino acids also have other roles apart from their roles as substrate for protein 
synthesis, for instance as fuel for tissues as the gut, brain and the immune system. 
Specific amino acids can also exert regulatory effects at various levels of cell activity 
as mediators or signal molecules. Examples of amino acids that play important roles 
during critical illness are the branched chain amino acids, glutamine and also arginine 
and citrulline. 

Arginine 

The conditionally essential amino acid arginine plays a key role in many metabolic 
processes in health and disease (64) such as detoxification of ammonia (urea cycle), 
synthesis of polyamines and creatine, modulation of immune function, release of 
anabolic hormones and synthesis of nitric oxide (NO) (65). It is considered as condi
tionally essential since endogenous arginine synthesis may not be sufficient to meet 
metabolic needs, especially during growth (infants and children) (66) and during 
highly catabolic conditions such as sepsis (67) and burns (68, 69). Children with critical 
illness may therefore be particularly at risk for the development of arginine defi
ciency. Low plasma arginine concentrations have indeed been described in children 
with various pathological conditions such as in premature infants with necrotizing 
enterocolitis (NEC) (70) and children with asthma (71), cerebral malaria (72), or sickle 
cell crisis (73). Low plasma arginine levels have also been described in critically ill 
adults (74). In critically ill children plasma arginine levels have not been described but 
Argaman et al. (67) and Yu et al. (68, 75) showed that arginine breakdown (for NO 
synthesis and for increased oxidation to urea and ornithine) was increased while de 
novo arginine synthesis (in the kidney) was unchanged leading to a negative arginine 
balance. 
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In Chapter 5 we show that in critically ill children with different underlying disorders 
(severe viral disease, accidental or surgical trauma and septic shock) plasma levels of 
arginine, glutamine and citrulline are low. Arginine, citrulline and glutamine deple
tion occurred early in the course of critical illness and was proportional to the 
severity of illness and to the severity of the inflammatory state as expressed by the 
plasma CRP, a very sensitive non specific biochemical marker of inflammation and 
tissue damage. During recovery the plasma concentrations of these amino acids 
normalized but the strong relationship with plasma CRP levels was maintained. 
During recovery plasma CRP level was the only significant determinant of plasma 
arginine and citrulline levels while the dietary protein intake from a standard pediat
ric enteral formula had little additional effect.  
Several studies have shown that both oral and parenteral arginine supplementation 
can increase arginine concentrations in children (73, 76), although a high first pass 
uptake of arginine in the gut mucosa and the liver (40%) has been reported (77). 
Arginine supplementation has shown beneficial effects such as prevention of NEC in 
premature infants (76) and lowering of pulmonary pressure during sickle cell crisis 
(73). Few studies have addressed the effects of arginine supplementation in critically 
ill adults and none have been performed in children. Potential mechanisms for 
beneficial effects of exogenous administration of arginine in critical illness include 
enhanced protein metabolism but also improved microcirculation and organ func
tion, effects on immune function and antibacterial effects, improved gut function, and 
an antioxidant role of arginine (78). Since arginine is the sole precursor for synthesis 
of NO, the most potent vasodilator of the body, there are concerns about exogenous 
arginine supplementation. Indeed studies have reported adverse haemodynamic 
effects after arginine supplementation by intravenous bolus (79). However continu
ous arginine infusion did not deteriorate the haemodynamic condition at all in 
patients with severe sepsis (80). Given the many pathways that may benefit from 
arginine supplementation and the relative safety of arginine supplementation, also in 
patients with severe sepsis, more studies into the effects of arginine supplementation 
in critically ill adults and children are warranted. In such studies the plasma CRP level 
may be a sensitive marker to predict arginine depletion and the need for supplemen
tation. At this moment, however neither enteral nor parenteral arginine supplementa
tion can be advocated. 

Glutamine 

Of all amino acids, glutamine has the highest plasma and intracellular concentrations 
under normal conditions. Most glutamine is formed in skeletal muscle from catabo
lism of the branched chain amino acids. Glutamine forms a substrate for glutathione 
synthesis and nucleotide synthesis, is an important fuel for enterocytes, lymphocytes 
and macrophages, and plays a major role in gluconeogenesis. During stress both 
plasma levels and intracellular levels drop and glutamine is considered a conditionally 
essential amino acid especially during catabolic conditions. Glutamine has been 
extensively studied as a potential treatment for muscle cachexia during critical illness. 
Animal studies have shown beneficial effects of glutamine supplementation on 
muscle protein breakdown, but also on gut barrier function and immune defense 
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(81). Parenteral supplementation of glutamine however is complicated by the fact that 
glutamine is unstable in solution, although it can be administered parenterally as a 
dipeptide. Intravenous glutamine (0.28 0.86 g/kg/d) raises plasma glutamine concen
tration in a dose dependent way in adults but high doses are necessary in some 
patients to normalize the plasma glutamine concentration (20 60 g glutamine/d) (82). 
Enterally administered glutamine undergoes significant first pass splanchnic metabo
lism and does not raise plasma glutamine levels in adults (81). A number of studies 
have demonstrated the efficacy of either enteral or parenteral glutamine in adults 
with a variety of conditions on infectious complications (81, 83 85) while other studies 
found no benefit (86). A systemic review of these studies (87) concluded that gluta
mine enriched diets are well tolerated and improve immunological aspects in 
multiple trauma patients, lead to cost reduction in critically ill patients, and improves 
mucositis in post chemotherapy patients but do not effect mortality. Intake of at least 
20 to 30 g/d, early initiation of diet, and maintenance for 5 d or longer were recom
mended. 
In preterm infants, inclusion of glutamine in parenteral feeding was shown to be 
beneficial with respect to gastrointestinal function (88), risk of sepsis, tolerance to 
subsequent enteral feedings (days with no oral intake), and duration of hospital stay 
(89). However systematic review of these and five other studies investigating the 
effect of parenteral and enteral glutamine supplementation on morbidity in preterm 
infants found no significant differences between glutamine supplemented and non
supplemented babies for the number of invasive infection, prevalence of necrotizing 
enterocolitis, time to achieve full enteral nutrition, or duration of hospital stay (90). In 
critically ill infants, data on the effects of glutamine supplementation are scarce, while 
data in older children are altogether lacking. In a small prospective randomized study 
in critically ill infants enteral glutamine supplementation (0.3 g/kg/d) was safe and 
tended to be associated with less infectious morbidity and mortality (91). Albers et al. 
(92), however, studied the effects of glutamine supplementation of parenteral 
nutrition (0.4 g/kg/d) in newborns and infants after major digestive tract surgery in a 
double blind randomized way. No beneficial effects on intestinal permeability, 
nitrogen balance, urinary 3 methylhistidine excretion or clinical outcome were found. 
In our studies (Chapter 5) low plasma glutamine levels were found in critically ill 
infants and in children with different underlying diagnosis. Plasma glutamine levels 
were related to the severity of the underlying illness and the severity of the inflamma
tory response as expressed by the plasma CRP level. However, more research is 
necessary into possible beneficial effects of glutamine supplementation in different 
groups of critically ill infants and children before enteral or parenteral glutamine 
supplementation can be advocated. 

Branched chain amino acids (BCAA) 

BCAA are an important energy source for skeletal muscle and stimulate muscle 
protein synthesis. Many animal studies confirm the positive effects of BCAA on 
muscle protein synthesis and net muscle protein balance but clinical studies have not 
consistently done so. In a recent paper De Bandt et al. (93) review all available studies 
and conclude that the disappointing results may be due to the fact that of the three 
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BCAA (leucine, valine and isoleucine) only leucine has regulatory properties and 
should be studied separately. Leucine also acts like a pharmaconutrient, which means 
that leucine supplementation should be given in addition to, and not as a replace
ment of sufficient and balanced nutritional support. 
The results in Chapter 5, 6 and 7 indirectly support the important role of the BCAA in 
critical illness in children. In Chapter 5 we found that the plasma levels of BCAA are 
low in critically ill children and related to the severity of illness. In Chapter 6 we 
showed that a higher enteral protein and energy intake in critically ill infants in
creases plasma BCAA concentrations and is associated with an increased cumulative 
nitrogen balance. In Chapter 7 we showed a significant positive relationship between 
the plasma BCAA levels and whole body protein synthesis measured by stable isotope 
kinetics. The exact role of BCAA or leucine supplementation in critically ill children 
remains to be established.  

Energy intake 

Provision of a sufficient energy intake is important since energy deficiency worsens 
nitrogen balance both in adults and children (1, 54, 94). In critical illness hypocaloric 
feeding is associated with increased catabolism of lean body mass (95) and increased 
infectious complications (96), while several randomized clinical trials have shown 
beneficial effects and improved clinical outcome of increasing the amount of enteral 
nutrition in adult ICU patients (see for review Stapleton et al. (97)) and also in pediat
ric ICU patients (61, 98).  
In adults, critical illness is characterized by a state of hypermetabolism, proportional 
to the severity of the injury (99). Endogenous catecholamines are the primary media
tors of this hypermetabolic response (100) by inducing a hyperdynamic circulation, 
tachycardia, and increased cardiac work (101). 
Studies of critically ill children with various underlying disorders have produced 
contradictory results, and resting energy expenditure (REE) was found to be either 
higher (102 104) or similar to predicted values (105 107). This controversy between 
studies may be due to differences in: 1) the phase of the disease (acute phase or 
recovery phase; 2) the severity of illness; 3) the treatment (mechanical ventilation, 
sedation or muscle paralysis) and 4) the environment in these studies (temperature). 
Although REE may be increased during critical illness, physical activity is low due to 
immobility for instance in sedated or paralyzed mechanically ventilated children. 
Growth is probably also attenuated during the acute phase of critical illness (1, 108) 
although the duration of this growth faltering is not established. Since the acute 
metabolic response to severe stress resolves rapidly (<48 hrs) in most forms of critical 
illness in infants and children, normal growth and/or catch up growth may resume at 
an early stage. 
The optimal energy intake in critical illness in both adults and children is still not 
defined. It is our opinion that the REE should be seen as the minimum level of intake 
and not the optimal intake for critically ill children because it does not take into 
account the general activity level, the deposition of energy for growth (up to 50 
kcal/kg/24h in infants (109)), catch up growth and increased energy losses (110) via 
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stools or wound tissue. It is probably safer to increase energy intake well above REE in 
order to prevent unnecessary catabolism of body protein stores and improve anabo
lism and (catch up) growth. 
Provision of hypercaloric feeding during critical illness should probably also be 
avoided (111). Overfeeding can be defined as the provision of calories and/or sub
strates in excess of the requirements to maintain metabolic homeostasis. Especially 
carbohydrate overfeeding is associated with adverse effects like hyperglycemia, 
lipogenesis (with liver steatosis) and increased CO2 production (112) which may 
increase ventilator dependency (113) and may have negative effects on outcome (114
116). Carbohydrate overfeeding is characterized by a respiratory quotient > 1.0 as 
measured by indirect calorimetry. In Chapter 6 we show that early enteral administra
tion of a protein and energy enriched formula improves energy delivery to critically ill 
infants and improves the energy balance. Even an energy intake (112 kcal/kg/24h) well 
above measured REE (54 kcal/kg/24h) was well tolerated and was only seldom associ
ated with signs of carbohydrate overfeeding (hyperglycemia or an RQ > 1.0). Our 
results suggest that early administration of sufficient energy is beneficial and that 
provision of high enteral energy intakes may be well tolerated and (in combination 
with sufficient protein) improve anabolism. 
Based on the current literature we therefore advocate to increase enteral energy 
intake early during admission (within 48 hours) to meet targets of REE + 30%. Meas
urement of the individual REE with indirect calorimetry should be performed when
ever possible as this is superior to estimation of REE with prediction equations.  

Carbohydrate and fat intake 

In healthy subjects gluconeogenesis and lipolysis are increased during starvation but 
can be effectively inhibited by exogenous administration of glucose (due the effects 
on glucagon and insulin levels). During critical illness, however, administration of 
carbohydrates does not or only minimally diminishes the rate of gluconeogenesis 
(112, 117) probably caused by increased plasma levels of TNF α, IL 1, glucagon and 
catecholamines (118, 119). Still, carbohydrates can exert a positive effect on protein 
and amino acid metabolism by their effect on insulin secretion. Indeed, in studies of 
severely burned children high carbohydrate (80%) versus high fat feeding resulted in 
decreased muscle protein breakdown, due to stimulation of endogenous insulin 
secretion (29) (120). However, high carbohydrates intakes, especially when parenter
ally administered may be responsible for increased lipogenesis and fat tissue deposi
tion together with liver steatosis. Furthermore, high carbohydrate intake increases 
CO2 production and minute ventilation (112). High glucose intake also leads to 
hyperglycemia, which is associated with adverse outcome (114) and even death in 
adults (121, 122) and also in children (116). The optimal amount of carbohydrate in 
critically ill children waits to be defined but should have as target an optimal stimula
tion of insulin secretion while avoiding the negative effects of carbohydrate overfeed
ing.  
Dietary fat also stimulates insulin secretion (123, 124). In adult intensive care and 
surgical patients nitrogen balance can be similarly improved with total parenteral 
nutrition with lipid or lipid glucose mixtures as long as energy requirements are met 
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(125). Fat also has a “carbohydrate sparing effect”, preventing the consequences of 
excessive glucose supply. No studies of critically ill children have been performed to 
determine the optimal amount of glucose and fat intake. The most appropriate way to 
determine the amount of glucose and fat supply may be to determine first the energy 
requirements and then to calculate carbohydrate requirements as 40 50% of total 
energy intake in infants and children and fat requirements of 45 50% in infants and 
20 40% in older children. 
Besides an important source of energy, dietary fat also supplies essential fatty acids 
like linoleic acid and alpha linolenic acid, as well as the polyunsaturated fatty acids 
(PUFA's), including omega 6 fatty acids (e.g. arachidonic acid) and omega 3 fatty acids 
(e.g. eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)). Omega 3 fatty 
acids have been the focus of many studies due to its immune modulatory function 
and especially their anti inflammatory effects. Few studies, however, have investi
gated the effect of omega 3 fatty acids on protein metabolism in humans. In animal 
studies omega 3 fatty acids have been shown to inhibit muscle proteolysis during 
starvation and cachexia by decreasing cytokine production (126) and by downregulat
ing ubiquitin dependent proteolysis (127). However, studies of adults with cancer 
cachexia have been disappointing (128, 129). López Alarcón et al. (130) studied the 
effects of DHA supplementation on nutritional status of septic neonates. DHA 
supplementation was associated with increased fat gain but no effects on length 
growth were found. At this moment the use of nutrition enriched with omega 3 fatty 
acids in critically ill children cannot be advocated. 

Anabolic therapies 

Nutritional support in critical illness cannot abolish the protein catabolic response 
although it may be able to prevent some of its negative consequences. Adjunctive 
therapies have been studied to improve and support the anabolic effects of nutrition. 
The catabolic state of critical illness is partly due to resistance to anabolic hormones 
like insulin and growth hormone and leads to low IGF 1 levels. Pro inflammatory 
cytokines (e.g. TNF α, IL 1 and IL 6) probably play important roles in these alterations. 

Insulin 

Insulin is the most important anabolic hormone and exerts its anabolic effects by 
stimulating muscle protein synthesis and inhibiting protein breakdown both in health 
and during disease (see paragraph 2.8.1). Exogenous insulin administration therefore 
is considered potentially useful to promote anabolism and prevent muscle wasting in 
critically ill patients in addition to nutritional support measures.  
Critical illness in adults however is associated with a resistance to the actions of 
insulin as shown by high blood glucose levels despite increased insulin levels (131). 
Insulin resistance occurs in insulin dependent tissues (liver, skeletal and heart 
muscle, adipose tissue and kidney) and can be seen as an adaptive response promot
ing release of gluconeogenic amino acids from muscle for hepatic and kidney 
gluconeogenesis and facilitating glucose uptake in non insulin dependent tissue 
(brain, wound) and as such important for survival. The benefits of exogenous insulin 
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administration are therefore controversial.  Although insulin therapy has been shown 
to decrease morbidity and mortality in critically ill patients in surgical intensive care 
units (ICU) (114) and is widely propagated, high doses of insulin in the acute setting 
of critical illness have also been associated with adverse outcome (132). In burned 
children insulin therapy decreases the prolonged hepatic acute phase response, but 
has no positive effects on the hepatic constitutive proteins (133). In extreme low birth 
weight infants (ELBW) insulin reduced protein breakdown but did not enhance 
protein synthesis when not administered together with amino acids (134). In neonates 
on extracorporeal membrane oxygenation insulin improved net protein balance, 
mainly by reduction of protein breakdown (135, 136). In critically ill children with 
another diagnosis than burn injury the effect of insulin therapy on protein metabo
lism and lean body mass remains to be investigated.  
In Chapter 4 we investigated the alterations in insulin secretion and function in 
relation to the inflammatory response in children with meningococcal sepsis in order 
to obtain more insight into the hormonal mechanisms of the protein catabolic 
response. We found striking differences between the hormonal response in children 
and the response most often reported in adult critically ill patients. In adults hyper
glycemia is associated with insulin resistance (hyperinsulinemic hyperglycemia) while 
in critically ill children we found evidence for hypoinsulinemic hyperglycemia and 
increased insulin sensitivity in the acute phase of the disease. Further analysis of the 
inflammatory response in these children suggested a suppression of the pro
inflammatory response on insulin secretion. Therefore we conclude that in critically 
ill children in the acute phase of meningococcal septic shock hyperglycemia associ
ated with hypoinsulinemia rather than insulin resistance seems to be the normal 
pathophysiologic response. Our results are supported by the results in Chapter 5. 
Insulin levels and insulin/glucose ratios were significantly lower in the children with 
meningococcal septic shock compared to children with viral disease and increased 
over the next seven days (Figure 3)(D.A van Waardenburg, unpublished results).  
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Figure 3. Plasma insulin concentrations and insulin/glucose ratios in children with meningococcal septic shock 
on day 1, 3 and 7 of admission. (Kruskal Wallis with  Dunn's Multiple Comparison Test) 
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A limitation of both studies, however, is that we did not standardize for differences in 
intravenous glucose intake, which may have affected insulin levels, and to a lesser 
degree the insulin/glucose ratios. Furthermore our results were obtained in children 
with severe meningococcal septic shock receiving inotropic support with dopamine 
and norepinephrine. The applicability of these results to other patients groups 
remains therefore to be established. If confirmed in larger groups of critically ill 
children however our results have serious implications for the use of exogenous 
insulin therapy in critically ill children since the risk for hypoglycemia would be 
strongly increased in these patients. 
Although exogenous insulin therapy may be a potentially useful adjunct to nutritional 
support in critically ill children to promote anabolism, its use cannot be advocated 
until more studies have determined its safety in critically ill children especially in the 
acute phase of critical illness. 

Growth hormone (HGH) 

The actions of HGH are mediated directly by way of peripheral HGH receptors and 
indirectly through the enhanced hepatic synthesis of insulin like growth factor 1 (IGF
1). HGH is the second most important anabolic hormone and has been used in a 
number of studies of critically ill adults. Administration of high doses of HGH (5–20 
times the dose needed for replacement therapy in growth hormone deficient adults) 
has been associated with increased circulating IGF 1 levels, improvement in nitrogen 
balance, attenuation of the decrease in muscle glutamine, improved protein synthesis 
rates and preservation of lean body mass. However the study of Takala et al. (137) 
demonstrated that HGH treatment of critically ill adults during the first few weeks of 
the acute illness was associated with a significant increase in mortality and prolonga
tion of weaning times (from mechanical ventilation), duration of intensive care, and 
length of hospital stay. 
In a study in preterm infants with bronchopulmonary dysplasia and growth faltering 
due to dexamethason treatment, high dose HGH treatment (0.3 mg/kg/24h) did not 
improve growth (138). In studies of pediatric burn patients daily intramuscular 
administration of HGH during acute burn care has shown favorable effects on the 
hepatic acute phase response, increased serum concentrations of IGF I (139), im
proved muscle protein kinetics, maintained muscular growth, and decreased donor 
site healing time (140). Patients receiving HGH treatment, demonstrated increases in 
serum IGF I and IGFBP 3 (141). Evidence for adverse outcome and excess mortality 
was not found in these severely burned children (142). Given the beneficial effects in 
children with burn injury further studies into the effects of HGH in other disorders 
like sepsis and trauma may be warranted, although its use as an anabolic agent cannot 
be advocated at the present moment. 

IGF I 

Studies of IGF 1 administered alone have proved disappointing (143) perhaps because 
of inadequate levels achieved after subcutaneous administration or counter
regulatory changes in IGF binding proteins. When administered in combination with 
IGFBP 3, IGF 1 increased muscle protein synthesis in severely burned adults and had 
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no adverse effects on plasma glucose (144). Also in pediatric patients with burn injury 
recombinant human IGF 1 and IGFBP 3 improved protein metabolism with signifi
cantly less hyperglycemia than GH itself (145). In a recent study in premature infants 
the effects of enteral IGF 1 (added to the infant formula) was investigated during the 
first months of life. No significant effects were found on the primary end points: days 
to full enteral feeding, days to regain birth weight, and growth rate (146). At the 
present moment IGF 1 cannot be advocated to promote protein anabolism in criti
cally ill children. 

Catecholamine antagonists 

Direct catabolic effects of increased catecholamines on protein metabolism during 
critical illness have not been consistently shown. However in burn injury patients a 
close association between increased energy expenditure and muscle protein catabo
lism exists (147). Propanolol treatment, to block the effects of raised catecholamine 
levels in children with severe burn injury, increased the net protein balance and fat 
free mass (101). However, in animal models of sepsis, the use of propranolol or other 
nonselective beta blockers during the treatment of sepsis has also been shown to 
worsen net muscle protein balance by impairing protein synthesis and by delaying 
recovery (148). Furthermore, this treatment was also associated with alterations of 
cellular immune functions, deterioration in the clinical situation and reduced survival 
(149). Further studies are necessary before propranolol treatment can be advocated in 
critically ill children. 

CLINICAL IMPLICATIONS 

General 

As mentioned before, the target of nutritional support in critically ill children should 
be to supply the body with sufficient energy and substrates to prevent catabolism of 
body stores, to stimulate synthesis of proteins involved in immune defense and injury 
repair and promote (catch up) growth in the recovery phase. This may be achieved by 
several measures (Table 2). 

General measures 

As long as the disease process continues, the hormonal and inflammatory response to 
critical illness will sustain the protein catabolic response. Therefore adequate, 
(aggressive) treatment of the underlying disease is of utmost importance. The 
response to treatment should be evaluated by serial determination of markers of the 
inflammatory response (e.g. plasma CRP levels). If possible, drugs with known or 
possible catabolic effects should be avoided (glucocorticosteroids, catecholamines). 
Measures should also be taken to prevent secondary infections as much as possible 
(e.g. ventilator associated pneumonia and catheter related infections).  
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Macronutrient intake during critical illness 

Early introduction of protein and energy enriched enteral nutrition 

In order to avoid development of protein and energy deficits, enteral nutrition should 
be started on the first day of PICU admission by continuous intragastric drip feeding. 
The rate of drip feeding should then be increased every 8 to 12 hours to achieve 
target intakes of protein and energy within 48 hours after admission. The use of 
protein and energy enriched formulas (100 150 kcal/kg, P: E ratio 10%) is advocated to 
promote sufficient intake despite fluid restriction in the first days after admission. In 
the case of gastric intolerance (gastric retentions, gastric distension or vomiting) post
pyloric feeding should be given. Alternatively erythromycin (1 3 mg/kg/24h intrave
nously) may be used to stimulate gastric emptying although the benefits of this 
treatment in children have not been firmly established. When enteral feeding is not 
possible within 48 hours or when contraindications for enteral feeding exist, par
enteral feeding should be started as soon as possible. 

Energy Intake 

Energy intake should be sufficient to minimize the consumption of internal energy 
stores of the body while avoiding the negative effects of excess intake. In the acute 
phase of critical illness energy needs should preferably be determined by measuring 
REE with indirect calorimetry. If this is not possible, REE can be estimated using 
prediction equations (Schofield (150)). Target energy intake (TEI) is then calculated by 
adding 30% to account for variability in daily energy expenditure, energy losses via 
the gastrointestinal tract and patient activity related to nursing care. During the 
recovery phase of the disease, energy intake should be increased to account for the 
extra energy needs for physical activity and the energy deposition in tissues for 
(catch up) growth. In this phase energy intake can be guided by nutritional guidelines 
(40) based on growth charts of healthy children and the ideal body weight. When 
growth is still insufficient energy intake should be further increased. In some cases 
energy intake has to be increased up to 200% of RDA. 

Protein and amino acids 

Protein intake should deliver the optimal amount of protein and amino acids that 
promotes net protein balance by stimulating protein synthesis and/or limiting 
(muscle) protein breakdown. We advocate supplying high protein intakes with the 
target of achieving a protein intake of 1.5 g/kg/day after 48 hours and then a further 
increase up to 3.0 g/kg/24h within the first 5 days of admission in all critically ill infants 
and children. Blood urea nitrogen can be used to monitor protein intolerance. At the 
present moment the requirements for specific amino acids in critically ill children are 
not defined.  

Protein to energy ratio  

The required protein to energy ratio (defined as the energy intake by protein divided 
by the total energy intake) of children depends on the additional energy and protein 
needs during critical illness and the rate and composition of catch up growth. Dose 
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response interventions studies in critically ill children, however, are lacking. Based on 
our data and those of others (40, 44, 110, 155) the protein to energy ratio should be 9
11.5 % for wasted infants and children with catch up growth and may increase up to 
16% in stunted children or critically ill children.  

Carbohydrates 

Carbohydrates are a readily available form of energy and stimulate insulin secretion. 
However increased dietary carbohydrate intake cannot prevent the increased protein 
breakdown for hepatic gluconeogenesis. Carbohydrate overfeeding on the other 
hand is associated with lipogenesis and hyperglycemia especially when administered 
intravenously. Although the optimal carbohydrate intake is not defined, a carbohy
drate intake of 40 50% of total energy intake as supplied by most pediatric enteral 
formulas is usually well tolerated. Intravenous carbohydrate intake should probably 
not exceed 4 6 mg/kg/min. in children below 30 kg and 2 4 mg/kg/min. in children 
above 30 kg (115). Carbohydrate overfeeding can be monitored by measuring the RQ 
(RQ > 1.0) using indirect calorimetry, the occurrence of hyperglycemia and gluco
suria. Since no randomized clinical trials in children have been performed and given 
the increased risk for hypoglycemia in children, strict glycemic control with exoge
nous insulin (blood glucose between 4.4 6.1 mmol/L) cannot be advocated. Although 
maximal acceptable blood glucose levels for children are not defined, a prolonged 
blood glucose concentration of 8.3 mmol/L is proposed as a limit to treat hyperglyce
mia with insulin (115). 

Fat intake 

The optimal dietary fat intake during critical illness in children is not defined. Most 
pediatric enteral formulas supply 45 50% of total energy intake as fat in infants and 20
40% in older children. Parenteral lipid intake should be limited to 3–4 g/kg per day in 
infants and 2–3 g/kg per day in older children (151). When parenteral lipids are 
administered plasma levels of triglycerides should be monitored. Reduction of the 
dosage of lipid emulsions should be considered if serum or plasma triglycerides 
concentrations during infusion exceed 2.5 g/L in infants or 4.0 g/L in older children 
(151). Infant and pediatric formulas as well as parenteral nutrition should contain a 
sufficient amount of essential fatty acids according to RDA for healthy infants (40). 

Other measures 

The benefit of administration of anabolic hormones in critically ill children is not 
defined. Although potentially beneficial, these therapies cannot be advocated at the 
present moment. This is also the case for other experimental therapies such as beta
blockers.  
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Table 2 Summary of measures to promote anabolism in critically ill children 

Measures Recommendations 

General measures • Treat the underlying illness aggressively, avoid secondary infections 
• Monitor response to treatment (e.g. plasma CRP concentration) 
• Avoid catecholamines and steroids if possible 

Early nutritional support • Start enteral nutrition as soon as possible (< 24 hour after admission)   
• Define the individual’s target macronutrient intakes 
• Use nutrient enriched formulas (nutrient condensed) 
• Start PN if EN not possible within 48 hours 

Energy • Define target energy intake (TEI= REE + 30%) 
• Measure REE with indirect calorimetry if possible  
• Reach target energy intake as soon as possible with enteral feeding (< 48 

hours) 

Protein intake • Define target protein intake: minimal intake 1.5 g/kg/24h, maximal intake 
3.0 g/kg/24h, reach target intake of 1.5 g/kg/24h <48h. 

• Increase to maximal intake in next 3 days while monitoring blood urea 
nitrogen 

• During catch up growth further increase intake up to 5 g/kg/24h with 
concomitant increase of energy intake  

• Protein energy to total energy ratio 10 15%  

Carbohydrates • Define target carbohydrate intake: 40 55% of TEI 
• Increase to maximum while monitoring RQ (<1.0) with indirect 

calorimetry.  

Fat • No specific target of fat intake possible 
• Use fat to reach target energy intake 
• Omega 3 fatty acids enriched formulas are not recommended due to 

insufficient evidence  

Specific amino acids 
(Arginine, glutamine, 
citrulline, BCAA) 

• Potentially beneficial 
• No recommendations possible due to insufficient evidence 
• More studies needed 

Anabolic hormones 
(insulin, HGH, IGF
1/IGFBP 3) 

• Potentially beneficial 
• No recommendations possible due to insufficient evidence 
• More studies needed 

Beta Blockers • Benefits unclear 
• Not advocated at the present moment (possible exception: burn injury)   

PN, parenteral nutrition; EN, enteral nutrition; TEI, total energy intake; REE, resting energy expenditure; RQ, 
respiratory quotient; BCAA, branched chain amino acids. 

FUTURE PERSPECTIVES 

The presented studies in this thesis show that critical illness in children is associated 
with increased rates of protein synthesis and breakdown, negative protein balance 
and nitrogen loss. Amino acid metabolism is characterized by increased plasma 
amino acid extraction and specific amino acid deficiencies. Both processes are 
strongly related to disease severity and/or severity of the inflammatory response. Our 
findings suggest that the quantity and quality of protein and amino acid needs may be 
related to the severity of the inflammatory response and thus also to the severity and 
phase of the disease. An important finding in our studies is that high protein and 
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energy intakes can promote protein anabolism in critically ill infants by stimulating 
protein synthesis. 
 
Future research should focus on the following topics: 
• The alterations of protein and amino acid metabolism in critically ill children with 

different disease severity, different underlying disorders, with different age and 
in different phases of the disease (during the acute phase of critical illness and 
during recovery) in relation to alterations in inflammatory (acute phase proteins 
and inflammatory cytokines) and hormonal parameters (insulin, cortisol, HGH 
and IGF 1). Methods that can be used are 1) determination of plasma amino acid 
concentrations, 2) assessment of whole body protein metabolism (preferably us
ing multiple stable isotope methods at the same time), 3) muscle protein break
down (using urinary 3 methylhistidine excretion or stable isotopes of 3 MEH), 4) 
splanchnic amino acid metabolism (using the dual tracer approach) and 5) as
sessment of amino acid metabolism (using specific amino acid tracers, e.g. argin
ine, citrulline, glutamine). These studies will provide us a more complete picture 
of the alterations in protein and amino acid metabolism during different phases 
of critical illness in children and will also further establish the relationship with 
severity of illness and inflammatory and hormonal mediators. This knowledge 
will make it better possible to define and evaluate further studies into the effects 
of nutritional or therapeutic interventions. 

• The effects of nutritional and/or therapeutic interventions on protein and amino 
acid metabolism also in critically ill children with different underlying disorders, 
in different age groups and in different phases of the disease. Possible interven
tions are: 1) different levels of protein and/or energy intake, 2) supplementation 
of specific amino acids (glutamine, arginine, citrulline and BCAA) and 3) anabolic 
hormones (insulin, HGH, IGF 1).  

• Finally, studies are also necessary to evaluate the effects of nutritional and other 
therapeutic interventions on clinical endpoints. Possible relevant clinical end
points would be: days on the ventilator, days on the intensive care and in hospi
tal, the number of infectious episodes and complications, and eventually long
term outcome at follow up. 

CONCLUDING REMARKS 

The results of our studies emphasize the importance of investigation of protein and 
amino acid metabolism in critically ill children. Future research should further 
explore the relationship between the hormonal and inflammatory response to acute 
stress, alterations in protein and amino acid metabolism and role of nutritional 
support on these processes. The ultimate goal will be to tailor nutritional support to 
the exact needs of the child during the different phases of critical illness and thereby 
improve outcome and further growth and development.  
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Nutritional support is an essential aspect of the clinical management of critically ill 
infants and children. Disease related malnutrition and nutrient store depletion is a 
frequent finding in pediatric intensive care patients and is associated with increased 
morbidity and mortality. Disease related malnutrition is predominantly caused by the 
profound alterations in protein and amino acid metabolism during critical illness 
characterized by increased muscle protein breakdown, negative nitrogen balance and 
loss of lean body mass. This increased protein catabolism is aggravated by insufficient 
protein and energy intake due to inadequate nutrient prescription and/or delivery by 
the doctors and nurses.  
The targets of nutritional support in critically ill children are: 1) preventing protein 
catabolism and loss of lean body mass as much as possible by promoting protein 
synthesis and/or diminishing protein breakdown; 2) preventing under  and overfeed
ing; 3) improving clinical outcome and ascertain normal growth and development.  
The optimal nutritional intake of critically ill children to achieve these targets is not 
defined but will differ from those of healthy children and changes during the course 
of the disease. In order to be able to define the nutritional requirements of these 
children more insight is necessary into the alterations of protein and amino acid 
metabolism and into the effects of nutritional interventions both in the acute phase of 
the disease and during recovery. 
 
Chapter 1 describes several aspects of disease related malnutrition in critically ill 
children and outlines the importance of adequate nutrition. 
 
Chapter 2 provides a general overview of the most important aspects of protein and 
amino acid metabolism in health and during critical illness. It also gives a description 
of the methods that can be used to assess protein and amino acid metabolism and/or 
to evaluate the effects of (nutritional) interventions in critically ill children.  
 
Assessment of whole body protein metabolism in children is difficult because the 
methods most often used are invasive and not acceptable for the children or their 
parents. Chapter 3 describes the assessment of whole body protein metabolism using 
the non invasive stable isotope tracer method, the [15N]glycine single oral dose 
method, in healthy children, children with pneumonia and in critically ill children 
with meningococcal sepsis (MS). Whole body protein turnover, protein synthesis and 
breakdown were all increased in the children with MS in the acute phase of the 
disease when compared to the healthy children. Protein breakdown exceeded 
protein synthesis in the most severely ill children leading to a negative protein 
balance. A close relation was found between the alterations in whole body protein 
metabolism and differences in severity of illness as expressed by the pediatric index 
of mortality (PIM score). The results obtained with this non invasive method were 
comparable to results found in earlier reports in critically ill children and adults using 
more invasive intravenous stable isotope tracer methods. Although the [15N]glycine
single oral dose method has practical advantages over intravenous tracer methods, it 
needs further validation before it can be advocated for the assessment of whole body 
protein metabolism in critically ill children. 
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Critical illness is characterized by profound hormonal and metabolic alterations. 
These alterations are a physiologic adaptation to severe stress and injury to release 
amino acids from muscle protein for gluconeogenesis, protein synthesis in other 
organs and energy production. Hyperglycemia and insulin resistance often occur and 
are associated with increased morbidity and mortality. Chapter 4 describes this 
hyperglycemic response in children with meningococcal sepsis with septic shock 
(MSS) and without shock (MS) with emphasis on the roles of the most important 
anabolic hormone, insulin, and inflammatory mediators. Children with MSS and MS 
showed frequent hyperglycemic episodes during the first 72 hours after admission 
and the severity of hyperglycemia was strongly correlated with severity of illness as 
expressed by the physiologic stability index (PSI). In children with MSS, hyperglyce
mia was associated with low plasma insulin levels while in MS patients normal to high 
insulin levels were found. Plasma insulin levels in both patient groups were strongly 
but inversely correlated with plasma levels of the soluble cytokine receptors sTNF R55 
and R75 suggesting a suppressive effect of pro inflammatory mediators on insulin 
secretion. The relationship between insulin levels and severity of illness was also 
illustrated by the strong inverse correlation between insulin and PSI. Our findings of 
hypoinsulinemic hyperglycemia and increased insulin sensitivity in the MSS patients 
in the acute phase of the disease implicates that these children have increased risk for 
hypoglycemia when intensive insulin therapy is applied. 
 
Protein and amino acid metabolism in critically ill children can also be investigated by 
assessment of plasma amino acid concentrations.  Plasma amino acid concentrations 
are determined by the influx of amino acids from protein breakdown and dietary 
intake and from the efflux of amino acids for protein synthesis and oxidation. They 
give a reflection of the underlying metabolic processes and may give an indication of 
specific amino acid depletions and requirements. Chapter 5 describes plasma amino 
acid levels at admission (acute phase) and during treatment (recovery phase) in 
critically ill children with different underlying disorders (viral bronchiolitis, accidental 
or surgical trauma and sepsis) with emphasis on the amino acids arginine and 
citrulline, amino acids that play key roles in many metabolic processes during health 
and disease. The acute phase of critical illness was characterized by decreased plasma 
levels of several amino acids (generalized hypoaminoacidemia) and particularly those 
of arginine, citrulline and glutamine. During recovery plasma levels of these amino 
acids increased to normal levels. The decrease in plasma arginine, citrulline and 
glutamine levels was related to the severity of illness but most strongly to the severity 
of the inflammatory state as expressed by the plasma C reactive protein (CRP) level. 
This strong relation persisted also during recovery (on days 3 and 7). The plasma C
reactive protein (CRP) level gave a good indication of the plasma arginine and 
citrulline levels in the children with different underlying disorders and in different 
phases of their disease. Standard pediatric enteral nutrition did not have a significant 
influence on the increase in plasma arginine and citrulline levels during recovery 
demonstrating that the amount of arginine and/or citrulline in the standard nutritional 
support these children received was not sufficient to correct for this depletion. 
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Chapter 6 and 7 report the results of a double blind randomized controlled study that 
investigated the nutritional and metabolic effects of a protein and energy enriched 
enteral formula (PE formula, providing 2.6 g protein and 100 kcal/100ml) compared to 
a standard infant formula (S formula, providing 1.4 g protein and 67 kcal/100ml) 
administrated early (<24 hours) after admission in mechanically ventilated infants with 
viral bronchiolitis. 
 
Chapter 6 describes the effects of the two enteral infant formulas on gastrointestinal 
tolerance, nutrient delivery, cumulative nitrogen and energy balances, substrate 
utilization (using indirect calorimetry), plasma amino acid profiles and biochemical 
parameters. The results were: 1) both formulas were equally well tolerated; 2) with the 
PE formula a higher and adequate nutrient delivery and positive cumulative energy 
balance could be achieved on the third day after admission despite significant fluid 
restriction measures by the treating physicians; 3) the higher protein and energy 
intake in the PE fed infants resulted in a significantly higher and positive net cumula
tive nitrogen balance on the second day of admission suggestive of improved protein 
accretion early during admission, considered the most important target of nutritional 
support; 4) plasma concentrations of several essential amino acids, especially the 
branched chain amino acids were higher in PE fed infants but still normal limits; 5) 
signs of carbohydrate overfeeding (RQ > 1.0) were seen in two patients in the PE
group but only on a single occasion in each patient, while blood glucose, insulin 
levels and blood urea nitrogen levels did not differ between groups. In conclusion, 
early enteral administration of a PE formula to critically ill infants is well tolerated and 
safe, promotes an adequate nutrient delivery early in admission despite fluid restric
tion and improves energy and nitrogen balances without adverse metabolic effects. 
 
Chapter 7 describes the effects of the two enteral infant formulas on whole body 
phenylalanine and tyrosine kinetics and splanchnic amino acid extraction on the fifth 
day of admission. Stable isotopes of phenylalanine and tyrosine were infused both 
enterally and intravenously at the same time. Protein and energy intakes during 
assessment of whole body protein metabolism were 1.6 g/kg/d and 84 kcal/kg/d in the 
S group (equivalent to recommended dietary allowance for healthy infants) and 3.0 g 
/kg/d and 118 kcal/kg/d in the PE  group respectively. Results show that in the PE
formula fed infants net protein balance was positive (=anabolic state) and significantly 
higher than in the S fed infants. This was caused by a higher rate of protein synthesis 
in the PE infants compared to the S infants despite an also increased rate of protein 
breakdown. Phenylalanine hydroxylation to tyrosine as a measure of amino acid 
oxidation was not increased in the PE fed infants and did not induce a rise in plasma 
urea suggesting that the level of protein intake did not exceed amino acid require
ments for protein synthesis. Splanchnic phenylalanine extraction amounted to 50% of 
phenylalanine intake and did not differ between groups. Our results show that when 
phenylalanine and tyrosine kinetics are investigated in enterally fed subjects, the 
influence of first pass splanchnic phenylalanine utilization should be taken in account 
or else protein breakdown will be underestimated and so whole body protein 
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balance will be overestimated. In conclusion, high protein and energy intakes in 
critically ill infants in the first days of admission using a protein and energy enriched 
formula lead to protein anabolism by stimulating whole body protein synthesis in 
spite of a concomitant increase in whole body protein breakdown and without signs 
of protein intolerance. 
 
In Chapter 8 we discuss the results of our studies in context with the literature and 
elaborate on the implications of our studies for clinical practice. Furthermore we 
make recommendations for nutritional and other measures to promote anabolism in 
critically ill children and suggestions for future research. 
 
The main conclusions obtained from the studies described in this thesis are the 
following:  
• Rates of whole body protein turnover, synthesis and breakdown as measured 

with the  [15N]glycine single oral dose method are increased in children with 
meningococcal sepsis when compared to healthy children and related to the se
verity of illness.  

• The [15N]glycine single oral dose method has practical advantages over intrave
nous tracer methods but needs further validation in critically ill children. 

• Plasma insulin levels are inversely correlated with levels of soluble cytokine 
receptors suggesting a suppressive effect of pro inflammatory mediators on insu
lin secretion.  

• Hyperglycemia associated with hypoinsulinemia rather than insulin resistance 
seems to be the normal pathophysiological response in acute meningococcal 
septic shock in children. 

• Plasma concentrations of arginine and citrulline are low during the acute phase 
of critical illness in children and normalize again during recovery.  

• Plasma arginine and citrulline levels are strongly related to the severity of 
inflammation indicated by plasma CRP levels, independent of the underlying dis
order or phase of the disease. 

• Early enteral administration of a protein and energy enriched formula to critically 
ill infants is well tolerated and safe, promotes an adequate nutrient delivery early 
during admission and improves energy and nitrogen balances without adverse 
metabolic effects. 

• High protein and energy intakes in critically ill infants in the first days of admis
sion lead to protein anabolism by stimulating whole body protein synthesis in 
spite of a concomitant increase in whole body protein breakdown and without 
signs of protein intolerance.  
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Voeding is een essentieel onderdeel van de klinische behandeling van ernstig zieke 
zuigelingen en kinderen. Ziekte gerelateerde ondervoeding komt frequent voor bij 
pediatrische intensive care patiënten en is geassocieerd met verhoogde morbiditeit 
en mortaliteit. Ziekte gerelateerde ondervoeding wordt voor een belangrijk deel 
veroorzaakt door de ingrijpende veranderingen van het eiwit  en aminozuurmetabo
lisme die optreden tijdens een ernstige ziekte. Deze veranderingen worden geken
merkt door een verhoogde spiereiwitafbraak, een negatieve stikstofbalans en afname 
van de vet vrije massa. Deze katabole respons wordt verergerd door een insufficiënte 
inname van eiwitten en calorieën door het inadequaat voorschrijven en toedienen 
van voeding door de medische en verpleegkundige staf. 
De belangrijkste doelen van het voeden van ernstig zieke kinderen zijn: 1) tegengaan 
van eiwitkatabolisme en verlies van vetvrije massa door het stimuleren van eiwitsyn
these en/of het afremmen van eiwitafbraak; 2) voorkomen van ondervoeding maar 
ook overvoeding; 3) bevorderen van ziekteherstel en bevorderen van de normale 
groei en ontwikkeling.  
De optimale hoeveelheid voeding die aan ernstig zieke kinderen toegediend moet 
worden om deze doelen te bereiken is niet bekend maar verschilt van die van 
gezonde kinderen en verandertd tijdens het beloop van de ziekte. Om de voedings
behoefte van ernstig zieke kinderen te kunnen bepalen is meer inzicht nodig in de 
veranderingen van het eiwit  en aminozuurmetabolisme tijdens ernstige ziekte en in 
de effecten van voedingsinterventies zowel in de acute fase van de ziekte als  tijdens 
de herstelperiode. 
 
Hoofdstuk 1 beschrijft diverse aspecten van ziekte gerelateerde ondervoeding in 
ernstig zieke kinderen en het belang van adequate voeding.  
 
Hoofdstuk 2  geeft een algemeen overzicht van de belangrijkste aspecten van eiwit  
en aminozuurmetabolisme in gezondheid en tijdens ernstige ziekte. Tevens wordt 
een beschrijving gegeven van methoden die gebruikt kunnen worden om bij ernstig 
zieke kinderen het eiwit  en aminozuurmetabolisme te onderzoeken en de effecten 
van (voeding)interventies te evalueren.  
 
Het meten van het eiwitmetabolisme op lichaamsniveau bij kinderen is moeilijk 
aangezien de methoden die meestal gebruikt worden invasief zijn en daarom door 
kinderen of de ouders vaak niet geaccepteerd worden. Hoofdstuk 3 beschrijft een 
studie waarin we met behulp van een niet invasieve methode, de [15N]glycine single
oral dose method, het eiwitmetabolisme op lichaamsniveau hebben bepaald in 4 
groepen kinderen: gezonde kinderen, kinderen met longontsteking en ernstig zieke 
kinderen met meningococcen sepsis (MS). Bij  kinderen met MS waren de eiwittur
nover, de eiwitsynthese en de eiwitafbraak op lichaamsniveau in de acute fase van de 
ziekte verhoogd ten opzichte van gezonde kinderen. In de ziekste kinderen was de 
eiwitafbraak hoger dan de eiwitsynthese resulterend in een negatieve netto eiwitba
lans. Een nauwe relatie werd gevonden tussen de veranderingen van het eiwitmeta
bolisme en verschillen in ernst van ziekte uitgedrukt door de pediatric index of 
mortality (PIM score). De resultaten verkregen met deze niet invasieve methode 

Thesis Waardenburg V8.pdf   161 17-7-2008   14:58:29



CHAPTER 10 
 

 162 

kwamen goed overeen met eerder gepubliceerde studies van ernstig zieke kinderen 
en volwassenen waarbij gebruikt werd gemaakt van invasieve (intraveneuze) stabiele 
isotopen methoden. Alhoewel de [15N]glycine single oral dose method grote prakti
sche voordelen heeft ten opzichte van de intraveneuze methoden, dient deze 
methode nog verder gevalideerd te worden voordat het aanbevolen kan worden voor 
het bepalen van het eiwitmetabolisme op lichaamsniveau in ernstig zieke kinderen. 
 
Tijdens ernstige acute ziekten treden uitgebreide hormonale en metabole verande
ringen op. Deze veranderingen vormen een fysiologische reactie op ernstige stress of 
letsel waardoor aminozuren worden vrijgemaakt uit spiereiwitten die vervolgens 
gebruikt worden in andere organen onder andere voor gluconeogenese, synthese 
van andere eiwitten of gebruikt als energiebron. Hierbij treden hyperglycemie en 
insuline resistentie vaak hetgeen geassocieerd is met een verhoogde morbiditeit en 
mortaliteit.  
In Hoofdstuk 4 beschrijven we deze hyperglycemische response bij kinderen met 
meningococcensepsis met septische (MSS) en zonder shock (MS) met nadruk op de 
rol van het belangrijkste anabole hormoon, insuline, en inflammatoire mediatoren. 
Hyperglycemie kwam frequent voor bij de kinderen met MSS en MS in de eerste 72 
uur van de opname waarbij de ernst van de hyperglycemie sterk gerelateerd was aan 
de ernst van de ziekte, uitgedrukt door de Physiologic Stability Index ( PSI). Kinderen 
met MSS vertoonden hyperglycemie in combinatie met lage plasma insuline concen
traties terwijl in kinderen met MS hyperglycemie met normale of verhoogde insuline 
concentraties werden gezien. De plasma insuline concentraties in beide groepen 
vertoonden daarbij een sterke maar negatieve correlatie met de plasma concentraties 
van oplosbare cytokinen receptoren, sTNF R55 and R75, hetgeen suggereert dat de 
pro inflammatoire cytokinen een remmend effect hebben op de insuline secretie. De 
relatie tussen de insuline concentraties en de ernst van de ziekte werd ook geïllu
streerd door de sterke negatieve correlatie tussen insuline en de PSI. Onze bevinding 
van hypoinsulinemische hyperglycemiëen en verhoogde insulinegevoeligheid bij 
kinderen met MSS in de acute fase van de ziekte impliceert dat deze kinderen een 
verhoogd risico hebben op hypoglycemiëen wanneer intensieve insuline therapie 
wordt toegepast.  
 
Het eiwit  en aminozuurmetabolisme bij ernstig zieke kinderen kan ook worden 
onderzocht door het  bepalen van de aminozuurconcentraties in plasma. Plasma 
aminozuur concentraties worden bepaald door de instroom van aminozuren vanuit 
eiwitafbraak en eiwitinname en door de uitstroom van aminozuren door eiwitsynthe
se en aminozuur oxidatie en vormen daardoor een afspiegeling van deze onderlig
gende metabole processen en kunnen een ook indicatie geven van specifieke 
aminozuurtekorten en behoeften. In Hoofdstuk 5 beschrijven we de plasma amino
zuurconcentraties bij opname (acute fase) en tijdens de klinische behandeling 
(herstelfase) van ernstig zieke kinderen met verschillende onderliggende ziekten 
(virale bronchiolitis, accidenteel of chirurgisch trauma en sepsis) met de nadruk op 
de aminozuren arginine and citrulline, die  een sleutelrol vervullen in vele metabole 
processen in ziekte en gezondheid. De acute fase van ernstige ziekte was gekenmerkt 
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door verlaagde plasma concentraties van verschillende aminozuren maar vooral 
arginine, citrulline and glutamine. In de herstelfase stegen deze concentraties weer 
naar normale waarden. De daling van de plasmaconcentraties van arginine, citrulline 
en glutamine was sterk gerelateerd aan de ernst van de onderliggende ziekte maar 
vooral aan de ernst van de inflammatoire toestand uitgedrukt in de plasma C reactive 
protein (CRP) concentratie. Deze sterke relatie was niet alleen aanwezig in de acute 
fase maar ook tijdens de herstelfase (op dag 3 en 7). De hoogte van de plasma CRP 
concentratie gaf een goede indicatie van de plasma arginine en citrulline concentratie 
bij kinderen met verschillende ziekten en in verschillende fase van hun ziekte. De 
standaard pediatrische sondevoeding die de kinderen kregen had geen significante 
invloed op plasma arginine en citrulline concentraties tijdens de herstelfase. Dit geeft 
aan dat de hoeveelheid arginine en citrulline in deze voeding niet voldoende is om 
de daling van de plasma arginine en citrulline concentraties te corrigeren. 
 
Hoofdstuk 6 en 7 rapporteren de resultaten van een dubbelblind gerandomiseerd 
onderzoek bij ernstig zieke en beademde zuigelingen met virale bronchiolitis. In dit 
onderzoek werden de metabole effecten onderzocht van het toedienen van een 
eiwit  en energieverrijkte zuigelingenvoeding (PE voeding, samenstelling 2.6 g eiwit 
en 100 kcal/100ml) in vergelijking met een standaard zuigelingenvoeding (S voeding, 
samenstelling 1.4 g eiwit en 67 kcal/100ml) beide toegediend vanaf de vroege fase van 
de opname (<24 uur). 

Hoofdstuk 6 beschrijft de effecten van de twee zuigelingenvoedingen op voedingsto
lerantie, de hoeveelheid macronutriënten die werden toegediend, de cumulatieve 
stikstof  en energiebalans, het substraatgebruik (door middel van indirecte calorime
trie), de plasma aminozuurconcentraties en biochemische parameters. De resultaten 
waren als volgt: 1) beide voedingen werden even goed verdragen; 2) met de PE
voeding kon al op de derde dag van opname een adequate macronutrienten inname 
en een positieve cumulatieve energiebalans bereikt woorden ondanks een vochtbe
perking die de meeste zuigelingen hadden; 3) in de PE groep was de cumulatieve 
stikstofbalans al op de tweede dag van opname positief en hoger dan in de S groep 
hetgeen suggereert dat er al na enkele dagen sprake was van een anabole toestand, 
een belangrijk doel van voeding bij ernstig zieke kinderen; 4) plasma concentraties 
van verschillende essentiele aminozuren (vooral de vertakte keten aminozuren) 
waren hoger in de PE groep maar nog binnen de normaalwaarden; 5) tekenen 
koolhydraatovervoeding (RQ > 1.0) werden gezien in twee zuigelingen in de PE groep 
maar in beide slechts tijdens een enkele meting terwijl plasma concentraties van 
glucose, insuline and ureum niet verschillend waren tussen de beide groepen. 
Geconcludeerd wordt dat het toedienen van een eiwit  en calorie verrijkte zuigelin
genvoeding aan ernstig zieke zuigelingen vroeg tijdens de opname goed wordt 
verdragen en veilig is. Het verbetert de macronutrienten inname ondanks vochtbe
perking en leidt tot een positieve energie  en stikstofbalans zonder metabole bijwer
kingen. 
 
Hoofdstuk 7 beschrijft de effecten van de twee zuigelingenvoedingen op het eiwit
metabolisme op lichaamsniveau en op de splanchnische aminozuurextractie op de 
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vijfde dag van opname. Hierbij werden  oplossingen van stabiele isotopen van 
phenylalanine and tyrosine gelijktijdig intraveneus en enteraal toegediend. De eiwit  
en energieinname tijdens de metingen waren 1.6 g/kg/d en 84 kcal/kg/d in de S groep 
(hetgeen overeenkomt met de aanbevolen dagelijks inname van gezonde zuigelin
gen) en 3.0 g/kg/d en 118 kcal/kg/d in de PE groep. De resultaten laten zien dat de 
netto eiwitbalans positief was in de PE groep (=anabole toestand) en significant 
hoger dan in de S groep. Dit werd veroorzaakt door een hogere eiwitsynthese in de 
PE groep dan in de S groep ondanks dat de eiwitafbraak in de PE groep ook ver
hoogd was. Hydroxylatie van phenylalanine tot tyrosine (als maat voor de aminozuur
oxidatie) was niet verhoogd in de PE groep en gaf ook geen stijging van de plasma 
ureum concentratie hetgeen suggereert dat de eiwitinname niet hoger was dan de 
aminozuurbehoefte voor eiwitsynthese. De extractie door de darm van de enteraal 
toegediende phenylalanine was ongeveer 50% en was niet verschillend in beide 
groepen. Onze resultaten laten zien dat, als men bij gevoede patiënten het eiwitme
tabolisme meet met behulp van phenylalanine en tyrosine tracers, rekening dient te 
worden gehouden met deze extractie omdat anders de eiwitafbraak onderschat 
wordt en daardoor de netto eiwitbalans overschat wordt. 
Geconcludeerd wordt dat een hoge enterale eiwit  en calorieinname vroeg tijdens de 
opname door middel van eiwit  en energie verrijkte voeding een anabole toestand 
bereikt kan worden bij ernstig zieke zuigelingen zonder tekenen van eiwitovervoe
ding. Deze anabole toestand wordt bewerkstelligd door stimulatie van de eiwitsyn
these ondanks dat de eiwitafbraak eveneens toeneemt.  
 
Hoofdstuk 8 bespreekt de resultaten van de verschillende studies in samenhang met 
de bestaande literatuur en wordt ingegaan op de implicaties voor de klinische 
praktijk. Tevens worden aanbevelingen gedaan voor maatregelen die een anabole 
toestand in ernstig zieke kinderen kunnen stimuleren. Ook worden suggesties 
gedaan voor toekomstig onderzoek. 
 
De voornaamste conclusies van dit proefschrift zijn: 

• De snelheid van eiwitturnover, eiwitsynthese en de eiwitafbraak, gemeten met de 
[15N]glycine single oral dose methode, zijn verhoogd in kinderen met meningo
coccen sepsis ten opzichte van gezonde kinderen en gerelateerd aan de ernst 
van de ziekte. 

• De  [15N]glycine single oral dose methode heeft praktische voordelen ten 
opzichte van intraveneuze tracermethoden maar dient nog nader gevalideerd te 
worden in ernstig zieke kinderen. 

• Plasma insuline concentraties en plasma concentraties van de oplosbare cytokine 
receptoren zijn negatief aan elkaar gecorreleerd. Dit suggereert een remmend 
effect van de proinflammatoire cytokinen op de insuline secretie.   

• In kinderen met acute meningococcen sepsis en septische shock lijkt de normale 
pathofysiologische respons hyperglycemie op basis van hypoinsulinisme te zijn 
en niet hyperglycemie op basis van insuline resistentie. 

• Plasma arginine en citrulline concentraties zijn laag tijdens de acute fase van 
ernstig ziekte bij kinderen en normaliseren tijdens herstel. 
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• De daling van de plasma arginine en citrulline concentraties is sterk gecorreleerd 
met de ernst van de inflammatie (plasma CRP concentratie) onafhankelijk van de 
onderliggende ziekte en de fase van de ziekte. 

• Vroege enterale toediening aan ernstig zieke zuigelingen van een eiwit  en 
energieverrijkte voeding wordt goed verdragen, bevordert een adequate ma
cronutriënten inname in de vroege fase van opname en verbetert de energie  en 
eiwitbalans zonder negatieve metabole effecten.  

• Een hoge eiwit  en energieinname van ernstig zieke zuigelingen in de eerste 
dagen van de opname leidt tot anabolisme door stimulatie van de eiwitsynthese 
ondanks een gelijktijdige verhoging van de eiwitafbraak en zonder tekenen van 
eiwitintolerantie.         

• Bij het bepalen van het eiwitmetabolisme op lichaamsniveau bij enteraal gevoede 
kinderen met  de phenylalanine en tyrosine methode, dient men rekening te 
houden met de splanchnische extractie van de phenylalanine in de voeding. 
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