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LIST OF ABBREVIATIONS 
AA  amino acid
APE  atom percent excess
A.S.P.E.N. American Society for Parenteral and Enteral Nutrition
BCAA  branched-chain amino acid
BMI  body mass index
BUN  blood urea nitrogen
CF  cystic fibrosis
CHD  congenital heart defect
CPB  cardiopulmonary bypass
CRP  C-reactive protein
EN  enteral nutrition
FFA  free fatty acid
FSR  fractional synthesis rate
HP  high protein
I  infusion rate
ICU  intensive care unit
IGF-1  insulin-like growth factor-1
IL  interleukin
IRMS  isotope ratio mass spectrometry
KIV  α-ketoisovalerate
LBM  lean body mass
LOD  limit of detection
LOS  length of stay
LP  low protein
MODS  multiple organ disease syndrome
MPE  mass percent excess
NOD  non oxidative disposal
NP  normal protein
NST  nutritional support team
PEM  protein energy malnutrition
PICU  pediatric intensive care unit
PIM  predicted index of mortality
PN  parenteral nutrition
RDA  recommended daily allowance
Ra  rate of appearance
REE  resting energy expenditure
SIRS   systemic inflammatory response syndrome
TNF-α  tumor necrosis factor-α 
TTR  tracer to tracee ratio
VCO2  carbon dioxide production
VO2  oxygen consumption
WBPB  whole-body protein breakdown
WBPS  whole-body protein synthesis
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Clinical relevance of negative protein balance 

In contrast to carbohydrates and fat, the human body has no storage pool of non-functional 
proteins that can be recruited in situations of extra demand. Proteins are present as structural 
compounds (e.g. organ tissue, muscle) or in a soluble form (e.g. hormones, acute phase 
proteins). Degradation of body proteins for the recruitment of amino acids (AAs) causes 
subsequent loss of organ function or of the organism as a whole if they are not restored. If 
loss of total body protein mass exceeds 40%, death is inevitable (1, 2). 

In both acute and chronic disease states, negative protein balance with loss of lean body mass 
(LBM, i.e. the fat-free fraction of total body mass) has detrimental effects on short-term and/
or long-term clinical outcome. In critically ill patients, cumulative negative protein-energy 
balance with loss of LBM is associated with an increased incidence of infections, less ventilator-
free days, a longer time of recovery to normal physiological functions resulting in increased 
length of stay (LOS) in the intensive care unit (ICU) (3, 4). Conversely, a malnourished state 
increases the risk of respiratory infections, hospitalization or long-term institutional care, and 
is associated with an increase in economic burden (5, 6). Also in pediatric ICU patients, ongoing 
proteolysis and loss of protein mass is associated with a higher risk of infections, persisting 
critically ill condition, and increased LOS in the PICU (7, 8). Infants and children are particularly 
susceptible to developing negative protein balance, due to greater baseline requirements for 
linear growth and development of visceral organs (9). The effects of negative protein balance 
during PICU stay can be long lasting in children; anthropomorphic consequences of clinical 
malnutrition can be measured even up to 6 months following discharge from a PICU (10). 

Also, in chronic disease states, protein-energy malnutrition (PEM) with subsequent loss of LBM 
has a negative effect on outcome (11, 12). This is increasingly relevant to the pediatrician, since 
successful therapeutic strategies have improved overall mortality rates of specific childhood 
diseases at the expense of a growing population of chronically ill children. Approximately 
500,000 children in the Netherlands are diagnosed as being chronically ill (13). Cystic fibrosis 
(CF) is a typical example of one such chronic disease, where improved care has resulted in a 
tremendous decrease in mortality rate during childhood. Over the past 10–20 years, the mean 
survival of patients with CF has increased from 20, to over 40 years (14). According to a 2005 
report of the CF Foundation approximately a quarter of children with CF are below the 10th 
percentile weight-for-age and sex (15). Twenty-five to thirty percent of children with CF have 
depleted LBM with loss of muscle mass (16). In these children, malnutrition has been shown to 
have adverse effects on respiratory muscle strength, lung function, infection rate, and immune 
defense mechanisms (17). Emphasis on increasing LBM, rather than body mass index (BMI) by 
high energy strategies, can improve lung function in pediatric pulmonary disease (18). 
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Nutritional status in chronic illness affects clinical outcome of critical illness, especially 
considering that approximately a quarter of the PICU population are already undernourished 
on admission (10, 19). This is not only the result of nutritional deterioration during the acute 
illness itself, but is in increasing numbers also a consequence of the chronic underlying disease 
state (20). Therefore, improvement of protein balance and LBM in children with either critical 
or chronic illness is paramount, since both disease states become increasingly interlinked in 
modern medical practice.

Physiological regulation of protein metabolism

In the 1930s, stable isotope studies by Schoenheimer et al showed for the first time that 
proteins are continually broken down and resynthesized, and hence that proteins in the 
body have a dynamic rather than a static nature (21). In healthy children and adults, protein 
breakdown occurs at a rate of more than double that of daily dietary protein intake (6.7 
g/kg/d in newborns and 3.5 g/kg/d in adults, respectively) (22). Approximately 80% of 
whole-body protein synthesis involves the recycling of AA derived from endogenous protein 
breakdown (23). Thus, only about 15–20% of protein synthesis results from the exogenous 
AA in the daily intake. Although this recycling of AA is an energy wasting process, requiring 
approximately 35% of resting energy expenditure (REE) to fuel basal protein turnover (24), 
it has the important beneficial effect of amplification of control of protein remodeling with 
more flexibility in dealing with changing clinical demands (Figure 1.1).

Figure 1.1 Schematic diagram of amplification effect of recycling of proteins. In this example, at higher 
rates of synthesis and breakdown in B versus A, 50% reduction of breakdown has 3-times amplified 
effect on balance gain. S, synthesis; Br, breakdown, Bal, balance. Units are arbitrary.

S Br Bal S Br Bal gain Bal

Situation 1: B = 100% Situation 2: B = 50% gain Bal

A

B

0 +1 0 +0.5 +0.5
1 0.5

+2 +3 +2 +1.5 +0.5 +1.5
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The protein synthesis- and breakdown rates are not equal for all tissues. In fact, there are 
drastic (up to 30-fold) differences in fractional synthesis rates of proteins between different 
organs and tissues, and between the cytosolic, nuclear, and mitochondrial compartments of 
cells (25, 26). The sum of these individual rates is expressed as whole-body protein synthesis 
or breakdown. It is the overall balance between these determinants that defines loss 
(catabolism) or gain (anabolism) of total protein mass of an organism (23). Thus a catabolic 
state can result from an increase in breakdown, a decrease in synthesis, or a combination of 
these two responses.

Protein synthesis and degradation are affected by various conditions, such as fasting, feeding, 
exercise, and aging. In vivo, these conditions are closely regulated by hormonal, nutritional, 
neural, inflammatory, and other influences. Within this extremely complex and dynamic 
interplay, availability of AAs and the serum concentration of insulin play a dominant role in 
the regulation of protein metabolism.

The most important driving force behind protein synthesis is the availability of AAs; muscle 
and visceral tissue protein synthesis is stimulated in a linear correlation within the normal 
diurnal plasma concentrations of AAs from the direct postprandial to the postabsorptive state 
(27–29). The maximal anabolic effect of AAs appears between 30 min and 2 hrs following a 
meal, or subsequent to the start of an in vitro AA infusion in the postabsorptive state (28). 
The metabolic fate of surplus AAs, exceeding maximal muscle protein synthesis capacity, is 
oxidation resulting in ureagenesis (28).

As a key anabolic hormone, insulin potently inhibits whole-body, splanchnic, skeletal and heart 
muscle proteolysis, probably via the ATP-dependent ubiquitin-proteasome proteolytic pathway 
(25, 30). It appears that in older children and adults proteolysis is more sensitive than protein 
synthesis to small changes in plasma insulin concentration within its physiological range (25). 
Whereas in healthy subjects proteolysis is diminished by even a modest increase in serum 
insulin concentration, protein synthesis is stimulated only by higher concentrations, provided 
sufficient AAs are present (31–34). In vitro research demonstrates that insulin above a higher 
threshold concentration stimulates protein synthesis. This occurs via an increased muscular 
blood flow and hence AA supply, and also by promoting AA-induced mRNA translation (35–37). 
This effect has been observed in various different types of muscles, but not in visceral tissues 
(38). The proteolysis-inhibiting effect of insulin diminishes with age (39). 

In vitro, insulin and AAs can independently regulate protein synthesis and degradation; 
however, their respective roles in vivo are more complexly interrelated. As an example, insulin 
induces hypoaminoacidemia, potentially depriving protein synthesis of substrate, whilst some 
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AAs or their derivatives (e.g. arginine, lysine, phenylalanine, ornithine, alanine, leucine and 
isoleucine) can in turn stimulate insulin release (40, 41). Also, sufficient availability of AAs 
enhances both the proteolytic suppressive effect of insulin and the sensitivity of protein 
synthesis to insulin (25, 42, 43). 

Other hormones also play a role in the complex endocrine regulation of protein homeostasis, 
of which insulin-like growth factor-1 (IGF-1) and growth hormone (GH) are the most important. 
In contrast to insulin, IGF-1 stimulates protein synthesis in muscle and whole-body in lower 
concentrations than those necessary for effects on glucose homeostasis, whereas higher 
concentrations are required for inhibition of proteolysis (44, 45). GH can stimulate muscle 
protein synthesis independent of IGF-1, and is essential for linear growth during childhood 
(46, 47). During fasting, GH inhibits proteolysis and thus preserves body protein (48). The 
complexity of the endocrine regulation of protein homeostasis is also demonstrated by the 
fact that GH has both insulin-like (e.g. phosphorylation of the insulin receptor substrate 
1), and insulin-antagonistic (mitigation of the anti-proteolytic effect of insulin) properties. 
These are dependent on the individual’s nutritional status, serum glucose concentration and 
availability of AAs (25). 

Finally, also glucagon, thyroid hormones, glucocorticoids, and gonadal steroids modulate 
protein metabolism, but these will not be discussed here.

Stress response to critical illness and surgery

The overall effect of the acute stress response to injury is to preserve cardiovascular 
homeostasis, maintain fluid volume, and protect the body from invasion by pathogens. Also, 
substrates and energy for the synthesis of acute phase proteins, inflammatory peptides and 
gluconeogenesis are mobilized. In evolutionary terms, it seems likely that this ‘hypermetabolic 
response’ to stress developed as a survival mechanism which allowed injured animals to 
sustain themselves without food by using stored body fuels and retaining water and salt 
until healing had occurred (49). In modern medicine, it is questionable whether this ancient 
response is beneficial in all circumstances, since ongoing catabolism with negative protein 
balance contributes to a worsened clinical status (50). 

In critical illness and following trauma or surgery, there are three major systems that protect 
the organism against internal and external insults: the central nervous system, the endocrine 
system, and the immune system (51). The first two are usually combined and referred to as 
the neuroendocrine system.
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The neuroendocrine response to illness and injury consists of sympathetic autonomic nervous 
system induced adrenal medullar production of catecholamines and activation of the renin-
angiotensin-aldosterone system in the renal juxtaglomerular cells (52). Pituitary-synthesized 
corticotropin (adreno-corticotrophic hormone, ACTH), via the hypothalamic pituitary-adrenal 
(HPA) axis, stimulates the adrenal cortical secretion of cortisol, which also increases vascular 
tone and promotes renal salt retention (50, 52, 53). The posterior pituitary produces arginine 
vasopressin (AVP) which has a major role in the preservation of circulatory volume as anti 
diuretic hormone (ADH) (49).

In the acute phase of the systemic inflammatory response syndrome (SIRS), pro-inflammatory 
cytokines, such as tumor necrosis factor (TNF)-α, interleukins (IL) 1, 6 and 8, play a major role 
in the early (2–4 hrs) response to sepsis and injury (49, 54). They modulate inflammation by 
inducing production of acute phase proteins, such as C-reactive protein (CRP), fibrinogen, 
and α2-macroglobulin (49). IL-10 is the key anti-inflammatory cytokine that selectively 
blocks expression of pro-inflammatory genes and simultaneously enhances expression of 
anti-inflammatory molecules (e.g. the IL-1 receptor antagonist, via competitive inhibition of 
the pro-inflammatory IL-1 cytokine receptor) (55). 

Also in pediatric cardiac surgery, like in all surgical and trauma patients, SIRS is one of the 
endogenous factors that can complicate post-operative recovery. In addition to the effect of 
surgery, during most cardiac surgical procedures there is additional use of the cardiopulmonary 
bypass (CPB) circuit, which has been shown to further induce complement activation, 
endotoxin release, leukocyte activation, and cause the release of many pro-inflammatory 
mediators (49, 56, 57).

The neuroendocrine and immune systems are interrelated through a bidirectional network of 
hormones and neuropeptides that affect immune function and, in turn, immune responses 
that are triggered by neuroendocrine changes (Figure 1.2). As an example, TNF-α, IL-1 and 
IL-6 directly induce activation of the HPA axis, whereas hypothalamic corticotrophin-releasing 
hormone itself has proinflammatory properties (49, 50, 58). On the other hand, catecholamines 
and cortisol protect against excessive inflammation via direct anti-inflammatory properties, 
such as inhibition of the synthesis of prostaglandins (47, 49, 50).

Metabolic response to critical illness

The hypermetabolic stress response is characterized by mobilization of nutrients and energy 
via lipolysis, proteolysis, glycogenolysis and gluconeogenesis (7, 59, 60). The latter two, 
together with inflammation-induced insulin resistance and poor carbohydrate utilization, 
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lead to hyperglycemia, which is associated with increased morbidity and mortality in critically 
ill adults and children (61–65). The metabolic response to illness and surgery differs from 
starvation in that it is an insulin-resistant, high-energy state, in contrast to the conservation 
of LBM and energy during starvation (Table 1.1). 

In critically ill adults, REE is increased to fuel the hypermetabolic stress response with sufficient 
energy. Classification of adult patients into three categories (non-SIRS, non-septic SIRS, and 
septic SIRS) has been shown to be a valid predictor of metabolic stress, with increasingly 
elevated REE between groups (66). In critically ill children however, the presence of a 
hypermetabolic response to stress is less evident. There are studies in different populations 
of critically ill children that report REE to be 15–50% higher than expected for age and body 

Figure 1.2 Immune neuroendocrine interactions. Reproduced with permission from (50).
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1
composition during the peak of the hypermetabolic response (67–69). More recent studies 
report an absence of increased REE, or even a hypometabolic response to critical illness in 
children, with a possible correlation between metabolic stress and severity of disease scores 
and LOS (70–75). In surgical newborns and infants, the hypermetabolic response is only short-
lived or is altogether absent, with return to baseline levels within 12–24 hrs (59, 76–79). As 
an explanation, it has been proposed that in acutely ill or postoperative children, energy 
may be diverted from growth to fuel the stress response, thus avoiding an overall excessive 
increase in energy expenditure (78, 79).  

In response to trauma and sepsis, increased proteolysis occurs (predominantly in skeletal 
muscle but also of visceral proteins), for the recruitment of sufficient AAs that can subsequently 
be metabolized into acute phase proteins, glucose, free fatty acids (FFAs) or ketone bodies 
(49). In pediatric surgical patients, plasma concentrations of gluconeogenic AAs (alanine 
and glutamine) are low, whereas the branched-chain AAs (BCAAs; leucine, isoleucine and 
valine) concentrations are high, suggesting that gluconeogenesis is the driving force behind 
muscle protein breakdown (9, 80). In critically ill adult patients with multiple organ disease 
syndrome (MODS), studies using sequential muscle biopsies have shown that proteolysis 
causes up to 1.5% of muscle fiber area to disappear per day (81). In children who undergo 

Table 1.1 Summary of hormones and substrate response to illness and surgery compared to starvation 
[adapted from (9)]

Starvation Illness or surgery

Glucagon ↑ ↑

Insulin ↓ ↓ then↑

Catecholamines ↓ ↑ - ↑↑

Cortisol ↓ ↑ - ↑↑

Skeletal protein breakdown ↑ then ↔/↓ ↑↑

Amino acid oxidation ↑ then ↔/↓ ↑↑

Skeletal protein synthesis ↓↓ ↑

Protein balance ↓ ↓ - ↓↓

Glucose turnover ↓ ↑

Fatty acid turnover ↓ ↑

Ketone body synthesis ↑ ↓
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surgery, urinary nitrogen secretion is increased as a result of protein degradation, and may 
remain elevated for up to 4 to 5 days following the operation (80). In children with severe 
burns, muscle breakdown has been observed for even up to 9 mos (82).

In the liver, synthesis rates of acute phase proteins such as CRP and fibrinogen are increased, at 
the expense of decreased synthesis of selected proteins (e.g. albumin, transferrin, prealbumin, 
retinol-binding protein, and fibronectin) (83, 84). Simultaneously, protein synthesis in 
muscles is reduced during critical illness due to low intramuscular precursor concentration 
and decreased activity of the translation initiation pathway (83, 85). During the metabolic 
stress response the increase of whole-body proteolysis is greater than the increase in protein 
synthesis, resulting in a net negative protein balance (69).

Due to increased synthesis of acute phase proteins and immune cells, some conditionally 
essential AAs such as arginine and glutamine, can become depleted in critical illness and 
after injury, including burns (86, 87). Arginine is involved in several T-lymphocytic functions, 
including IL-2 production (88). Glutamine serves as a metabolic substrate for enterocytes 
and immune cells, thus supporting intestinal barrier function and immune responses. It also 
serves as a messenger to switch on genes involved in immune regulation (89). Additionally, 
the aromatic AAs tyrosine has been shown to be conditionally indispensable in critically ill 
infants and young children (90).

Negative protein balance in the PICU: causes and therapeutic options

Critically ill children usually receive less than the recommended protein intake, with 50% of 
cumulative deficits developing in the first 48 hrs of admission on a PICU (91, 92). As a result, 
their LBM can deteriorate even further during the admission period, this superimposed 
on the fact that approximately a quarter of these children are already undernourished on 
admission (10). 

Furthermore, the majority of PICU patients have a negative cumulative energy balance at 
discharge (91, 93). This is partially a result of incorrectly prescribed calories due to prescriptions 
often being based on notoriously unreliable predictive requirement equations instead of 
the actual needs as measured by indirect calorimetry (94–98). Additionally, medications 
typical in an ICU setting such as inotropic agents, sedatives and muscular blocking drugs, 
further complicate accurate predictions of the patient’s actual caloric needs (99–103). 
Other causes of clinical malnutrition are: fluid volume restriction in patients with SIRS or 
cardiac surgery, partial delivery to the patient of prescribed diets, procedural interruption 
for which the patient has to be fasted (e.g. in- and extubation, surgery, radiological studies 
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outside the PICU), gastrointestinal intolerance to feeding, mechanical problems (e.g. feeding 
tube displacement, pump dysfunction), and absence of a dedicated nutrition support team 
(104–107). It has become clear that malnourishment during PICU stay can be reduced by 
early recognition of patients that are at risk, by means of prompt, regular and comparative 
nutritional assessments (108).

There is a vast body of evidence that stresses the importance of tailoring energy intake in 
critically ill children based on actual measured, as opposed to predicted total EE to avoid 
overfeeding, which may lead to diet-induced thermogenesis, increased carbon dioxide 
production and fatty deposition in the liver (96, 109–113). Measurement of the respiratory 
quotient (VCO2 divided by VO2) can be helpful in differentiating under- and overfeeding, and 
adequacy of dietary macronutrient composition (113, 114).

Although it is generally agreed that macronutrient utilization in this population differs from 
that in healthy children, recommended quantities of protein for critically ill neonates and 
children are not so clear and are based on limited data (115, 116). A recent systematic review, 
that reviewed 6 interventional trials and 3 observational studies of energy and protein intake 
on protein balance in critically ill children, has reported that a minimum intake of 57 kcal/
kg/d and 1.5 g/kg/d were required to achieve positive protein balance (Table 1.2) (117). The 
latest international guideline for critically ill children of various age groups advises a protein 
intake as follows: 0–2 yrs, 2–3 g/kg/d; 2–13 yrs, 1.5–2 g/kg/d; and 13–18 yrs, 1.5 g/kg/d (116). 
There is evidence that significantly higher protein intake (up to 3 g/kg/d) via an aggressive 
feeding strategy correlates with better protein balance in children with acute illness (Figure 
1.3) (69, 118). To date, it is unknown if these outcome data can be improved with an even 
higher protein intake.

The role of insulin infusion in improving the negative protein balance in critically ill patients 
is still under debate. In burn victims, insulin can stimulate muscle protein synthesis, and 
improve LBM in children (119–121). In children with sepsis however, high AA intake enhances 
protein synthesis, whilst insulin infusion-induced hyperinsulinemia does not have an additional 
positive effect on protein balance (122). Insulin, as opposed to glucose, has anti-inflammatory 
effects, and can, both via direct action and by reversing hyperglycemia, mitigate inflammation 
and thus catabolism. Hyperglycemia induces mitochondrial dysfunction with subsequent 
organ failure (123). In a large study of critically ill infants and young children in a mixed PICU 
with 85% surgical patients, insulin-induced tight glycemic control reduced inflammation as 
expressed by plasma concentrations of CRP, LOS in the PICU, and overall mortality by 3% 
in the study group, compared to the controls (124). However, the authors observed severe 
hypoglycemia < 2.2 mmol/L in 25% of patients in the tight glycemic control group, compared to 
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1
1% in the usual care group (124). At 4 years follow-up, there were no differences in mortality 
or neurocognitive development between groups (125). In adult critically ill patients, insulin-
induced tight glycemic control, although potentially beneficial for a subgroup of surgical 
patients, significantly increased the risk of hypoglycemia and conferred no overall mortality 
benefit (126). Therefore, glucose infusion-induced hyperinsulinemia, as opposed to infusion 
of insulin, might be a safer option. At present, there is no evidence that this strategy can 
improve protein balance, prevent hypoglycemia, and mitigate inflammation at the same time. 

Within the realm of nutritional therapy of critically ill children, there is no compelling 
evidence for immunonutrition, i.e. the modulation of the inflammatory response by immune-
modulating nutritional components. In this field, supplementation to critically ill children 
of the semi-essential AAs glutamine, arginine, glycine and omega-3 polyunsaturated fatty 
acids and nucleotides have been studied most extensively, since they are involved in the 
immune response (127–132). All studies showed various immune-modulating properties of 
these nutritional components, but without effect on clinically relevant outcome parameters, 
partly due to poor study design (133). The latest A.S.P.E.N. guideline on nutrition in critically 
ill children, based on the available pediatric data, does not recommend the routine use of 
immunonutrition or immune-enhancing diets/formulas (116).  
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Figure 1.3 Protein balance associated with corresponding level of protein intake in critically ill children 
(Spearman r = 0.729; p = 0.011). Reproduced with permission from (117).
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Cystic fibrosis as a model of chronic protein malnutrition

As stated earlier, 25 to 30% of children with CF have LBM depletion with loss of muscle mass 
(16). Historically, since the classical 1980s observational study of CF patients in Toronto and 
Boston that reported that individuals with high-calorie-high-fat diets were taller and weighed 
more, emphasis of nutritional strategies in CF has been on caloric rather than protein intake 
(134). Even to date, ‘high-fat-high-energy’ diets with use of pancreatic enzyme replacement 
therapy in pursuit of better control of malabsorption is considered the standard of care 
(14). High-energy intake in CF patients can improve weight and BMI, and is associated with 
better pulmonary function (135, 136). Also, greater weight-for-age in the peripubertal period 
is associated on average with improved tempo and timing of pubertal linear growth (137).

Although weight gain per se is important, maintenance of normal muscle mass may be closely 
connected with both normal growth and good pulmonary function in CF children (138). There 
are several reports of increased protein catabolism in stunted children with CF (139–141). 
In infants, protein malnutrition can even be the presenting symptom (142). Some studies 
show that improvement of LBM, as opposed to fat mass, improves respiratory function and 
outcome (18, 143). Therefore, pediatric CF is both a relevant and suitable model for studying 
the effects on protein balance of different levels of dietary protein intake.

Despite the fact that oral protein energy supplements are widely prescribed for patients 
with CF to improve energy intake and nutritional status, there are no evidence-based 
recommendations for optimal daily protein intake (135, 144). A multicentre randomized 
controlled trial in 102 moderately malnourished children with CF failed to show any effect on 
nutritional status or linear growth after 1-y use of oral protein energy supplements, despite a 
trend towards increased mid-arm muscle circumference in the supplemented group (145). The 
supplements provided 18% in excess of usual diet, but the authors did not report actual daily 
protein intake. Only recently, a pediatric study using a stable isotope technique in a limited 
number of children with CF showed increased whole-body protein synthesis and balance after 
feeding with a leucine-rich essential AA mixture, compared to a isonitrogenous balanced AA 
mixture (146). To date, in pediatric CF, there are no dose-effect studies of the relationship 
between normal to high protein intakes and protein synthesis, breakdown and net balance. 

Stable isotope technique [based on (23) and (147)]

Dynamic assessment of whole-body protein turnover can be performed by kinetic tracer 
analysis, by using stable isotopes of precursors (AAs) or end products (e.g. urea) of protein 
metabolism. In contrast to mere examination of the nitrogen balance (the difference between 
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nitrogen intake and mostly urinary output), stable isotope technique is able to quantify 
separate protein synthesis and breakdown rates. 

Isotopes are chemically identical to the original compound with equal biological properties, but 
have a higher molecular weight due to one extra neutron (e.g. 15N-glycine versus 14N-glycine). 
Stable isotopes have no spontaneous decay and are therefore not radioactive, and are thus 
safe and ethically justifiable for use in clinical studies and also in children (148). Depending 
on the isotope, there is a certain percentage of natural abundance of stable isotopes in our 
biosphere (background enrichment). For research purposes commercially available synthetic 
stable isotopes are used. 

Isotopic tracers are administered as either a very low dose single bolus or a continuous 
infusion, after which they are assumed to take part in all metabolic pathways of the original 
compound (tracee) with the same metabolic rate. Thus, in the case of a continuous tracer 
infusion, isotopic equilibrium will be achieved over time if the rate of appearance of tracer/
tracee into the pool is equal to the rate of disappearance from the pool (usually blood). Once 
this isotopic equilibrium is achieved, the various other pools become irrelevant in a stochastic 
model, in which all metabolic pools other than blood are considered as one intracellular pool. 
In a state of isotopic equilibrium samples from the blood pool can be obtained and tracer to 
tracee ratio (TTR) can be measured using mass spectrometry (MS) and isotope ratio mass 
spectrometry (IRMS), with a respective precision of 0.2% and 0.002% (149). In studies with 
single bolus administration the same general principles apply as when constant infusion is 
used, but in this case isotopic enrichment is described as a single exponential function of 
clearance of the tracer from the pool.

In studies of whole-body protein synthesis and breakdown, usually stable isotopes of essential 
AAs (e.g. 13C-valine, 13C-leucine or 13C-phenylalanine) are used. When the tracer and tracee of 
an essential AA appear in the blood compartment, this can only be the result of invasion from 
an external pool (intravenous infusion or enteral absorption from the diet), or endogenous 
protein breakdown (B), since the body is unable to newly synthesize essential AAs:

   Ra = I + B = Q    [1]

In this equation Ra is rate of appearance (synonyms: turnover or flux; Q). In the case of 
parenteral nutrition (PN), I is equal to the infusion rate of the studied AA. In enterally fed 
subjects (enteral nutrition, EN) AAs are taken up by the gut, and then either retained by 
the gut, released by the gut and taken up by the liver on the first pass, or released into the 
systemic circulation. Since access to the portal vein is usually not possible in human studies, 
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it is not possible to distinguish between retention of AAs in the gut and first-pass clearance 
of AAs by the liver. In this situation, I (equation 1) represents the net resulting appearance 
of AAs in the circulation after this so called first-pass splanchnic uptake. 

Thus, endogenous protein breakdown equals the rate of appearance of the studied AA minus 
its exogenous infusion (PN) and/or absorption (EN):

   B = Ra – I   [2] 

In an isotopic state of equilibrium the rate of appearance equals the rate of disappearance 
(Rd) of the tracer and tracee from the pool:

   Ra = Rd    [3]

AAs can leave the blood pool via the pathway of degradation, with formation of urea (and to 
a lesser extent ammonia) from the amino group, and oxidation of the carboxyl group with 
the formation of carbon dioxide, or via the pathway of protein synthesis. 

By using a so-called end product isotope (13C-urea or 13N2-urea), urea formation can be 
measured and a nitrogen balance can be calculated by subtracting measured urea-nitrogen 
production from known dietary nitrogen intake. By using a 13C-tracer, the amount of exhaled 
13CO2 and with the formation of a 13C-ketoacid (e.g. α-ketoisocaproate in case of leucine) 
as the first irreversible step in AA oxidation can be measured, and thus the total amount 
of oxidation of the studied AA can be calculated (Figure 1.4). Before using this technique, 
the large bicarbonate pool of the body needs to be primed with 13C-bicarbonate, in order to 

Figure 1.4 Model for calculating whole-body synthesis and breakdown using the infusion of 13C-leucine 
and measurement of α-ketoisocaproate enrichment as a reflection of intracellular leucine enrichment 
and as the precursor for leucine oxidation. Reproduced with permission from (23).
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detect the production of 13CO2 above plateau. Also, a correction factor is needed to adjust 
for 13CO2 retention in the body (e.g. in the gluconeogenesis pathway). 

Thus, the contribution of an essential AA to whole-body protein synthesis can then be defined 
by its non-oxidative disposed (NOD) portion:

   S = Rd – NOD   [4]

Net balance between protein synthesis and breakdown, relative to AA contribution to these 
processes, can be calculated by:

   Balance = S – B   [5]

Finally, when the average relative contribution of the studied AA to the whole-body protein 
pool is known, whole-body protein synthesis and breakdown rates can be calculated. 

The major drawback of whole-body studies is that a certain stimulus or clinical condition 
might induce opposite reactions in different tissues or proteins, leading to the lack of a net 
observed effect on the whole-body level (149).

Outline of this thesis

The main objective of this thesis was to investigate if whole-body protein synthesis and net balance 
in both acutely and chronically ill children can be improved with a much higher (5 g/kg/d, high 
protein; HP) than normal (2 g/kg/d, normal protein; NP) daily protein intake. Additionally, we 
studied the effects of insulin and protein intake on the inflammatory response in these patient 
groups. As a homogenous population of acutely ill children, we selected infants following cardiac 
surgery for congenital heart disease that had been supported by a CPB circuit during surgery. 
We intentionally did not include other conditions of critical illness, as we wanted to standardize 
our study population as much as possible. As a model for a pediatric chronic disease state with 
protein malnutrition, we selected prepubertal patients with CF in a stable phase of their disease.

For reference, in Chapter 2 we mimic the common practice of limited intake of surgical 
patients by high-carbohydrate/low-protein (LP) diets in the direct post-surgical phase of 
pediatric cardiac surgery. We report the effect on whole-body protein synthesis, breakdown 
and balance of a carbohydrate-induced hyperinsulinemia in these patients. In Chapter 3 we 
describe the results of a study in this pediatric cardiac surgical population after the effects 
of short-term HP versus NP/iso-carbohydrate intake on whole-body protein balance and the 
neuroendocrine and inflammatory response.
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In Chapter 4 we show the results of a study of the effects on whole-body protein synthesis, 
breakdown and net balance of LP, NP and HP/iso-carbohydrate intake in children with CF. 
We also discuss the effects of these diets on the neuroendocrine response to illness in this 
group.

In anticipation of the finding that it is important to deliver adequate protein intake in a timely 
fashion to critically ill children, we studied prescription and delivery of calories and protein in 
our tertiary PICU (Chapter 5), and the effect of the institution of a nutritional support team 
on actual energy and macronutrient intake in our patients (Chapter 6).

In Chapter 7, the results of the studies presented in this thesis are summarized and arranged 
in a broader perspective, with suggestions for future research.
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ABSTRACT

Background: In pediatric cardiac surgery, fluid-restricted low-protein (LoProt) diets 
account for cumulative protein deficits with increased morbidity. 

Objective: In this setting, we aimed to inhibit proteolysis by a high-carbohydrate (HiCarb)-
intake–induced hyperinsulinemia and improve protein balance.

Design: The effect of a HiCarb/LoProt (glucose 10 mg/kg/min and protein 0.7 g/kg/d) 
versus a normal-carbohydrate (NormCarb)/LoProt (glucose 7.5 mg/kg/min and protein 
0.3 g/kg/d) enteral diet on whole-body protein breakdown and balance was compared 
in a prospective, randomized, single-blinded trial in 24 children after cardiac surgery. On 
the second postoperative day, plasma insulin and amino acid concentrations, protein 
breakdown (endogenous rate of appearance of valine), protein synthesis (non-oxidative 
disposal of valine), protein balance, and the rate of appearance of urea were measured 
by using an isotopic infusion of [1-13C]valine and [15N2] urea.

Results: The HiCarb/LoProt diet led to a serum insulin concentration that was three 
times higher than the NormCarb/LoProt diet (596 pmol/L, 80–1833, and 198 pmol/L, 
76–1292, respectively, p = 0.02), without differences in plasma glucose concentrations. 
There were no differences in plasma amino acid concentrations, non-oxidative disposal 
of valine, and endogenous rate of appearance of valine between the groups, with a 
negative valine balance in the two groups (-0.65 mmol/kg/min, -1.91 to 0.01, and -0.58 
mmol/kg/min, -2.32 to -0.07, respectively, p = 0.71). The serum cortisol concentration 
in the HiCarb/LoProt group was lower compared with the NormCarb/LoProt group (204 
nmol/L, 50–544, and 532 nmol/L, 108–930, respectively, p = 0.02). 

Conclusion: In children with fluid restriction after cardiac surgery, a HiCarb/LoProt diet 
compared with a NormCarb/LoProt diet stimulates insulin secretion but does not inhibit 
proteolysis further and therefore cannot be advocated for this purpose.
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INTRODUCTION 

Analyses of nutritional support strategies in patients after an acute admission to a pediatric 
intensive care unit have frequently shown an initial administration of basic carbohydrate 
infusions with only a slow introduction of macronutrients in the consecutive days, resulting 
in cumulative caloric and protein deficits (1–4). Especially young infants and children after 
cardiac surgery are at risk for acute protein malnutrition and delayed recovery owing to higher 
metabolic demands and strict fluid restriction (5, 6). In critically ill children, as in adults, a 
negative protein balance with a loss of lean body mass is associated with a longer stay in a 
pediatric intensive care unit, an important risk factor for mortality and long-term morbidity 
(1, 7–10).

Insulin has a clear inhibitory effect on proteolysis in healthy individuals (11–13) but also in 
intensive care patients (14, 15). In contrast, the protein synthesis rate is highly dependent on 
the availability of amino acids (AAs), with only an additive anabolic effect of insulin (16, 17). In 
modern adult critical care, a tight glycemic control by insulin infusion is standard care. However, 
in young critically ill children, the use of an exogenous insulin infusion is limited because of the 
risk of serious hypoglycemia with potential detrimental effects on brain function (18, 19). We 
hypothesized that in children after cardiac surgery with a low protein (LoProt) intake owing to 
fluid restriction, an enteral high-carbohydrate (HiCarb) diet-induced hyperinsulinemia could 
attenuate proteolysis and thus improve the net protein balance. Carbohydrates can be given 
at a higher concentration than protein, without increasing the total fluid load, to pediatric 
patients in the intensive care unit and could therefore be a clinically relevant manipulator 
of protein metabolism, because influencing the protein balance with the administration of 
protein demands a significant increase of fluid load.

We conducted a prospective, randomized, single-blinded trial in young children after cardiac 
surgery for the correction of congenital heart defects of two short-term, iso-energetic, enteral 
diets by continuous gastric drip. We compared the effect of a HiCarb/LoProt diet with that 
of a normal carbohydrate (NormCarb)/LoProt diet on serum concentrations of anabolic and 
catabolic hormones and on whole-body protein breakdown and balance using stable isotopic 
infusion technique.
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MATERIALS AND METHODS 

Subjects

Children with congenital heart defects in the preoperative phase of surgical repair were 
recruited from the cardiac surgery department of the Shanghai Children’s Medical Center, 
Shanghai Second Medical University (Shanghai, People’s Republic of China). During the 
research period, 24 consecutively admitted patients who fulfilled the inclusion and exclusion 
criteria were enrolled. The inclusion criteria were an age 3 to 48 mos and pending surgical 
repair with cardiopulmonary bypass (CPB). The exclusion criteria were infection (i.e., fever > 
39 °C for > 4 hrs with positive culture), mechanical ventilation or inotropic medication at the 
start of the isotopic infusions, an intolerance for enteral tube feeding, and the postoperative 
use of medication with modulating effects on protein metabolism (e.g., insulin and steroids).

All procedures were explained to the subjects’ parents in Chinese, and written informed 
consent in Chinese was obtained from all subjects. The medical ethics committees of the 
Academic Medical Center, Amsterdam, and the Shanghai Children’s Medical Center approved 
the study protocol. 

Study design

At enrollment, a medical history was obtained and a physical examination was performed. 
Preoperatively, the CPB circuit was primed with standardized, body weight–related amounts 
of packed cells, albumin, and methylprednisolone, among other components. In the operation 
room, all patients received a multilumen central venous catheter with the tip in the superior or 
inferior caval vein, a catheter in a peripheral artery for blood sampling and invasive monitoring 
of the blood pressure, and a nasogastric feeding tube, according to standard cardiac surgical 
procedures. During anesthesia and surgery, unexpected events, vascular clamping time, 
and total CPB time were noted. After surgery, the patients were extubated in the operating 
room or ventilated postoperatively for a maximum of 4 hrs in the cardiac intensive care unit 
according to the clinical judgment of the attending anesthetist and pediatric intensivist. 
During the entire postoperative intensive care period, the appropriate medical treatment 
was instigated by the medical staff of the cardiac intensive care unit. Notes were made of 
the amounts of prescribed sedative and analgesic medications.

After approximately 4 hrs in the cardiac intensive care unit, at time 0 (t = 0 h), the liquid study 
diet was administered in increasing amounts through a nasogastric tube using a feeding pump 
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(Applix Smart; Fresenius Kabi AG, Bad Homburg, Germany), such that the required feeding 
rate was reached at t = 8 hrs (Figure 2.1). The diets consisted of a mixture of a carbohydrate 
powder (Polycal; Nutricia, Zoetermeer, the Netherlands), a whey protein/carbohydrate powder 
(Whey Protein for Kids; Natural Elements, Los Angeles, CA, USA), and a fat emulsion (Solagen; 
Nutricia) dissolved in water. Using continuous drip feeding, the carbohydrate/protein intake 
was set at glucose 10 mg/kg/min and protein 0.7 g/kg/d in the intervention (HiCarb/LoProt) 
group and glucose 7.5 mg/kg/min and protein 0.3 g/kg/d in the control (NormCarb/LoProt) 
group. The remaining non-protein calories were supplied by the aforementioned fat emulsion 
as predicted by age-related Schofield equation (20). Because all patients had fluid restrictions 
after cardiac surgery, the volume of water in which the macronutrients was dissolved was 
limited to 60 mL/kg/d for the first day and to 100 mL/kg/d for the subsequent days.

At t = 25 hrs, continuous infusion of NaH13CO3 was started at a rate of 0.16 μmol/kg/min, 
after a prime of 12 μmol/kg. At t = 27 hrs, after the baseline blood and breath samples were 
taken for the determination of background isotopic enrichments, continuous infusions of 
[1-13C]-valine at a rate of 0.153 μmol/kg/min (prime 9.1 μmol/kg) and [15N2]urea at a rate of 
0.28 μmol/kg/min (prime 157 μmol/kg) were started (Cambridge Isotope Laboratories, Inc., 
Andover, MA, USA). The isotopes were dissolved in normal saline and infused by infusion 
pumps (IVAC P3000; Alaris Medical Systems Inc, Dublin, OH, USA; and SIGO TCI-II; Beijing Silugo 
High Technology Development Co. Ltd., Beijing, People’s Republic of China) after sterilization 
by a passage through a 0.20-μm Millipore filter (Minisart; Sartorius AG, Göttingen, Germany). 
All infusions were tested for pyrogenic properties.

Figure 2.1 Experimental design showing the timing of surgery (open arrow) and the sampling of blood 
(open crosses) and breath (small arrows). The ventilated hood procedure during 30 min (X) and the 
duration of primed infusions of isotopes (straight lines) are displayed. T, time.
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t (hrs)=      0     8   25                 27 42
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At t = 42 hrs, the production of carbon dioxide was measured for 30 min using a ventilated 
hood system (Ultima CCM; Medical Graphics Corporation, St. Paul, MN, USA). During this 
period, at 10-min intervals, three concurrent breath and blood samples were collected. The 
breath samples for the enrichment of 13CO2 were aspirated through a nasopharyngeal tube 
with a 20-mL syringe and collected in screw-capped glass vials (Exetainer 12-mL 13C Breath Test 
Vial; Labco Ltd., High Wycombe, UK). In the same period, three blood samples were collected 
for the measurement of the isotopic enrichment of valine, a-ketoisovalerate (KIV), and urea 
at 10-min intervals. At the end of the 30-min sampling period, blood samples were taken for 
the measurement of plasma concentrations of insulin, glucagon, cortistol, cortisol-binding 
globulin, serum urea nitrogen, and catecholamines. For the latter, blood was collected in 
5-mL plain glass Vacutainer tubes containing 100 mL of a solution of ethylene glycol-bis-(2-
aminoethyl) tetraacetic acid (0.24 mol/L) and glutathione (0.20 mol/L) in NaOH (0.25 mol/L) 
adjusted to pH 6.5. All blood samples were centrifuged immediately at 1860 x g for 10 min 
at room temperature (90-2 Centrifuge; Shanghai Surgical Instruments Factory, Shanghai, 
People’s Republic of China). After separation, the plasma was stored at -20 °C until analysis. 
Between t = 42 and 42.5 hrs, the serum glucose concentrations were measured bedside twice 
(Synthesis 45 Critical Care Laboratory; Instrumentation Laboratory, Lexington, MA, USA).

At t = 42.5 hrs, the study was ended, and all children resumed to the standard hospital age-
related diets.

Assays

Valine and urea were isolated in a cation exchange column (AG50W-X8; Bio-Rad Laboratories, 
Inc., Hercules, CA, USA) after the precipitation of the plasma proteins with trichloroacetic acid. 
The proteins were eluted with ammonia and evaporated to dryness. Valine was derivatized to 
the N(O,S)-methoxy-carbonylmethyl derivative as described by Hušek (21). After extraction 
with chloroform, an aliquot was injected into a gas chromatography/combustion/isotope 
ratio mass spectrometric (IRMS) system that was validated for the measurement of isotope 
enrichment up to 10% (HP 6890 series gas chromatographic system; Hewlett-Packard, Palo 
Alto, CA, USA; and Finnigan Deltaplus IRMS; Finnigan-MAT, Bremen, Germany). Separation 
was achieved in a CP-SIL 19CB capillary column (25 m x 0.32 mm x 0.2 μm; Varian, Middelburg, 
the Netherlands). After combustion of the gas chromatographic effluent to carbon dioxide, 
the 13C enrichment of valine was measured using the IRMS system. Data acquisition and 
delta calculations were performed using ThermoFinnigan ISODAT NT 0.144 (Finnigan-MAT). 
Urea was measured as the bis-trimethylsilyl derivative described by Matthews et al (22). 
Isotopic enrichment was measured on a gas chromatography/MS system (HP 6890 series gas 
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chromatographic system and 5973 Mass Selective Detector; Hewlett-Packard) equipped with 
a J&W Scientific DB 17 capillary column (30 m x 0.25 mm x 0.25 μm; Agilent Technologies, 
Palo Alto, CA, USA).

Selected ion monitoring (i.e., electron impact ionization), data acquisition, and quantitative 
calculations were performed using Chemstation D.01.02.16 (Agilent Technologies). The 
bis-trimethylsilyl derivative was monitored at a mass-to-charge ratio (m/z) of 189 for urea 
and an m/z of 191 for [15N2]-urea. The ratio of urea tracer to that traced was calculated as 
described by Patterson et al (23). The [1-13C]KIV enrichment was determined in the O-t-
butyl-dimethyl-silyl-quinoxalinol derivative according to the method of Kulik et al (24). The 
same gas chromatographic/MS system was used for the urea analysis. The KIV derivative was 
monitored at an m/z of 245 for KIV and an m/z of 246 for [1-13C]-KIV. The KIV tracer/traced 
ratio was calculated as described by Patterson et al (23). Plasma AA concentrations were 
measured by ultrahigh-performance liquid chromatographic MS/MS using multiple-reaction 
monitoring and stable isotopically labeled internal standards.

Plasma insulin concentrations were ascertained by using a chemiluminescent immunometric 
assay on a Immulite analyzer (DPC, Los Angeles, CA, USA), with an intra-assay coefficient of 
variation (CV) lower than 6%, an interassay CV lower than 6%, and a detection limit of 15 
pmol/L. Glucagon was measured by radioimmunoassay (Linco Research, St. Charles, MO, USA), 
with an intra-assay CV lower than 10%, an interassay CV of lower than 7%, and a detection 
limit of 15 ng/L. Cortisol was measured by a chemiluminescent immunoassay in an Immulite 
analyzer, with an intra-assay CV lower than 8%, an interassay CV lower than 7%, and a 
detection limit of 50 nmol/L. Plasma concentrations of catecholamines were determined with 
an in-house highperformance liquid chromatographic method. Essentially, norepinephrine 
and epinephrine were selectively isolated by liquid–liquid extraction and derivatized with 
the fluorescent 1,2-diphenylethylenediamine (25, 26). The fluorescent derivatives were 
separated by reverse-phase liquid chromatography and detected by scanning fluorescence 
detection (Waters XTerra RD18 5 μm, 3.9 x 150 mm, Waters 474 Scanning Fluorescence 
Detector excitation 340 nm, emission 480 nm; Waters, Milford, MA, USA), with intra-assay CVs 
lower than 2% and lower than 9% and interassay CVs lower than 10% and lower than 18% for 
norepinephrine and epinephrine, respectively. The detection limit for the two catecholamines 
was 0.05 nmol/L. Free fatty acids were measured using an enzymatic method (NEFAC; Wako 
Chemicals GmbH, Neuss, Germany) with an intra-assay CV of 2% to 4%, an interassay CV of 
3% to 6%, and a detection limit of 0.02 mmol/L.

In the breath samples, the enrichment of 13CO2 was measured (Breath-MATplus; Finnigan-
MAT). 
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Calculations and statistical analysis 

In this model of single AA tracer kinetics, the non-oxidative disposal of valine (NODval) represents 
protein synthesis (S), and the endogenous rate of the appearance of valine (Endo-Raval) represents 
the protein breakdown (B) proportionally (27). The rate of appearance of valine in plasma (Raval) 
and valine oxidation (Oxidval) were calculated according to standard equations (28–31).

 S = NODval (μmol/kg/min) = Raval − valine oxidation    [1]

 B = Endo-Raval (μmol/kg/min) = Raval – valine (diet)   [2]

 Protein balance (g/kg/d) = (S – B) x 1440 / (450 μmol/g protein) [3]

where 1440 is the number of minutes in 24 hrs, and 450 mmol/g protein represents the 
estimated contribution of valine to whole-body protein (32). From the kinetics of the urea 
isotope, we calculated the urea production (27). 

In small samples, data are not normally distributed. Therefore, data are presented as median 
and range. The Mann-Whitney U test was used to investigate differences between groups. 
Curve estimation was used to construct a curve that had the best fit to the insulin and 
endogenous Raval data. To investigate the association between cortisol plasma concentrations 
and the number of times a child had received pain medication or sedation (range 0–3), 
the Kruskal-Wallis test was performed. All analyses were performed by using SPSS 16.0 for 
Windows (SPSS, Inc., Chicago, IL, USA). P < 0.05 was considered statistically significant.

RESULTS

Patients

Baseline characteristics of the NormCarb/LoProt and HiCarb/LoProt groups are listed in 
Table 2.1. There were slightly more male than female patients in each group (total 15 of 24). 
In either group, one patient dropped out of the study because no isotope studies could be 
performed: in the NormCarb/LoProt group, one girl developed chylothorax after correction 
of her ventricular septal defect; in the HiCarb/LoProt group, one boy needed additional 
surgical tricuspid valvuloplasty after correction of his aberrant pulmonary venous return 
and subsequent failure to wean him from the ventilator. In the NormCarb/LoProt group, one 
additional patient had missing values only for protein kinetics because of a protocol violation 
for isotopic valine and urea infusion. In this latter subject, the data for hormonal response 
were accepted according to the intention-to-treat principle.
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Between groups, there were no differences in caloric intake, intraoperative clamping 
time, postoperative body temperature, and number of sedative boluses (Table 2.2). The 
actual carbohydrate intake as aimed for in the protocol was reached (Table 2.2). Intakes of 
carbohydrate and fat differed by study design, the latter to achieve isoenergetic diets. Because 
the study feeding formulas were dissolved in 60 mL/kg of water, the maximal caloric density 
was 1.6 kcal/mL, which is comparable to commercially available formulas. Owing to the use of 

Table 2.1 Baseline characteristics of groups

NormCarb/LoProt
(n = 12)

HiCarb/LoProt 
(n = 12)

Boys/girls 7/5 8/4

Age (mos) 8.8 (5.0 to 38.8) 12.6 (3.0 to 27.0)

Body weight (SDS)a -1.3 (-2.3 to 0.0) -1.3 (-2.3 to 2.5)

Height (SDS)a 0.0 (-1.8 to 0.7) -0.7 (-2.3 to 2.5)

Diagnosis
VSD 6 6
ASD 1 1
AVSD 1 1
TOF 3 3
APVR 1 1

Values are presented as number of subjects or median (range). NormCarb/LoProt, carbohydrate 7.5 mg/kg/min and 
protein 0.3 g/kg/d; HiCarb/LoProt, carbohydrate 10 mg/kg/min and protein 0.7 g/kg/d; SDS, standard deviation 
score; APVR, aberrant pulmonary venous return; ASD, atrial septal defect; AVSD, atrioventricular septal defect; TOF, 
tetralogy of Fallot; VSD, ventricular septal defect. aSDSs according to Chinese growth charts (Beijing, 1995).

Table 2.2 Actual dietary intake, intraoperative aortic clamping time, and postoperative body 
temperature

NormCarb/LoProt
(n = 12)

HiCarb/LoProt
 (n = 12) pa

Caloric intake (kcal/kg/d) 94.2 (82.3 to 103.9) 95.6 (86.9 to 106.4) 0.24

Non-protein calories (kcal/kg/d) 93.0 (81.1 to 102.6) 92.6 (84.0 to 103.3) 0.95

Carbohydrate intake (mg/kg/min) 7.6 (6.9 to 8.5) 10.2 (9.6 to 10.9) < 0.01

Protein intake (g/kg/d) 0.3 (0.3 to 0.3) 0.7 (0.7 to 0.8) < 0.01

Fat intake (g/kg/d) 5.4 (4.1 to 6.0) 3.8 (3.1 to 4.7) < 0.01

Aortic clamping time (min) 39 (16 to 72) 34 (10 to 75) 0.69

Body temperature (°C) 37.8 (37.2 to 38.5) 37.7 (37.0 to 38.6) 0.10

Values are presented as median (range). HiCarb/LoProt, carbohydrate 10 mg/kg/min and protein 0.7 g/kg/d; 
NormCarb/LoProt, carbohydrate 7.5 mg/kg/min and protein 0.3 g/kg/d. aMann-Whitney U test.
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a carbohydrate/protein mixture, there was a low, but statistically different, protein intake in the 
two groups (0.3 and 0.7 g/kg/d in the NormCarb/LoProt and HiCarb/LoProt groups, respectively; 
this equals approximately 12% and 30% of the age-related recommended protein intake).

Protein metabolism

Between the NormCarb/LoProt and HiCarb/LoProt groups, there were no statistically 
significant differences in total valine flux, oxidation, and nonoxidative disposal (Table 2.3). Also, 
the endogenous Raval and the (negative) valine balance did not show significant differences 
between groups. The data for nitrogen kinetics showed no differences in urea production or 
the consequent serum urea nitrogen concentration between the NormCarb/LoProt andHiCarb/
LoProt groups (Table 2.3). There were no differences in plasma concentrations of standard 
essential and non-essential AAs between groups (Table 2.4).

Glucose and hormones

There was a significantly higher serum concentration of insulin in the HiCarb/LoProt group 
compared with the NormCarb/LoProt group (596 pmol/L, 80–1833, and 198 pmol/L, 76–1292, 
respectively, p = 0.02; Table 2.5). Despite the significantly different carbohydrate intakes 
between the two groups, there was no difference in plasma glucose concentrations (6.2 
mmol/L, 4.2–8.6, in the NormCarb/LoProt group; 6.4 mmol/L, 5.2–12.8, in the HiCarb/LoProt 

Table 2.3 Absolute and relative contribution to total valine flux of oxidation, NOD, exogenous (diet) 
and endogenous Ra (total flux corrected for exogenous supply) of valine, Ra of urea, total body protein 
balance, and serum urea nitrogen

NormCarb/LoProt (% flux) 
(n = 10)

HiCarb/LoProt (% flux)
(n = 11) pa

Total valine flux (μmol/kg/min) 1.91 (1.38 to 2.78) [100] 1.94 (1.67 to 2.37) [100] 1.00

Valine oxidation (μmol/kg/min) 0.68 (0.17 to 2.41) [36.3] 0.89 (0.24 to 2.17) [44.1] 0.28

NOD of valine (μmol/kg/min) 1.16 (0.37 to 1.85) [63.7] 1.23 (-0.23 to 1.73) [55.9] 0.51

Endogenous valine Ra (μmol/kg/min) 1.81 (1.27 to 2.69) [94.9] 1.68 (1.43 to 2.11) [86.8] 0.31

Urea Ra (μmol/kg/min) 2.38 (1.29 to 6.59) 2.50 (1.62 to 4.08) 0.80

Protein balance (g/kg/d) -2.13 (-7.43 to -0.22) -2.32 (-6.12 to 0.03) 0.71

BUN (mmol/L) 2.8 (1.4 to 7.0) 2.0 (1.5 to 4.2) 0.41

Values are presented as median (range), absolute [and relative] contribution. HiCarb/LoProt, carbohydrate 10 mg/
kg/min and protein 0.7 g/kg/d; NormCarb/LoProt, carbohydrate 7.5 mg/kgmin  and protein 0.3 g/kgd ; BUN, serum 
urea nitrogen; NOD, non-oxidative disposal; Ra, rate of appearance. aMann-Whitney U test.
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Table 2.4 Plasma concentrations of standard essential and non-essential amino acids

NormCarb/LoProt 
(n = 11) 

HiCarb/LoProt 
(n = 11) pa

Phenylalanine (mmol/L) 60 (45 to 85) 63 (50 to 90) 0.62

Tyrosine (mmol/L) 44 (30 to 58) 43 (27 to 59) 0.60

Tryptophan (mmol/L) 23 (13 to 41) 22 (14 to 32) 0.87

Alanine (mmol/L) 134 (94 to 264) 186 (82 to 253) 0.25

Methionine (mmol/L) 10 (9 to 12) 10 (9 to 12) 0.77

Glycine (mmol/L) 117 (62 to 167) 103 (61 to 148) 0.97

Valine (mmol/L) 107 (66 to 209) 109 (71 to 141) 0.90

Leucine (mmol/L) 49 (27 to 91) 50 (30 to 69) 0.82

Isoleucine (mmol/L) 27 (22 to 40) 35 (25 to 62) 0.09

Glutamine (mmol/L) 47 (13 to 175) 37 (19 to 111) 0.79

Asparagine (mmol/L) 7 (2 to 18) 6 (1 to 9) 0.37

Citrulline (mmol/L) 12 (8 to 24) 13 (10 to 18) 0.32

Ornithine (mmol/L) 17 (13 to 46) 21 (8 to 34) 0.67

Lysine (mmol/L) 72 (49 to 111) 71 (40 to 104) 0.95

Arginine (mmol/L) 36 (21 to 50) 40 (18 to 52) 0.51

Serine (mmol/L) 93 (65 to 131) 89 (59 to 127) 0.67

Proline (mmol/L) 91 (56 to 132) 93 (54 to 127) 0.87

Values are presented as median (range). HiCarb/LoProt, carbohydrate 10 mg/kg/min and protein 0.7 g/kg/d; 
NormCarb/LoProt, carbohydrate 7.5 mg/kg/min and protein 0.3 g/kg/d. aMann-Whitney U test.

Table 2.5 Plasma concentrations of glucose and regulatory hormones of protein metabolism

NormCarb/LoProt 
(n = 11)

HiCarb/LoProt 
(n = 11) pa

Insulin (pmol/L) 198 (76 to 1292) 596 (80 to 1833) 0.02

Glucose (mmol/L) 6.2 (4.2 to 8.6) 6.4 (5.2 to 12.8) 0.35

Glucagon (ng/L) 104 (66 to 168) 91 (60 to 226) 0.16

Cortisol (nmol/L) 532 (108 to 930) 204 (50 to 544) 0.02

CBG (mg/L) 37 (23 to 47) 40 (25 to 60) 0.75

Epinephrine (nmol/L) 0.32 (0.05 to 1.25) 0.28 (0.05 to 0.74) 0.67

Norepinephrine (nmol/L) 1.60 (0.07 to 3.95) 0.76 (0.18 to 1.67) 0.13

FFA (mmol/L) 0.30 (0.16 to 0.69) 0.29 (0.17 to 1.39) 0.69

Values are presented as median (range). HiCarb/LoProt, carbohydrate 10 mg/kg/min and protein 0.7 g/kg/d; 
NormCarb/LoProt, carbohydrate 7.5 mg/kg/min and protein 0.3 g/kg/d. CBG, cortisol-binding globulin; FFA, free 
fatty acids. aMann-Whitney U test.
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Figure 2.2 Scatterplots of individual serum insulin concentrations in relation to (A) endogenous Ra valine 
(protein breakdown) and serum concentrations of (B) cortisol, (C) norepinephrine, and (D) epinephrine 
for the high-carbohydrate (10 mg/kg/min)/low-protein (0.7 g/kg/d) group (open circles) and the normal-
carbohydrate (7.5 mg/kg/min)/low-protein (0.3 g/kg/d) group (closed circles). Ra, rate of appearance.
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group; p = 0.35). There was no effect of serum insulin concentration on the endogenous Raval 

(protein breakdown) in either group (Figure 2.2A).

In the HiCarb/LoProt group, there was a lower concentration of the catabolic hormone 
cortisol compared with the NormCarb/LoProt group (204 ng/L, 50–544, and 532 ng/L, 108–
930, respectively, p = 0.02). Plasma concentrations of other catabolic hormones (glucagon, 
norepinephrine, and epinephrine) and CBG did not differ significantly between groups. Within 
groups, serum concentrations of cortisol and norepinephrine and epinephrine showed an 
inverse relation to the insulin concentration (Figure 2.2B–D).
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Association between cortisol and number of sedative boluses

The Kruskal-Wallis test showed no significant association between cortisol plasma 
concentration and the number of sedative boluses (p = 0.55, data not shown).

DISCUSSION

In the present study, in young children with congenital heart defects after cardiac surgery with 
CPB, the HiCarb/LoProt diet induced an insulin concentration that was three times higher 
than in the NormCarb/LoProt diet without an additional inhibitory effect on proteolysis. This 
resulted in an equally negative protein balance and plasma AA profile in the HiCarb/LoProt 
group compared with the NormCarb/LoProt group. Also, the rate of appearance of urea was 
the same in the two groups.

The relation between serum insulin concentration and protein metabolism is complex. 
In healthy humans, it is well known that hyperinsulinemia decreases proteolysis with no 
stimulation of protein synthesis, whereas the infusion of large amounts of AAs increases 
protein synthesis without the suppression of endogenous proteolysis (33). In patients with 
insulin resistance, the suppressive effect on proteolysis has been reported to occur at higher 
plasma insulin concentrations (34–36). In anticipation of insulin resistance in the present 
surgical patient population, we designed the carbohydrate intake in the two groups to 
produce high insulin responses. The observed median serum insulin concentrations of ~200 
and ~600 pmol/L in the NormCarb/LoProt and HiCarb/LoProt groups, respectively, were 
approximately three and nine times higher than has been reported previously in a similar 
patient group with a low carbohydrate intake (37). However, despite the observed high 
serum insulin concentrations, in the present study, there was no additional suppression of 
proteolysis in the higher range of serum insulin concentrations within or between groups 
(Figure 2.2). We therefore speculate that, unexpectedly, proteolysis was already maximally 
suppressed by insulin concentrations in response to the normal carbohydrate intake, and that 
a higher carbohydrate intake with the consequent higher insulin concentrations did not have 
an additional effect. Also, in our study design with low-protein diets, hypoaminoacidemia 
might have blunted the responsiveness of insulin’s suppression of the protein breakdown 
in the two groups, because the proteolytic suppressive effect of insulin is enhanced by the 
sufficient availability of AAs (17, 38). Recently, it has been shown that in critically ill, septic 
children, a high AA intake increases protein synthesis, whereas increasing insulin levels do 
not have an additional positive effect on the protein balance (39). This observation suggests 
that the degree of insulin resistance on protein metabolism in these septic children was not 
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overcome by the chosen insulin concentration and supports our conclusion that high insulin 
levels alone cannot improve the whole-body protein balance. Future research should be 
aimed on the effects of lower insulin concentrations on proteolysis in response to lower 
carbohydrate intakes, with or without the sufficient availability of AAs.

The lack of difference in the non-oxidative disposal of valine, as an estimate of protein 
synthesis, between groups was expected, because protein synthesis is stimulated mainly 
by the AA supply, rather than plasma insulin concentration. We acknowledge that the small 
but statistically significantly different protein intake between groups (0.3 and 0.7 g/kg/d in 
the NormCarb/LoProt and HiCarb/LoProt groups, respectively, p < 0.01), as a direct result of 
the use of a carbohydrate/ protein mixture, is a limitation in the study design. However, in 
the chosen study design, the protein supply was very low in the two groups (10% and 30% 
of the recommended dietary allowance in the NormCarb/LoProt and HiCarb/LoProt groups, 
respectively). As listed in Table 2.4, plasma AA concentrations showed no differences between 
groups. Moreover, the higher protein intake in the HiCarb/LoProt group did not lead to an 
increased inhibition of proteolysis or an increased protein synthesis and therefore does not 
undermine the main conclusion of our study.

The rates of whole-body protein synthesis and breakdown in our study are comparable to other 
isotopic studies in critically ill infants with sepsis or ventilatory support for viral bronchiolitis 
and neonates on extracorporeal life support (40–42). Two studies (40, 41) that had provided 
patients with protein intakes of 1.2 to 2.4 g/kg/d and 40 to 90 kcal/kg/d reported negative 
whole-body protein balances. In their study with higher than recommended intakes of protein 
and calories (3.1 ± 0.3 g/kg/d and 119 ± 25 kcal/kg/d, respectively), de Betue et al reported 
only positive protein balances (42). In none of the studies was serum insulin concentrations 
measured. These observations support our conclusion that a mere provision of calories 
without a sufficient (i.e., higher than currently recommended) intake of proteins does not 
improve the protein balance in critically ill children.

We observed a lower serum concentration of cortisol in the HiCarb/LoProt group compared 
with the NormCarb/LoProt group. This difference is unexplained because clinical factors that 
stimulate cortisol secretion were equally distributed between the two groups. In all patients, 
the CPB circuit was primed with methylprednisolone in a body weight-dependent fashion 
and could not have affected the stress response in a selective group. The median and range 
of serum concentrations of cortisol that we found are comparable to those published in 
another cohort of pediatric patients after cardiac surgery (37). Although a hypercortisolemic 
condition increases proteolysis (43), it does not affect our observation of a lack of effect of 
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higher insulin concentrations on proteolysis, because cortisol was significantly lower in the 
HiCarb/LoProt group.

The catabolic hormones epinephrine and norepinephrine showed an inverse relation to serum 
insulin concentrations within groups. Although insulin is known to have anti-inflammatory 
properties (44, 45), lower serum concentrations of stress hormones concomitant with higher 
insulin concentrations do not necessarily represent a decreased metabolic stress response, 
because other neuroendocrine hormonal changes (e.g., thyroid and growth hormone) and 
proinflammatory mediators (e.g., cytokines and tumor necrosis factor) also play a very 
important role in this response. We did not measure these factors owing to the restrictions 
in blood sample volumes in these small children.

CONCLUSIONS

In children after cardiac surgery, a high-carbohydrate/low protein diet compared with a 
normal-carbohydrate/low protein diet stimulates insulin secretion but does not influence 
proteolysis or the whole-body protein balance. In the usual clinical setting of a low-protein 
intake after cardiac surgery, increasing the carbohydrate intake to mitigate the protein loss 
is not a meaningful strategy.
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ABSTRACT

Background: Infants undergoing cardiac surgery are at risk of a negative protein balance, 
due to increased endogenous proteolysis in response to surgery and the cardiopulmonary 
bypass circuit, and limited intake due to fluid-restriction. 

Objective: We aimed to improve whole-body protein balance, via stimulation of protein 
synthesis, with a short-term high-protein (HP) diet in infants following cardiac surgery.

Design: In a prospective, double-blinded, randomized trial we compared the effects 
of a HP (5 g/kg/d) versus normal protein (NP, 2 g/kg/d) enteral diet on protein kinetics 
in young children < 24 mos, on day 2 following surgical repair of their congenital heart 
disease. Non-oxidative disposal (synthesis) and endogenous rate of appearance of valine 
(breakdown), net valine balance, and the fractional synthesis rate of albumin were 
measured using an isotopic infusion of [1-13C]valine. We measured plasma concentrations 
of blood urea nitrogen, albumin, insulin, cortisol, and inflammatory mediators directly 
after surgery, and on the second postoperative day.

Results: We observed no statistically significant differences in valine kinetics (synthesis 
of valine 2.73 [range: 0.94 to 3.36] versus 2.26 [1.85 to 2.73] μmol/kg/min, p = 0.28; 
breakdown 2.06 [1.12 to 3.64] versus 1.90 [1.63 to 2.48] μmol/kg/min, p = 0.50; and 
net balance 0.54 [−0.73 to 1.75] versus 0.24 [-0.20 to 0.63] μmol/kg/min, p = 0.57 in the 
HP diet, compared to the NP diet, respectively). The fractional synthesis rate of albumin 
did not show differences between groups. In the HP group, there was significant higher 
valine oxidation together with higher blood urea nitrogen concentrations, as indicators 
of excess AA intake in the HP group, compared to the NP group. 

Conclusion: Whole-body protein balance cannot be improved by a high-protein (5 g/
kg/d) diet, compared to normal protein (2 g/kg/d) intake, in young children following 
cardiac surgery.
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INTRODUCTION 

Critically ill children on a Pediatric Intensive Care Unit (PICU) usually receive less than 
recommended protein intake, with 50% of cumulative deficits developing in the first 48 hrs 
of admission (1). As a result, lean body mass (LBM) deteriorates during the admission period, 
superimposed on the fact that approximately a quarter of patients is already undernourished 
on admission (1–3). Especially infants and young children after cardiac surgery, due to 
higher metabolic demands and fluid restriction, may be at risk of undernutrition (4). Poor 
pre-operative nutritional status with further decrease of LBM during admission increases 
morbidity, infection rate, and length of stay (LOS) in the ICU (5, 6). 

In pediatric surgical patients, increased endogenous proteolysis with negative net whole-
body protein balance, is the result of an endocrine and inflammatory response to surgery (7). 
Additionally, in cardiac surgical procedures, the use of a cardiopulmonary bypass circuit (CPB) 
induces complement activation, endotoxin release, leukocyte activation, and the release of 
many pro-inflammatory mediators, adding to the stress response (8–10). 

The importance of early enteral nutrition (EN) in the PICU population was underlined by a 
recent multi-center trial including > 5,000 critically ill children from 12 North-American PICUs 
with LOS of ≥ 96 hrs, showing a strong and statistically significant association between early 
EN and lower mortality (odds ratio, 0.51; 95% confidence interval: 0.34 to 0.76, p = 0.001) 
(11). However, data on optimal protein intake in the early phase following pediatric cardiac 
surgery are lacking. In adult cardiothoracic patients, recommended protein intake is 1.5–2.0 
g/kg/d (12). In critically ill children, recommended protein intake for children 0–2 yrs is 2–3 
g/kg/d (13). Higher protein intake (up to 3 g/kg/d) can further improve protein balance in 
children with acute illness (14). In a study in children with chronic illness (cystic fibrosis), we 
demonstrated that protein synthesis could be stimulated and net balance improved, at a 
protein intake of 5 g/kg/d, compared to 1.5 and 3 g/kg/d (15). 

We hypothesized that whole-body protein synthesis rate and net balance, and albumin 
synthesis rate, but not endogenous proteolysis, can be improved with protein intake of 
5 compared to 2 g/kg/d. We did not expect a difference in postoperative endocrine and 
inflammatory stress response between groups. In this prospective, randomized, controlled 
study in infants after cardiac surgical repair of a low-complex congenital heart defect (CHD), 
we investigated the short-term (< 48 hrs) effects on whole-body valine kinetics and albumin 
synthesis rate, of high protein (HP; 5 g/kg/d) dietary intake, compared to normal protein diet 
(NP; 2 g/kg/d). Also, we studied the effect of the HP diet on the postoperative endocrine (i.e., 
insulin, cortisol) and inflammatory (i.e., C-reactive protein, cytokines) response.
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METHODS 

Subjects

Children with CHD in the pre-operative phase of surgical repair were recruited from the 
pediatric cardiology departments of the Wilhelmina Children’s Hospital/University Medical 
Center Utrecht (UMCUtrecht), the Netherlands, Radboud University Medical Center, Nijmegen, 
the Netherlands and Maximá Medical Center, Veldhoven, the Netherlands. Inclusion criteria 
were age 3–48 months, and pending low-complex surgical repair of ventricular septal 
defect (VSD) and/or atrial septal defect (ASD) with CPB. Exclusion criteria were: trisomy of 
chromosome 21, infection (i.e. fever > 38.5 °C for > 4 hrs with positive blood culture < 48 
hrs), mechanical ventilation or inotropic medication during the period of isotopic infusions, 
intolerance to enteral tube feeding, and post-operative use of medication with modulating 
effects on protein metabolism (insulin, steroids). We allowed the use of routine sedation 
medication (low-dose propofol 10%) during transport of the mechanically ventilated patient 
from the operation room (OR) to the PICU until extubation. Additionally, postoperative pain 
medication (morphine, paracetamol) and diuretics were allowed. The results of patients who 
dropped out of the study were analyzed following the intention to treat principle.

All procedures were explained to the subjects’ parents, and written informed consent 
was obtained. The Central Committee on Research Involving Human Subjects, The Hague, 
Netherlands, and the Medical Ethics Committees of the UMCUtrecht approved the study 
protocol.

Study design

At enrollment, a medical history was obtained and physical examination performed. 
Preoperatively, the cardiopulmonary bypass circuit was primed with standardized, body weight-
related amounts of packed cells and albumin, but not steroids. In the OR, all patients received a 
multiluminal central venous catheter with the tip in the superior or inferior caval vein, a catheter 
in a peripheral artery for blood sampling and invasive monitoring of the blood pressure, and a 
nasogastric feeding tube, according to standard cardiac surgical procedures. Additionally, for 
study purpose, a nasopharyngeal tube was inserted for aspiration of breath samples. General 
anesthesia was induced using sevoflurane and fentanyl, sporadically combined with midazolam. 
During anesthesia and surgery, unexpected events, vascular clamping time and total CPB time 
were noted. After surgery, the patients were transferred to the PICU for postoperative care 
and ventilated for 4–6 hrs under mild sedation using propofol (standard dose: 1–2 mg/kg/h) 
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and morphine (standard dose: 10 μg/kg/h). After cessation of sedation they were extubated 
at the attending anesthetist’s and pediatric intensivist’s clinical judgment. During the entire 
postoperative intensive care period, medical treatment was instigated by the medical staff of 
the PICU. Notes were made of the amounts of prescribed sedative and analgesic medication.

After approximately 4 hrs in the PICU, at time zero (t = 0 h), the liquid study diet was 
administered in increasing amounts via a nasogastric tube with the use of a feeding pump 
(Kangaroo 324, Kendall Healthcare products, Mansfield, MA) such that the required feeding 
rate was reached before t = 12 hrs (Figure 3.1). The diets consisted of a mixture of whey 
protein/carbohydrate powder (Hydrolyzed Whey Protein Powder/Maltodextrin Mix), 
carbohydrate powder (Fantomalt), and fat emulsion (Calogen; all products of Nutricia, 
Zoetermeer, Netherlands) dissolved in water. The caloric need was estimated by age-related 
Schofield equation (16).Via continuous drip-feeding the protein intake was set at 5 g/kg/d in 
the intervention group (high protein, HP) and 2 mg/kg/d in the control group (normal protein, 
NP). Patients in both groups received a glucose intake of 6 mg/kg/min, with the remaining non-
protein calories supplied by fat. Since all patients were fluid restricted after cardiac surgery, 
the volume of water in which the macronutrients were dissolved was limited at 60 mL/kg/d.

Also, at t = 0 h, both a blood and breath sample were taken for measurement of background 
isotopic enrichment of α-ketoisovalerate (KIV) and 13CO2, respectively. The end-tidal breath 
samples for enrichment of 13CO2 were slowly aspirated through a nasopharyngeal tube with a 
syringe, and collected in 10 mL sterile, air evacuated, glass tubes with silicon-coated stopper 

Figure 3.1 Experimental design. Timing of surgery (open arrow), and sampling of blood (cross) and 
breath (small arrows, with each arrow representing a duplicate sample). Duration of primed infusions 
of isotopes is represented by straight lines.

DAY 1 DAY 3

t (hrs)=      0                31 33.5 34 45.5 46 46.5

13C-bicarbonate primed infusion

DAY 2

13C-valine primed infusion

Breath samples

Blood samples
Surgery

con nuous feeding
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(Tyco Healthcare/Covidien Ltd., Dublin, Ireland), as previously described by Van der Schoor et 
al (17). Plasma concentrations of insulin, cortisol, cortisol binding globulin (CBG), and blood 
urea nitrogen (BUN) were measured, together with inflammatory markers; C-reactive protein 
(CRP), interleukins IL-1β-6-8-10, and TNF-α.

At t = 31 hrs, NaH13CO3 (Cambridge Isotope Laboratories Inc, Andover, MA) was continuously 
infused at a rate of 0.14 μmol/kg/min, after a prime bolus of 12 μmol/kg, to determine CO2 
production rate. At t = 33.5–34 hrs, after one blood and three duplicate breath samples 
were taken for determination of background isotopic enrichments, infusion of [1-13]C-valine 
(Cambridge Isotopes) was administered at a rate of 0.184 μmol/kg/min (prime 9.1 μmol/
kg). The isotopes were dissolved in normal saline and infused by volumetric infusion pumps 
(Infusomat Space Infusion Pump; B.Braun Melsungen AG, Melsungen, Germany), after passage 
through a 0.20-μm Millipore filter (Minisart; Sartorius AG, Göttingen, Germany). All infusates 
were tested for pyrogenicity, purity and concentration.

From t = 45.5 to 46.5 hrs, after reaching presumed isotopic equilibrium, 5 concurrent breath 
samples were collected in duplicate at 15-min intervals. In the same period, at 30-min intervals, 
three blood samples were collected for measurement of isotopic enrichment of KIV and 
13C-valine incorporation in albumin. In this 30-min sampling period an extra blood sample 
was taken for second measurement of plasma concentrations of insulin, cortisol, CBG, BUN, 
and inflammatory markers. Also, at t = 46 hrs, as part of the routine clinical assessment of 
discomfort, the FLACC (face, legs, activity, cry, consolability) score was noted (18, 19). 

All blood samples were immediately centrifuged at 4000 rpm for 10 min at room temperature 
(Labofuge 300; Heraeus Instruments GmbH, Hanau, Germany). After separation, plasma 
was stored at -20 °C until analysis. At t = 46 hrs, serum glucose concentration was measured 
bedside (i-STAT r1 analyzer MN300 series; Abbott Laboratories, Chicago, IL). At t = 46.5 hrs, 
the study was ended, and all children resumed to the standard hospital age-related diets.

Assays

Plasma insulin concentrations were ascertained by using a chemiluminescent immunometry 
assay on an Immulite analyzer (DPC, Los Angeles, CA) with an intra-assay CV of < 6%, an inter-
assay CV of < 6%, and a detection limit 15 pmol/L. Cortisol was measured by chemiluminescent 
immunoassay on an Immulite analyzer with an intra-assay CV of < 8%, an inter-assay CV of < 
7%, and a detection limit of 50 nmol/L . CBG was measured by radio-immuno assay (BioSource 
Europe S.A., Nivelles, Belgium) with intra-assay CV of 4–5%, an inter-assay CV of 9–12%, and 
a detection limit of 10 mg/L.
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Plasma albumin and BUN concentrations were measured by spectrophotometry (both Roche 
Diagnostics, Basel, Switzerland).

CRP values were measured by immunoturbidimetry (Roche Diagnostics; lower limit of 
detection [LOD]: 0.3 mg/L). Cytokine levels were determined by multiplex fluorescent bead 
assay (eBioscience, Vienna, Austria) for IL-1β (LOD in pg/mL: 0.20), IL-6 (LOD: 2.27), IL-8 
(LOD: 0.79), IL-10 (LOD: 0.47) and TNF-α (LOD: 6.97) on a Bioplex 200 (BioRad). All samples 
were analyzed in parallel and for values below detection level we took half the LOD values 
for statistical analyses.

Isotopic analysis

A detailed description of KIV-measurement was described in recent articles of our group (20, 
21). 13C isotopic enrichment in the breath samples was analyzed by an infrared isotope analysis 
technique (Helifan, Analytic Fischer Instruments, Leipzig, Germany). The 13C enrichment was 
expressed as the atom percentage excess (APE) above baseline. 

Albumin isolation and enrichment measurements 

To isolate pure albumin from plasma, we used anti-human serum albumin affinity resin kits 
(Vivascience-Sartorius Group, Hannover, Germany). Enclosed spin columns were filled with 
400 μL affinity resin and 25 μL of thawed plasma. According to the included protocol, the 
column was washed three times with a tris-buffer and albumin was thereafter eluted from 
the affinity resin with 0.1 mol glycine/L (acidified to pH 2.5 with HCl). Eluted albumin was 
precipitated with 750 μL of 2 mol HClO4/L. A washing step was performed with 0.2 mol HClO4/L 
by re-suspending and precipitating the pellet again. The protein pellet was then hydrolyzed 
in 140 μL 6 mol HCl/L for 22 hours at 110 °C. Amino acids (AAs) were isolated with the use 
of a cation-exchange column and then derivatized with ethylchloroformate, and enrichment 
was measured on a gas chromatograph combustion isotope ratio mass spectrometer (GC/C/
IRMS; Delta XP; Thermo Electron, Bremen, Germany) as previously described (22–24).

Calculations

The rate of appearance of valine in plasma (Raval), VCO2 carbon dioxide production (in 
millimoles per h), and valine oxidation (Oxidval) were calculated according to standard equations 
(25–28): 
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 Raval = Ival x (Einf/Eval – 1)       [1] 

 VCO2 = Ibicarb x 0.81 / E13CO2 bicarbonate plateau     [2] 

 Oxidval = VCO2 x (E13CO2 valine plateau – E13CO2 bicarbonate plateau) / E13CKIV   [3]

where Ival is the infusion rate of labeled valine, Einf tracer enrichment of the labeled valine 
solution (= 99%), Eval valine enrichment in plasma during plateau phase, VCO2 carbon dioxide 
production (in millimoles per hour), Ibicarb is the infusion rate of labeled bicarbonate, E13CO2 
enrichment of carbon dioxide in the breath samples, and EKIV enrichment in plasma of KIV.

In this model of single amino acid tracer kinetics non-oxidative disposal of valine (NODval) 
represents protein synthesis (S), and endogenous rate of appearance of valine (Endo-Raval) 
represents protein breakdown (B) proportionally (29).

 S = NODval (μmol/kg/min) = Raval – Oxidval     [4] 

 B = Endo-Raval (μmol/kg/min) = Raval – val(diet)    [5] 

 Protein balance (g/kg/d) = ([4] – [5]) · 1440 / 450    [6] 

where 1440 is the amount of minutes in 24 hrs, and 450 represents the estimated contribution 
of valine to whole body protein in μmol/g protein (30).

Using plasma KIV enrichment at plateau level, as albumin precursor, we also calculated albumin 
fractional synthesis rate (FSRalb) as described by Verbruggen et al (24). The FSRalb reflects the 
fraction of the intravascular albumin pool that is renewed per unit of time (%/d) and can be 
calculated by using the following equation:

  FSRalb = (Eval-alb / EKIV) / Δt x 100%      [7] 

where Eval-alb is the enrichment in mole percent excess (MPE) of incorporated valine in 
albumin, and Eα-kiv is the mean enrichment in MPE of the precursor, i.e., plasma KIV. Δt is the 
time between start of the valine infusion and time of blood sample. This calculation slightly 
underestimates actual FSRalb, since KIV plasma concentrations approximately need 0.5–1 h to 
reach plateau after the start of infusion. However, since infusion time of valine was 11.5–12.5 
hrs, this calculation error can be neglected.   
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Statistical analysis and study power

In small sample sizes data are not normally distributed. Therefore, data are presented as 
median and range. The Mann-Whitney U test was used to investigate differences between 
groups. For comparison of the changes of hormone levels and inflammatory mediator 
concentrations in time, we used the Wilcoxon signed rank test. All analyses were performed 
by using SPSS for WINDOWS statistical software (version 20.0; SPSS Inc, Chicago, IL). P-values 
less than 0.05 were considered statistically significant.

From a previous study in young children after cardiac surgery, with net whole-body valine 
balance of -0.65 μmol/kg/d, we estimated that we needed 12 patients per randomization 
group to detect sufficient difference (with α = 2.5% and β = 82%) in whole-body valine balance 
to reverse the negative balance (> 0 μmol/kg/d) (31).

RESULTS

Patients

We were able to enroll 28 patients in the study who fulfilled the inclusion criteria in the period 
September 2012–January 2014 (Figure 3.2). From 47 eligible patients prior to surgery, we 
were not able to obtain consent from 18 individual’s caretakers for reasons of continuation 
of breast feeding, stressful situation around surgery, and reluctance for randomization of 
nutrition. As listed in Table 3.1, there were no differences in baseline characteristics of the NP 
and HP groups. In our study model, there were no differences in aortic clamping time, time on 
CPB circuit, and priming of the CPB circuit between groups (Table 3.2). In the postoperative 
phase, according to randomization, the actual protein and carbohydrate intakes were reached 
as targeted, with no difference in total caloric intake between groups. Intakes of non-protein 
calories (i.e., calories derived from fat and carbohydrates) and fat differed by study design, the 
latter to achieve isoenergetic diets (Table 3.3). The contribution to fat intake of the propofol 
infusion (propofol dissolved in a 10% fat emulsion at rate 0.1–0.2 mL/kg/h) in the immediate 
postoperative phase until extubation within 6 hrs after surgery, was < 0.1 g/kg/d fat. 

There were 3 dropouts in the NP group and 5 in the HP group, respectively (Figure 3.2): the 
study protocol was violated 1 time in each group (premature removal of sample line and 
accidental removal of nasogastric feeding tube, respectively), and in 3 patients the study 
was stopped due to postoperative complications (sternum dislocation, cardiac tamponade, 
and junctional ectopic tachycardia). In the HP group, 2 patients had gastric residues and/or 
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diarrhea, which in 1 patient was caused by viral gastroenteritis. One patient in the NP was 
withdrawn from the study by the parents due to personal circumstances. 

At t = 45.5 to 46.5 hrs, data regarding valine kinetics, endocrine and inflammatory response 
mediators could be obtained and analyzed in 9 patients in the NP group and 11 patients in 
the HP group, respectively. In either group, from one patient oxidation data are missing, due 
to sampling error of breath samples.

Protein metabolism

There was, by study design with higher dietary protein intake and consequent higher valine 
intake in the HP group compared to the NP group, a significant difference in total valine 
flux (turnover) between groups. We observed no statistically significant differences in non-
oxidative disposal of valine, representing protein synthesis, endogenous rate of appearance 

Figure 3.2 Flow chart eligible patients.
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3Table 3.2 Intraoperative aortic clamping time, priming and time on cardiopulmonary bypass circuit

NP
(n = 12)

HP
(n = 16) pa

Aortic clamping time (min) 36.5 (19 to 76) 31.5 (18 to 79) 0.84

Time on CPB (min) 60.5 (36 to 97) 54.0 (37 to 138) 0.54

Priming CPB circuit
Erythrocytes (mL/kg) 140 (100 to 260) 125 (80 to 197) 0.16
Plasma (mL/kg) 0 (0 to 25) 0 (0 to 15) 0.66
Albumin 20% (mL/kg) 50 (50 to 100) 50 (50 to 150) 1.00

Values are presented as median (range). NP, normal protein (2 g/kg/d) diet; HP, high protein (5 g/kg/d) diet; CPB, 
cardiopulmonary bypass. aMann-Whitney U test.

Table 3.1 Baseline characteristics of groups

NP
(n = 12)

HP
(n = 16) pa

Boys/girls 5/7 7/9

Age (mos) 12 (3 to 17) 7 (3 to 20) 0.13

Body weight (kg) 7.6 (4.4 to 12.0) 7.0 (3.6 to 13.0) 0.54

Body weight (SDS) -1.8 (-4.4 to 0.8) -1.1 (-4.1 to 1.0) 0.57

Height (SDS) -1.3 (-3.2 to 2.1) -0.9 (-1.9 to 1.6) 0.63

Weight for height (SDS) -1.2 (-2.8 to 0.1) -1.2 (-2.9 to 0.6) 0.87

Diagnosis  
VSD 7 9
ASD I 2 2  
VSD + ASD II 2 3
pAVSD 1 2

Preop O2 saturation (%) 99 (94 to 100) 98 (96 to 100) 0.94

Values are presented as number of subjects or median (range). NP, normal protein (2 g/kg/d) diet; HP, high protein 
(5 g/kg/d) diet; SDS, standard deviation score; VSD, ventricular septal defect; ASD I, atrial septal defect type 1; ASD II, 
atrial septal defect type 2; pAVSD, partial atrioventricular septal defect; Preop, preoperative. aMann-Whitney U test.

of valine, representing protein breakdown, and net whole-body protein balance between 
groups (Table 3.4). Additionally, the fractional synthesis rate of albumin and plasma albumin 
concentrations did not show differences between groups. In the HP group, there was 
statistically higher valine oxidation with significant higher BUN concentrations, compared to 
the NP group. There was no correlation between weight-for-height score on admission and 
protein balance (data not shown).
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Endocrine response

Between the NP and HP group, there were no statistically significant differences in plasma 
concentrations of glucose at t = 46 hrs, and plasma concentrations of insulin, cortisol and CBG 
at t = 0 h and t = 46 hrs (Table 3.5). Between t = 0 h and t = 46 hrs, we observed a significant 
increase in plasma insulin concentration in both groups. At t = 46 hrs, carbohydrate intake 

Table 3.4 Absolute and relative contribution to total valine flux of endogenous Ra of valine (total flux 
corrected for exogenous supply), valine oxidation, non-oxidative disposal of valine, total valine and 
body protein balance, fractional synthesis rate of albumin, serum albumin, and blood urea nitrogen

NP [% flux] 
(n = 9)

HP [% flux] 
(n = 11) pa

Total valine flux (μmol/kg/min) 2.82 (2.48 to 3.37)[100] 4.26 (3.25 to 5.85)[100] < 0.01

Valine dietary intake (μmol/kg/min) 0.91 (0.86 to 0.97)[32.4] 2.20 (2.01 to 2.30)[52.0] < 0.01

Endogenous valine Ra (μmol/kg/min) 1.90 (1.63 to 2.48)[67.7] 2.06 (1.12 to 3.64)[48.1] 0.50

Valine oxidation (μmol/kg/min) 0.68 (0.29 to 1.07)[22.1] 1.58 (0.38 to 2.93)[35.2] 0.01

NOD of valine (μmol/kg/min) 2.26 (1.85 to 2.73)[77.9] 2.73 (0.94 to 3.36)[64.9] 0.28

Valine balance (μmol/kg/min) 0.24 (-0.20 to 0.63) 0.54 (-0.73 to 1.75) 0.57

Protein balance (g/kg/d) 0.78 (-0.65 to 2.00) 1.73 (-2.35 to 5.59) 0.57

FSR albumin (%/d) 8.0 (7.1 to 12.0) 9.3 (6.1 to 13.9) 0.20

Albumin (g/dL) 3.9 (3.7 to 4.5) 3.7 (3.4 to 4.2) 0.13

BUN (mmol/L) 4.0 (2.7 to 5.6) 7.1 (4.4 to 11.7) < 0.01

Values are presented as median (range), absolute [and relative] contribution. NP, normal protein (2 g/kg/d) diet; 
HP, high protein (5 g/kg/d) diet; NOD, non-oxidative disposal; Ra, rate of appearance; FSR, fractional synthesis rate; 
BUN, blood urea nitrogen. aMann-Whitney U test.

Table 3.3 Actual dietary intake during isotopic study

NP
(n = 9)

HP
(n = 11) pa

Caloric intake (kcal/kg/d) 85 (79 to 92) 84 (70 to 87) 0.13

Non-protein calories (kcal/kg/d) 77 (72 to 84) 65 (53 to 68) < 0.01

Protein intake (g/kg/d) 2.0 (1.8 to 2.1) 4.7 (4.3 to 5.0) < 0.01

Protein intake (En%) 9.3 (8.7 to 10.0) 22.8 (21.9 to 24.5) < 0.01

Carbohydrate intake (mg/kg/min) 5.9 (5.5 to 6.3) 5.7 (5.2 to 6.0) 0.08

Fat intake (g/kg/d)  4.8 (4.3 to 5.3) 3.5 (2.3 to 3.9) < 0.01

Values are presented as median (range). NP, normal protein (2 g/kg/d) diet; HP, high protein (5 g/kg/d) diet, En%, 
energy percent. aMann-Whitney U test.
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was 5.9 and 5.7 mg/kg/min in the NP and HP group, respectively, compared to absence of 
carbohydrate intake at t = 0 h. 

Between time points t = 0 h and t = 46 hrs, cortisol concentration increased from 175 (range: 
49–833) to 417 (79–1548) nmol/L in the NP group (p = 0.02), and from 211 (83–411) to 345 
(37–1162) nmol/L in the HP group, respectively (p = 0.08). In the same time-interval plasma 
concentrations of CBG increased in the NP group from 34 (13–44) to 39 (30-48) mg/L (p = 
0.01), and in the HP group from 29 (18–51) to 36 (26–54) mg/L (p < 0.01), respectively. There 
were no statistically significant differences between cortisol-to-CBG ratios between groups 
and time points (data not shown).

Inflammatory response

At t = 0 h, we found relatively high concentrations of the anti-inflammatory cytokine IL-10 
(177.4 with range 25.0–465.8 pg/mL in the NP group, compared to 120.2 with range 5.0–581.5 
pg/mL in the HP group; p = 0.58) (Figure 3.3). In both groups, IL-10 had almost completely 

Table 3.5 Clinical and endocrine response after surgery

NP
(n = 9)

HP
(n = 11)

pa

Clinical measures
FLACC score at t = 46 hrs 0 (0 to 7) 0 (0 to 3) 0.55
Body temp (˚C) 37.3 (36.8 to 37.8) 37.5 (37.0 to 38.1) 0.22

Endocrine measures at t = 0 h (n = 12) (n = 16)
Insulin (pmol/L) 19 (8 to 98) 8 (8 to 113) 0.66
Cortisol (nmol/L) 175 (49 to 833) 211 (83 to 411) 0.87
CBG (mg/L) 34 (13 to 44) 29 (18 to 51) 0.80

Endocrine measures at t = 46 hrs (n = 9) (n = 11)
Glucose (mmol/L) 5.6 (4.2 to 9.0) 4.9 (4.2 to 5.5) 0.07
Insulin (pmol/L) 165 (35 to 226)* 158 (55 to 492) * 0.82
Glucose/insulin-ratio 0.04 (0.01 to 0.06) 0.03 (0.02 to 0.12) 0.50 
Cortisol (nmol/L) 417 (79 to 1548)† 345 (37 to 1162) † 0.46
CBG (mg/L) 39 (30 to 48)‡ 36 (26 to 54) ‡ 0.60

*pb < 0.01 *pb < 0.01
†pb = 0.02 †pb = 0.08
‡pb = 0.01 ‡pb < 0.01

Values are presented as median (range). NP, normal protein (2 g/kg/d) diet; HP, high protein (5 g/kg/d) diet; FLACC, 
face, legs, ac  vity, cry, consolability score; temp, temperature; CBG, cor  sol binding globulin. aMann-Whitney U 
test; bWilcoxon signed rank test.
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Figure 3.3 Box-whisker plots of CRP, IL-1β, IL-6, IL-8, IL-10, and TNF-α plasma concentrations at t = 
0 h and t = 46 hrs for NP group (light blue bars) and HP group (dark blue bars). Values are presented 
as median (range). NP, normal protein (2 g/kg/d) diet; HP, high protein (5 g/kg/d) diet; CRP, C-reactive 
protein; IL, interleukin; TNF-α, tumor necrosis factor-α. *P  < 0.05 within groups between time points 
(Wilcoxon signed rank test).
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disappeared at t = 46 hrs (p = 0.01 and p < 0.01 in the NP and HP group, respectively, between 
time points).

We observed low plasma concentrations of the proinflammatory cytokines IL-1β, IL-6, and 
IL-8 at t = 0 h and t = 46 hrs, without statistical differences between groups. At t = 46 hrs 
compared to t = 0 h, the plasma concentrations of the proinflammatory cytokines were even 
lower in both groups, but only for IL-8 this difference was statistically significant [13.1 (range: 
2.4–94.5) and 6.0 (2.9–17.7) pg/mL in the NP group, p = 0.04; compared to 17.7 (5.5–61.5) and 
2.0 (0.4–29.0) pg/mL in the HP group, p = 0.05]. At both time points, TNF-α concentrations 
were below the limit of detection in both groups. Between t = 0 h and t = 46 hrs, CRP was the 
only inflammatory biomarker that showed an increase in plasma concentration in time [from 
0.5 (0.2–1.9) to 34.0 (20.5–55.8) mg/L in the NP group (p < 0.01), and from 0.4 (0.2–3.2) to 
20.8 (13.8–41.2) mg/L in the HP group (p < 0.01), respectively]. Between groups, at different 
time points, there were no statistically significant differences in concentrations of interleukins 
and CRP.

DISCUSSION

It is not clear what the optimal protein intake should be in infants and young children after 
cardiac surgery. In the present study, in infants after cardiac surgical repair of their low-complex 
CHD with use of CPB, we observed no statistically significant differences in whole-body 
protein synthesis (WBPS), -breakdown (WBPB), and net protein balance after feeding with 
a high-protein diet (HP, 5 g/kg/d), compared to the control group with an isocaloric normal-
protein diet (NP, 2 g/kg/d). Additionally, we did not find improvement of fractional synthesis 
rate of albumin (FSRalb) and plasma albumin concentrations in the HP group, compared to 
the NP group.

Our findings suggest that in this population protein synthesis is already maximally stimulated 
by a protein intake of 2 g/kg/d, and that excess dietary protein is converted to carbon dioxide 
and urea, as suggested by the significantly higher valine oxidation rate and plasma urea levels 
in the HP group. Therefore, the upper limit of optimal protein intake in infants after cardiac 
surgery is below 5 g/kg/d. We conclude that at present an intake of 2 g/kg/d of protein in 
these patients is recommended, and not 5 g/kg/d.

A systematic review of protein balance studies in mixed PICUs shows that in critically ill children 
a positive protein balance can relatively easily be achieved by moderate intake of calories 
57 kCal/kg/d and protein 1.5 g/kg/d (14). This is in agreement with our own observations in 
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the NP group. In a small study in neonates following general surgery, Duffy et al observed an 
improvement of the protein balance due to decreased endogenous protein breakdown at 
higher protein intake of 3.9 ± 0.5 g/kg/d, compared to normal protein intake of 2.3 ± 0.4 g/
kg/d (32). However, in that study, the high protein intake group also received a higher amount 
of total calories compared to the normal protein group (91 and 75 kCal/kg/d, respectively), 
and therefore the observed decrease in proteolysis and effect on net protein balance may 
not be attributable solely to higher protein intake. In a systematic review in low birth weight 
infants, Premji et al identified 5 studies that showed improved nitrogen accretion rates with 
high intakes of 4–6 g/kg/d balanced protein, compared to age-related reference protein intake 
of 3 g/kg/d (33). However, the same studies also found adverse metabolic effects such as 
azotemia and metabolic acidosis (33). Also in our study, in the HP group compared to the NP 
group, we observed significantly higher valine oxidation rate and plasma urea levels.

There were no differences of FSRalb between the 2 groups. The observed values in our study 
were lower than those in a study in infants following general surgery (16 ± 2.2 %/d) (34). In 
critically ill children, lower albumin synthesis rates may be observed as the result of increased 
synthesis rates of acute phase proteins such as CRP and fibrinogen, at the expense of decreased 
synthesis of selected proteins (e.g. albumin, transferrin, prealbumin, retinol-binding protein, 
and fibronectin) (35). Moreover, in our study in children following cardiac surgery, the CPB 
circuit was primed with albumin (median [range]: 1.5 [1.0–4.2] g/kg) as part of standard 
procedure, resulting in relatively high plasma albumin concentrations in the NP and HP groups, 
which might further have suppressed albumin synthesis in our patients. 

Insulin inhibits proteolysis (36). In response to carbohydrate intake after start of the study 
diets, we observed a statistically significant increase of plasma insulin concentration at t = 46 
hrs, compared to t = 0 h, in both groups. The median values were comparable to those that 
we have found in an earlier study in pediatric cardiac surgical patients, but three times higher 
than reported in a similar setting with lower carbohydrate intake (31, 37). We speculate that 
the insulin concentrations in response to the relative high carbohydrate intake of ~6.0 mg/
kg/min in our studies maximally suppress proteolysis.

As secondary outcome of our study, we did not find a difference in postoperative endocrine 
and inflammatory stress response to cardiac surgery with use of CPB, between the 2 
groups. We observed a mild and short-lived (< 46 hrs) postoperative production of the pro-
inflammatory mediators IL-6 and IL-8, together with persistent low levels of IL-1β over time. In 
pediatric cardiac surgical patients, the plasma IL-6 concentration is positively correlated with 
increased postoperative morbidity (38). Simultaneous with the pro-inflammatory response, 
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there was a moderate increase in the plasma concentration of anti-inflammatory cytokine 
IL-10 in both groups in the immediate postoperative phase, with a sharp decrease in plasma 
IL-10 also in both groups at t = 46 hrs. In both groups, at both time points, TNF-α plasma 
concentrations were below the limit of detection. At t = 46 hrs, we observed an increase of 
plasma concentrations of CRP and cortisol in both groups, compared to t = 0 h. 

These observations are in agreement with other studies in infants following cardiac surgery, 
that also report only limited stress response on day 1, with prompt resolution within 48 hrs 
(8, 39–41). Identical mild and short-lived stress responses can be observed in infants following 
general surgery (42–46). Interestingly, in an ex vivo experimental setting, it was demonstrated 
that plasma drawn from neonates during CPB-assisted cardiac surgery can inhibit LPS-induced 
TNF-α but not IL-6 synthesis by monocytes (47). In our study, we were able to demonstrate 
IL-6, IL-8 and IL-10 production, but not TNF-α. Clinically, the mild stress response that we 
observed was translated to a favorable clinical course, with all of our patients weaned from the 
ventilator within 4–6 hrs after surgery, and transfer from the PICU to the general ward on the 
next day. Typically, in adult cardiac surgical patients, a more extensive inflammatory response 
can be seen after surgery with concomitant greater metabolic impact and prolonged clinical 
course (48, 49). As an explanation, neonates have an immature immune system, and react to 
injury with a decreased hyper-inflammatory response (50, 51). Newborns and infants react 
to cardiac surgery and exposition to a CPB circuit with pro- and anti-inflammatory response, 
without tendency to extremes of either side (9). With aging, gradually a low grade, chronic 
pro-inflammatory status arises, which is a concept that previously has been referred to as 
‘inflammaging’ (52).

In our study, we have infused the bicarbonate and valine isotopes for 15 and 12 hrs, 
respectively (Figure 3.1). As a consequence of this long infusion period, we might have over-
primed the distribution pools, resulting in premature release of the isotopic tracer from the 
tracee back into the blood compartment. This results in overestimation of total valine flux, 
and, consequently, overestimation of endogenous Raval and underestimation of NODval. We 
estimated that this might have affected results in both groups proportionally.

We have also considered the possibility that our study was underpowered, since net valine 
balance is more than 2-fold higher in the HP group, compared to the NP group, but without 
statistical significance (0.24 [range: -0.20 to 0.63] μmol/kg/min and 0.54 [-0.73 to 1.75] μmol/
kg/min in NP and HP group, respectively; p = 0.57). However, we consider this to be less likely, 
as the statistically significant increase of valine oxidation and BUN are the most plausible 
explanation of the metabolic fate of surplus protein intake in the HP diet. 
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In conclusion: in pediatric, low-to-moderate-complexity cardiac surgery, a short-term high-
protein diet (HP, 5 g/kg/d), compared to an isocaloric normal-protein diet (NP, 2 g/kg/d), 
does not improve whole-body protein balance, possibly due to a mild postoperative stress 
response. Therefore, in young children following cardiac surgery a higher than standard 
protein intake cannot be recommended. 
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ABSTRACT

Background: Stunted children with cystic fibrosis (CF) have less net protein anabolism 
than do children without CF, and the result is retarded growth in the CF patients. It 
is not known whether protein intake above that recommended by the Cystic Fibrosis 
Foundation would further stimulate whole-body protein synthesis. 

Objective: We studied the effects of 3 amounts of protein intake on whole-body protein 
synthesis and breakdown by using isotopic infusion of [1-13C]valine and [15N2]urea in 
children with stable CF who required tube feeding.

Design: In 8 pediatric CF patients, we administered 3 randomly allocated isocaloric diets 
with normal (NP), intermediate (IP), and high (HP) amounts of protein (1.5, 3, and 5 g/
kg/d, respectively) by continuous drip feeding during a 4-d period at 6-wk intervals. 
Each patient acted as his or her own control. On the fourth day of feeding, whole-body 
protein synthesis and breakdown were measured.

Results: Protein synthesis was significantly higher in the HP group (mean ± SEM: 1.78 ± 
0.07 μmol/kg/min) than in the IP (1.57 ± 0.08 μmol/kg/min; p = 0.001) and NP (1.37 ± 
0.07 μmol/kg/min; p < 0.001) groups. There were no significant differences in protein 
breakdown. Net retention of nitrogen was significantly higher in the HP group (12.93 
± 1.42 μmol/kg/min) than in the IP (7.61 ± 1.40 μmol/kg/min; p = 0.01) and HP (2.48 ± 
0.20 μmol/kg/min; p < 0.001) groups. 

Conclusion: In stunted children with CF requiring tube feeding, the highest stimulation 
of whole-body protein synthesis was achieved with a short-term dietary protein intake 
of 5 g/kg/d.
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INTRODUCTION 

Cystic fibrosis (CF) is the most common life-threatening recessive inherited disease in 
whites. The carrier frequency is 1 in 22–28 in whites, and the incidence is 1 in 2000–3000. 
Approximately 30,000 persons are affected in the United States (1). In the past 10–15 yrs, 
the mean survival of CF patients has increased significantly, from 20 to 34 yrs, as a result 
of improved medical care (2). One of the major factors contributing to this improvement 
is a greater emphasis on optimal nutrition. It has been shown that patients with better 
nutritional status have improved linear growth and maintain better pulmonary function and 
exercise tolerance (3–5). In addition, malnutrition has been shown to have adverse effects 
on respiratory muscle strength, ventilator drive, and immune defense mechanisms (6, 7).

Historically, the literature on nutritional strategies in CF has focused primarily on energy and fat 
intakes (8–12). In CF patients with a forced expiratory volume in 1 sec (FEV1) > 85% predicted, 
the CF gene has no significant effect on resting energy expenditure, whereas, in those with 
FEV1 < 85% predicted, there is a curvilinear increase in resting energy expenditure (13). For 
children with CF, an energy intake of 120–150% of the recommended dietary allowance (RDA) 
for healthy persons is currently recommended, including a high-normal fat intake of 35–40% 
of energy (14). It is well known that feeding enhances both whole-body and organ-specific 
protein synthesis in humans (15). However, there has been little study of the optimal amounts 
of dietary protein intake in pediatric CF patients.

At the time of a diagnosis of CF, severe protein deficits can already be present, and they 
result in lean body mass wasting or stunting of linear growth (16). The nutritional status 
is significantly worse in children diagnosed when symptomatic than in those diagnosed 
by neonatal screening (17). In general, protein deficits can result from increased protein 
breakdown, decreased protein synthesis, or both. Holt et al (18) found that children with 
CF with pulmonary infections have protein synthesis rates that are 50% lower than those 
in healthy controls and 43% lower than those in children with CF with chronic but stable 
pulmonary disease (p < 0.001). Conversely, in the same study, they found significantly greater 
whole-body protein breakdown (WBPB) in a group of stable CF patients than in an infected 
group of control subjects (≈250% and 170%, respectively; p < 0.01) (18). During pulmonary 
infection, protein synthesis and net protein deposition can be enhanced with short-term 
nutritional supplementation (19, 20). Kien et al (21) studied the effects of enhanced feeding 
(protein intake: 4 g/kg/d) in stable pediatric CF patients and control subjects after a 12-hrs 
fast, and they found a 23% increase in protein synthesis in the fed state in the CF group (p = 
0.058) and no change in WBPB. Under the same circumstances, WBPB increased 34% in the 
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healthy control group (p = 0.001), which indicated that feeding may affect protein turnover 
differently in children with stable CF and in healthy subjects.

We have been unable to identify any controlled studies that have investigated the effects of 
different dietary protein intakes on protein synthesis and breakdown in chronic and stable 
pediatric CF patients. The current recommended protein intake is 1.0–1.5 g/kg/d (22). 

The aim of this study was, by using the isotopic infusion of [1-13C]valine and [15N2]urea, to 
ascertain the dietary protein intake that corresponded to a maximal rate of whole-body protein 
synthesis in pediatric CF patients with chronic but stable pulmonary disease.

SUBJECTS AND METHODS 

Subjects

Children with a diagnosis of CF, confirmed with the use of a pilocarpine iontophoresis 
sweat chloride test, a CF gene mutation analysis, or both, were recruited from the pediatric 
outpatient clinics of 2 academic medical centers and one teaching hospital in the northwest 
part of the Netherlands. Eight patients were eligible, and all agreed to be enrolled. Inclusion 
criteria were age 7–12 yrs, prepubertal status, mild lung disease (FEV1 > 75%), nasogastric or 
percutaneous endoscopic gastric feeding tube in situ, and no weight loss during the previous 
30 days (23). Exclusion criteria were diabetes mellitus, clinical signs of intercurrent pulmonary 
infection (i.e., tachypnea > 30 breaths/min, increased coughing, or rectal temperature of ≥ 38.5 
°C), and the use of antibiotics other than chemoprophylaxis ≤ 14 days before the beginning 
of the protocol. Home medications (i.e., bronchodilators, mucolytic agents, or pancreatic 
enzyme replacement therapy) were continued.

All procedures were explained to the subjects and their parents, and written informed consent 
was obtained from all subjects. The Medical Ethics Committee of the Academic Medical 
Center, Amsterdam, approved the study protocol.

Study design and procedures

We conducted a prospective, randomized, single-blinded, crossover trial of 3 isoenergetic 
diets containing 1.5 [normal-protein (NP)], 3 [intermediate-protein (IP)], and 5 [high-protein 
(HP)] g protein/kg/d in children with CF; each patient served as his or her own control subject. 
Endpoints were whole-body protein synthesis and WBPB and net nitrogen retention obtained 
by using a stable isotope technique.
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At enrollment, a medical history was obtained and physical examination performed, including 
height, weight, temperature, and FEV1, which was measured with a MasterScreen Paed (Viasys 
Healthcare, Bilthoven, the Netherlands). At the start of the study, oxygen consumption (VO2) 
and carbon dioxide production (VCO2) were continuously measured for 30 min by indirect 
calorimetry and by using a ventilated hood system (Vmax model 2900; SensorMedics, Anaheim, 
CA). The energy intake of each diet was set at 200% of the patient’s individual baseline resting 
energy expenditure [i.e., ≈120% of the recommended dietary allowance for CF (24)]. During 
a 4-day period, the liquid study diet was administered via a gastric tube 24 hrs/day with the 
use of a feeding pump (Kangaroo 324; Sherwood Medical, St Louis). The diets consisted of 
a mixture of carbohydrate powder (Fantomalt), fat emulsion (Solagen), and protein powder 
(Protifar; all products of Nutricia, Zoetermeer, the Netherlands) and additional household salt 
dissolved in a body weight–related volume of water. Because of the continuous drip feeding, 
the carbohydrate intake was at a constant rate of 5 mg glucose/kg/min. The protein intake 
was varied per diet (1.5, 3, and 5 g protein/kg/d for the NP, IP, and HP diets, respectively), 
and the remaining nonprotein energy was supplied by fat. In addition, the children were 
allowed to drink nonenergetic beverages ad libitum. The sequence of the diets was randomly 
allocated, provided that within the study group all possible sequential combinations were 
assigned. The patients and their caretakers were blinded to the composition of the formula.

On the fourth day, a catheter was inserted antegradely in a deep antecubital vein of each 
arm. One catheter was used for sampling arterialized blood by using a heated (60 °C) hand 
box. At t = -5 min (0825), baseline blood and breath samples were taken for determination 
of background isotopic enrichments. At t = 0, via the second catheter in the opposite arm, 
primed continuous intravenous infusions of [1-13C]valine, at a rate of 0.153 μmol/kg/min 
(prime 9.1 μmol/kg), and [15N2]urea, at a rate of 0.28 μmol/kg/min (prime 200 μmol/kg), 
were started, and a prime of NaH13CO3 4.2% was administered (2.1 μmol/kg) (all: Cambridge 
Isotopes, Cambridge, MA). The isotopes were dissolved in normal saline and infused by using 
a Perfusor Secura FT infusion device (B Braun Melsungen AG, Melsungen, Germany), sterilized 
by passage through an 0.20-μm millipore filter (Minisart; Sartorius AG, Göttingen, Germany). 
All infusions were tested for pyrogenicity by the hospital pharmacy.

After an equilibration period of 330 min of stable isotope infusion, 4 blood samples were 
collected at 10-min intervals (at 330, 340, 350, and 360 min), immediately stored on ice, and 
subsequently centrifuged at 1860 x g for 10 min at 4 °C. After separation, plasma was stored 
at -20 °C until analysis of isotopic enrichment of valine, α-ketoisovalerate (KIV), and urea (at 
t = 360 min). Plasma concentrations of insulin, glucagon, cortisol, catecholamines, and free 
fatty acids (FFAs) were measured.
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During the experiment (8 hrs), tube feeding of an equivalent of one-third of the total daily 
dietary intake was continued. The entire protocol was repeated twice for each child, so that, 
at the end of all experiments, each child had been exposed to diets containing 1.5, 3, and 
5 g protein/kg/d. Between these study diets, the children resumed their regular diet for a 
6-week period.

Assays

Valine and urea were isolated on a cation exchange column (AG50W-X8; Bio-Rad Laboratories 
Inc, Hercules, CA) after precipitation of the plasma proteins with trichloroacetic acid. The 
proteins were eluted with ammonia and evaporated to dryness. Valine was derivatized to the 
N(O,S)-methoxycarbonylmethyl derivative as described by Hušek (25). After extraction with 
chloroform, an aliquot was injected into a gas chromatography-combustion-isotope ratio mass 
spectrometry system [(IRMS) HP 6890 series GC system; Hewlett-Packard, Palo Alto,CA; and 
Finnigan Deltaplus IRMS; Finnigan-MAT, Bremen, Germany]. Separation was achieved on a CP-
SIL 19CB capillary column (25 m x 0.32 mm x 0.2 μm; Varian, Middelburg, the Netherlands). 
After combustion of the GC effluent to carbon dioxide, the 13C-enrichment of valine was 
measured by using IRMS. Data acquisition and delta calculations were performed by using 
THERMOFINNIGAN ISODAT NT software (version 0.144; Finnigan-MAT). Urea was measured 
as the bis-trimethylsilyl derivative described by Matthews et al (26). Isotopic enrichment was 
measured on a gas chromatography-mass spectrometry system (HP6890 series GC system 
and 5973 Mass Selective Detector; Hewlett-Packard) equipped with a J&W ScientificDB17 
capillary column (30 m x 0.25 mm x 0.25 μm; Agilent Technologies, Palo Alto, CA). Selected ion 
monitoring (i.e., electron impact ionization), data acquisition, and quantitative calculations 
were performed by using CHEMSTATION software (version D.01.02.16; Agilent Technologies, 
Palo Alto, CA). The bistrimethylsilyl derivative was monitored at a mass-to-charge ratio (m/z) 
of 189 for urea and m/z of 191 for [15N2]urea. The ratio of urea tracer to tracee was calculated 
as described by Patterson et al (27). The [1-13C]α-KIV enrichment was determined in the 
O-tbutyldimethylsilyl-quinoxalinol derivative according to the method of Kulik et al (28). The 
same gas chromatography-mass spectrometry system was used as for the urea analysis. The 
KIV derivative was monitored at m/z 245 for KIV and m/z 246 for [1-13C]KIV. KIV tracer:tracee 
was calculated as described by Patterson et al (27).

Plasma insulin concentrations were ascertained by using an enzyme immunoassay on a 
Immulite analyzer (DPC, Los Angeles) with an intraassay CV of 3.5–6%, an interassay CV of 
7.5–9%, and a detection limit of 15 pmol/L. Glucagon was measured by radioimmunoassay 
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(Linco Research, St Charles, MO) with an intraassay CV of 3–5%, an interassay CV of 9–13%, 
and a detection limit of 15 ng/L. Cortisol was measured by enzyme immunoassay on an 
Immulite analyzer with an intraassay CV of 2–4%, an interassay CV of 3–7%, and a detection 
limit of 50 nmol/L. Serum FFAs were measured by using an enzymatic method (NEFAC; Wako 
Chemicals GmbH, Neuss, Germany) with an intraassay CV of 2–4%, an interassay CV of 3–6%, 
and a detection limit of 0.02 mmol/L.

During the final 30 min (330–360 min) of isotope infusion, VO2 and VCO2 were measured by 
using indirect calorimetry. Concurrent breath samples were taken at 0, 60, 150, 240, 270, 
300, 330, and 360 min for enrichment of 13CO2 (BreathMATplus; Finnigan-MAT) to calculate 
total valine oxidation.

Calculations and statistical analysis

Dietary effects on whole-body protein synthesis (S) were studied by using 2 independent 
indicators: nonoxidative disposal of valine and net nitrogen retention in the body (29). The rate 
of appearance (Ra) of valine in plasma and valine oxidation (μmol/kg/min) were calculated 
according to standard equations (30–33).

To calculate the rate of S, which is equivalent to the rate of nonoxidative disposal of valine 
(NODVal; μmol/kg/min), valine oxidation was subtracted from the rate of appearance of 
valine (Raval):

  S = NODVal = Raval – valine oxidation   [1]

Endogenous valine breakdown (B) (μmol/kg/min) was calculated by subtracting exogenously 
administrated valine from the total RaVal:

  B = Raval – Val(diet) = endogenous Raval  [2]

Net valine deposition (anabolism) (μmol/kg/min) in the body was calculated by subtracting 
B from S:

  Net valine deposition = S – B    [3]

From the urea data [Ra of urea (RaUr)], net nitrogen (N) retention (S) was calculated as

  S = Net N retention

  = dietary N – (2 x RaUr) μmol/kg/min  [4]
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Repeated-measures analysis of variance was used to establish differences in these variables 
at normal, intermediate, and high dietary protein intakes. The analysis was performed by 
using the mixed procedure of SAS for WINDOWS statistical software (version 5.0.2195; SAS 
Institute Inc, Cary, NC) with compound symmetry covariance structure and the restricted 
maximum likelihood estimation method. P < 0.05 was considered significant. Data are 
presented as means ± SEMs.

RESULTS

Patients

Baseline characteristics of the patients are shown in Table 4.1. The patients were stunted 
mainly in linear growth (mean SD = -1.1), whereas their weight-for-height was normal (34).

Valine data

The individual data for the rate of appearance of valine and valine oxidation are shown in 
Table 4.2. Valine kinetics showed a significant, progressive increase of nonoxidative disposal 
with increasing dietary protein intake of 1.37 ± 0.07 μmol/kg/min in the NP, 1.57 ± 0.08 in 
the IP, and 1.78 ± 0.07 in the HP diets (Table 4.3). There was no significant change in the 
endogenous rate of appearance of valine between the 3 diets.

Table 4.1 Baseline characteristics of patientsa 

Patient and sex
Age
yrs

Heightb

cm
Weightb

kg
Best FEV1

c

%

1, M 12.0 149.5 (-1) 40.1 (0.5) 75

2, M 7.9 130.0 (-0.5) 29.5 (1) 106

3, M 11.5 138.0 (-2) 26.7 (-2) 90

4, M 9.2 131.0 (-1.5) 38.1 (2) 86

5, F 10.7 136.5 (-1.5) 26.7 (-1) 97

6, F 10.7 137.0 (-1.5) 27.7 (-1) 95

7, M 7.6 133.0 (0.5) 30.7 (1) 95

8, M 9.6 121.0 (-2.5) 25.1 (1) 88

Mean 9.5 134.5 (-1.1) 30.6 (0.2) 91.5
aFEV1, forced expiratory volume in 1 second. bAnthropometric data are shown as absolute numbers with SD scores 
in parentheses, according to Dutch growth charts generated by the 4th Nationwide Dutch Growth Study, 1997 (34). 
cPercentage of predicted value.
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Urea data

There was a significant increase in urea production (rate of appearance) with increasing 
dietary protein load: 4.43 ± 0.09, 7.59 ± 0.73, and 12.38 ± 0.65 μmol/kg/min in the NP, IP, 
and HP diets, respectively (Table 4.2). This increase was significantly less than the increase in 
protein intake, which resulted in net nitrogen retention with increased protein intakes: 2.48 
± 0.20, 7.61 ± 1.40, and 12.93 ± 1.42 μmol/kg/min in the NP, IP, and HP diets, respectively 
(Table 4.3).

Hormone data

There were no significant differences in the plasma concentrations of insulin, cortisol, and 
FFAs between the diets (Table 4.4). Only the plasma concentration of glucagon in the HP diet 
was significantly different from that in the NP and IP diets (82 ± 4, 65 ± 5, and 71 ± 4 ng/L, 
respectively).

Table 4.2 Individual data for rate of appearance (Ra) of valine, valine oxidation, and Ra of ureaa

Ra val Valine oxidationb Ra urea

NP IP HP NP IP HP NP IP HP

Patient μmol/kg/min μmol/kg/min μmol/kg/min

1 1.86 2.42 2.82 0.54 (29) 0.84 (35) 1.13 (40) 4.57 11.01 10.93

2 1.73 2.46 3.14 0.49 (28) 0.83 (34) 1.22 (39) 4.64 5.94 13.96

3 2.26 2.70 3.35 0.54 (24) 0.83 (31) 1.30 (39) 4.64 6.68 11.40

4 1.63 1.94 2.54 0.50 (31) 0.81 (42) 1.08 (43) 4.62 4.14 13.83

5 1.97 2.44 3.16 0.52 (26) 0.71 (29) 1.32 (42) 4.14 8.08 8.97

6 1.99 2.22 3.26 0.42 (21) 0.68 (31) 1.39 (43) 3.98 7.67 14.20

7 1.66 2.38 2.55 0.47 (28) 0.90 (38) 1.00 (39) 4.61 9.20 12.27

8 1.77 2.56 2.97 0.45 (25) 0.97 (38) 1.11 (37) 4.23 7.98 13.48

Mean 1.86* 2.39† 2.97‡ 0.49 (26)* 0.82 (34)† 1.19 (40)‡ 4.43* 7.59† 12.38‡

SEM 0.07 0.08 0.11 0.02 0.03 0.05 0.09 0.73 0.65
aNP, normal-protein diet (1.5 g/kg/d); IP, intermediate-protein diet (3.0 g/kg/d); HP, high-protein diet (5.0 g/kg/d). 
Values in a row under each section heading with different superscript symbols are significantly different, p ≤ 0.01 
(repeated-measures ANOVA). bPercentage of flux in parentheses.
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DISCUSSION

The patients in our study were stunted predominantly in linear growth, whereas their weight-
for-height was normal. This observation is in agreement with a large cross-sectional survey 
of > 3000 pediatric and adolescent CF patients in the United Kingdom, which showed a 
progressive, parallel, downward slope of SD curves for both length and weight as compared 
with the population without CF (35). In addition, during the past 5 yrs, the patient registry 

Table 4.3 Relative contribution of nonoxidative disposal of valine and endogenous rate of appearance 
(Ra) of valine to net valine fluxa

Diet

NP IP HP

 μmol/kg/min

Valine flux 1.86* ± 0.07 (100) 2.39† ± 0.08 (100) 2.97‡ ± 0.11 (100)

Valine oxidation 0.49* ± 0.02 (26.3) 0.82† ± 0.03 (34.3) 1.19‡ ± 0.05 (40.1)

Nonoxidative disposal of valine 1.37* ± 0.07 (73.7) 1.57† ± 0.08 (65.7) 1.78‡ ± 0.07 (59.9)

Endogenous Ra of valine 1.26 ± 0.07 (67.7) 1.20 ± 0.11 (50.2) 1.05 ± 0.15 (35.4)

Valine balance 0.11* ± 0.03 0.37† ± 0.05 0.73‡ ± 0.12

Net nitrogen retention 2.48* ± 0.20 7.61† ± 1.40 12.93‡ ± 1.42
aAll values are mean ± SEM; percentage of flux in parentheses. NP, normal-protein diet (1.5 g/kg/d); IP, intermediate-
protein diet (3.0 g/kg/d); HP, high-protein diet (5.0 g/kg/d). Values in a row with different superscript symbols are 
significantly different, p ≤ 0.01 (repeated-measures ANOVA).

Table 4.4 Plasma concentrations of hormones and free fatty acidsa

Diet

NP IP HP

Insulin (pmol/L) 86 ± 7 93 ± 9 123 ± 26

Glucagon (ng/L) 65 ± 5* 71 ± 4* 82 ± 4†

Cortisol (nmol/L) 173 ± 23 192 ± 42 187 ± 22

FFA (pg/mL) 0.11 ± 0.01 0.10 ± 0.01 0.09 ± 0.02
aAll values are mean ± SEM. NP, normal-protein diet (1.5 g/kg/d); IP, intermediate-protein diet (3.0 g/kg/d); HP, 
high-protein diet (5.0 g/kg/d); FFA, free fatty acid. Values in a row with different superscript symbols are significantly 
different, p < 0.01 (repeated-measures ANOVA).
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annual data reports (23,000 patients) of the American Cystic Fibrosis Foundation showed, 
for persons of both sexes aged 0–20 yrs, an average height at approximately the 30th–35th 
percentile and weight at the 40th percentile until the age of 8 yrs, and this was followed by 
a gradual decline to the 25th–30th percentile; this indicates that most pediatric CF patients 
were stunted but had normal weight-for-height (36, 37).

In this study we showed that, in stunted pediatric CF patients with chronic but stable 
pulmonary disease, whole-body protein synthesis could be enhanced 30% by increasing dietary 
protein intake to 5 g/kg/d. With the HP diet the rate of protein synthesis was significantly 
greater than that with the currently recommended NP diet. Protein breakdown, expressed as 
the endogenous rate of appearance of valine, did not change significantly. When reviewing 
relevant literature on the subject, we were unable to find a relation between either dietary 
protein or energy intake to WBPB (20, 38–40). We therefore concluded that the nonsignificant 
trend of a decrease of protein breakdown that we observed cannot be attributed to any 
dietary changes. The energy intake in the current study (72.6 ± 8.2 kcal/kg/d) is within the 
range of that cited in the aforementioned studies (20, 38–40).

So far, few studies have addressed the effect of different amounts of protein intake on rates of 
protein synthesis and breakdown in patients with CF. In all of those studies, protein intake was 
varied simultaneously with total energy intake, so that it remains unclear whether the results 
can be explained solely by different amounts of dietary protein. One study that compared 
the acute effects of 2 consecutive amounts of dietary protein intake (3.2 g protein/kg/d with 
76 kcal/kg/d during 4 days, and 1.6 g protein/kg/d with 85 kcal/kg/d during 8 consecutive 
days) on whole-body protein metabolism in stunted adolescent and young adult CF patients 
did not find significant changes in protein synthesis or breakdown (20). However, in that 
study, 2 variables (both protein and energy intake) were altered at the same time, so that 
their specific relative contributions to the effect remained uncertain. A further confounder 
was the possibility of a carryover effect, because the study design did not correct for this 
possibility, and the result was a lack of difference in protein synthesis and breakdown rates. 
In another study, nocturnal nutritional supplementation with a semielemental formula (1.14 
g protein/kg/12 hrs, 32 kcal/kg/12 hrs, 70% free amino acids (AAs), and 30% small peptides), 
a nonelemental formula (2.49 g protein/kg/12 hrs, 45 kcal/kg/12 hrs, and 100% casein), 
and a modified form of the nonelemental formula (1.14 g protein/kg/12 hrs, 32 kcal/kg/12 
hrs, and 100% casein) was compared (38). Although no significant changes in either protein 
synthesis or catabolism between the 3 nocturnal diets were observed in that study, net 
protein deposition was significantly (40%, p < 0.05) greater with the nonelemental formula 
than with the modified nonelemental formula. However, the supplemental feeding with 
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the protein-rich formula was combined with a higher energy intake than was used with the 
lower-protein formula.

Several major long-term studies on the effects of 2 different amounts of protein intake in 
pediatric CF patients have been performed. In a cohort study over 2 consecutive yrs, Parsons 
et al (39) compared a nitrogen intake of 464 ± 16 mg/kg/d (which is equivalent to 2.9 g whole 
protein/kg/d) in the first y to a nitrogen intake of 608 ± 18 mg/kg/d (which is equivalent to 3.8 g 
whole protein/kg/d) in the second y. No changes were observed in either whole-body nitrogen 
flux or protein synthesis rates in the first y. The protein breakdown rates were significantly 
(p < 0.05) lower during the second y, which resulted in greater net protein deposition and 
greater weight growth velocity (p < 0.05). Height velocity was increased nonsignificantly (p 
< 0.1), from a mean SD ± SEM of 1.03 ± 0.54 in the first y to a mean SD ± SEM of 0.26 ± 0.70 
in the second y. Energy intake was significantly higher during the second y than during the 
first y (82 ± 1 and 65 ± 2 kcal/kg/d, respectively; p < 0.05). In an intervention study without 
control group, in which normal protein feeding via a gastrostomy tube was used to re-feed 
adolescent and adult CF patients, Vaisman et al found that body composition was restored 
with concomitant increase in energy expenditure after 1 y, without measurable changes in 
whole-body protein turnover (40). Finally, Shepherd et al (41) conducted a 2-y follow-up 
study that showed that both energy and protein supplementation (≥ 120% of RDA) in 10 
stunted pediatric CF patients induced an initial (first mo) but nonsustained 50% stimulation 
of protein synthesis during nutritional supplementation. Nevertheless, this led to clinically 
significant catch-up growth in both weight and height within 6 mos, which continued for ≥ 
1 y. In our short-term study, we found that protein synthesis and total-body protein content 
can be increased in pediatric CF patients by 4 days of isocaloric, high-protein intake. In long-
term studies, the effect of extra protein will not show itself in protein kinetics measured with 
stable isotopes, because the changes in lean body mass develop only slowly under those 
circumstances, and stable isotope measurements in general are too insensitive to pick up the 
small difference between synthesis and breakdown. Long-term studies of the effects of extra 
protein should aim at effects on linear growth or body composition. Therefore, it would be 
very interesting to study long-term effects of isocaloric high-protein intakes on height and 
body composition in these children in a controlled, prospective study.

In the current study, there were no changes in the plasma concentrations of anabolic hormones 
between the diets. However, the nonsignificant amino AA-induced increase in plasma insulin 
concentration might have partly accounted for both the increase in protein synthesis and the 
decrease in protein breakdown (42). The only significant hormonal change we observed was 
the increased aminogenic glucagon plasma concentration with the HP diet. There is evidence 
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that glucagon has an attenuating effect on amino AA-induced increases in nonoxidative 
disposal of tracer isotopes and hence on the protein synthesis rate (43). Despite this effect, 
we observed significantly greater protein synthesis with the IP and HP diets. We concluded 
that the increased protein synthesis rates resulted from increased dietary protein intake.

In studies of valine kinetics, whole-body protein synthesis is calculated by subtracting valine 
oxidation from total flux. However, body retention of infused 13C can occur either in the form 
of nonexcreted 13CO2 or as a result of fixation in metabolites other than carbon dioxide (44). 
This body retention of carbon dioxide will lead to an underestimation of valine oxidation 
and, inversely, to an overestimation of protein synthesis. 13CO2 recovery factors obtained in 
postabsorptive states and euglycemic, hyperinsulinemic clamping studies vary from 0.67 to 
0.82 (32, 45). Although there were no validated correction factors available for our study, we 
assumed the abovementioned effect to be equal for the 3 study diets. Moreover, we measured 
net nitrogen retention in the body as an independent variable of protein metabolism by 
studying urea kinetics.

The urea data supported the observations with the valine data. With the higher-protein 
diets, there was also a significant increase of ≈200% (a 3.1-fold rise) in net nitrogen retention 
in the body, despite the increase in urea production. Because dietary protein can be either 
oxidized only to urea and carbon dioxide or incorporated into the body, the increased positive 
nitrogen balance can be considered as an increase in protein synthesis in the body. Hence, 
these data show that both biochemical pathways (oxidation and incorporation of protein) 
were simultaneously yet unequally stimulated by increasing dietary protein intake.

In conclusion, our data support the hypothesis that, in stunted pediatric CF patients, short-term 
protein synthesis and thus net nitrogen retention in the body can be significantly increased 
by an HP (5 g protein/kg/d) diet. Whether these effects would be sustained with a prolonged 
diet, and thus lead to catch-up growth in height, requires further investigation.
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ABSTRACT

Background: Critically ill children usually receive less than the recommended protein 
intake, which results in deterioration of lean body mass during the admission period on a 
pediatric intensive care unit (PICU). This is superimposed on the fact that approximately 
a quarter of these children are already undernourished on admission. 

Objective: The aim of this study was to compare prescription and delivery of nutrition 
to predefined nutritional targets, and identify risk factors associated with inadequate 
nutritional intake. 

Design: In 84 mechanically ventilated critically ill children with length of stay on the 
PICU of at least 3 d, we observed prescribed and delivered percentages of predefined 
targets for intake of calories and macronutrients during a 10-mos study period. Factors 
associated with inadequate intake were identified.

Results: On the third day of admission 92.9% of the patients received nutritional therapy. 
The caloric goal was reached on day 5, mainly supplied by fat and carbohydrates. Mean 
actual daily protein delivery was about 75% of the target during the entire study period. 
Use of catecholamines or neuromuscular blocking agents was a risk factor for caloric 
undernutrition, whereas there were no specific risk factors for overnutrition. 

Conclusion: Nutritional therapy should be started in the early phase of critical illness, 
including adequate supply of protein. In order to prevent deficits to accumulate, 
parenteral nutrition should be added in an early phase, if nutritional needs cannot be 
met by enteral nutrition.
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INTRODUCTION 

Despite increased awareness for adequate nutritional support during critical illness, malnutrition 
in pediatric intensive care (PICU) patients commonly occurs. Recent studies show that over 
25% of PICU-patients are acutely or chronically malnourished at the time of admission, and 
that the nutritional status of these children deteriorates during hospitalization (1, 2).

The origin of malnutrition in critically ill children is multifactorial, and dependent of 
prescription and delivery of feeding (3). First, whereas energy demands of healthy children 
are well known, evidence for clear caloric goals in critically ill children is lacking, and insight in 
changes of protein, fat and carbohydrate metabolism in response to injury or critical illness in 
children is only starting to build up (4). This is also illustrated by the fact that data in critically 
ill children on the hypermetabolic stress response and its relationship with severity, type (e.g. 
post-injury or sepsis), and phase of critical illness are conflicting (5–8). Second, therapeutic 
interventions that are typical for the PICU setting (e.g. mechanical ventilation, administration 
of vasoactive or sedative agents) can have various metabolic effects that are superposed on 
illness-related factors (9). For example, the use of neuromuscular blocking agents in severe 
head trauma markedly decreases energy expenditure in patients who typically react with an 
increase in resting energy expenditure (REE), resulting in a lower than predicted total energy 
expenditure (TEE) (10). Third, it is well documented that the correlation between predictive 
equations for caloric requirements and actually measured energy expenditure in critically ill 
children is poor (11–13). Still, approximately 85% of the European intensivists have no access 
to expensive bedside indirect calorimetry equipment, and therefore, rely on estimations 
rather than measurements of daily energy requirements (14). Finally, even after thoughtful 
consideration of all the above mentioned factors, intensivists may be hampered in adequate 
nutritional prescriptions by patient-related factors. These include fluid restriction, impaired 
access to enteral and parenteral routes, interruptions and restrictions of delivery of nutrition. 
As an example, positioning and confirmation of a post-pyloric feeding tube and waiting for 
bowel sounds are some of the causes of delay in the initiation of enteral nutrition (EN) (15). 
Delivery of nutrition may be interrupted for several reasons, e.g. high residual volumes, tube 
displacement, routine nursing procedures and diagnostic tests (16).

All the above-mentioned factors may contribute to both over- and undernutrition (15). 
However, evidence is building that optimal nutritional therapy during critical illness is 
correlated with clinically relevant outcome parameters.

The aim of this study was to compare the amount and composition of both prescribed and 
actually delivered nutritional therapy to predefined nutritional requirements, and to what 
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extent intake was disturbed by PICU admission. We tried to identify factors on our PICU that 
were associated with suboptimal nutritional intake.

MATERIALS AND METHODS 

This observational study was conducted in a 16-bed tertiary PICU of the Emma Children’s 
Hospital/Academic Medical Center, Amsterdam, the Netherlands. Data were collected over 
a 10-mos period. The study was performed by reviewing patients’ charts; therefore approval 
of the Medical Ethical Board was waived.

Endpoints of the study were prescribed and delivered percentages of predefined goals for 
energy and macronutrients (fat, protein and carbohydrates), and identification of factors 
associated with inadequate nutrition. Optimal nutrition was defined as reaching the 
predefined requirements for caloric, protein, fat, and carbohydrate intake on each day of 
admission.

Patients

All patients on the PICU with length of stay (LOS) > 3 days and mechanical ventilation were 
eligible for the study. Clinical patients from other wards in our hospital that were referred to 
the PICU, and already received EN or parenteral nutrition (PN) were excluded.

Study procedures

Patients’ characteristics that were recorded included sex, age, diagnosis on admission, 
severity of illness at admission (PIM2) (17), organ failure (PELOD) (18), ventilator days and 
LOS. Clinical characteristics included use of sedation, neuromuscular blocking agents and 
catecholamines. Probability of death was derived from the mean PIM2 score [exp (mean 
PIM)/(1 + (exp mean PIM))].

The amounts of prescribed and delivered calories, protein, fat and carbohydrates, and the 
delay between prescription and delivery of nutrition were recorded for a minimum of 3 and 
a maximum of 10 days. Also, side effects (e.g. vomiting, diarrhea and gastric residuals) and 
complications (e.g. nosocomial infections) were noted. No observations were made on the 
day of discharge.
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Nutritional prescriptions

Predicted energy expenditure (PEE) was calculated by the WHO equation (19) adjusted for 
illness factor, growth factor and energy absorption coefficient (20). According to national 
guidelines, fat intake was set at 50 energy-% (en%) for children ≤ 1 y, and 30 en% for children > 
1 y, and also protein intake was age dependent (preterm infants, 3.5 g/kg/day; 0–1 y, 2.5 g/kg/
day; > 1–4 yrs, 2 g/kg/day; and > 4 yrs, 1.5 g/kg/day) (20, 21). All nutritional prescriptions were 
made by the attending physician, and nutrition was started as soon as possible. Consultation 
of the pediatric nutritionist was initiated by the physician in complex cases only.

Nutritional delivery

EN was delivered via the post-pyloric route. Feeding tubes were inserted by trained nurses; 
the position was confirmed by X-ray. Nutrition was delivered by feeding drip at a constant 
rate. Gastric residuals, defined as the aspiration of > 2 hrs-feeding, were measured via a 
separatenasogastric tube every 4 hrs. Diarrhea was defined as 3 or more liquid stools per day. 
Total intake of calories and macronutrients were calculated from EN, PN and glucose infusions.

Statistical analysis

Patients’ baseline characteristics were summarized with descriptive statistics. Adequacy 
of nutrition (both prescription and delivery) was calculated as the amounts of energy, fat, 
proteins and carbohydrates divided by the targets (percentages) for each of the initial 10 d 
of admission. For each day, undernutrition was defined as the actual intake per day relative 
to the predefined goal of < 90%, and overnutrition as > 110%, respectively.

Medians of prescribed and delivered nutrition were compared with the Wilcoxon Signed-Rank 
Test. Risk factors for under- and overnutrition were estimated separately by univariate analysis. 
Univariate associations that were significant at a 2-tailed p < 0.05 were entered stepwise in a 
multivariable logistic model with undernutrition and overnutrition as independent variables. 
Presence of interaction was assessed by including a cross-product term for age and weight in 
the logistic regression model, along with the main risk factors. The statistical significance of 
the coefficient for the cross-product term was evaluated by the Wald test. Statistical analysis 
was performed with SPSS for Windows (version 12.1, SPSS Inc., Chicago, Illinois, USA). A two-
sided p-value < 0.05 was considered as statistically significant.
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RESULTS

During the 10-mos study period 84 children were enrolled in the study (Figure 5.1), 
representing 631 nutrition days (median 7, inter quartile range 5–10 days). The patients’ 
characteristics are presented in Table 5.1.

Figure 5.1 Flow chart eligible patients.

Admission PICU
n = 412

LOS > 72 hrs
n = 144

Missing data
n = 13

LOS < 72 hrs
n = 268

No mechanical ventilation
n = 27

Already receiving EN/PN
n = 20

OBSERVED
n = 84

Prescription and delivery

In approximately 40% of the patients, nutritional therapy in any form was started on the day 
of admission, stepwise increasing to more than 90% on the third day, predominantly via the 
enteral route (Figure 5.2). PN was prescribed to 5–15% of the patients in the study group, 
and only a small minority of patients received a combination of EN and PN.

The mean caloric goal was reached on day 5, mainly supplied by fat and carbohydrates (Figures 
5.3A–C). The highest mean protein intake was approximately 75% of the goal during the 
10-day study period (Figure 5.3D). However, some patients did reach their nutritional goals 
on individual days. Table 5.2 shows the amount of patient days with respective adequate, 
under-, and overnutrition of calories and macronutrients. Generally, underfeeding occurred 
most frequently on the initial 4 days of admission.
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Table 5.1 Patients’ characteristicsa

Variable Patients (n = 84)

Age (months) 4.7 [0.9 to 18.9]

Male (%)  53

Weight at admission (kg) 6.1 [3.6 to 11.8]

LOS (days)  8 [6 to 13]

Ventilator days 6.8 [4.0 to 10.3]

PELOD score 11 [1 to 11]

PIM score -3.52 [-4.35 to 1.96]

Probability of death (%) 4.30

Primary diagnosis (%)
Infection 38.8
Post surgical 20
Trauma 3.5
Neurology 3.5
Cardiology 10.6
Other 23.5

Mortality (%)  7.1
a Values given as median (inter quartile range), unless otherwise noted.

Figure 5.2 Percentages of patients receiving nutrition. EN, enteral nutrition; PN, parenteral nutrition; 
Combi, combination of EN and PN.
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Figure 5.3 Prescribed (squares) and delivered (triangles) percentages of targets for energy (A) and 
macronutrients (B–D). Targets are represented as dotted lines. *Wilcoxon signed-rank test for prescribed 
en delivered nutrition is significant at p ≤ 0.05 level. Targets are represented as dotted lines. Values 
are means ± SD.
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Table 5.2 Percentages of patient days with adequate, under-, and over-nutrition of calories and 
macronutrients

Percentage of target  < 90% 90–110% > 110%

Energy   49.9 23.6 26.5

Fat   66.0 14.6 19.4

Protein  84.5 10.7 4.8

Carbohydrates   56.1 18.7 25.1
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DISCUSSION

In this observational study, we found that malnutrition also occurs on our PICU. The predefined 
caloric goal was reached as late as day 5 of admission, and calories were mainly supplied 
by fat and carbohydrates (Figures 5.3A–C). We have underfed our patients in approximately 
50% of patient days, and overfed in 25% (Table 5.2). Moreover, the mean actual daily protein 
delivery stagnated at around 75% of the target from day 5 on, after an initial increase (Figure 
5.3D), resulting in protein malnutrition in almost 85% of the patient days.

These findings are similar to a recently published study in PICU-patients showing a median 
60% caloric delivery compared to predefined goals during the first 10 d of admission (15). 
This initial caloric deprivation also has been reported in other studies in critically ill children 
(22, 23), leading us to believe that this is a common problem in PICU patients.

Malnutrition in the intensive care setting may be determined by different aspects, such as 
population characteristics, and difficulties in prescription or delivery of nutrition. Our study 
population represents a cross-section of a general tertiary PICU, with the majority of patients 
younger than 12 mos (Table 5.1), and is comparable with other populations in Dutch PICUs 
(24). Neither age nor weight was clinically relevant risk factors for malnutrition (Table 5.3).

Difficulties with prescription of nutrition are another cause of malnutrition. We found only a 
small and clinically irrelevant, albeit statistically significant, difference between the amounts 
of prescribed versus delivered nutrition (Figure 5.3). We conclude that malnutrition in the 

Table 5.3 Multivariate analysis of statistically significant risk factors for caloric undernutrition (energy 
delivery < 90% of required) and overnutrition (energy delivery > 110% of required)

Undernutrition Overnutrition

Risk factor ORa 95% CIb p-value R2 (%)c ORa 95% CIb p-value R2 (%)c

Catecholamines 2.03 1.24 to 3.33 0.005

Weight 1.09 1.04 to 1.15 0.001 0.98 0.95 to 0.99 0.041

Neuromuscular 
blockade

2.18 1.21 to 3.92 0.010

Age 0.98 0.97 to 0.99 0.008

LOS 0.99 0.98 to 1.00 0.047 1.01 1.00 to 1.01 0.003

Constant 0.34 13 0.48 5
aOdds ratio > 1 increased risk of malnutrition; b95% confidence limits; cNagelkerke R square. 
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first days of PICU admission was the result of inadequate prescription, rather than insufficient 
delivery. Inadequate prescription was caused by delayed start of nutrition (Figure 5.2), limited 
use of PN (Figure 5.2), and too little amounts of protein (Figure 5.3D).

Only approximately 40% and 70% of our patients received nutrition on day 1 and 2, respectively. 
This was also found in a study by Hulst and coworkers who showed that inadequate feeding 
during the first few days of admission accounted for almost 50% of cumulative caloric and 
protein deficits (23). However, there is increasing evidence that early (< 12–24 hrs after 
admission) EN in acutely ill patients can effectively increase cumulative energy intake, and 
reduce infectious complications and LOS (25, 26). In the first days after admission, early 
administration of additional PN can increase total energy intake (15). In our study, PN comprised 
only a relatively small proportion of the feeding. When EN is insufficient in reaching appropriate 
nutritional goals, addition of PN in an early phase is indicated to achieve adequate and early 
goal directed nutrition. The uses of catecholamines or neuromuscular blocking agents were risk 
factors for caloric undernutrition, whereas there were no specific risk factors for overnutrition.

Although we did not reach the preset caloric goal in the first three days of admission, the 
question is whether we pursued the right goal. Predictive equations have proven to be 
unreliable in assessing the amount of calories needed by critically ill, ventilated children. 
Moreover, in surgical PICU patients, the WHO equation overestimates these needs in the 
early post-operative phase (11). Therefore, in a subset of our population we probably have 
fed in the range of the actual patients’ caloric needs.

We believe that the main finding of this study is the occurrence of protein undernutrition. 
Protein energy malnutrition is associated with increased mortality and morbidity, increased 
number of ventilator days and LOS (27). Since in critical illness breakdown of whole body 
protein exceeds its synthesis, it is likely that protein needs of critically ill children are equal 
or higher than those of healthy children in the same age group. In a group of 33 critically ill 
children (without burns patients), patients with a positive nitrogen balance had a significantly 
higher protein intake than did patients with a negative nitrogen balance (2.8 ± 0.9 vs. 1.7 ± 
0.7 g/kg day, p < 0.0001), and lower protein oxidation (13 ± 5 mg/min vs. 42 ± 35 mg/min, 
p < 0.01) (4). In another study, in critically ill children (including burns) it was demonstrated 
that the initial negative nitrogen balances on the first day of admission could be conversed 
to positive values at day 5 in 23 of the children by using an aggressive early EN protocol (28). 
Finally, in a study in ambulatory children with chronic inflammation due to cystic fibrosis, 
we found that a daily protein intake of 5 g/kg day maximally stimulated whole body protein 
synthesis (29). Therefore, we believe that in this study the goals for protein intake are to be 
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considered as a minimum. Standard nutritional solutions are unable to meet these protein 
demands, if caloric intake is used as a reference for nutritional volume. Whether or not whole 
body protein synthesis can be enhanced in critically ill children by further increasing their 
daily protein intake is subject to future research.

Some of the data that are presented in this article show wide scatter. We hypothesize that 
this reflects the lack of a nutrition algorithm on our PICU, and hence different priorities in 
nutritional goals and practice by the members of our medical and nursing staff. Implementation 
of a nutritional support algorithm by a nutritional team has shown to be more effective in 
reaching nutritional goals (30).

In conclusion, we believe that healthcare workers that are involved in nutrition on PICUs 
should be focused on starting in an early phase of critical illness, and on reaching nutritional 
goals as an integral part of early goal directed therapy strategies. Actual caloric needs should 
be measured bedside by frequent bedside indirect calorimetry as the gold standard, rather 
than calculated. If nutritional goals cannot be met by EN, PN should be added in an early 
phase in order to prevent deficits to accumulate. Special attention should be paid to intake 
of protein, preferably by implementation of nutritional support algorithms by a nutritional 
support team.



Chapter 5

110

REFERENCES
1. Hulst J, Joosten K, Zimmermann L, Hop W, Van 

Buuren S, Buller H, Tibboel D, Van Goudoever 
J. Malnutrition in critically ill children: from 
admission to 6 months after discharge. Clin 
Nutr 2004;23(2):223-232.

2.   Sermet-Gaudelus I, Poisson-Salomon AS, 
Colomb V, Brusset MC, Mosser F, Berrier F, 
Ricour C. Simple pediatric nutritional risk score 
to identify children at risk of malnutrition. Am 
J Clin Nutr 2000;72(1):64-70.

3.  Oosterveld MJ, Van der Kuip M, De Meer K, De 
Greef HJ, Gemke RJ. Energy expenditure and 
balance following pediatric intensive care unit 
admission: a longitudinal study of critically ill 
children. Pediatr Crit Care Med 2006;7(2):147-
153.

4.  Coss-Bu JA, Klish WJ, Walding D, Stein F, Smith 
EO, Jefferson LS. Energy metabolism, nitrogen 
balance, and substrate utilization in critically ill 
children. Am J Clin Nutr 2001;74(5):664-669.

5.  Jaksic T, Shew SB, Keshen TH, Dzakovic A, 
Jahoor F. Do critically ill surgical neonates have 
increased energy expenditure? J Pediatr Surg 
2001;36(1):63-67.

6.  Wells JC, Mok Q, Johnson AW, Lanigan JA, 
Fewtrell MS. Energy requirements and body 
composition in stable pediatric intensive care 
patients receiving ventilatory support. Food 
Nutr Bull 2002;23(3 Suppl):95-98.

7.  Steinhorn DM, Green TP. Severity of illness cor-
relates with alterations in energy metabolism 
in the pediatric intensive care unit. Crit Care 
Med 1991;19(12):1503-1509.

8.  White MS, Shepherd RW, McEniery JA. Energy 
expenditure measurements in ventilated 
critically ill children: within- and between-
day variability. JPEN J Parenter Enteral Nutr 
1999;23(5):300-304.

9.  Fung EB. Estimating energy expenditure in 
critically ill adults and children. AACN Clin 
Issues 2000;11(4):480-497.

10.  McCall M, Jeejeebhoy K, Pencharz P, Moulton 
R. Effect of neuromuscular blockade on energy 
expenditure in patients with severe head 
injury. JPEN J Parenter Enteral Nutr 2003;27(1): 
27-35.

11.  Vazquez Martinez JL, Martinez-Romillo PD, Diez 
SJ, Ruza TF. Predicted versus measured energy 
expenditure by continuous, online indirect 
calorimetry in ventilated, critically ill children 
during the early postinjury period. Pediatr Crit 
Care Med 2004;5(1):19-27.

12.  White MS, Shepherd RW, McEniery JA. Energy 
expenditure in 100 ventilated, critically ill 
children: improving the accuracy of predictive 
equations. Crit Care Med 2000;28(7):2307-
2312.

13.  Taylor RM, Cheeseman P, Preedy V, Baker 
AJ, Grimble G. Can energy expenditure be 
predicted in critically ill children? Pediatr Crit 
Care Med 2003;4(2):176-180.

14.  Van der Kuip M, Oosterveld MJ, Van Bokhorst-
van der Schueren MA, De Meer K, Lafeber HN, 
Gemke RJ. Nutritional support in 111 pediatric 
intensive care units: a European survey. Inten-
sive Care Med 2004;30(9):1807-1813.

15.  Taylor RM, Preedy VR, Baker AJ, Grimble G. 
Nutritional support in critically ill children. Clin 
Nutr 2003;22(4):365-369.

16.  McClave SA, Sexton LK, Spain DA, Adams JL, 
Owens NA, Sullins MB, Blandford BS, Snider 
HL. Enteral tube feeding in the intensive care 
unit: factors impeding adequate delivery. Crit 
Care Med 1999;27(7):1252-1256.

17.  Slater A, Shann F, Pearson G. PIM2: a revised 
version of the Paediatric Index of Mortality. 
Intensive Care Med 2003;29(2):278-285.



Nutrition prescription and delivery in the PICU

111

5

18.  Leteurtre S, Martinot A, Duhamel A, Proulx 
F, Grandbastien B, Cotting J, Gottesman R, 
Joffe A, Pfenninger J, Hubert P, Lacroix J, 
Leclerc F. Validation of the paediatric logistic 
organ dysfunction (PELOD) score: prospec-
tive, observational, multicentre study. Lancet 
2003;362(9379):192-197.

19.  World Health Organization. Energy and Protein 
requirements. Report of a joint FAO/WHO/
UNU expert consultation. (WHO Technical 
Report Series 724). Geneva: World Health 
Organization; 1985. 

20.  Taminiau JAJM, De Meer K, Hofman Z. Bepaling 
van de voedingsbehoeften. Werkboek enterale 
voeding bij kinderen. 1 ed. Amsterdam: VU 
uitgeverij; 1997. p. 26-37.

21.  Nederlandse Voedingsnormen. 2th ed. Den 
Haag: Voorlichtingsbureau voor de voeding; 
1989.

22.  Rogers EJ, Gilbertson HR, Heine RG, Henning 
R. Barriers to adequate nutrition in critically 
ill children. Nutrition 2003;19(10):865-868.

23.  Hulst JM, Van Goudoever JB, Zimmermann 
LJ, Hop WC, Albers MJ, Tibboel D, Joosten KF. 
The effect of cumulative energy and protein 
deficiency on anthropometric parameters in a 
pediatric ICU population. Clin Nutr 2004;23(6): 
1381-1389.

24.  Pediatrische Intensive Care Evaluatie. Jaarrap-
port 2004. Rotterdam; 2004. 

25.  Marik PE, Zaloga GP. Early enteral nutrition in 
acutely ill patients: a systematic review. Crit 
Care Med 2001;29(12):2264-2270.

26.  Briassoulis GC, Zavras NJ, Hatzis MD TD. Effec-
tiveness and safety of a protocol for promo-
tion of early intragastric feeding in critically ill 
children. Pediatr Crit Care Med 2001;2(2):113-
121.

27.  Pichard C, Kyle UG, Morabia A, Perrier A, 
Vermeulen B, Unger P. Nutritional assessment: 
lean body mass depletion at hospital admission 
is associated with an increased length of stay. 
Am J Clin Nutr 2004;79(4):613-618.

28.  Briassoulis G, Tsorva A, Zavras N, Hatzis T. 
Influence of an aggressive early enteral nutri-
tion protocol on nitrogen balance in critically 
ill children. J Nutr Biochem 2002;13(9):560.

29.  Geukers VG, Oudshoorn JH, Taminiau JA, Van 
der Ent CK, Schilte P, Ruiter AF, Ackermans MT, 
Endert E, Jonkers-Schuitema CF, Heymans HS, 
Sauerwein HP. Short-term protein intake and 
stimulation of protein synthesis in stunted 
children with cystic fibrosis. Am J Clin Nutr 
2005;81(3):605-610.

30.  Woien H, Bjork IT. Nutrition of the critically 
ill patient and effects of implementing a nu-
tritional support algorithm in ICU. J Clin Nurs 
2006;15(2):168-177.



112



6
Effect of a nurse-driven feeding algorithm 

and the institution of a nutritional support team 
on energy and macronutrient intake 

in critically ill children

Vincent G. Geukers

Marjorie de Neef

Monique E. Dijsselhof

Hans P. Sauerwein

Albert P. Bos

e-SPEN, the European e-Journal of Clinical Nutri  on and Metabolism 2012;(7):e35−40



Chapter 6

114

ABSTRACT

Background: Critical care providers fail to meet patients’ nutritional demands particularly 
during the first days of stay on a pediatric intensive care unit (PICU). 

Objective: We aimed to study if the introduction of a feeding algorithm combined with 
a nutritional support team (NST) can improve nutrition delivery in a PICU.

Design: In our PICU we compared the delivered percentages of goals for energy and 
macronutrients during the first 10 days of admission before and after the introduction 
of a feeding algorithm and NST. Patients with length of stay > 3 days and mechanical 
ventilation were included. The algorithm was based on early and aggressively incremental, 
nurse-driven enteral feeding with additional parenteral nutrition, if necessary. The NST 
reviewed and adjusted the nutrition regimens once a week and on demand.

Results: The percentages of enteral nutrition delivered on day 1 doubled from 40% to 
78% (p < 0.01), and increased from 60% to 92% on day 2 (p < 0.01) without increase 
in adverse gastrointestinal events, compared to the control period. More than 85% of 
nutritional targets were reached on day 3 compared to on day 4 before the protocol. 

Conclusion: The introduction of an early and aggressive, nurse-driven nutrition protocol, 
together with an NST, is an effective and safe tool to increase nutrition delivery on a PICU.
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INTRODUCTION 

There is a large body of evidence showing that intensive care patients are at risk of malnutrition 
during hospital stay (1, 2). Malnutrition is associated with higher nosocomial infection 
rates, increased length of stay (LOS), more ventilator days, hospital mortality, and stunted 
anthropometric measurements long after discharge (3–5). Approximately 20–50% of patients 
in a tertiary children’s hospital already have acute or chronic malnutrition on admission, and 
a stay on an intensive care unit then superimposes hospital malnutrition (6, 7). Critically ill 
children are at greater risk, as they have limited energy reserves and less muscle mass than 
adults (8–10).

Critical care providers are still failing to meet patients’ nutritional demands particularly 
during the first few days of intensive care stay. Studies have shown that 50% of patients in 
highly specialized pediatric intensive care units (PICU) reach estimated energy requirements 
as late as 7 days after admission (11–13). During PICU stay, up to 50% of cumulative energy 
and macronutrient deficits are caused in the first two days of admission (14). 

Also in our PICU, we have observed that predefined goals for energy intake were reached as late 
as day 6 of hospital stay, and that energy was supplied mainly by fat and carbohydrates (15). 
Mean protein delivery stagnated at around 75% of the target, resulting in protein malnutrition 
in almost 85% of patient days (15). We found that in the absence of a feeding protocol, both 
delayed prescription and delivery of nutrition were important causes of malnourishment (15).

We hypothesize that introduction of a nurse-driven as opposed to physician-driven, feeding 
algorithm in addition to implementation of a nutrition support team (NST) would increase 
delivery of energy and macronutrients (carbohydrate, protein, and fat) relative to predefined 
targets in the first few days of PICU admission.

The aim of this study was to assess the delivery of energy and macronutrients during the 
first 10 days of PICU admission, after the introduction of a nurse-driven fe eding algorithm 
combined with the implementation of an NST, and compare the results with a historical cohort.

SUBJECTS AND METHODS 

In the setting of a 16-bed tertiary PICU, we performed an observational review of nutritional 
charts during the first 10 days of admission in the winter of 2010/11 (Group 2011) after the 
introduction of a feeding algorithm and NST. We compared these data with a cohort that 
we had studied during the winter of 2006/7 (Group 2007), prior to the introduction of the 
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feeding algorithm and NST. We chose a study design with historic controls, as with regard to 
feeding, aggressive early enteral nutrition (EN) demands a change in culture, which cannot 
be randomized. Moreover, a multi-centre design would have introduced many such different 
cultures. The endpoints were the delivered percentages of predefined goals of energy and 
macronutrients (fat, protein and carbohydrates). Optimal nutrition was defined as reaching > 
85% of the predefined requirements for energy, protein, fat, and carbohydrate intake on each 
day of stay. Since we only reviewed patients’ medical charts and there was no experimental 
intervention, the Medical Ethics Board waived approval.

Subjects

In both cohorts, patients whose LOS was > 3 days and who were being mechanically ventilated 
were eligible for the study. Clinical patients from within our hospital who were referred to 
the PICU, and already receiving EN and/or parenteral nutrition (PN) were excluded. Preterm 
babies and neonates with very low birth weight were excluded from the study, since in our 
hospital they are admitted to a specialized neonatal ICU.

Recorded patient characteristics included age, gender, diagnosis on admission, predicted 
index of mortality (PIM2) (16), number of ventilator days and LOS. 

Nutritional algorithm

Predicted energy expenditure (PEE) was calculated by the World Health Organization (WHO) 
equation (17), adjusted for illness factor, growth factor and energy absorption coefficient (18). 
According to Dutch national guidelines, fat intake was set at 50 energy-% (en%) for children 
≤ 1 y, and 30 en% for children > 1 y, and also protein intake was age-dependent (0−1 y, 2.5 
g/kg/d; > 1−4 yrs, 2 g/kg/d; and > 4 yrs, 1.5 g/kg/d) (18).

The feeding algorithm was based on early and aggressively incremental, nurse-driven enteral 
feeds (Figure 6.1). Typically, the attending physician initiated the protocol, which thereafter 
became nurse-driven, with potential intervention by the NST on the next working day. In 
the absence of contraindications, EN was started as continuous drip feeding via a gastric or 
duodenal feeding tube as soon as possible, but usually within 24 hrs of admission, at a rate 
of 25% of the age-dependent target that had been prescribed by an attending physician. 
The EN consisted of commercially available, ready-made solutions, divided into four age 
categories: < 1 y, 1−6 yrs, 6−12 yrs, and > 12 yrs. Both hydrolyzed and lactose-free variants 
were available for all age groups.
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Gastric retention was measured every 4 hrs. If the residual volume was less than the worth 
of 2 hrs feeding, nutritional intake was increased by 25%, until the prescribed target was 
reached. If there was a large amount of gastric residue, enteral feeding was stopped for 1 h. 
If gastric retention persisted, EN was either not increased or stopped depending on clinical 
assessment, and PN was started in order to reach nutritional goals. The choice of additional 
PN was limited to five standardized, age-dependent, ready-made solutions. In these cases, 
the NST was consulted on the next week day.

Diarrhea was defined as three or more liquid stools per day. The total intake of energy and 
macronutrients was calculated from EN, PN and glucose infusions for a minimum of 3 and a 
maximum of 10 days.

Contra-indica on 
for EN?

Yes

N
o

   Contra-indica ons EN:
          - Obstruc on
          - NEC, gut ischemia
          - GI tract bleeding
          - Hypothermia (rela ve)

START age-speci c PN 
<24h a er admission 

   

Physician prescribes 
100% of target

START age-speci c EN 
<24h a er admission 
at rate 25% of target 
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Figure 6.1 Feeding algorithm. EN, enteral nutrition; PN, parenteral nutrition; GI, gastro-intestinal.
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Nutritional support team

Once a week, and on demand, the NST, consisting of a pediatrician-intensivist, a nurse 
practitioner, and a clinical dietician, reviewed the nutritional regimen of all patients, and 
advised the attending clinicians. Examples of interventions by the NST were: adjustment of 
composition of EN and/or PN in accordance with nutritional goals or clinical and biochemical 
variables, providing extra information by indirect calorimetry and/or body impedance assay, if 
indicated, and solving logistical problems in the ordering and supply of EN or PN. Therefore, 
we considered the combination of a feeding algorithm and the introduction of an NST as 
one intervention, and did not design the study in such way to ascribe outcome measures to 
either one of them.

Statistical analysis

The baseline patient characteristics of each group were compared using the Mann-Whitney U 
test for numerical data, and the Pearson Chi-squared test for categorical data. The percentages 
of patients in each group that received feeding on consecutive days were compared using 
the unpaired t test. If Levene’s test for normal distribution of data was positive, the corrected 
outcome was used. In all statistical tests a p-value of < 0.05 was considered to be statistically 
significant. Statistical analysis was performed with PASW Statistics for Windows (version 18.0, 
SPSS Inc., Chicago, Illinois, USA).

RESULTS

During the study 84 patients were enrolled in Group 2007 and 87 in Group 2011. The groups 
were comparable with regard to age, weight, gender, LOS on the PICU and ventilator days 
(Table 6.1). Group 2011 was more severely ill than group 2007, shown by a higher predicted 
index of mortality (-3.52 [-4.35 to -1.96] and -4.15 [-5.13 to -3.06] in Groups 2007 and 2011, 
respectively, p < 0.01), and the use of muscular blocking medication (13.8% and 28.6%, 
respectively, p < 0.01). In both groups, the inclusion criteria of LOS > 3 days and mechanical 
ventilation led to the exclusion of simpler cases (e.g. recovery on PICU after relatively minor 
surgical procedures), and hence to higher mortality (7.1% and 8.0%, respectively, p = 0.82) 
than our usual PICU mortality rate of less than 5% (19). The median age in both winter cohorts 
is lower than our normal annual population (4.7 and 6.6 mos, respectively, compared with 
the normal 31.2 mos). This was probably due to overrepresentation of babies who needed 
mechanical ventilation for respiratory infections (19). Post-hoc analysis showed that in 2011 
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there were more admissions with RSV (respiratory syncytial virus) bronchiolitis than in 2007. 
This accounted for a higher incidence of respiratory diagnoses, and relative more sepsis/post 
surgical cases in Group 2007. Statistical analysis showed no correlation of diagnosis groups 
with differences in outcome parameters (data not shown).

The percentage of patients who received nutrition in any form (EN, PN, or combination) 
during the first five days of admission was significantly higher after the introduction of a 
feeding algorithm and NST (Figure 6.2). A higher percentage of enterally fed patients was 
solely accountable for this increase, with a trend towards less use of PN (Table 6.2). In Group 
2011, compared with Group 2007, the percentages of EN on day 1 almost doubled from 40% 
to 78% (p < 0.01), and increased from 60% to 92% on day 2 (p < 0.01), respectively. In Group 
2011 70% of patients had started nutrition within 12 hrs of admission, of which more than 
half in the first 6 hrs (Figure 6.3).

Table 6.1 Patient characteristicsa

   Group 2007 Group 2011 p-valueb

Children (n)  84 87
Male (%)  54 63 0.89
Age (months)  4.7 (0.9 to 18.9) 6.6 (0.9 to 30.13) 0.50c

Weight on admission (kg) 6.1 (3.6 to 11.8) 7.2 (3.8 to 14.0) 0.26c

SDS WFA on admission -0.81 (-2.29 to 0.34) -0.51 (-1.43 to 1.69) 0.08c 
PIM2 score  -3.52 (-4.35 to -1.96) -4.15 (-5.13 to -3.06) < 0.01c

Observation days total (n) 679 559
Observation days (d)  7.5 (6.0 to 10.0) 6.0 (4.0 to 9.0) < 0.01c

Length of stay PICU (d) 8 (6 to 13) 8 (6 to 13) 0.54c

Ventilator days (d)  6.8 (4.0 to 10.3) 6.5 (4.6 to 10.1) 0.96c

Primary diagnosis (%)
Respiratory  48.8 67.8 0.01
Circulatory/sepsis  23.8 14.9 0.14
Post surgical  17.9 9.2 0.10
Trauma   1.2 1.1 0.98
Neurology/trauma  8.3 6.9 0.72

Supportive care (%)
Vasopressive medication 23.4 19.7 0.19
Pain medication  91.7 91.8 0.99
Sedation  91.7 91.8 0.99
Muscular blockade  13.8 28.6 < 0.01

Mortality (%)  7.1 8.0 0.82
aValues given as median (interquartile range), unless otherwise noted. SDS, standard deviation score; WFA, weight 
for age; PIM2, predicted index of mortality 2; PICU, pediatric intensive care unit. bPearson’s Chi-squared test. 
cMann-Whitney U test.
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The aggressively incremental nutritional algorithm did not lead to increased incidence of 
adverse gastrointestinal effects. We observed less vomiting in Group 2011 than in Group 2007 
(2.1% and 0.7%, respectively, p = 0.05), and saw no differences in the occurrence of diarrhea 
or gastric residue between groups (Table 6.3).

Figure 6.2 Percentages of patients receiving nutrition in 2007 and 2011. EN, enteral nutrition; PN, 
parenteral nutrition; Combi, combination of EN and PN; 07, Group 2007; 11, Group 2011. Asterixes 
indicating statistically significant difference between groups.

Table 6.2 Daily percentages of patients receiving nutrition with relative contribution of EN and PN 
during the first 5 days of admission

Day Total      EN PN

2007 2011 p-valuea 2007 2011 p-value 2007 2011 p-value

1 46.2 86.2 < 0.01 39.8 78.2 < 0.01 6.5 6.1 0.84

2 72.5 98.9 < 0.01 60.4 92.0 < 0.01 8.8 6.9 0.64

3 90.0 100 < 0.01 74.4 90.8 < 0.01 14.4 6.9 0.11

4 91.9 98.7 0.04 74.4 91.0 < 0.01 14.0 6.4 0.11

5 93.8 100 0.04 76.3 91.0 0.02 15.0 3.1 0.02

EN, enteral nutrition; PN, parenteral nutrition. aPearson’s Chi-squared test.
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Energy intake was more rapidly increased during the first days of admission in Group 2011 than 
in Group 2007, with more than 85% of the mean energy goal reached on day 3 of admission 
in Group 2011, compared with day 4 in Group 2007 (Figure 6.4A). Over consecutive days 
there was a slightly lower energy intake in Group 2011 than in Group 2007. During the 10-d 
study period we observed the same pattern in fat intake as in energy intake (Figure 6.4C). 
During the first two days of stay there was a higher carbohydrate intake in Group 2011 than 
in Group 2007 (Figure 6.4B). During the first five days of stay, protein intake was significantly 
higher in Group 2011 than in Group 2007 (Figure 6.4D). The goal for protein intake was not 
fully reached in either of the groups, with maximum protein intake stagnating at about 85% 
of the target from day 6 onward in Group 2011.

13.8

43.7

27.6

4.6

10.3

Table 6.3 Adverse effects of enteral nutritiona

Group 2007 Group 2011 p-valueb

(n = 679) (n = 559)

Vomiting 14 (2.1) 4 (0.7) 0.05

Diarrheac 5 (0.8) 8 (1.4) 0.29

Gastric residual 28 (4.1) 35 (6.3) 0.10
aValues given as number of observation days on which event occurred, with percentages between brackets. bPearson’s 
Chi squared test. cPatients with infectious diarrhea as primary diagnosis on admission were not included.
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Figure 6.3 Percentages of patients receiving nutrition within 6, 12, 18, 24 or > 24 hrs after admission 
in group 2007 (A) and group 2011 (B).
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We found no differences in clinical outcome parameters (length of ICU stay, ventilator days, 
and mortality) between the groups.

DISCUSSION

In this study we have demonstrated that the introduction of an early enteral, nurse-driven 
nutritional algorithm and implementation of an NST are effective and safe measures that 
significantly increase the nutritional intake of critically ill children, especially during the first 
few days of stay on a PICU. 

Figure 6.4 Delivered percentages of targets for calories and macronutrients in 2007 (squares) and 
2011 (triangles). Targets are represented as dotted lines. *Unpaired t-test at significance level p < 0.05; 
if Levene’s test for normal distribution of data was positive, the corrected outcome was used. Values 
are means ± SD.
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A large international, observational survey, including 158 ICUs and 2946 mechanically 
ventilated adult patients, has shown that one third of ICUs failed to initiate EN during the first 
48 hrs of admission, and that for more than one third of the time patients did not receive any 
EN, resulting in overall 60% delivery of prescribed calories and protein (20). Major barriers to 
adequate nutrition that play an important role in ICU malnutrition include fluid restriction, 
particularly in septic and cardiac surgical patients, interruptions of nutrition regime due to 
intensive care procedures, and intestinal intolerance in multi-organ dysfunction syndrome 
(MODS) (12). Despite this, we were able to feed a higher percentage of patients in the protocol 
group during the first five days of admission, with the greatest effect on days 1 and 2, on 
comparison with the controls with lower PIM2 scores (Figure 6.2). In Group 2011, more than 
70% of all children received their first feed within 12 hrs of admission, with 44% within the 
first 6 hrs (Figure 6.3B), compared with 43% and 25% in Group 2007 (Figure 6.3A). These 
higher percentages are in concert with the results of a study by Tume et al following the 
introduction of an early goal nutritional algorithm on their PICU (21). In a cohort of critically 
ill children, by implementing a nutritional protocol, Petrillo-Albarano et al also reached the 
goal for energy intake earlier than in a retrospective group, but with a higher incidence of 
gastro-intestinal adverse events (22). Lambe et al reported no differences in cumulative 
energy and protein deficits in critically ill children before and after the introduction of an 
NST, but their nutritional intervention programme was limited to a weekly meeting of 1 h 
(23). In general, feeding protocols can improve nutritional practices in a PICU provided that 
introduction is monitored regularly (24). 

In our study, the higher intake of nutrition observed was solely attributable to increased EN, 
without an increase in adverse effects (Tables 6.2 and 6.3). Due to the study design, we could 
not determine if this effect was caused by the nutritional algorithm or the NST or both. A very 
recently published study showed that the sequential introduction of a bottom-up feeding 
guideline and a clinical dietician (1 y later) both improved nutritional support in critically 
ill adults, and that the latter was related to early introduction and route of feeding, and 
achievement of improved early energy balance (25). Other studies also report that nutritional 
protocols increase delivery of EN. In a retrospective study, Gurgueira et al observed an increase 
of EN from 25% to 67% with a decrease to 0% of PN, with the strongest correlation to the 
introduction of a NST. Briassoulis et al achieved a positive energy and nitrogen balance in 2/3 
of critically ill children after 5 days of PICU stay, using an aggressive early EN algorithm (26). 

Our study demonstrates that on increased feeding, there was a significantly higher cumulative 
intake of energy and macronutrients, most notably protein, throughout the entire observation 
period (Figure 6.4). During the observation periods in 2007 and 2011 we did not reach the 
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predefined goals for protein intake, according to the Dutch guidelines (18). However, since 
the recommendations for protein intake in infants are higher in the Dutch guideline than the 
recommendations of the American Society for Parenteral and Enteral Nutrition (A.S.P.E.N.) 
for injured children 0−2 yrs (27), the achieved protein intake at 85% of the Dutch target was 
within the A.S.P.E.N. range for the majority of our patients. In critically ill children, as in adults, 
negative protein balance with loss of lean body mass is associated with longer stay on a PICU, 
and an important risk factor for mortality and long-term morbidity (5, 9, 28). We speculate 
that commercially available feeding formulae contain too few protein calories per milliliter 
to meet patients’ demands, even with the addition of extra protein powder within practical 
limits, without overfeeding with too many calories and/or fluids.

We did not observe effects of early EN on clinically relevant outcome parameters, such as 
ventilator days, LOS, and PICU mortality. The study was not powered to detect changes in 
these secondary outcome parameters. One limitation of our study is that we did not measure 
body composition by performing body impedance assay and spectrometry on admission and 
discharge to detect effects of our feeding protocol. However, during PICU stay, up to 50% of 
cumulative energy and macronutrient deficits are caused in the first two days of admission 
(14). Therefore it is plausible that early start and aggressive increase of delivery of energy and 
macronutrients during the first few days of stay on PICU may mitigate cumulative deficits, 
and improve biometric measures and clinical outcome.

The effect of successful early EN on the clinical outcome of both pediatric and adult intensive 
care patients is still a subject of debate (29–33). The ESPEN expert committee on EN in critically 
ill patients, however favors the view that critically ill patients, who are hemodynamically stable 
and have a functioning gastrointestinal tract, should be fed early (< 24 hrs), if possible, using 
an appropriate amount of feed (34). A Cochrane review to assess the impact of EN and PN 
on clinically important outcomes for critically ill children was able to identify only one study 
(protocol) that was relevant to the research question (35). The conclusion of this review was 
that there is an urgent need for well designed prospective research aimed at clinically relevant 
outcome parameters, both short-term and long-term, of the increased delivery of nutrition to 
critically ill children, as a result of nutrition algorithms and/or NSTs. The set-up of our study, 
with a nurse-driven bedside algorithm and an NST, could serve as a basis for such a trial.
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INTRODUCTION

In both acute and chronic disease states, negative protein balance with loss of lean body 
mass (LBM) has detrimental effects on short-term and/or long-term clinical outcome. 
In critically ill children, ongoing proteolysis and loss of protein mass is associated with a 
higher risk of infections, persisting critical illness, and increased length of stay (LOS) in the 
pediatric intensive care unit (PICU) (1, 2). Additionally, a malnourished state due to chronic 
illness increases the risk of respiratory infections, hospitalization or long-term institutional 
care, and is associated with an increase in economic burden (3, 4). Over the past decade, 
overall mortality rates of specific childhood diseases have improved at the expense of a 
growing population of chronically ill children (5). This has resulted in an increased sub-
population of PICU patients with underlying chronic illness and subsequent malnutrition upon 
admission (6, 7).

In a systematic review of protein balance studies in mixed-population critically ill children 
it has been shown that in this population a positive protein balance can relatively easily be 
achieved by moderate intake of calories: 57 kCal/kg/d and protein: 1.5 g/kg/d (8). At present, 
it is not known if a higher protein intake can further stimulate protein synthesis and improve 
net whole-body protein balance.

The principal aim of this thesis was to investigate the effect of high protein (HP, 5 g/kg/d) 
versus, age-related normal protein (NP) intake, on whole-body protein synthesis (WBPS), 
-breakdown (WBPB), and net balance in children with acute or chronic disease using stable 
isotopic infusion technique. Additionally, since initial administration of basic glucose infusions 
with only slow introduction of macronutrients is standard care in many ICUs, we studied the 
effect of glucose intake-induced hyperinsulinemia on whole-body protein metabolism in 
children following cardiac surgery. As a model for these different disease states, we studied 
respectively, young children following cardiac surgery, and school age children with stunted 
linear growth due to cystic fibrosis (CF). 

Young children following cardiac surgery form a relatively homogenous group with respect 
to age and weight distribution, age-related normal values for LBM accretion, and a uniform 
stress model in terms of surgical procedure and the use of a cardiopulmonary bypass (CPB) 
circuit. Therefore, this group serves as a suitable model for studying the effect of protein 
intake in acutely ill children. In children with CF, increased muscle mass and LBM are important 
for normal growth and good pulmonary function (9–11). However, due to both chronic and 
superimposed acute inflammation, increased proteolysis and episodes of negative protein 
balance occur, resulting in stunted linear growth in the majority of patients. Therefore, 
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pediatric CF is both a relevant and suitable model for studying the effects of different levels 
of dietary protein intake on protein balance in chronic disease.

In the final part of this thesis, in anticipation of the finding that it is important to deliver an 
adequate amount of protein to critically ill children, we studied the prescription and delivery 
of calories and protein in our tertiary PICU, and the effect of a feeding algorithm together 
with the institution of a nutritional support team (NST) on actual energy and macronutrient 
intake in our patients.

MAIN RESULTS OF OUR STUDIES

In our studies in very young children (< 36 mos) following low-to-moderate-complexity 
cardiac surgery, we demonstrated that glucose infusion-induced hyperinsulinemia does not 
reverse negative net whole-body protein balance in the immediate postoperative phase. 
Additionally, we showed that in this population net whole-body protein balance is positive 
after early enteral intake of the internationally recommended age-related ‘normal’ amount 
of protein (NP, 2 g/kg/d) (12). Provision of a short-term HP (5 g/kg/d) diet does not result in 
further stimulation of WBPS and increased net protein balance. Therefore, in our view, neither 
glucose infusion-induced hyperinsulinemia, nor higher than ‘standard’ protein intake, can be 
recommended over early intake of age-related normal amounts of protein in the immediate 
postoperative phase after pediatric cardiac surgery.

In contrast to children with acute illness, we demonstrated in a group of chronically ill school- 
age children with CF-related growth stunt that whole-protein balance could be drastically 
improved as a result of 30% enhancement of WBPS during a 4-day HP diet, compared to the 
lower (1.5 g/kg/d) and upper (3 g/kg/d) limits of internationally recommended, age-related 
protein intake (12). Whether these effects would be sustained with a prolonged diet, and 
thus lead to catch-up linear growth and improvement of body composition, requires further 
investigation.

In a study in our own tertiary PICU, we found that only 40% and 70% of our patients received 
appropriate nutrition on days 1 and 2 respectively, resulting in overall protein malnutrition in 
almost 85% of the patient days. The major cause of malnutrition on our PICU was inadequate 
prescription of nutrition, rather than insufficient delivery. Following the introduction 
of a feeding algorithm and a nutrition support team (NST), the percentage of delivered 
enteral nutrition doubled from 40% to 78% on day 1, and increased from 60% to 92% on 
day 2 with > 85% of nutritional targets being reached on day 3. We concluded that an NST 
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plays an important role in improving prescription and consecutive delivery of calories and 
macronutrients to patients on a PICU.

CRITICAL APPRAISAL

In contrast to our studies in young children following cardiac surgery, we observed increased 
WBPS and net protein balance due to a high-protein intake in chronically ill school-age 
children with CF related growth stunt. Between these two experimental settings, the main 
differences were: patients with acute versus chronic illness, and very young age (< 3 yrs) 
versus school-age (7–12 yrs) patients. In the following critical appraisal of our results we will 
put forward the possible explanations for the different effects of a high protein diet that we 
have observed in these study groups.

‘Normal’ and ‘high’ protein intake compared to physiologic needs

According to the 2007 WHO/FAO/UNU evidence-based recommendations for protein intake, 
the mean safe level (i.e. the estimate for physiologic need for protein intake plus 2 SDs) for 
children < 2 yrs gradually decreases from 1.8 g/kg/d at age 1 mo to 1.0 g/kg/d by age 2 yrs 
(13). This decrease in recommended protein intake is congruent to the decrease in protein 
accretion rate from birth to the age of 2 yrs. However, in the Netherlands, amongst many 
other countries, this upper safety limit has been adopted as recommended daily allowance 
(RDA) for protein (14). Moreover, a study shows that median actual intake in babies and 
toddlers is even higher at 1.8–3.5 g/kg/d (15). With recommendations and actual intake 
higher than estimated for physiological needs, in our studies, a ‘normal’ protein intake of 2 
g/kg/d might already have been relatively high for the studied age group, without expected 
additional effect of an even higher protein intake of 5 g/kg/d.

In school-age children, the situation is reversed. A study in healthy school-age children using 
a stable-isotope technique determined protein requirements to be 1.3 to 1.55 g/kg/d (16). 
However, currently recommended protein intake for 9–13 yr old Dutch children is 0.8–1.2 g/
kg/d, with a population safe upper limit of 4 g/kg/d (14). Therefore, the RDA for protein in this 
age group might be too low for healthy children. In school-age children with CF, despite the 
fact that 25 to 30% of patients have LBM depletion with loss of muscle mass (17), literature 
on optimal protein intake is scarce. Historically in CF, scientific and therapeutic emphasis has 
been on ‘high-fat-high-energy’ diet, with use of pancreatic enzyme replacement therapy. As 
far as we are aware, there is only one pediatric study using a stable isotope technique. This 
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was carried out in a limited number of children with CF and demonstrated a 70% increase of 
WBPS and balance after feeding with a leucine-rich essential amino acid (AA) mixture, when 
compared to an iso-nitrogenous AA mixture (18). The results of three long-term outcome 
studies using enriched, oral diets with different amounts (between 0.8 and 1.2 g/kg/d) of 
protein intake are contradicting (19–21). International guidelines provide no recommendations 
for optimal protein intake in children with CF (22–25). In our study in children with CF, we 
have demonstrated that in this population optimal protein intake might be at the high end 
of the spectrum between recommended and safe protein intake in the general age-matched 
population.

In conclusion, in young children following cardiac surgery, a possible explanation for the 
absence of observed effect on WBPS and balance of HP intake compared to NP diet, is partly 
due to the fact that NP intake might already be in surplus of age-related physiological needs. 
In contrast, in school-age children with CF, optimal protein intake has been less investigated, 
and might lie at the high end of the spectrum between recommended and safe protein intake 
in the general age-matched population.

Acute versus chronic illness

In our studies, we have observed that in acutely ill children in the immediate postoperative 
phase following cardiac surgery, the net negative whole-body protein balance in the absence 
of AA can be reversed to a positive balance with NP intake of 2 g/kg/d. This is an important 
finding, since 50% of the cumulative protein deficits in PICU patients are caused within the 
first 48 hrs of admission (26). We did not find an additional effect on WBPS and balance of 
HP intake of 5 g/kg/d compared to NP intake. In fact, we observed increased oxidation and 
higher blood urea nitrogen concentration as indicators of excess AA intake in the HP group, 
compared to the NP group. 

In a small study in neonates (n = 18) following general surgery, Duffy et al showed an 
improvement of the protein balance 72 hrs after surgery due to decreased endogenous 
protein breakdown in the group with AA intake of 3.9 ± 0.5 g/kg/d, compared to normal 
protein intake of 2.3 ± 0.4 g/kg/d (27). However, in this study, the high protein intake group 
also received a higher amount of total calories compared to the normal protein group (91 
and 75 kCal/kg/d, respectively). Therefore, the measured effect cannot be assumed as being 
solely attributable to a higher protein intake. In a systematic review in low birth weight infants, 
Premji et al identified 6 studies that demonstrated improved nitrogen accretion rates with 
high protein intakes of 4–6 g/kg/d, compared to age-related reference protein intake of 3 g/
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kg/d (28). However, the same studies also found adverse metabolic effects such as azotemia 
and metabolic acidosis, and information on clinically relevant outcome measures were lacking 
(28). Five out of six studies predating 1995, in a time in which the AA balance of feeding 
solutions did not meet present-day standards, resulted in azotemia.

Typically, critical illness causes a hypermetabolic stress response characterized by mobilization 
of nutrients and energy via lipolysis, proteolysis, glycogenolysis and gluconeogenesis (1, 29, 
30). In addition, in cardiac surgery, use of a cardiopulmonary bypass circuit (CPB) induces 
complement activation, endotoxin release, leukocyte activation, and the release of many 
pro-inflammatory mediators, adding to the stress response (31). However, in newborns and 
infants following cardiac surgery, the hypermetabolic response is only short-lived or can be 
altogether absent, with return to baseline levels < 48 hrs (29, 32–34). These observations 
are in concert with other studies in infants that also reported only a limited stress response 
on day 1 after general surgery, and in mechanically ventilated infants with viral respiratory 
tract infection, with a prompt resolution within 48 hrs (35–40). An explanation for this 
phenomenon is the immaturity of the neonatal immune system which can react to injury with 
a decreased hyper-inflammatory response (41, 42). Newborns and infants react to cardiac 
surgery and exposition to a CPB circuit with a pro- and anti-inflammatory response, without 
tendency to the extremes of either side (43). Additionally, it has been hypothesized that in 
post-surgical neonates a superimposed (hypermetabolic) stress response is lacking due to an 
obligatory redirection of energy, normally used for growth, to fuel the stress response (38). 
Our observation that a positive protein balance in young children following cardiac surgery 
can be achieved by a NP intake of 2 g/kg/d is in concordance with this hypothesis.

We concluded that in acutely ill young children in the immediate postoperative phase following 
cardiac surgery, the inflammatory and metabolic effects of disease are limited and short-lived. 
In this setting, protein synthesis is maximally stimulated by early (< 48 hrs) enteral intake of 
a normal amount of protein (2 g/kg/d), with maximal suppression of proteolysis by a normal 
carbohydrate intake (6–7.5 mg/kg/min), which results in a net positive whole-body protein 
balance.

Chronic diseases, such as chronic obstructive pulmonary disease (COPD), asthma and CF are 
characterized by ongoing low-grade systemic inflammation and intercurrent infections (44, 
45). The liver, as the main production site of acute phase reactants, extracts an increased 
proportion of dietary AAs to support this inflammatory response (first-pass effect) (46). In 
addition, the extraction of certain dietary essential AAs results in a unbalanced AA profile in 
the systemic circulation, which is suboptimal for skeletal muscle anabolism (47). As a result, 
in children with chronic inflammation due to CF, decreased peripheral protein synthesis 
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(muscle) and negative net protein balance cause insufficient gain of LBM and result in stunted 
linear growth (48, 49). In contrast to acutely ill children, we were able to stimulate protein 
synthesis and improve whole-body protein balance at a HP intake of 5 g/kg/d, compared to 
a NP intake of 1.5 and 3 g/kg/d, in stunted children with CF. We speculate that this was the 
result of surplus amounts of AAs with the HP diet, such that increased splanchnic extraction 
had proportionally less influence on post-portal AA profile.

Specifically in CF, it is interesting to appreciate the role of the anabolic hormone insulin, whose 
production is reduced as a result of pancreatic insufficiency (50). Insulin has proteolysis-
inhibiting properties (51). Of all the AAs, leucine is known to have the strongest insulin-
secretion stimulating properties (52). Interestingly, with increasing intake of protein (and 
leucine, concomitantly) we observed a trend towards higher plasma insulin concentrations at 
equal carbohydrate intake. Simultaneously, there was a trend towards a decrease in protein 
breakdown, although this was not statistically significant.

We conclude that in stunted school-age children with CF, higher amounts of dietary protein 
than currently recommended improves protein balance. This is caused by increased protein 
synthesis, via improvement of systemic AA availability. Additionally, AA-induced higher plasma 
insulin concentrations might contribute to this effect. In children with CF, long-term outcome 
studies are needed to examine the effect on linear growth and body composition of a HP diet.

Pediatric versus adult critical illness

A systematic review of protein balance studies in mixed-population critically ill children 
shows that in this population a positive protein balance can relatively easily be achieved by 
moderate intake of calories and protein 1.5 g/kg/d (8). This is in agreement with our own 
observations. However, to date, there are no studies that have demonstrated a correlation 
between improved protein balance and better long-term clinical outcome measures. As 
previously discussed, higher amounts of protein intake have no clear additional effect on 
protein balance, and may in fact be harmful.  

In contrast, a recent systematic review of 13 studies in mixed population ICUs demonstrated 
that the optimal -in terms of protein balance- and safe -in terms of side effects- protein intake 
in critically ill adult patients might be as high as 2.0–2.5 g/kg/d (53). This is almost three 
times higher than the recommended amount of 0.8 g/kg/d protein intake in metabolically 
stable adult patients and healthy individuals (54). It is also higher than the recommended 
intake of 1.5 g/kg/d in a frequently cited study in the literature regarding protein provision 
in critically ill adults (55).
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Additional to the aforementioned fact that in young children NP intake might already be in 
surplus of age-related physiologic needs, we hypothesize that other factors may play a role 
in the striking difference in the effect on protein balance of HP diet in children and adults.

Firstly, within comparable diagnostic groups, the inflammatory and nutritional response to 
illness is age-related. In reaction to elective cardiac surgery, as opposed to adults, infants 
and young children show only a short-lived and mild stress response (32, 33, 56–58). This 
relatively mild, short-lived inflammatory and metabolic stress response to injury and infection 
with prompt resolution within 48 hrs, can also be seen in children after general surgery, and 
in mechanically ventilated infants with viral respiratory tract infections (35, 37, 38, 40, 59). 

Additionally, the incidence of multi-organ failure (MOF) following severe trauma is estimated 
to be only 3% in children < 16 yrs with a mortality rate of 17%, compared to 25% and 35% 
in adults, respectively (41, 60). Also, acute respiratory distress syndrome (ARDS) in response 
to infection or trauma is also much more uncommon in children than in adults (13 versus 
79 cases per 100,000 person-years) (61, 62). As a result of different inflammatory reactions 
to illness, a substantial number of patients in an adult ICU, in contrast to PICU patients, 
suffer from so called “prolonged critical illness” (63, 64). This condition is characterized by 
ongoing inflammation and a catabolic state lasting a number of weeks and resulting in high 
mortality (65). In the Netherlands, overall crude mortality on the adult ICU is 9% (source: 
NICE, Nationale Intensive Care Evaluatie, The Dutch Intensive Care Registry), compared to 
only 3% on a PICU (63).

It is hypothesized that in neonates and young children the innate anti-inflammatory status, 
which prohibits the fetus from an immune response to maternal antigens, is preserved 
to such an extent that they react with increased anti-inflammatory IL-10 and decreased 
proinflammatory interleukin production to stress (42). The concept of a gradually arising low 
grade, chronic pro-inflammatory status with aging, which is absent or not fully developed in 
the early phase of life, is referred to as “inflammaging” (66). 

In a more catabolic population, nutritional interventions can be expected to have greater 
impact than in short-lived critical illness in children (65). Alternatively, in neonates after 
surgery, it is hypothesized that a measurable, superimposed (hypermetabolic) stress response 
is lacking due to an obligatory redirection of energy and AAs, normally already used for growth, 
to fuel the stress response (38). 

Secondly, due to small PICU population sizes, low number of ventilation days, short LOS on a 
PICU, and an already low mean mortality rate (3%), nutritional interventional studies in PICU 
patients often lack statistical power to demonstrate changes in clinically relevant outcome 
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measures. As an example, in a trial with the primary aim of reducing LOS on a PICU by 1 day via 
early start of enteral nutrition, an estimated sample size of 3,948–5,590 patients was needed 
for sufficient power of the study (67). In order to overcome this methodological problem, in 
pediatric critical care literature, often different patient groups are combined within a study 
(e.g., post surgery, sepsis, trauma, respiratory failure, congenital heart disease, burns, etc.). As 
an example, in the aforementioned systematic review of protein balance studies in critically ill 
children, the results of very heterogeneous diagnostic groups were presented in a cumulative 
fashion (8). This methodology does not appreciate the differences in inflammatory and 
metabolic stress response between diagnostic groups. The importance of strict stratification 
of patient categories has been strikingly illustrated during the past decade by the discussion 
on the potential benefit of tight glycemic control in adult critically ill patients that turned 
out to be beneficial for the surgical but not medical population. Moreover, in the future, the 
subgroup of technology-dependent patients with chronic illness and concomitant malnutrition 
upon admission will further expand, both in number and in diversity (63, 68). At present, it 
is not clear what the specific metabolic effects are of underlying chronic illness, congenital 
abnormalities, or increased work of breathing. Therefore, in future research the nutritional 
demands of these children should be studied.

The above mentioned arguments make a strong plea for increased and extensive collaboration 
within a national network of nutritional specialists.,This would enable sufficiently powered 
studies that aim at improving relevant long-term (linear growth, body composition, muscular 
strength, quality of life), as opposed to short-term (ventilator days, LOS, mortality) or surrogate 
(delivered percentages of goals) outcome measures (69). 

IMPLICATIONS FOR NUTRITIONAL SUPPORT IN THE PICU

Since 2007, as part of the performance indicators for healthcare institutions, the Dutch Health 
Care Inspectorate (HCI) has performed an annual national survey of risk factors for clinical 
malnutrition, In their latest report, the HCI published that 77% of adult patients and 63% of 
pediatric patients were screened for malnutrition during the first 4 days following hospital 
admission (70). Of the adults and children who were screened, 46% and 77% respectively were 
reported as underfed with adequate protein intake (70). In the PICU population, malnutrition 
can be reduced by early recognition of at risk patients by means of prompt, regular and 
comparative nutritional assessments (71). 

We have demonstrated that on our PICU, after the introduction of a nurse-driven feeding 
algorithm and the introduction of a nutrition support team (NST), the percentage of delivered 
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enteral nutrition doubled from 40% to 78% on day 1, and increased from 60% to 92% on day 
2 with > 85% of nutritional targets being reached by day 3. We concluded that a bottom-up 
feeding protocol, together with an NST play an important role in increasing prescription and 
consecutive delivery of calories and macronutrients to patients in the first few days following 
admission to a PICU. This improvement of nutritional care practice is relevant, since 50% 
of the cumulative protein deficits in PICU patients exist within the first 48 hrs of admission 
(26). Moreover, despite their higher disease severity score, we were able to feed a higher 
percentage of patients after introduction of the nutrition protocol, compared to the control 
period. This has also been demonstrated in adult critically ill patients (72). This means that 
improving macronutrient intake is also feasible and safe in patients with more severe illness 
and consequent higher risk for clinical malnutrition. Our observations are in line with other 
publications in critically ill children (73–75). Also, in adult intensive care settings, a nutrition 
support algorithm can improve energy and protein delivery to patients (72, 76). The important 
facilitating role of the intensive care nurse for the successful implementation of a nutrition 
guideline has been acknowledged (77).  

To date, however, there is no evidence supporting the notion that protocol- and NST-driven 
nutrition improve the clinically relevant outcomes of the PICU population (78). The only strong 
correlation that exists between a nutritional intervention and clinically relevant outcome in 
both critically ill adults and children, is the early (< 24 hrs after admission) start of enteral 
nutrition (EN). In adult surgical and medical ICU patients, early EN significantly reduces 
mortality and infection rate (79–81). Additionally, a recent multi-center trial including > 5,000 
critically ill children from 12 North-American PICUs with LOS of ≥ 96 hrs, showed a strong and 
statistically significant association between early EN and lower mortality in a subgroup of 
the PICU population (odds ratio, 0.51; 95% confidence interval: 0.34 to 0.76, p = 0.001) (67).

In our view, these results convincingly show that the efforts of an NST, enforced by a feeding 
algorithm, should be directed towards prompt initiation of EN within 24 hrs after admission. 
As previously discussed, age-related intakes of carbohydrate and protein are sufficient to meet 
dietary needs in critically ill children, provided that they are delivered in the early phase of 
admission. Additionally, NSTs should focus on the identification of high-risk patients upon 
admission (e.g., patients with predicted prolonged critical illness on admission, and recognition 
of patients who are already malnourished upon admission).
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CONCLUSIONS

We conclude that in catabolic young children following cardiac surgery, protein synthesis 
and whole-body protein balance cannot be reversed by high carbohydrate intake-induced 
hyperinsulinemia. In this population, anabolism can be induced by age-related standard intakes 
of carbohydrate and protein (NP), but can not be further stimulated by isocaloric HP intake. 
Possible explanations are a short-lived and mild course of the postoperative inflammatory and 
hypermetabolic stress response, and an already relatively high provision of proteins by the 
age-related standard diet, compared to actual physiologic needs. To date, in young children 
following cardiac surgery, a higher than standard protein intake can not be recommended. In 
the field of nutritional therapy in the PICU, future research should focus on the development 
of a more balanced AA composition of feeding formulas, and the supplementation of essential 
and situational dispensable AA. Studies should be adequately statistically powered in order 
to demonstrate effect in clinically and metabolically distinct patients groups, with relevant 
long-term, as opposed to short-term clinical or surrogate, outcome measures.

In contrast, in chronically ill school-age children with CF and stunted linear growth, HP intake 
can improve net whole-body protein balance by enhancing protein synthesis together with 
a statistically non-significant blunting effect on endogenous proteolysis, compared to age-
related NP intake. In this patient population, increased catabolism due to a protracted pro-
inflammatory state, together with too low protein intake in the recommended standard diet, 
might explain this positive effect on protein balance of HP diet. In children with CF, long-term 
outcome studies are needed to examine the effect on linear growth and body composition 
of a HP diet.

In the setting of a PICU, the introduction of an aggressive nurse-driven feeding protocol, 
together with the institution of an NST, is an effective and safe tool to improve prescription 
and delivery of energy and macronutrients. In the future, efforts of the NST should be directed 
towards the identification (upon PICU admission) of subpopulations of patients that are at 
higher risk for clinical malnutrition. Further, the goal should be an early (< 24 hrs) delivery 
of enteral intake containing normal amounts of carbohydrate and protein to all patients. 
Additionally, the specific metabolic demands of the increasing population of technology-
dependent children needs to be clarified.

Finally, future research should be increasingly directed towards clinically relevant long-term 
(linear growth, body composition, muscular strength, quality of life), as opposed to short-term 
clinical (ventilator days, LOS) or surrogate (blood concentrations of biomarkers, delivered 
percentages of goals) outcome measures.
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In both acute and chronic disease states, negative protein balance with loss of lean body 
mass (LBM) has detrimental effects on short-term and/or long-term clinical outcome. In 
critically ill children, cumulative negative protein-energy balance with loss of LBM is associated 
with an increased incidence of infections, fewer ventilator-free days, a prolonged time of 
recovery to normal physiological functions resulting in increased length of stay (LOS) in the 
pediatric intensive care unit (PICU). Additionally, a malnourished state due to chronic illness 
increases the risk of respiratory infections, hospitalization or long-term institutional care, and 
is associated with an increase in economic burden. Over the past decade, overall mortality 
rates of specific childhood diseases have improved at the expense of a growing population 
of chronically ill children, which has resulted in an increased population of patients with 
underlying chronic illness and subsequent malnutrition upon admission to a PICU.

The principal aim of this thesis was to investigate the effect of high (5 g/kg/d) versus age-
related, normal protein intake on whole-body protein synthesis (WBPS), -breakdown (WBPB), 
and net balance in children with acute or chronic disease using stable isotopic infusion 
technique. As a model for these different disease states, we studied young children following 
cardiac surgery and school age children with cystic fibrosis (CF), respectively. Additionally, since 
initial administration of basic glucose infusions with only slow introduction of macronutrients is 
standard care in many ICUs, we studied the effect of glucose intake-induced hyperinsulinemia 
on whole-body protein metabolism in children following cardiac surgery. Finally, in anticipation 
of the finding that it is important to deliver an adequate amount of protein to critically ill 
children, we studied prescription and delivery of calories and protein in our tertiary PICU, 
and the effect of a feeding algorithm, together with the institution of a nutritional support 
team (NST), on actual energy and macronutrient intake in our patients.

In Chapter 2 we observed no difference in endogenous proteolysis in young children following 
cardiac surgery, in response to a normal-carbohydrate/low-protein (NormCarb/LoProt) enteral 
diet with a carbohydrate intake of 7.5 mg/kg/min and protein intake of 0.7 g/kg/d, compared 
to high carbohydrate intake (HiCarb/LoProt diet: glucose 10 mg/kg/min and protein 0.7 g/
kg/d). We therefore speculated that proteolysis was already maximally suppressed by insulin 
concentrations in response to the NormCarb intake, and that a higher carbohydrate intake 
with consequent higher insulin concentrations did not have an additional effect on proteolysis. 
Furthermore, due to insufficient availability of exogenous amino acids (AAs), WPBS was low in 
both groups, resulting in equally negative net whole-body protein balance. There were also no 
differences in plasma glucose or AA concentrations between groups. We observed no episodes 
of hypoglycemia in either group. Additionally, there was a statistically significant lower serum 
cortisol concentration together with a trend towards lower levels of catecholamines in the 
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HiCarb/LoProt group compared to the NormCarb/LoProt group. We concluded that, although 
glucose infusion-induced hyperinsulinemia is a safe strategy with a possible mitigatory effect on 
the stress response, it does not improve whole-body protein balance. Therefore, it cannot be 
advocated as a meaningful strategy in reversing negative protein balance in critically ill children.

Subsequently, in infants after low-to-moderate-complexity cardiac surgery, we aimed to 
improve whole-body protein balance with a short-term high-protein (HP, 5 g/kg/d) diet, 
compared to a normal-protein (NP, 2 g/kg/d) enteral diet (Chapter 3). Contrary to our 
expectations, we observed a positive net whole-body protein balance in both groups, without 
statistically significant difference between groups. Additionally, there were no significant 
differences in WBPS and WBPB between the HP and NP group. In fact, in the HP group, 
there was higher valine oxidation together with higher blood urea nitrogen concentrations, 
suggesting an overload of exogenous AAs and increase in ureagenesis. In both groups, in 
response to a normal carbohydrate intake of ~6.0 mg/kg/d, we measured plasma insulin 
concentrations that were in the same range as in the NormCarb/LoProt group of our previous 
study discussed in Chapter 2. In this study, endogenous proteolysis was already maximally 
suppressed by plasma insulin concentrations in response to normal carbohydrate intake, 
without additional effect of higher insulin concentrations. We concluded that in infants after 
low-to-moderate-complexity cardiac surgery, a short-term HP diet cannot increase WBPS, and 
does not improve net whole-body protein balance, compared to a NP diet.

Since an increasing number of children admitted to a PICU have a chronic underlying disease 
with concomitant malnutrition, we also studied the effects of 3 diets with incremental (1.5, 3 
and 5 g/kg/d protein, respectively) dietary intake of protein on WBPS, WBPB and net protein 
balance in children with CF with stunted growth requiring tube feeding (Chapter 4). The study 
had a crossover design, whereby each patient received three cycles of a 4-day diet, each 
separated by a 6-week wash-out period. Interestingly, in this group of chronically ill children 
we demonstrated that whole-protein balance could be drastically improved as a result of 30% 
enhancement of WBPS during the HP diet. WBPB did not change significantly between diet-
groups. Additionally, we observed a trend towards increased plasma insulin concentration and 
decreased plasma glucagon concentration between the low, intermediate and high-protein 
diets respectively. This trend was not statistically significant. With carbohydrate intake set 
at ~5.0 mg/kg/min during all diets, we hypothesized that the observed differences in insulin 
and glucagon concentrations were the result of different amounts of AAs between groups.

In the last two chapters of this thesis, in anticipation of the finding that it is important to 
deliver adequate protein intake in a timely fashion to critically ill children, we studied the 
prescription and delivery of calories and protein in a subset of children with LOS > 3 days on 
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our tertiary PICU. In Chapter 5, we describe that before the institution of an NST only 40% 
and 70% of our patients received nutrition on days 1 and 2 respectively, resulting in overall 
protein malnutrition in almost 85% of the patient days. Additionally, we demonstrated that 
the predefined goal of caloric intake was reached as late as day 5 of admission, whilst actual 
delivery of proteins stagnated at around 75% of the target from day 5 until the end of the 
observation period (day 10). The major cause of malnutrition on our PICU was inadequate 
prescription of nutrition, rather than insufficient delivery (e.g. IC-related procedural 
interruptions, for which the patient has to be fasted). 

Finally, we studied the effect of the implementation of a nurse-driven feeding algorithm together 
with the institution of an NST on actual energy and macronutrient intake in our patients (Chapter 
6). Following the introduction of the algorithm and NST, the percentage of enteral nutrition 
delivered on day 1 doubled from 40% to 78%, and on day 2 increased from 60% to 92%. By the 
third day, more than 85% of nutritional targets were reached compared to day 4 prior to the 
introduction of the protocol. We concluded that an NST plays an important role in increasing 
prescription and subsequent delivery of calories and macronutrients to patients on a PICU. 

In Chapter 7 (general discussion) we reviewed and discussed the implications of our results. We 
concluded that in young children following cardiac surgery, early enteral nutrition with normal 
protein (NP) intake of 2 g/kg/d, but not high carbohydrate intake-induced hyperinsulinemia, 
can reverse negative net whole-body protein balance in the immediate postoperative phase. 
Therefore, in the immediate phase following pediatric cardiac surgery, emphasis should be 
focused upon the prompt delivery of normal amounts of protein. High protein (HP) intake of 
5 g/kg/d does not serve to improve WBPS or net protein balance, and therefore cannot be 
recommended over standard protein intake.

In contrast, in school-age children with chronic illness (CF with stunted growth), WBPS and 
net protein balance can be improved by provision of a higher (5 g/kg/d) than currently 
recommended intake of protein. Further studies are necessary to demonstrate a possible 
effect on increased LBM and improved linear growth and body composition. 

Finally, the implementation of a nurse-driven feeding algorithm, together with the institution 
of an NST, increases early prescription and consecutive delivery of calories and macronutrients 
to patients in the first days following admission to a PICU. The most important future goals 
for an NST should be to focus on the identification of patients who are at high risk for clinical 
malnutrition, and to develop a tailor-made nutritional approach. Additionally, the specific 
metabolic demands of the increasing population of technology-dependent children needs 
to be clarified.
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van het medische onderwijs. Hij organiseerde verschillende vormen van simulatieonderwijs 
in acute opvang van het vitaal bedreigde kind, zowel binnen de muren van het Academisch 
Medisch Centrum als daarbuiten (o.a. teach-the-teacher cursus voor de IDAI, de Indonesische 
vereniging voor kindergeneeskunde). Momenteel is hij coördinator toetsing klinisch 
redeneren in de masterfase van de geneeskundeopleiding in het AMC, en volgt hij een traject 
senior kwalificatie onderwijs (SKO) op dit gebied. Recent heeft hij zitting genomen in de 
Blauwdrukcommissie voor inhoudelijke herziening van de bachelorfase geneeskunde AMC. 

Namens de kindergeneeskunde is hij vertegenwoordiger in de overkoepelende voedings-
commissie en de reanimatiecommissie van het AMC. In de zomer van 2014 hoopt hij toe te 
treden tot het werkplekmanagement van de afdeling Intensive Care voor Kinderen in het EKZ.
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Zowel bij acute als chronische ziekte heeft een negatieve eiwitbalans met verlies van de 
vetvrije massa van het lichaam (Engels: ‘lean body mass’, LBM) nadelige gevolgen op zowel 
korte als lange termijn. Bij levensbedreigend zieke kinderen op een afdeling voor intensive 
care voor kinderen (ICK) is een cumulatieve negatieve eiwitbalans en verlies van LBM geas-
socieerd met een toename van infecties, beademingsduur en hersteltijd van orgaanfuncties. 
Dit resulteert uiteindelijk in een langere IC-opnameduur. 

Bij kinderen met een chronische ziekte veroorzaakt eiwitondervoeding een groter risico op 
luchtweginfecties, ziekenhuisopname, of langdurige verzorging in een zorginstelling, resulte-
rend in hogere zorgkosten. In de laatste 10 jaar is de sterfte als gevolg van specifieke ziekten 
op de kinderleeftijd fors afgenomen, ten koste van toename van de groep kinderen met een 
chronische ziekte of handicap. Als gevolg van deze ontwikkeling is de groep patiënten met een 
onderliggende chronische ziekte en al bij opname bestaande eiwitondervoeding toegenomen 
binnen de patiëntenpopulatie van de ICK.

Het belangrijkste doel van dit proefschrift was het doen van onderzoek naar het effect van 
hoge (5 gr/kg/d) versus leeftijd-gerelateerde normale (1,5–2–3 gr/kg/d) eiwitinname op 
totale lichaamseiwitaanmaak, -afbraak en -balans bij kinderen met een acute of chronische 
ziekte. De snelheden van deze aanmaak- en afbraakprocessen werden gemeten door mid-
del van infusen met in vloeistof opgeloste en gemerkte bouwstenen (aminozuren, AA’s) 
van eiwit, die stabiele isotopen worden genoemd. Als model voor acute en chronisch zieke 
patiënten werden respectievelijk jonge kinderen in de directe fase na een hartoperatie en 
schoolkinderen met taaislijmziekte en achterblijvende lengtegroei bestudeerd. Omdat het 
op veel intensive care afdelingen standaard beleid is om patiënten direct na opname alleen 
een glucose-infuus te geven met slechts langzame introductie van goede voedingsstoffen, 
werd in dit proefschrift ook het effect van koolhydraat-gemedieerde hoge insulinespiegels op 
lichaamseiwitsstofwisseling van jonge kinderen na een hartoperatie bestudeerd. Tenslotte, 
uitgaande van een verondersteld belang van voorschrift van voldoende eiwitten aan ernstig 
zieke kinderen, werden de actuele hoeveelheden voorgeschreven en daadwerkelijk gegeven 
eiwitten en calorieën op een ICK gemeten. Deze metingen werden verricht zowel voor als 
na de introductie van een gestructureerd voedingsprotocol en de oprichting van een gespe-
cialiseerd voedingsteam.

In de studie die in Hoofdstuk 2 werd beschreven, werd bij jonge kinderen na een hartopera-
tie geen verschil in afbraaksnelheid van lichaamseigen eiwitten gevonden als reactie op een 
normaal-koolhydraat/laag-eiwit dieet (NormCarb/LoProt) met een koolhydraatinname van 
7,5 mg/kg/min en een eiwitinname van 0,7 gr/kg/d, in vergelijking met een hoge koolhy-
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draatinname (HiCarb/LoProt) met respectievelijke koolhydraat- en eiwitinnames van 10 mg/
kg/min en 0,7 gr/kg/d. Op basis van deze observatie is het aannemelijk dat lichaamseigen 
eiwitafbraak al maximaal was onderdrukt door de insulineconcentraties als gevolg van de 
NormCarb-inname, en dat hogere koolhydraatinname met daarmee gepaard gaande hogere 
insulinespiegels geen extra onderdrukkend effect op eiwitafbraak had. Tevens werden in beide 
groepen lage eiwitaanmaaksnelheden met netto negatieve lichaamseiwitbalansen geobser-
veerd, als gevolg van onvoldoende aanwezigheid van AA’s uit het LoProt-dieet. Er waren geen 
verschillen in bloedconcentraties van AA’s tussen beide groepen. In geen van beide groepen 
werd een periode van lage bloedsuikerwaarde gediagnosticeerd. Wel was er in de HiCarb/
LoProt-groep in vergelijking met de LoCarb/LoProt-groep een statistisch belangrijke lagere 
bloedconcentratie van het stresshormoon cortisol en een trend richting lagere bloedwaarden 
van stresshormonen uit de bijnieren (adrenaline en noradrenaline). De uiteindelijke conclusie 
was dat, hoewel het induceren van hoge insulinespiegels door hoge koolhydraatinname een 
veilige strategie is met ook een mogelijk dempend effect op de hormonale stressreactie, het 
niet leidt tot een verbetering van de lichaamseiwitbalans. Om die reden kan deze strategie 
niet worden aanbevolen als standaard zorg bij jonge kinderen na een hartoperatie.

Als volgende stap in het onderzoek werd geprobeerd de lichaamseiwitbalans van jonge kin-
deren na hartchirurgie te verbeteren door middel van een kortdurend dieet met hoge eiwit-
inname van 5 gr/kg/d (Engels: ‘high protein’, HP) in vergelijking met een dieet met normale 
eiwitinname van 2 gr/kg/d (‘normal protein’, NP) (Hoofdstuk 3). Tegen de verwachting werd 
in beide groepen een positieve lichaamseiwitbalans gevonden, zonder statistisch relevant 
verschil tussen de groepen. Ook waren er geen verschillen tussen lichaamseiwitaanmaak 
en -afbraak tussen de HP- en NP-groepen. In de HP-groep werd hogere eiwitoxidatie met 
hogere ureumconcentraties in het bloed geobserveerd, welke allebei aanwijzingen zijn voor 
overmatig aanbod van AA’s in het HP-dieet. In beide groepen werd bij een koolhydraatinname 
van ~6.0 mg/kg/min een insulinespiegel in het bloed gevonden die in een vergelijkbare range 
was als in de NormCarb/LoProt-groep van de vorige studie. In die studie was afbraak van 
lichaamseigen eiwitten reeds maximaal onderdrukt bij bloedspiegels van insuline in respons 
op normale koolhydraatinname, zonder toegevoegd effect van hogere insulinespiegels. De 
conclusie van deze studie was dat bij jonge kinderen na hartchirurgie een kortdurend HP-dieet 
de lichaamseiwitsynthese niet verder stimuleert en de lichaamseiwitbalans niet verbetert 
ten opzichte van een standaard NP-dieet.

Omdat een toenemend aantal patiënten op de ICK een onderliggende chronische aandoening 
heeft met daarbij vaak bestaande ondervoeding, werd in Hoofdstuk 4 het effect bestudeerd 
van 3 verschillende diëten met oplopende hoeveelheden eiwit (1,5–3–5 gr/kg/d) op lichaams-
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eiwitaanmaak, -afbraak en -balans bij schoolgaande kinderen met taaislijmziekte die reeds 
thuis sondevoeding gebruikten in verband met achterblijvende lengtegroei. Deze studie had 
een zgn. cross-over studieopzet, waarbij alle patiënten de 3 verschillende vierdaagse diëten 
ontvingen met een tussenliggende uitwasperiode van 6 weken. In deze studie bij kinderen 
met een chronische ziekte kon de lichaamseiwitbalans met wel 30% worden verbeterd door 
stimulatie van eiwitaanmaak in de HP-groep, zonder belangrijk verschil in lichaamseiwitafbraak 
tussen de drie dieetgroepen. Tevens werd er een toenemende trend in de bloedspiegel van 
insuline en een afname van die van glucagon gezien in de lage (1,5 gr/kg/d), middelste (3 gr/
kg/d) en hoge (5 gr/kg/d) eiwitgroep. Met gelijke inname van koolhydraten in alle groepen 
(~5 mg/kg/min) werd verondersteld dat de verschillen in insuline- en glucagonconcentraties 
het gevolg waren van een toenemende hoeveelheid AA’s in de dieetgroepen. Toekomstige 
studies moeten uitwijzen of de betere eiwitbalans met het HP-dieet zich op lange termijn 
vertaalt in betere lengtegroei en/of longfunctie in deze kinderen met taaislijmziekte.

In de laatste 2 hoofdstukken van dit proefschrift werd, anticiperend op het belang van tijdige 
in een voldoende mate toediening van eiwitten aan ernstig zieke kinderen, het voorschrijf- en 
aflevergedrag van calorieën en voedingsstoffen aan kinderen die langer dan 3 dagen waren 
opgenomen op een ICK bestudeerd. In Hoofdstuk 5 wordt beschreven dat voor de oprich-
ting van een voedingsteam op de eerste opnamedag slechts 40% en op de tweede dag 70% 
van de patiënten gevoed werden, resulterend in eiwitondervoeding in 85% van het aantal 
geobserveerde opnamedagen. Ook werd duidelijk dat het tevoren vastgestelde doel van 
calorische intake pas op de vijfde opnamedag werd bereikt, en dat eiwitinname toenam tot 
75% van het gestelde doel op dag 5 zonder verder verbetering gedurende het restant van 
de observatieperiode (eerste 10 opnamedagen). De belangrijkste oorzaak van deze slechte 
voedingspraktijk was vooral inadequaat voorschrijfgedrag, en niet zo zeer inadequate toe-
diening van het voorgeschreven dieet (bv. ten gevolge van onderbreking van voeding voor 
IC-procedures waarvoor de patiënt nuchter moest zijn). 

Na deze observaties werd het effect bestudeerd van de implementatie van een voedings-
protocol en de oprichting van een voedingsteam op daadwerkelijke inname van calorieën 
en voedingsstoffen bij patiënten op een ICK (Hoofdstuk 6). Na introductie van het protocol 
en voedingsteam verdubbelde het percentage van enterale voeding op dag 1 van 40% naar 
78%, en van 60% naar 92% op dag 2. Meer dan 85% van de voedingsdoeleinden werden be-
haald op opnamedag 3, terwijl dat vóór het protocol pas op dag 4 geschiedde. De conclusie 
van deze studie was dat een voedingsteam en -protocol een belangrijke rol kunnen spelen 
in het verbeteren van de inname van calorieën en voedingsstoffen bij patiënten op een ICK. 
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In Hoofdstuk 7 (algemene discussie) werden alle resultaten van de onderzoeken op een rij 
gezet en bediscussieerd. De belangrijkste conclusies zijn dat bij jonge kinderen in de direct 
postoperatieve fase na een hartoperatie vroege (< 24 uur) voeding met een voor de leeftijd 
normale hoeveelheid eiwitinname (2 gr/kg/d) de negatieve lichaamseiwitbalans naar po-
sitieve waarden kan ombuigen. Dit lukt niet met hoge insulinespiegels als gevolg van hoge 
koolhydraatinname zonder daarbij voldoende inname van AA’s. Om deze redenen moet in 
de direct postoperatieve fase na hartchirurgie bij jonge kinderen de nadruk liggen op snelle 
levering van normale hoeveelheden eiwit in de voeding. Hogere eiwitinname (5 gr/kg/d) leidt 
niet tot verdere verbetering van eiwitaanmaak of van de lichaamseiwitbalans, en kan daarom 
niet worden aanbevolen boven de standaard, leeftijdgerelateerde eiwitinname. 

In tegenstelling tot de situatie bij acute ziekte kan bij schoolgaande kinderen met een chro-
nische ziekte (taaislijmziekte met achterblijvende lengtegroei) eiwitaanmaak en -balans wel 
worden verbeterd met hogere (5 gr/kg/d) dan momenteel aanbevolen hoeveelheden eiwit in 
het dieet. Toekomstige studies moeten uitwijzen of dit dieet ook leidt tot betere lengtegroei 
of longfunctie van deze kinderen.

In het laatste deel werd geconcludeerd dat de implementatie van een voedingsprotocol en 
oprichting van een voedingsteam het voorschrijf- en aflevergedrag m.b.t. calorieën en voe-
dingstoffen gedurende de eerste opnamedagen op een ICK kan verbeteren. In de toekomst 
zou een voedingsteam zich moeten concentreren op het herkennen van patiënten die al bij 
opname op een ICK een hoog risico hebben op klinische ondervoeding, en deze patiënten 
van voedingsadviezen op maat moeten voorzien. Van de toenemende groep kinderen die 
langdurig van technische voorzieningen (thuis of op een ICK) afhankelijk zijn, moet in de 
toekomst nog duidelijker worden welke voedingsbehoeften de stofwisseling heeft in hun 
unieke situaties.

Belangrijkste conclusies van dit proefschrift

• Het is ter verbetering van de lichaamseiwitbalans van jonge kinderen na een hartoperatie 
niet zinvol de insulineafgifte te stimuleren door een hogere koolhydraatinname, indien 
hierbij onvoldoende aminozuren worden aangeboden.

• Bij jonge kinderen kan vroege (< 24 uur) voeding met een voor de leeftijd normale hoe-
veelheid eiwitinname (2 gr/kg/d) in de direct postoperatieve fase na een hartoperatie 
de negatieve lichaamseiwitbalans naar positieve waarden ombuigen, zonder verdere 
verbetering hiervan door hoge eiwitinname (5 gr/kg/d).
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• Bij kinderen met taaislijmziekte en achterblijvende lengtegroei kan eiwitaanmaak en -ba-
lans worden verbeterd met hogere (5 gr/kg/d) dan momenteel aanbevolen hoeveelheden 
eiwit in het dieet.

• De implementatie van een voedingsprotocol en oprichting van een voedingsteam verbetert 
het voorschrijf- en aflevergedrag m.b.t. calorieën en voedingstoffen gedurende de eerste 
opnamedagen op een ICK significant.
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