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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.



General discussion

141

7

REFERENCES
1. Cogo PE, Carnielli VP, Rosso F, Cesarone A, 

Giordano G, Faggian D, Plebani M, Barreca 
A, Zacchello F. Protein turnover, lipolysis, and 
endogenous hormonal secretion in critically 
ill children. Crit Care Med 2002;30(1):65-70.

2.  Leite HP, Isatugo MK, Sawaki L, Fisberg M. 
Anthropometric nutritional assessment of 
critically ill hospitalized children. Rev Paul Med 
1993;111(1):309-313.

3.  Sopena N, Heras E, Casas I, Bechini J, Guasch 
I, Pedro-Botet ML, Roure S, Sabria M. Risk 
factors for hospital-acquired pneumonia 
outside the intensive care unit: A case-control 
study. Am J Infect Control 2013.

4.  Cangelosi MJ, Rodday AM, Saunders T, Cohen 
JT. Evaluation of the Economic Burden of 
Diseases Associated With Poor Nutrition 
Status. JPEN J Parenter Enteral Nutr 2013.

5.  Centraal Bureau voor de Statistiek. Gezondheid 
en zorg in cijfers 2008. Den Haag/Heerlen; 
2008. 

6.  Edwards JD, Houtrow AJ, Vasilevskis EE, Rehm 
RS, Markovitz BP, Graham RJ, Dudley RA. 
Chronic conditions among children admitted 
to U.S. pediatric intensive care units: their 
prevalence and impact on risk for mortality 
and prolonged length of stay. Crit Care Med 
2012;40(7):2196-2203.

7.  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.

8.  Bechard LJ, Parrott JS, Mehta NM. Systematic 
review of the influence of energy and protein 
intake on protein balance in critically ill 
children. J Pediatr 2012;161(2):333-339.

9.  Klijn PH, van der Net J, Kimpen JL, Helders PJ, 
van der Ent CK. Longitudinal determinants of 
peak aerobic performance in children with 
cystic fibrosis. Chest 2003;124(6):2215-2219.

10.  Matel JL, Milla CE. Nutrition in cystic fibrosis. 
Semin Respir Crit Care Med 2009;30(5):579-
586.

11.  Jensen ME, Gibson PG, Collins CE, Wood LG. 
Lean mass, not fat mass, is associated with 
lung function in male and female children with 
asthma. Pediatr Res 2013.

12.  Koletzko B, Goulet O, Hunt J, Krohn K, Shamir 
R. 1. Guidelines on Paediatric Parenteral Nu-
trition of the European Society of Paediatric 
Gastroenterology, Hepatology and Nutrition 
(ESPGHAN) and the European Society for 
Clinical Nutrition and Metabolism (ESPEN), 
Supported by the European Society of Paedi-
atric Research (ESPR). J Pediatr Gastroenterol 
Nutr 2005;41 Suppl 2:S1-87.

13.  Protein and amino acid requirements in human 
nutrition. Report of a joint WHO/FAO/UNU 
expert consultation. World Health Organ Tech 
Rep Ser 2007;935:1-265.

14.  Health Council of the Netherlands. Dietary 
Reference Intakes: energy, proteins, fats and 
digestible carbohydrates. Publication no. 
2001/19R (corrected edition: June 2002). The 
Hague; 2001. 

15.  Butte NF, Fox MK, Briefel RR, Siega-Riz AM, 
Dwyer JT, Deming DM, Reidy KC. Nutrient 
intakes of US infants, toddlers, and preschoolers 
meet or exceed dietary reference intakes. J Am 
Diet Assoc 2010;110(12 Suppl):S27-S37.

16.  Elango R, Humayun MA, Ball RO, Pencharz 
PB. Protein requirement of healthy school-
age children determined by the indicator 
amino acid oxidation method. Am J Clin Nutr 
2011;94(6):1545-1552.



Chapter 7

142

17.  Engelen MP, Schroder R, Van der Hoorn K, 
Deutz NE, Com G. Use of body mass index 
percentile to identify fat-free mass depletion 
in children with cystic fibrosis. Clin Nutr 
2012;31(6):927-933.

18.  Engelen MP, Com G, Wolfe RR, Deutz NE. 
Dietary essential amino acids are highly 
anabolic in pediatric patients with cystic 
fibrosis. J Cyst Fibros 2013;12(5):445-453.

19.  Parsons HG, Beaudry P, Pencharz PB. The effect 
of nutritional rehabilitation on whole body 
protein metabolism of children with cystic 
fibrosis. Pediatr Res 1985;19(2):189-192.

20.  Dalzell AM, Shepherd RW, Dean B, Cleghorn GJ, 
Holt TL, Francis PJ. Nutritional rehabilitation 
in cystic fibrosis: a 5 year follow-up study. J 
Pediatr Gastroenterol Nutr 1992;15(2):141-
145.

21.  Poustie VJ, Russell JE, Watling RM, Ashby D, 
Smyth RL. Oral protein energy supplements 
for children with cystic fibrosis: CALICO mul-
ticentre randomised controlled trial. BMJ 
2006;332(7542):632-636.

22.  Sinaasappel M, Stern M, Littlewood J, Wolfe 
S, Steinkamp G, Heijerman HG, Robberecht 
E, Doring G. Nutrition in patients with cystic 
fibrosis: a European Consensus. J Cyst Fibros 
2002;1(2):51-75.

23.  Stallings VA, Stark LJ, Robinson KA, Feranchak 
AP, Quinton H. Evidence-based practice recom-
mendations for nutrition-related management 
of children and adults with cystic fibrosis and 
pancreatic insufficiency: results of a systematic 
review. J Am Diet Assoc 2008;108(5):832-839.

24.  Erskine JM, Lingard C, Sontag M. Update on 
enteral nutrition support for cystic fibrosis. 
Nutr Clin Pract 2007;22(2):223-232.

25.  Robinson KA, Saldanha IJ, Mckoy NA. Manage-
ment of infants with cystic fibrosis: a sum-
mary of the evidence for the cystic fibrosis 
foundation working group on care of infants 
with cystic fibrosis. J Pediatr 2009;155(6 
Suppl):S94-S105.

26.  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.

27.  Duffy B, Pencharz P. The effects of surgery on 
the nitrogen metabolism of parenterally fed 
human neonates. Pediatr Res 1986;20(1):32-
35.

28.  Premji SS, Fenton TR, Sauve RS. Higher versus 
lower protein intake in formula-fed low birth 
weight infants. Cochrane Database Syst Rev 
2006;(1):CD003959.

29.  Gebara BM, Gelmini M, Sarnaik A. Oxygen con-
sumption, energy expenditure, and substrate 
utilization after cardiac surgery in children. Crit 
Care Med 1992;20(11):1550-1554.

30.  Mizock BA. Metabolic derangements in sepsis 
and septic shock. Crit Care Clin 2000;16(2):319-
36, vii.

31.  Wan S, LeClerc JL, Vincent JL. Inflamma-
tory response to cardiopulmonary bypass: 
mechanisms involved and possible therapeutic 
strategies. Chest 1997;112(3):676-692.

32.  Seghaye MC. The clinical implications of the 
systemic inflammatory reaction related to 
cardiac operations in children. Cardiol Young 
2003;13(3):228-239.



General discussion

143

7

33.  Allan CK, Newburger JW, McGrath E, Elder J, 
Psoinos C, Laussen PC, del Nido PJ, Wypij D, 
McGowan FX, Jr. The relationship between 
inflammatory activation and clinical outcome 
after infant cardiopulmonary bypass. Anesth 
Analg 2010;111(5):1244-1251.

34.  Li J, Zhang G, Herridge J, Holtby H, Humpl 
T, Redington AN, Van Arsdell GS. Energy 
expenditure and caloric and protein intake 
in infants following the Norwood procedure. 
Pediatr Crit Care Med 2008;9(1):55-61.

35.  Shanbhogue RL, Lloyd DA. Absence of 
hypermetabolism after operation in the 
newborn infant. JPEN J Parenter Enteral Nutr 
1992;16(4):333-336.

36.  Jones MO, Pierro A, Hashim IA, Shenkin A, 
Lloyd DA. Postoperative changes in resting 
energy expenditure and interleukin 6 level in 
infants. Br J Surg 1994;81(4):536-538.

37.  Jones MO, Pierro A, Hammond P, Lloyd DA. 
The effect of major operations on heart rate, 
respiratory rate, physical activity, temperature 
and respiratory gas exchange in infants. Eur J 
Pediatr Surg 1995;5(1):9-12.

38.  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.

39.  Pierro A. Metabolism and nutritional sup-
port in the surgical neonate. J Pediatr Surg 
2002;37(6):811-822.

40.  Wösten-van Asperen RM, Lutter R, Bem RA, 
Dierop BS, Dekker T, Van Meegen MT, Van 
den Berg E, Bruijn M, Van Woensel JB, Bos 
AP. The insertion/deletion polymorphism of 
the angiotensin-converting enzyme gene is 
not associated with severity of RSV infection 
in children. University of Amsterdam, The 
Netherlands; 2011.

41.  Calkins CM, Bensard DD, Moore EE, McIntyre 
RC, Silliman CC, Biffl W, Harken AH, Partrick 
DA, Offner PJ. The injured child is resistant to 
multiple organ failure: a different inflammatory 
response? J Trauma 2002;53(6):1058-1063.

42.  Wood JH, Partrick DA, Johnston RB, Jr. The 
inflammatory response to injury in children. 
Curr Opin Pediatr 2010;22(3):315-320.

43.  Schadenberg AWL, Algra SO, Prakken BJ, Jansen 
NJG. Inflammatory response to pediatric heart 
surgery Utrecht University; 2013.

44.  Postma DS, Reddel HK, Ten Hacken NH, van den 
Berge M. Asthma and Chronic Obstructive Pul-
monary Disease: Similarities and Differences. 
Clin Chest Med 2014;35(1):143-156.

45.  Cohen-Cymberknoh M, Kerem E, Ferkol T, Elizur 
A. Airway inflammation in cystic fibrosis: mo-
lecular mechanisms and clinical implications. 
Thorax 2013;68(12):1157-1162.

46.  Jonker R, Engelen MP, Deutz NE. Role of specific 
dietary amino acids in clinical conditions. Br J 
Nutr 2012;108 Suppl 2:S139-S148.

47.  Reeds PJ, Fjeld CR, Jahoor F. Do the differ-
ences between the amino acid compositions 
of acute-phase and muscle proteins have a 
bearing on nitrogen loss in traumatic states? J 
Nutr 1994;124(6):906-910.

48.  Holt TL, Ward LC, Francis PJ, Isles A, Cooksley 
WG, Shepherd RW. Whole body protein turn-
over in malnourished cystic fibrosis patients 
and its relationship to pulmonary disease. Am 
J Clin Nutr 1985;41(5):1061-1066.

49.  Shepherd RW, Holt TL, Thomas BJ, Kay L, Isles 
A, Francis PJ, Ward LC. Nutritional rehabilita-
tion in cystic fibrosis: controlled studies of 
effects on nutritional growth retardation, body 
protein turnover, and course of pulmonary 
disease. J Pediatr 1986;109(5):788-794.



Chapter 7

144

50.  Kien CL, Horswill CA, Zipf WB, McCoy KS, 
O’Dorisio T. Elevated hepatic glucose produc-
tion in children with cystic fibrosis. Pediatr Res 
1995;37(5):600-605.

51.  Liu Z, Barrett EJ. Human protein metabolism: 
its measurement and regulation. Am J Physiol 
Endocrinol Metab 2002;283(6):E1105-E1112.

52.  Floyd JC, Jr., Fajans SS, Conn JW, Knopf RF, Rull 
J. Stimulation of insulin secretion by amino 
acids. J Clin Invest 1966;45(9):1487-1502.

53.  Hoffer LJ, Bistrian BR. Appropriate protein 
provision in critical illness: a systematic and 
narrative review. Am J Clin Nutr 2012;96(3):591-
600.

54.  US Department of health and Human Services 
and Department of Agriculture. Dietary Guide-
lines for Americans 2005.  

55.  Ishibashi N, Plank LD, Sando K, Hill GL. Optimal 
protein requirements during the first 2 weeks 
after the onset of critical illness. Crit Care Med 
1998;26(9):1529-1535.

56.  Seghaye M, Duchateau J, Bruniaux J, Demon-
toux S, Bosson C, Serraf A, Lecronier G, Mokhfi 
E, Planche C. Interleukin-10 release related to 
cardiopulmonary bypass in infants undergoing 
cardiac operations. J Thorac Cardiovasc Surg 
1996;111(3):545-553.

57.  Cremer J, Martin M, Redl H, Bahrami S, 
Abraham C, Graeter T, Haverich A, Schlag G, 
Borst HG. Systemic inflammatory response 
syndrome after cardiac operations. Ann Thorac 
Surg 1996;61(6):1714-1720.

58.  Jakob SM, Stanga Z. Perioperative metabolic 
changes in patients undergoing cardiac sur-
gery. Nutrition 2010;26(4):349-353.

59.  Imura K, Okada A. Perioperative nutrition and 
metabolism in pediatric patients. World J Surg 
2000;24(12):1498-1502.

60.  Ciesla DJ, Moore EE, Johnson JL, Burch JM, 
Cothren CC, Sauaia A. A 12-year prospective 
study of postinjury multiple organ failure: has 
anything changed? Arch Surg 2005;140(5):432-
438.

61.  Rubenfeld GD, Caldwell E, Peabody E, Weaver 
J, Martin DP, Neff M, Stern EJ, Hudson LD. 
Incidence and outcomes of acute lung injury. 
N Engl J Med 2005;353(16):1685-1693.

62.  Zimmerman JJ, Akhtar SR, Caldwell E, Rubenfeld 
GD. Incidence and outcomes of pediatric acute 
lung injury. Pediatrics 2009;124(1):87-95.

63.  Visser I, PICE Working Group. Pediatrische 
Intensive Care Evaluatie, PICE Rapport 2010-
2011. Rotterdam; 2013 Oct. 

64.  De Lange DW, Dusseljee J, Brinkman S, Van 
Berkel G, Van Maanen R, Bosman RJ, Joore 
JCA, De Keizer NF, Van de Voort PHJ, De Waal R, 
Wesselink RMJ, De Jonge E. Severity of illness 
and outcome in ICU patients in the Netherlands: 
results from the NICE registry 2006-2007. Neth 
J Crit Care 2009;13(February):16-22.

65.  van den Berghe GH. Acute and prolonged 
critical illness are two distinct neuroendocrine 
paradigms. Verh K Acad Geneeskd Belg 1998; 
60(6):487-518.

66.  Franceschi C, Capri M, Monti D, Giunta S, 
Olivieri F, Sevini F, Panourgia MP, Invidia L, 
Celani L, Scurti M, Cevenini E, Castellani GC, 
Salvioli S. Inflammaging and anti-inflammaging: 
a systemic perspective on aging and longevity 
emerged from studies in humans. Mech Ageing 
Dev 2007;128(1):92-105.

67.  Mikhailov TA, Kuhn EM, Manzi J, Christensen 
M, Collins M, Brown AM, Dechert R, Scanlon 
MC, Wakeham MK, Goday PS. Early Enteral 
Nutrition Is Associated With Lower Mortality 
in Critically Ill Children. JPEN J Parenter Enteral 
Nutr 2014.



General discussion

145

7

68.  Briassoulis G, Filippou O, Natsi L, Mavrikiou M, 
Hatzis T. Acute and chronic paediatric intensive 
care patients: current trends and perspectives 
on resource utilization. QJM 2004;97(8):507-
518.

69.  Heyland DK. Critical care nutrition support re-
search: lessons learned from recent trials. Curr 
Opin Clin Nutr Metab Care 2013;16(2):176-
181.

70.  Stuurgroep Ondervoeding. Het resultaat telt 
2011 - hoofdstuk ondervoeding. 2011.

71.  Feferbaum R, Delgado AF, Zamberlan P, Leone 
C. Challenges of nutritional assessment in 
pediatric ICU. Curr Opin Clin Nutr Metab Care 
2009;12(3):245-250.

72.  Soguel L, Revelly JP, Schaller MD, Longchamp 
C, Berger MM. Energy deficit and length of 
hospital stay can be reduced by a two-step 
quality improvement of nutrition therapy: 
The intensive care unit dietitian can make the 
difference. Crit Care Med 2011.

73.  Petrillo-Albarano T, Pettignano R, Asfaw M, 
Easley K. Use of a feeding protocol to improve 
nutritional support through early, aggressive, 
enteral nutrition in the pediatric intensive care 
unit. Pediatr Crit Care Med 2006;7(4):340-344.

74.  Meyer R, Harrison S, Sargent S, Ramnarayan P, 
Habibi P, Labadarios D. The impact of enteral 
feeding protocols on nutritional support in 
critically ill children. J Hum Nutr Diet 2009; 
22(5):428-436.

75.  Tume L, Latten L, Darbyshire A. An evaluation 
of enteral feeding practices in critically ill 
children. Nurs Crit Care 2010;15(6):291-299.

76.  Kiss CM, Byham-Gray L, Denmark R, Loetscher 
R, Brody RA. The impact of implementation of 
a nutrition support algorithm on nutrition care 
outcomes in an intensive care unit. Nutr Clin 
Pract 2012;27(6):793-801.

77.  Marshall AP, Cahill NE, Gramlich L, MacDonald 
G, Alberda C, Heyland DK. Optimizing nutrition 
in intensive care units: empowering critical 
care nurses to be effective agents of change. 
Am J Crit Care 2012;21(3):186-194.

78.  Wong JJ, Ong C, Han WM, Lee JH. Protocol-
driven enteral nutrition in critically ill children: 
a systematic review. JPEN J Parenter Enteral 
Nutr 2014;38(1):29-39.

79.  Doig GS, Heighes PT, Simpson F, Sweetman EA, 
Davies AR. Early enteral nutrition, provided 
within 24 h of injury or intensive care unit 
admission, significantly reduces mortality 
in critically ill patients: a meta-analysis of 
randomised controlled trials. Intensive Care 
Med 2009;35(12):2018-2027.

80.  Doig GS, Heighes PT, Simpson F, Sweetman 
EA. Early enteral nutrition reduces mortality 
in trauma patients requiring intensive care: a 
meta-analysis of randomised controlled trials. 
Injury 2011;42(1):50-56.

81.  Artinian V, Krayem H, DiGiovine B. Effects 
of early enteral feeding on the outcome of 
critically ill mechanically ventilated medical 
patients. Chest 2006;129(4):960-967.


