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Abstract 

Objective: Assessment of factors determining nitrogen excretion rate in critically ill children.  

Design: Longitudinal, observational study. 

Setting: Paediatric intensive care unit (PICU), high and medium care wards in university hospital. 

Patients: 33 mechanically ventilated and spontaneously breathing infants and children (median 

age 11 yrs (0-18 yrs); median PRISM score 9 (0-41)) admitted with sepsis (n = 8), trauma (n = 6) or 

following elective major abdominal or thoracic surgery (n = 19).  

Interventions: Assessment of energy and substrate balances using daily indirect calorimetry 

measurements and 24-h nitrogen excretion studies for the first 7 days following PICU admission. 

Measurements and Main Results: Energy and substrate balance studies were performed on a 

total of 206 admission days. Indirect calorimetry measurements were obtained in 93% of days, 

and complete 24-h urine collections in 96%. Overall, mean resting energy expenditure (38.9 ± 12 

kcal/kg·d) was in accordance with predicted values from Schofield’s equations (40.4 ± 11 

kcal/kg·d; p = 0.17). Median daily energy balance was -345 (-1289 - 310) kcal/d. Balances of 

macronutrients were also negative. Determinants of nitrogen excretion rate were assessed using 

Generalised Estimating Equations. Thirty eight percent of the variance in nitrogen excretion rate 

could be attributed to three clinical variables; surgical status, PRISM score and VO2. Nitrogen 

excretion correlated significantly with PRISM score and VO2. Surgical intervention was associated 

with a decrease in nitrogen excretion rate by 2206 mg/m2·d (95% CI -3740 to -672). Modelling of 

nutritional variables as determinants of nitrogen excretion yielded an explained variance of 4%. 

Conclusions: Nitrogen excretion was proportionate to illness severity (PRISM score) and 

hypermetabolism (VO2). Patients who had undergone surgery showed a reduction in nitrogen 

excretion rate, compared to those who had not. These three variables explained a relatively high 

percentage of variation in nitrogen excretion rate. The influence of nutrition on nitrogen excretion 

rate was limited. 
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Introduction 

Increased nitrogen excretion following trauma was first reported by Cuthbertson2 and is a 

characteristic trait of the alterations in protein and energy metabolism which constitute the 

metabolic stress response. Protein breakdown increases to a greater extent than does protein 

synthesis, resulting in a negative nitrogen balance, loss of lean body mass and muscle wasting.231, 

232 It has since been reported in severe injury,233 sepsis234 and burns.12 

In children, most studies of protein catabolism following injury have focused on patients suffering 

from burns. The metabolic derangements following thermal injury are considered the most 

extreme.21 Burn patients have increased rates of energy expenditure (EE)6, 235, 236 and the increased 

nitrogen excretion rate is related to the degree of hypermetabolism.237 In children, these metabolic 

derangements have been shown to persist long after the initial injury,232 with detrimental effects on 

growth.238 In a study applying stable isotope methods in over 100 burn patients, protein 

catabolism was found to be related to sepsis, time from burn injury to wound excision, and body 

surface area affected.235  

Factors determining protein catabolism are less well known in other groups of critically ill children. 

One study of patients admitted to the paediatric intensive care unit (PICU) and suffering from 

sepsis and pneumonia showed whole body protein metabolism to be related to the PIM-score and 

body temperature.239 Other stable isotopes studies in critically ill children have not reported 

associations with clinical parameters.11, 240 Of the many studies assessing nitrogen excretion rates, 

only two have reported a relationship between nitrogen excretion and illness severity.40, 223  

Previously, we reported longitudinal data of energy balance studies in a mixed cohort of critically 

ill children.chapter 5 Daily indirect calorimetry measurements and nutritional balances (including daily 

24-hour collections of urine) were performed for up to 7 days after the initial admission to PICU. 

The aim of the present study was to assess determinants of nitrogen excretion in critically ill 

children.  

 

Materials and Methods 

a. Patients 
The subjects described in this study took part in a prospective, observational nutritional 

assessment study among children admitted to a level III multidisciplinary PICU.241 Patients were 

eligible when diagnosed with (a) severe sepsis or septic shock according to the American College 

of Chest Physicians / Society of Critical Care Medicine consensus on sepsis classification,214 (b) 

following major elective abdominal and/or thoracic surgery, or (c) following trauma. Exclusion 

criteria were: newborns (< 28 d), patients with chromosomal anomalies, metabolic disorders or 

severe brain injury (Glasgow coma scale < 8). Patients had to be haemodynamically stable at the 

time of enrolment.120  
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Daily nutritional balance studies were started within 48 hrs of admission and continued for a total 

of 7 days or until discharge from hospital. After discharge from the PICU, the study protocol was 

continued on the paediatric (high or medium care) ward. The nutritional regimen was at the 

discretion of the attending physician or consulted dietician, who were unaware of the results of 

metabolic measurements. The study had approval from the institutional review board. Informed 

consent was obtained from the parents of all patients. 

b. Measurements 
Clinical characteristics: on admission, age, gender, body weight, height, primary diagnosis and 

surgical status were noted. Severity of illness was assessed by the Paediatric Risk of Mortality 

(PRISM) score.216 Body surface area (BSA) was calculated according to Haycock.242 Body Mass 

Index (BMI) was calculated and standard deviation (SD) scores for body weight, height and BMI 

were determined using appropriate reference values.215 (An SD score is the difference between the 

value for one individual and the mean value for all individuals, expressed in SD units). Daily body 

temperature measurements, administration of vasoactive medication, pharmacological sedation 

and paralysis, duration of mechanical ventilation and length of admission were also noted.  

Balance studies: The total amount of administered energy and substrates was obtained from 

nursing charts. Intake was calculated from the content of (par)enteral feedings and intravenous 

solutions, excluding transfusions of erythrocytes, platelets and plasma. Daily 24-h urine 

collections were performed for the duration of study participation. Urine was collected in flasks 

over 8-h periods and refrigerated until analysis. Total urinary nitrogen was determined using the 

Berthelot method.243  

Resting EE measurements: Resting oxygen consumption (VO2), carbon dioxide production (VCO2) 

and respiratory quotient (RQ) were measured once daily. Measurements were performed with a 

Deltatrac II MBM-200 calorimeter (Datex-Ohmeda, Helsinki, Finland). Calibration of the indirect 

calorimeter, maximum levels of fraction of inspired oxygen (FiO2) and endotracheal tube leakage, 

definition of steady state, evaluation of ventilator settings during EE measurement and precautions 

in the application of indirect calorimetry in patients with hypothermia or fever, were as previously 

described.120, 244 In non-ventilated patients, canopy measurements were performed during 

quiescence. Spontaneously breathing patients were excluded when supplementary oxygen was 

given.  

c. Calculations 
Nutritional quotient (NQ) was calculated from the proportional weight contribution of 

macronutrients to total intake. Resting energy expenditure, substrate oxidation rates, RQ and non 

protein respiratory quotient (NPRQ) were calculated from VO2 and VCO2 applying the parameters 

published by Conzolazio.245 Energy expenditure calculation included nitrogen excretion rate. 

Predicted energy expenditure was calculated using Schofield’s equations.132 

Energy balance was calculated as the difference between total caloric intake and measured 

resting EE. Substrate balances were calculated as the difference between macronutrient intake 
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and substrate oxidation rates from indirect calorimetry. For days on which no metabolic 

measurement had been obtained, the mean value of EE or substrate oxidation rate measured on 

the preceding day and following day was used as the daily value in nutrition balance calculations. 

Nitrogen balance was calculated as the difference between nitrogen intake (grams of protein / 

6.25) and total urinary nitrogen excretion. Stool production, wound exudates and nasogastric tube 

production etc. were omitted from nitrogen balance calculations.  

d. Statistical analysis 
Normally distributed data are expressed as mean ± SD and non-normally distributed data as 

median (range). EE and caloric intake data were analysed with multivariate analysis of variance 

(MANOVA) for repeated measurements. Generalised Estimating Equations (GEE) were used to 

identify determinants of nitrogen excretion rate.246 For the purpose of GEE analysis, nitrogen 

excretion was expressed per m2 body surface area to adjust for the wide age range of the study 

population. The influence of each variable on nitrogen excretion rate was separately determined 

by univariate analysis. All factors with a significance level p < 0.10 were then entered into a 

multiple regression model. With a backward selection procedure two final models were built. First, 

patient characteristics and observations related to illness severity were assessed as determinants 

of nitrogen excretion rate. The second analysis focused on the effect of nutrition on nitrogen 

excretion rate. Daily intakes and balances of energy and substrates were analysed. To assess 

potential non-linear (second order) relations with nitrogen excretion rate, we also included the 

squared values of these variables. A two-tailed p-value < 0.05 was considered significant. We 

used STATA 7.0 (StatCorp LP, College Station, TX, USA) and SPSS 11.0 (SPSS Inc, Chicago, IL, 

USA) for data analysis.  

Table 1 Patient characteristics 

Variable  SD-score 

Females (%) 12 / 33 (36%)  

Age (years) 11 (0 to 18)  

Study days per patient 7 (3 to 7)  

Body weight (kg) 30 (3 to 72) -0.4 ± 1.9 

Height (cm) 134 (55 to 182) -0.8 ± 2.3 

BMI (kg/m2) 17.3 (11 to 29) 0.1 ± 2.4 

PRISM score 9 (0 to 41)  

Probability of death (%) 2 (0 to 92)  

SD, standard deviation; BMI, body mass index; PRISM, Paediatric Risk of Mortality. Values are presented as median 
(range), except for SD scores (mean ± SD) and gender. Sepsis patients suffered from severe sepsis or septic shock caused 
by Neisseria meningitidis (n = 5), Flavobacterium meningosepticum (n = 1) or following peritonitis (n = 2). Surgery patients 
underwent abdominal surgery for neuroblastoma (n = 2), correction of scoliosis (n = 2), rhabdomyosarcoma (n = 1), or 
underwent thoracic surgery for correction of pectus excavatum (n = 7), diaphragmatic hernia (n = 5), pectus carinatum 
(n = 1) or oesophageal atresia (n = 1). Trauma patients were involved in traffic (n = 2) or other (n = 4) accidents. 
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Results 

a. Patient characteristics 
The cohort of the initial longitudinal study consisted of 46 patients.244 Subjects with insufficient 

urine samples (5 sepsis and 8 surgery patients) were excluded, leaving a final group of 33 patients 

(8 sepsis, 19 surgery and 6 trauma patients). Excluded patients were significantly younger, but 

had similar PRISM scores, probability of death and number of PICU admission days. Patient 

characteristics are shown in Table 1. On admission, 2 trauma and 2 sepsis patients had 

undergone surgery. No surgery or trauma patients suffered from sepsis.  

Patients were included on PICU admission and remained admitted for 55% of study days. Median 

duration of PICU admission was 4 (1-92) days. 9 patients were ventilated and 14 breathed 

spontaneously for the entire study period. The remaining 10 were weaned from mechanical 

ventilation after a mean of 4 days. No patients died and ten patients were discharged from the 

hospital during the study period, i.e. within 7 days from inclusion. 

Table 2 Dietary, indirect calorimetry and nutritional balance data 

Variable  

Dietary intake   

Caloric intake 20 (5 to 82)  kcal/kg·d 

Nutritional quotient 0.94 ± 0.05  

Carbohydrates 3.3 (1 to 17) g/kg·d 

Lipids 0.60 (0 to 3.0) g/kg·d 

Proteins 0.67 (0 to 1.9) g/kg·d 

Nitrogen 108 (0 to 307) mg/kg·d 

Indirect calorimetry   

Measured EE 39 ± 12 kcal/kg·d 

Measured EE / predicted EE 0.99 ± 0.13  

Respiratory quotient 0.86 ± 0.06  

Carbohydrate oxidation rate 5.2 (0.9 to 13) g/kg·d 

Lipid oxidation rate 1.3 (-0.7 to 4.1) g/kg·d 

Protein oxidation rate 1.2 ± 0.51 g/kg·d 

Nitrogen excretion rate 190 (36 to 452) mg/kg·d 

Intake and calorimetry data combined   

Daily energy balance -12 (-44 to 39) kcal/kg·d 

Administered energy / measured EE 0.58 (0.1 to 1.86)  

Daily carbohydrates balance -0.8 (-6.3 to 5.6) g/kg·d 

Daily lipid balance -0.9 (-3.6 to 2.9) g/kg·d 

Daily protein balance -0.5 (-1.5 to 1.7) g/kg·d 

Daily nitrogen balance -85 (-245 to 269) mg/kg·d 

EE, energy expenditure. Values have been adjusted for variations in number of patient study days and are presented either 
as median (range) or as mean ± standard deviation. 
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b. Dietary, indirect calorimetry and nutritional balance data 
Out of a total of 206 study days, indirect calorimetry measurements were obtained on 191 (93%) 

days. Mean elapsed time between PICU admission and first calorimetry measurement was 25 

± 10 h. 45% of calorimetry measurements were performed on ventilated patients. Median 

calorimetry sampling time was 195 min (33-756) in ventilated patients and 25 min (10-106) in 

canopy measurements. Body temperature and ventilator settings during metabolic monitor 

measurements were not significantly different from mean daily values. Complete 24-hour nitrogen 

collections were obtained on 198 days (96%).  

Table 3 Assessment of patient characteristics and observations related to illness 

severity as determinants of nitrogen excretion rate 

Variable Coefficient (95% Cl) p-value 

Univariate analysis   

Gender -196 (-1,644 to 1,253) 0.79 

Age (years) 16 (-102 to 134) 0.79 

Body weight (kg) 10 (-21 to 42) 0.51 

Height (cm) 1 (-12 to 15) 0.85 

BSA (m2) 428 (-750 to 1,605) 0.48 

Mean body temperature (˚C) -66 (-477 to 345) 0.75 

PRISM score 64 (2 to 126) 0.04 

Diagnostic category -625 (-1,866 to 616) 0.32 

Surgery status -1,699 (-3,585 to 188) 0.08 

VO2 (mL/min) 7 (-1 to 16) 0.09 

Measured EE (kcal/kg·d) -20 (-68 to 28) 0.42 

Measured EE / predicted EE 646 (-2,226 to 3,519) 0.66 

RQ -507 (-5,390 to 4,377) 0.84 

NPRQ 1,244 (-2,850 to 5,337) 0.55 

Hospital admission prior to inclusion (d) -8 (-137 to 120) 0.90 

PICU admission prior to inclusion (d) -89 (-974 to 796) 0.84 

Mechanical ventilation -462 (-1,556 to 633) 0.41 

Pharmacological sedation -142 (-1,017 to 732) 0.75 

Pharmacological paralysis 1,446 (-1,052 to 3,945) 0.26 

Inotrope medication 35 (-1,236 to 1,306) 0.96 

Multivariate analysis   

Surgery status -2,206 (-3,740 to -672) 0.005 

PRISM score 60 (18 to 102) 0.005 

VO2 (mL/min) 11 (5 to 17) < 0.001 

BSA, body surface area; PRISM, Paediatric Risk of Mortality; VO2, oxygen consumption; RQ, respiratory quotient; NPRQ, 
non-protein respiratory quotient; PICU, paediatric intensive care unit. Data indicate the effect of a variable on nitrogen 
excretion rate (mg/m2·d) as assessed by generalised estimating equations. The effect can be interpreted as follows: PRISM 
score and VO2 being equal, having undergone surgery will decrease nitrogen excretion rate by 2206 mg/m2·d (95% 
confidence interval).  
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Mean values of energy and substrate intakes, energy expenditure, substrate oxidation rates and 

nutritional balances are presented in Table 2. Caloric intake rose significantly over the course of 

the study (p = 0.001, MANOVA for repeated measurements). Overall, mean resting EE (38.9 ± 12 

kcal/kg·d) was in accordance with predicted EE from Schofield’s equations (40.4 ± 11 kcal/kg·d; 

p = 0.17). The ratio of measured EE to predicted EE remained stable over the course of the study 

at approximately 1.0 (p = 0.11, MANOVA for repeated measurements, overall mean 0.99 (95% 

confidence interval [CI] 0.94-1.0)). In individual patients this ratio reached extremes of 0.62 and 

1.45. Caloric and substrate intakes were significantly lower than measured EE and substrate 

oxidation rates, respectively. Median daily energy balance was -345 (-1289 - 310) kcal/d. 

Table 4 Assessment of nutritional variables as determinants of nitrogen excretion rate 

Variable Coefficient (95% CI) p-value 

Univariate analysis   

Daily caloric intake (kcal/kg·d) -16 (-31 to -2) 0.03 

(Daily caloric intake)2 -0.2 (-0.5 to 0.2) 0.34 

Caloric intake / measured EE -6 (-13 to 1) 0.08 

Daily energy balance (kcal/kg·d) -15 (-32 to 2) 0.09 

(Daily energy balance)2 -0.1 (-0.5 to 0.3) 0.65 

Carbohydrate intake (g/kg·d) -187 (-345 to -30) 0.02 

(Carbohydrate intake)2 4 (-1 to 9) 0.09 

Carbohydrate balance (g/kg·d) -15 (-124 to 95) 0.79 

(Carbohydrate balance)2 2 (-6 to 10) 0.64 

Lipid intake (g/kg·d) 97 (-419 to 614) 0.71 

(Lipid intake)2 -85 (-179 to 9) 0.08 

Lipid balance (g/kg·d) 71 (-129 to 271) 0.49 

(Lipid balance)2 -34 (-106 to 38) 0.35 

Nitrogen intake (mg/kg·d) -0.7 (-4 to 2) 0.66 

(Nitrogen intake)2 0 (0 to 0.1) 0.31 

NQ -4,833 (-13,034 to 3,369) 0.25 

Multivariate analysis   

Daily caloric intake (kcal/kg·d) -35 (-59 to -10) < 0.01 

Lipid intake (g/kg·d) 722 (165 to 1280) < 0.05 

(Lipid intake)2 -90 (-181 to -1) < 0.05 

EE, energy expenditure; NQ, nutritional quotient. Data indicate the effect of a variable on nitrogen excretion rate (mg/m2·d) 
as assessed by generalised estimating equations. The effect can be interpreted as follows: other factors being equal, each 
kcal/kg·d increase in caloric intake will decrease nitrogen excretion rate by 35 mg/m2·d (95% confidence interval).  

 

c. Determinants of nitrogen excretion rate 
The results of Generalised Estimating Equations analysis of determinants of nitrogen excretion 

rate (expressed as mg/m2·d) are presented in Tables 3 and 4. Analysis of patient characteristics 

and observations related to illness severity yielded three independent determinants of nitrogen 
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excretion; surgical status, PRISM score and VO2 (Table 3). When combined in a multivariate 

model, these factors explained 38% of the variance of nitrogen excretion. Table 4 lists the 

nutritional variables assessed. Caloric intake, lipid intake and (lipid intake)2 were independent 

determinants of nitrogen excretion. These nutritional variables combined explained 4% of the 

variance of nitrogen excretion.  

Discussion 

The results of this longitudinal, observational study of nitrogen excretion in critically ill children 

showed that variations in nitrogen excretion rate could for 38% be attributed to clinical 

characteristics related to illness severity. Multivariate analysis of nutritional variables as 

determinants of nitrogen excretion yielded an explained variance of merely 4%. 

Nitrogen balance studies indicate changes in body protein content, but give no information about 

the way in which changes are brought about. Assessment of protein breakdown, synthesis and 

turnover rates can be performed with stable isotope tracers, however there remains a paucity of 

such studies in critically ill children.11, 239, 240 This is partly explained by the invasive character of 

most stable isotope protocols. Secondly, given the relatively short length of stay of most patients 

in the PICU, tracer methods are neither suitable for serial evaluation of protein metabolism nor for 

the evaluation of therapeutic interventions in these children. For these reasons, urea7, 79, 120 and 

nitrogen excretion rates8, 32, 40, 129, 223, 225, 239, 240, 247 are more often applied in PICU patients as a 

measure of protein catabolism. Nitrogen balance was the method of our choice as well.  

Previous studies in PICU patients have been inconclusive on the relationship between nitrogen 

excretion and illness severity scores, with some studies showing statistical significance40, 223 

whereas others have not.8, 247 In our study, we found that clinical characteristics explained 38% of 

the variance in nitrogen excretion rate. PRISM score on admission, a quantitative measure of 

illness severity in PICU patients (with higher scores for more severely ill children), showed a 

positive correlation with nitrogen excretion rate. This confirms the classic concept that nitrogen 

excretion is proportionate to severity of illness. 

In our study, nitrogen excretion correlated with VO2 and this suggests increased nitrogen losses 

are related to hypermetabolism. In paediatric burn patients, protein breakdown rate is related to 

the degree of hypermetabolism, expressed as the ratio of measured EE to predicted EE.235 Studies 

performing indirect calorimetry and protein catabolism measurements in other diagnosis groups of 

critically ill children have not reported a similar association.7, 8, 129, 240 It should be noted that in our 

study the ratio of measured EE to predicted EE was not an independent predictor of nitrogen 

excretion rate. Furthermore, one could reason that the correlation found between VO2 and nitrogen 

excretion is attributable to a scaling relation between VO2 and body mass. Indeed, VO2 was 

expressed as l/min in our study and thus was not adjusted to body size. On the other hand, 

nitrogen excretion was expressed per m2 BSA for the purpose of GEE analysis. The fact that age, 

body weight and height were not significantly related to nitrogen excretion rate indicates that the 

adjustment to BSA was sufficient to correct for the wide age range of the study population. 
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Consequently, nitrogen excretion may be correlated to a degree of hypermetabolism, as assessed 

by VO2.  

The finding that having undergone surgery was associated with decreased nitrogen excretion is 

counterintuitive, as a catabolic response in protein metabolism following surgery is expected. The 

extent of nitrogen loss following surgery has been shown to correlate with the Surgery Severity 

Score, a proxy for the severity of surgical stress.40 Previous studies have indicated however, that 

the metabolic response to surgery can indeed be mild. In a study of whole body protein 

metabolism using a [15N]glycine tracer protocol, Kien et al. found a 15% decrease in protein 

synthesis rate following skin surgery when compared to preoperative measurements.248 Whole 

body protein breakdown was unaffected, as was nitrogen balance. In a study of energy 

metabolism in adults undergoing uncomplicated surgery, postoperative EE levels were only 

slightly raised (7%) compared to those of healthy controls.249 Of the operated patients (n = 23) in 

our study, the vast majority (n = 19) underwent elective surgery. Apparently, surgery in these 

patients did not provoke a metabolic stress response to the same extent as present in the non-

surgical patients.  

The analysis of nutritional variables found that only 4% of variance of urinary nitrogen excretion 

could be attributed to nutritional factors. From studies in adults, it is known that aggressive 

nutritional support does not prevent body protein loss during severe catabolic illness.147, 150 The 

low explained variance of our model might be an expression of this limited effect of nutrition in 

critically ill patients.  

In our patients, caloric intake correlated significantly with a decrease in nitrogen excretion. This is 

in accordance with previous studies in critically ill children.8, 225 The protein sparing effect of caloric 

intake has long been known250 and is based on the prevention of protein catabolism .251 The 

coefficients for lipid intake and (lipid intake)2 can not be interpreted in a straightforward way. The 

combination of both indicates that when lipid intake is relatively low, an increase in lipid intake is 

associated with an increase in nitrogen excretion. When lipid intake is relatively high, an increase 

in lipid intake is associated with a decrease in nitrogen excretion. Administration of lipids in 

parenteral formulas has been shown to have a protein sparing effect in children.252-254 Direct 

comparison with these studies is difficult as our patients received both enteral and parenteral 

nutrition. Nevertheless, the results indicate that, if given in an adequate amount, lipids have a 

protein sparing effect. This is in line with previous studies that found that optimal nitrogen 

retention is achieved when calories are administered in a “physiological” balance of fat and 

carbohydrates.252, 254 

In conclusion, we found that in a mixed population of critically ill children admitted to the PICU, 

nitrogen excretion was only to a very limited extent influenced by nutrition. On the other hand, 

parameters associated with disease severity explained 38% of the variance in protein catabolism. 

The degree of protein catabolism was proportionate to PRISM score and VO2. In addition, surgical 

intervention was associated with a decreased nitrogen excretion rate. These findings indicate that, 

similar to burn patients, critically ill children experience a metabolic response with increased 

protein catabolism proportionate to illness severity. When confirmed in other independent studies, 

these findings warrant maximal attention for the quantity and composition of nutrition in the 

treatment of critically ill children, in order to avoid potential long-term adverse effects.  


