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1GENERAL INTRODUCTION

During critical illness, lean body mass and especially skeletal muscle mass declines 

rapidly due to inflammation induced catabolism, immobility and poor nutritional intake. 

The principal goal of nutrition support in the critically ill is to minimize the loss of lean 

body mass, to maintain an adequate nutritional status, and to ultimately achieve better 

outcome. The definition of optimal nutrition, i.e. of the optimal amount of energy and 

protein to be delivered by nutrition remains a matter of debate. Randomized controlled 

trials show controversial results, likely due to differences in methodology such as differ-

ences in nutritional characteristics (administration route, timing and amount of calories 

and protein), type of disease, body composition, and degree of inflammation. Nonethe-

less, observational data has shown that both over-and underfeeding are associated with 

adverse outcome [1-5].

The metabolic stress response to critical illness and its different phases

Inflammation induced by critical illness leads to a metabolic response that is mediated 

by catabolic hormones (glucagon, catecholamines, glucocorticoids), cytokines, eico-

sanoids, radical oxygen species, other local mediators and by insulin resistance. This 

metabolic response ensures provision of energy and substrate to vital organs (figure 

1). While essential for short-term survival, the loss of lean body mass, especially the 

breakdown of skeletal muscle, is associated with ICU acquired weakness and has severe 

long-term consequences [6, 7].

figure 1. The metabolic response to critical illness
The neuro-hormonal and inflammatory response to critical illness results in endogenous energy pro-
duction in the form of free fatty acids (FFA) from lipolysis and glucose from hepatic gluconeogenesis. 
Substrates for hepatic gluconeogenesis are amino acids released from muscle proteolysis (primar-
ily glutamine and alanine), lactate generated in hypoxic areas via the Cori cycle, and glycerol from 
lipolysis. Amino acids are also used for the synthesis of acute inflammatory proteins. This metabolic 
response ensures the provision of energy and substrate to vital organs at the expense of muscle 
protein degradation.
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Conceptually, critical illness comprises an acute phase and a chronic phase. The early 

acute phase is characterized by severe inflammation and the metabolic response, as 

described above, with a catabolic state and endogenous energy production. The late 

acute phase is characterized by diminishing inflammation and endogenous glucose pro-

duction. The acute phase is followed by a chronic phase. In the chronic phase catabolism 

either shifts to anabolism and rehabilitation or to chronic inflammation with persistent 

catabolism (figure 2). There is broad consensus that nutritional needs, especially energy 

needs, are different in these stages of critical illness [8]. In the acute phase of critical 

illness the inflammation-driven endogenous energy production from body stores can be 

as much as 75% of energy expenditure [9]. Full nutrition in this phase in this phase may 

easily lead to harmful overfeeding. Furthermore, nutrition suppresses autophagy, a cel-

lular process in which damaged proteins and organelles as well as pathogens are cleared 

from the cell. Autophagy seems of paramount importance for the recovery from organ 

damage and failure [10]. Thirdly, early full feeding may be associated with refeeding 

and worse outcome [11].

Part I - Assessment of energy expenditure (EE) in the critically ill

While the optimal amount of nutritional energy in the different phases of critical illness is 

unclear, measurement of energy expenditure (EE) is important to prevent early energy 

overfeeding and later underfeeding, as both are associated with increased mortality [1-

5]. EE can be accurately assessed with indirect calorimetry. Indirect calorimetry mea-

sures oxygen consumption (VO2) and carbon dioxide production (VCO2) from respiratory 

gases and EE is calculated using the abbreviated Formula of Weir [12]:

figure 2. The conceptual phases of critical illness
From the ESPEN guideline on clinical nutrition in the intensive care unit, Clinical Nutrition 2019 38, 
48-79DOI: (10.1016/j.clnu.2018.08.037)[8]
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1EE (kcal/day): (3.941 × VO2 (L/min) + 1.11 × VCO2 (L/min)) × 1440

The Deltatrac® metabolic monitor (Datex, Helsinki, Finland) was validated in the 

critically ill in the mid-nineties and has been considered as the gold standard indirect 

calorimeter in mechanically ventilated patients since then [13]. Unfortunately, the 

manufacturer has ended production and stopped support on existing devices. In recent 

years, several new devices have been developed. In contrast to the Deltatrac®, which 

uses a mixing chamber to analyze VO2 and VCO2, these devices use breath-by-breath 

analysis. Their accuracy, especially in critically ill mechanically ventilated patients who 

exhibit rapid and irregular breathing patterns, is not yet established [14-17]. Rigorous 

validation in this specific patient group is necessary. Furthermore, daily and even con-

tinuous assessment of EE by indirect calorimetry is not feasible but could be important 

because EE is known to vary widely over time and during the day as a result of changing 

metabolic rate [9, 18, 19]. Indirect calorimetry is often not available and is resource and 

time consuming. In clinical practice predictive equations are used to estimate EE. These 

equations are notoriously inaccurate in the critically ill [20, 21]. Alternative methods to 

accurately assess EE in critically ill patients are needed.

Part II - Assessment of body composition in the critically ill.

A large proportion of critically ill patients are at nutritional risk as a result of poor 

pre-existing nutritional status and severity of disease. Patients who are at nutritional 

risk will theoretically benefit more from nutritional therapy than patients with good 

nutritional status. Identification of these patients at risk is, however, difficult. Nutritional 

risk screening tools are not validated in the critically ill and conventional markers, such 

as body mass index (BMI), do not necessarily reflect nutritional status. In recent years, 

the focus has shifted to the assessment of body composition to identify patients who 

are at nutritional risk and have limited physiologic reserve. The degree of muscle mass 

deficit is incorporated in the ESPEN-guideline to grade the severity of malnutrition [8]. 

However, reference methods to assess muscle mass are not feasible or not validated 

in the critically ill. CT-scanning can be used for the assessment of muscle area. The 

skeletal muscle area on a single cross-sectional CT image at the level of the third lumbar 

vertebra (L3) has been found to be a good reflection of whole body muscle mass in a 

cadaver validation study [22]. In the critically ill, low muscle mass on ICU admission, 

assessed by skeletal muscle area (SMA) on CT, is associated with poor outcome, includ-

ing fewer ventilator-free days, longer ICU and hospital length of stay, and mortality 

[23-27]. In addition to mass, muscle quality may be of prognostic significance. Lower 

skeletal muscle density (SMD) on CT as defined by Hounsfield units, has been associ-

ated with increased lipid infiltration in muscle biopsies [28]. It is used as a marker 

of muscle quality and is associated with poor outcome in critically ill patients [29]. 

However, using CT-scan analysis for measuring muscle mass and quality has several 
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limitations, including radiation exposure, costs, risks associated with patient transport, 

and time consumption.

Bioelectrical impedance analysis (BIA) is a simple, non-invasive, bedside technique 

that estimates body composition. BIA measures the opposition to an alternating current 

while passing through body compartments (resistance) and the delay in conduction 

by cell membranes (reactance). From the raw values, resistance and reactance, the 

composite marker phase angle is calculated (see figure 3). Phase angle reflects the pro-

portion of cellular mass, integrity of cell membranes and hydration status. It is proposed 

as a biological marker of cellular mass and cellular health. Phase angle declines with 

age and sarcopenia, and a low phase angle is associated with malnutrition and frailty 

[30-33]. Several studies have shown that phase angle predicts outcome in a variety of 

diseases [34-36]. Therefore, phase angle may be useful in risk assessment of critically 

ill patients.

BIA also assesses muscle mass by using equations that combine anthropomorphic 

and electrical data. However, prerequisites for an accurate assessment, fluid homeo-

figure 3. Bioelectrical impedance analysis
Figure 3a. was retrieved from Di Somma et al. (2011) [38], figure 3b. and 3c. were retrieved from 
https://www.biodyncorp.com/knowledgebase/bioimpedance measurements.html
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1stasis and a reliable body weight are generally not met in the critically ill. Nonetheless, 

a recent study in Asian critically ill patients showed agreement and a high correlation 

between BIA and CT-derived muscle mass [37]. Therefore, BIA may be a potential tool 

to assess low muscle mass in critically ill patients. However, rigorous validation of the 

raw and calculated markers in the Caucasian population is needed, especially in patients 

with altered hydration status.

Part III - The role of protein in critical care nutrition

Not only the amount of nutritional energy (kcals), but also the amount of nutritional 

protein seems important for outcome in critically ill patients. Protein has an important 

role in immune function, wound healing, and in maintaining lean body mass. Muscle is 

an important source of protein for the release of amino acids and inflammatory media-

tors. As described above, muscle mass declines rapidly during critical illness, with up 

to one kilogram of muscle being lost per day [39]. Although this loss may be adaptive 

in the acute phase, muscle wasting is associated with ICU acquired weakness and has 

enormous impact on the long-term physical performance and quality of life of intensive 

care survivors [6, 7].

The aim of optimal protein nutrition is to limit the loss of muscle and other lean body 

mass during the catabolic state and to restore the protein pool during the anabolic 

phase. However, protein provision also suppresses autophagy [40]. As with nutritional 

energy, we do not know the optimal protein target in the different phases of disease. 

In the retrospective study by Ishibashi et al., body protein was best maintained at 

1.2 g protein/kg pre-admission body weight/day [41]. The current ESPEN-guideline 

defines optimal protein nutrition as 1.3 grams of protein equivalents/kg pre-admission 

body weight/day [8]. In several conditions, such as burns, severe trauma or in patients 

receiving renal replacement therapy (RRT), there is increased protein loss, and these 

patients may require an even higher protein intake. Acute kidney injury and renal failure 

are frequent manifestations of critical illness. Continuous venovenous hemofiltration 

(CVVH) is a modality frequently used to replace renal function in the critically ill. How-

ever, the filtering process is non-specific, and useful solutes, such as water-soluble 

vitamins and amino acids, are cleared as well. Older studies have shown considerable 

losses of amino acids during RRT [42-44]. These losses likely contribute to malnutrition 

and may have implications for protein targets in these patients. Recent studies measur-

ing amino acid loss during CVVH with modern hemofilters are relevant, but lacking.

Aim and outline of the thesis

This thesis comprises studies conducted with the aim to optimize nutrition in critically 

ill patients. Part I describes alternative methods to assess EE in mechanically ven-

tilated critically ill patients. We hypothesized that EE can be assessed by using the 
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ventilator-derived carbon dioxide production (VCO2). In Chapter 2, we describe a pro-

spective study in 84 mechanically ventilated patients aiming to determine the accuracy 

of ventilator derived VCO2 to assess EE using the DeltatracÒ as reference method. In 

Chapter 3, we respond to a study by Oshima et al., in a letter to the editor, in which we 

emphasize that although VCO2 derived EE does not replace indirect calorimetry, it is the 

best alternative, and is superior to estimating equations. In Chapter 4, we report the 

results of a prospective observational study in which we tested the agreement between 

a new, compact indirect calorimeter that uses breath-by-breath analysis, the E-sCOVX 

(GE Healthcare, Helsinki, Finland), and the gold standard DeltatracÒ metabolic monitor 

by comparing 29 measurements in 16 mechanically ventilated patients.

Part II focuses on methods to assess body composition in critically ill patients. We 

hypothesized that BIA-derived phase angle, a marker for cellular mass, integrity of 

cell membranes and hydration status, is a predictor of long-term outcome in intensive 

care patients. In Chapter 5, we report a prospective observational study in which we 

measured phase angle on ICU admission in 196 patients and tested its association with 

90-day mortality. In Chapter 6, we report the results of a prospective observational 

study in 110 intensive care patients in whom we compared CT-derived muscle mass 

and BIA-derived muscle mass, and we test the ability of BIA to identify patients with 

low muscle mass on CT-scan. Part III describes the importance protein in critical care 

nutrition. Chapter 7 reports a prospective observational cohort study in 886 mechani-

cally ventilated patients undergoing indirect calorimetry aimed to investigate the effect 

of reaching personalized energy and protein targets on clinical outcome. In Chapter 8, 

we report an observational study in ten patients treated by CVVH and studied the loss 

of amino acids by adsorption to the filter membrane and by ultrafiltration.
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AbSTRACT

Introduction: Measurement of energy expenditure (EE) is recommended to guide 

nutrition in critically ill patients. Availability of a gold standard indirect calorimetry is 

limited, and continuous measurement is unfeasible. Equations used to predict EE are 

inaccurate. The purpose of this study was to provide proof of concept that EE can be 

accurately assessed on the basis of ventilator-derived carbon dioxide production (VCO2) 

and to determine whether this method is more accurate than frequently used predictive 

equations.

Methods: In 84 mechanically ventilated critically ill patients, we performed 24-h 

indirect calorimetry to obtain a gold standard EE. Simultaneously, we collected 24-h 

ventilator-derived VCO2, extracted the respiratory quotient of the administered nutri-

tion, and calculated EE with a rewritten Weir formula. Bias, precision, and accuracy and 

inaccuracy rates were determined and compared with four predictive equations: the 

Harris-Benedict, Faisy, and Penn State University equations and the European Society 

for Clinical Nutrition and Metabolism (ESPEN) guideline equation of 25 kcal/kg/day.

Results: Mean 24-h indirect calorimetry EE was 1823 ± 408 kcal. EE from ventilator-

derived VCO2 was accurate (bias +141 ± 153 kcal/24 h; 7.7 % of gold standard) and 

more precise than the predictive equations (limits of agreement −166 to +447 kcal/24 

h). The 10 % and 15 % accuracy rates were 61 % and 76 %, respectively, which were 

significantly higher than those of the Harris-Benedict, Faisy, and ESPEN guideline equa-

tions. Large errors of more than 30 % inaccuracy did not occur with EE derived from 

ventilator-derived VCO2. This 30 % inaccuracy rate was significantly lower than that of 

the predictive equations.

Conclusions: In critically ill mechanically ventilated patients, assessment of EE based 

on ventilator-derived VCO2 is accurate and more precise than frequently used predictive 

equations. It allows for continuous monitoring and is the best alternative to indirect 

calorimetry.
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INTRODUCTION

The optimal energy target in the first days of critical illness remains controversial [1-3]. 

Nonetheless, measurement of energy expenditure (EE) is important to prevent early 

overfeeding and later underfeeding, as both are associated with increased mortality 

[4-6]. EE can be accurately assessed with indirect calorimetry, which measures oxygen 

consumption (VO2) and carbon dioxide production (VCO2) from respiratory gases [7, 8]. 

EE is then calculated using the abbreviated formula published by Weir [9]:

EE kcal/day = [3.941 × VO2(L/min) + 1.11 × VCO2(L/min)] × 1440

Indirect calorimetry is often not available and is resource- and time-consuming. Daily 

assessment of EE is not feasible but could be important because EE is known to vary 

widely over time as a result of changing metabolic rate [10-12]. In the absence of indi-

rect calorimetry, numerous predictive equations are used to estimate EE, including the 

Harris-Benedict equation and the European Society for Clinical Nutrition and Metabolism 

(ESPEN) guideline equation of 25 kcal/kg/day [13, 14]. These equations are notoriously 

inaccurate for individual critically ill patients, owing to large disease-, treatment-, and 

interindividual-related differences in metabolic rate [15-17]. The Penn State University 

and Faisy equations were especially developed for mechanically ventilated critically ill 

patients and include temperature and minute ventilation in the calculation of EE [15, 

18]. The Penn State University equation is recommended by the Academy of Nutrition 

and Dietetics when indirect calorimetry is not feasible [19]. Validation studies for both 

equations are limited.

An alternative method to assess EE in mechanically ventilated critically ill patients 

could be the use of VCO2 measurements only. This is practical, as most mechanical ven-

tilators provide the option to measure VCO2 continuously. When VCO2 is known, the Weir 

formula can be used to calculate VO2, assuming the respiratory quotient (RQ), which is 

the ratio between VCO2 and VO2. Its physiologic range of 0.67-1.2 depends on the type 

of the actually metabolized substrate provided that ventilation and acid-base balance 

are stable [20]. Although the latter vary during critical illness, in prolonged measure-

ment periods metabolic CO2 production equals its excretion. Given these limitations, we 

hypothesized that EE could be assessed on the basis of ventilator-derived VCO2 using 

RQ of the administered nutrition and the rewritten Weir formula.

The aim of this study was to provide proof of concept that EE can be accurately 

assessed on the basis of ventilator-derived VCO2 and nutritional RQ and to determine 

whether this method is more accurate than frequently used predictive equations.
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MATERIAL AND METHODS

Study design and setting

This prospective observational study was conducted in the mixed medical-surgical adult 

intensive care unit (ICU) of the VU University Medical Center in Amsterdam, The Neth-

erlands. The study was approved by the Medical Ethics Committee of the VU University 

Medical Center. The need for written informed consent was waived because indirect 

calorimetry is part of routine care in our ICU and imposes no burden on patients.

Subjects

Inclusion criteria were age 18 years or older, mechanical ventilation, ICU stay of 3 days 

or more, and enteral or parenteral nutrition reaching at least two-thirds of calculated 

nutritional target. According to the standard practice of the unit, the initial nutritional 

target was an energy delivery as calculated with the revised Harris-Benedict equation 

[21], adding 20 % for stress and 10 % for activity [22, 23] and protein delivery of 

1.2-1.5 g/kg preadmission body weight per day [24]. This target was adjusted based 

on indirect calorimetry measurements. An algorithm was used to determine the optimal 

nutritional product and amount needed to meet both protein and energy requirements 

[25]. Patients were excluded if they failed to meet accuracy criteria or safety criteria 

for indirect calorimetry, being a fraction of inspired oxygen (FiO2) greater than 0.6, 

air leakage through cuff or chest tubes, or a positive end-expiratory pressure (PEEP) 

greater than 14 cmH2O (arbitrary limit).

Our patient data management system (PDMS) (MetaVision; iMDsoft, Düsseldorf, Ger-

many) was used to routinely record demographic and clinical data; Acute Physiology and 

Chronic Health Evaluation (APACHE) II and III scores and APACHE IV predicted mortality 

[26-28]; diagnosis group; type, amount, and composition of feeding; and ventilation 

characteristics. Sedation was assessed by using the Ramsay Sedation Scale [29].

Study protocol

Patient weight and height were recorded upon ICU admission. Preadmission weight 

and height were obtained, and, if not available, they were measured or estimated by a 

clinician. Indirect calorimetry was performed for 24 h. Simultaneously, 24-h minute-by-

minute ventilator-derived VCO2, which is routinely exported to the PDMS, was recorded. 

After the first hour of measurement, type and amount of nutrition were adjusted to 

meet EE as measured with indirect calorimetry. All macronutrient intake during the 

study period, including propofol and glucose infusions, were routinely stored in the 

PDMS.
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Methods used to assess energy expenditure

Energy expenditure from indirect calorimetry

Twenty-four-hour indirect calorimetry was performed with a Deltatrac II MBM-200 Meta-

bolic Monitor (Datex, Helsinki, Finland) connected to the ventilator. Before this study, 

an alcohol-burning test was performed to calibrate the metabolic monitor. Before each 

24-h measurement, the metabolic monitor was prepared and calibrated according to 

the manufacturer’s instructions. Artifact suppression was turned on. For each patient, 

VCO2, VO2, RQ, and energy expenditure from indirect calorimetry (EE:Calorimetry) were 

recorded minute by minute and exported to a computer. For comparison, the mean 24-h 

value was calculated for each patient.

Energy expenditure from ventilator-derived volume of carbon dioxide and nutritional 

respiratory quotient

We use SERVO-i mechanical ventilators (Maquet, Rastatt, Germany) in our ICU. These 

have mainstream CO2 sensors connected to the airway adapter that measure endtidal 

CO2. Sensors were calibrated before every study period and subsequently at 8-h inter-

vals or more often if necessary. The SERVO-i ventilator calculates VCO2 from the product 

of CO2 concentration in expiratory air and the expiratory volume (VCO2 = volume × 

fraction of expired CO2).

VCO2 is displayed breath by breath and exported to the PDMS once each minute. For 

each patient, 24-h minute-by-minute VCO2 values were collected. To calculate energy 

expenditure from ventilator-derived volume of carbon dioxide and nutritional respiratory 

quotient (EE:VCO2), the average 24-h VCO2 (ml/min) was used.

Nutritional RQ was calculated considering 24-h macronutrient delivery, including 

calories provided by propofol (1.1 kcal/ml) and glucose (4 kcal/g). We assumed RQs 

of 1 for carbohydrates, 0.7 for fat, and 0.8 for protein. Nutritional RQ was calculated 

from the weighted average RQ for intake during the study period. For example, if the 

composition of the enteral formula was 16 % protein, 49 % carbohydrates, and 35 % 

fat, the nutritional RQ was calculated as 0.16 × 0.8 + 0.49 × 1 + 0.35 × 0.7 = 0.86.

After calculating nutritional RQ for each patient, EE:VCO2 was subsequently calculated 

using the following rewritten Weir formula:

EE = ((3.941 × VCO2(L/min) ÷ Nutritional RQ) + (1.11 × VCO2(L/min)) × 1440

Energy expenditure derived from predictive equations

EE was calculated using four predictive equations: the Harris-Benedict equation [21], 

the ESPEN guideline equation [14], the Penn State University 2003b equation [15], and 

the Faisy equation [18].
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Energy expenditure was calculated with the Harris-Benedict equation (EE:HB) as fol-

lows:

men : 88.362 + 13.397 × weight(kg) + 4.799 × height(cm) – 5.677 × age(y)

women : 447.593 + 9.247 × weight(kg) + 3.098 × height(cm) – 4.33 × age(y)

Energy expenditure was calculated with the European Society for Clinical Nutrition and 

Metabolism guideline of 25 kcal/kg/day (EE:Esp25).

Energy expenditure was calculated with the Penn State University 2003b equation 

(EE:PSU) as follows:

Mifflin-St Jeor × 0.96 + T max × 167 + Ve × 31 – 6212

The Mifflin-St Jeor calculation is as follows [30]:

men : 10 × weight(kg) + 6.25 × height(cm) – 5 × age(y) + 5

women : 10 × weight(kg) + 6.25 × height(cm) – 5 × age(y) – 161

Tmax is highest body temperature during the 24-h study period, and Ve is mean minute 

ventilation during the 24-h study period.

Energy expenditure was calculated with the Faisy equation (EE:Faisy) as follows:

8 × weight(kg) + 14 × height(cm) + 32 × Ve(L/min) + 94 × T‐4834

Ve is mean minute ventilation during the 24-h study period, and T is mean temperature 

during the 24-h study period.

Endpoints

The primary endpoint was accuracy of EE:VCO2 using EE:Calorimetry as a gold standard. 

Secondary endpoints were the accuracy of EE:HB, EE:Esp25, EE:Faisy, and EE:PSU.

Data analysis

Descriptive data are reported as mean [standard deviation (SD)], median (25th-75th 

percentile), or number (percentage) as appropriate. Student’s t test was used for com-

parison of paired data. Correlations were calculated using Pearson’s test, and strength 

of correlation was expressed as r. The accuracy of the different measurement methods 

was assessed in accordance with the ISO 5725 standard [31], which describes how 

accuracy can be defined in terms of bias and precision. Bias is the systematic error as 

compared with the gold standard (in this case EE:Calorimetry), whereas precision is 

the random (non-systematic) error of individual measurements. The inaccuracy of a 
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measurement method can thus be due to a large bias (the systematic component), low 

precision (the random component), or both. Bias was calculated as the mean difference 

of EE:VCO2 (or equation-based EEs) and gold standard EE (EE:Calorimetry). EE was 

considered unbiased if the bias was less than 10 % of the gold standard EE [32]. Preci-

sion was quantified as the SD of the bias and the limits of agreement (2 SD). SDs of the 

different methods were compared using Levene’s test for equality of variances. Bland-

Altman plots were used to graphically represent bias and limits of agreement [33]. 

Accuracy was further quantified by accuracy rates, which we defined as the proportion 

of patients for which the EE:VCO2 (or equation-based EE) predicted EE within 10 % and 

15 % of gold standard EE:Calorimetry. We calculated greater than 25 % and greater 

than 30 % inaccuracy rates to quantify the occurrence of large errors, as the proportion 

of patients for which the EE:VCO2 (or equation-based EE) differed by more than 25 % 

or more than 30 % from gold standard EE:Calorimetry.

In a post hoc analysis, we calculated for which stress and activity factor the bias of 

the Harris-Benedict equation was lowest and used this equation in further data analysis 

(EE:HB15).

IBM SPSS 20 software (IBM, Armonk, NY, USA) was used for statistical analysis. A p 

value less than 0.05 was considered statistically significant.

RESULTS

During the study period (20 March to 5 December 2013), 1172 patients were admitted 

to our ICU. Among them, 163 (13.9 %) were mechanically ventilated for more than 3 

days with FiO2 60 % or less and PEEP 14 cmH2O or less. Among these 163 patients, 123 

(75 %) received about two-thirds of their nutritional energy target (defined by Harris-

Benedict +30 %) and 92 of those 123 had no thoracic drains. Of the 92 eligible patients, 

84 patients (91 %) were included (see Fig. 1). The main reason for missed inclusion was 

absence of a researcher. The included patients’ demographic, clinical, and nutritional 

characteristics are shown in Table 1. Twenty-six patients (31 %) were female. The most 

prevalent ICU admission diagnoses were post-cardiac arrest, postsurgery, and trauma. 

Twelve patients (14 %) had sepsis. The mean APACHE II score was 23.9 ± 8.4. Most 

patients were on pressure support ventilation (82 %). The mean total macronutrient 

intake during the 24-h study period was 1835 ± 627 kcal, including caloric intake from 

glucose and propofol infusions.
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figure 1. Consolidated Standards of Reporting Trials diagram representing the inclusion 
of patients.
FiO2 fraction of inspired oxygen, ICU intensive care unit, MV mechanical ventilation, PEEP positive 
end-expiratory pressure

Table 1. Demographic, clinical, and nutritional characteristics of the study population
Characteristics Data

Number of patients 84

Male, n (%) 58 (69)

Female, n (%) 26 (31)

Age, yr (mean ± SD) 63.5 ± 14.9

Height, cm (mean ± SD) 173.7 ± 7.8

Weight, kg (mean ± SD) 79.1 ± 16.0

BMI, kg/m2 (mean ± SD) 22.7 ± 4.4

APACHE II score (mean ± SD) 23.9 ± 8.4

APACHE III score (mean ± SD) 91.0 ± 34.3

APACHE IV predicted mortality (mean ± SD) 0.47 ± 0.31

ICU admission diagnosis, n (%)



27

2

Ventilator-derived CO2 production to assess energy expenditure in critically ill patients

Table 1. (continued)
Characteristics Data

Trauma 15 (17.9)

Sepsis 12 (14.3)

Respiratory insufficiency 10 (11.9)

Postsurgery 18 (21.4)

Neurologic 4 (4.8)

Post–cardiac arrest 21 (25)

Cardiovascular 4 (4.8)

Length of ICU stay at time of study, days, median (IQR) 4.0 (3–6)

Ramsay Sedation Scale score,a median (IQR) 5 (4–6)

Body temperature, °C (mean ± SD) 36.8 ± 0.8

Heart rate, beats/minute (mean ± SD) 91 ± 20

MAP, mmHg (mean ± SD) 84 ± 14

Norepinephrine, n (%) 33 (39.3)

CVVH, n (%) 8 (9.5)

Respiratory rate, breaths/min, median (IQR) 19 (15–24)

Minute volume, L/min (mean ± SD) 9.3 ± 3.2

Tidal volume, ml (mean ± SD) 462 ± 121

PaO2/FiO2 ratio, median (IQR) 220 (180–263)

PEEP, cmH2O, median (IQR) 8 (5–10)

Mechanical ventilation mode, n (%)

PS/CPAP 69 (81.4)

PC 15 (17.9)

Type of nutrition, n (%)

Enteral 73 (86.9)

Parenteral 4 (4.8)

Combination enteral and parenteral 7 (8.3)

Total nutritional intake, kcal/24 h (mean ± SD) 1748 ± 621

Total macronutrient intake,b kcal/24 h (mean ± SD) 1835 ± 627

Length of mechanical ventilation, days, median (IQR) 8 (6–15)

Length of stay ICU, days, median (IQR) 11 (7–18)

Length of stay hospital, days, median (IQR) 23 (13–45)

ICU mortality, n (%) 29 (30.9)

Hospital mortality, n (%) 36 (38.3)

APACHE acute physiology and chronic health evaluation, BMI body mass index, CPAP continuous 
positive airway pressure, CVVH continuous venovenous hemofiltration, ICU intensive care unit, IQR 
interquartile range, MAP mean arterial pressure, PaO2/FiO2 ratio of partial pressure of arterial oxygen 
to fraction of inspired oxygen, PC pressure control, PEEP positive end-expiratory pressure, PS pres-
sure support, SD standard deviation
aRamsay Sedation Scale scoring system: 1 = patient anxious and agitated or restless, or both; 2 
= patient cooperative, orientated, and tranquil; 3 = patient responds to commands only; 4 = brisk 
response to a light glabellar tap or auditory stimulus; 5 = sluggish response to light glabellar tap or 
auditory stimulus; 6 = no response to the stimuli mentioned for scores 4 and 5
bIncluding intake from intravenous propofol and glucose
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Energy expenditure, VO2, VCO2, and RQ

Mean 24-h results for EE, VO2, VCO2, and RQ are presented in Table 2. Mean 24-h 

EE:Calorimetry was 1823 ± 408 kcal. Mean 24-h EE:VCO2 was 1963 ± 431 kcal, which 

was significantly higher than EE:Calorimetry (p < 0.001) (see Table 2).

Correlation

EE:VCO2 correlated strongly with EE:Calorimetry (r = 0.935). The equation-based EEs 

correlated less strongly and the correlation coefficient was lowest for EE:Esp25 (r = 

0.639) (see Fig. 2).

Bias (mean difference of EE:VCO2 and predictive equations with 

EE:Calorimetry)

Bland-Altman plots are shown in Fig. 2. The bias of EE:VCO2 was +141 ± 153 kcal/24 h 

(7.7 % of EE:Calorimetry). This was significantly lower than the bias of EE:HB (−246 ± 

263 kcal/24 h, p < 0.001), comparable to the bias of EE:Faisy (+176 ± 218 kcal/24 h, p 

= 0.226) and EE:Esp25 (+156 ± 344 kcal/24 h, p = 0.709), but higher than the bias of 

Table 2. Mean 24-h results of VCO2, VO2, RQ, and EE measurements
Mean ± SD p value

(vs. calorimetry

VCO2 (ml/min)

Calorimetry 225 ± 47

Ventilator 240 ± 52 <0.001

VO2 (ml/min)

Calorimetry 265 ± 59

RQ

Calorimetry 0.8592 ± 0.0473

Nutrition 0.8636 ± 0.0119 0.410

Nutritiona 0.8629 ± 0.0151 0.485

Energy expenditure (kcal/24 h)

Calorimetry 1823 ± 408

VCO2-derived 1963 ± 431 <0.001

HB equation 1576 ± 257 <0.001

Esp25 1979 ± 400 <0.001

Faisy equation 1999 ± 269 <0.001

PSU 1801 ± 314 0.431

HB15 1813 ± 295 0.724

Calorimetry measured with indirect calorimetry, Esp25 European Society for Clinical Nutrition and 
Metabolism -guideline equation of 25 kcal/kg/day, HB15 Harris-Benedict equation with 15 % added; 
PSU Penn State University 2003b equation, RQ respiratory quotient, SD standard deviation, VCO2-
derived carbon dioxide production, VCO2-derived from ventilator-derived carbon dioxide production 
and nutritional respiratory quotient, VO2 oxygen consumption
aIncluding macronutrient intake from intravenous propofol and glucose
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EE:PSU (−22 ± 254 kcal/24 h, p < 0.001). In post hoc analysis, we calculated that the 

bias of the Harris-Benedict equation was lowest with a stress and activity factor of +15 

% (−10 ± 257 kcal/24 h). See Table 3 for detailed results. The bias of ventilator-derived 

VCO2 was 14.7 ml/min (6.5 % of VCO2:Calorimetry). The bias of nutritional RQ was 

0.0037 (0.4 % of RQ:Calorimetry).

Precision

Limits of agreement were smallest for EE:VCO2 (−166 to +447 kcal/24 h) The SD of the 

bias of EE:VCO2 was significantly smaller than that of all equation-based EE values (see 

Table 3 and Figs. 2 and 3).

Accuracy and inaccuracy rates

Less than 10 % and less than 15 % accuracy rates of EE:VCO2 were 61 % and 79 

%, respectively. These were significantly higher than those of EE:HB, EE:Esp25, and 

EE:Faisy but not significantly different from EE:PSU and EE:HB15. Less than 25 % and 

less than 30 % inaccuracy rates of EE:VCO2 were 2 % and 0 %, respectively. The less 

than 30 % inaccuracy rate of EE:VCO2 was significantly lower than that of all equation-

based EE values (Table 3 and Fig. 4).

figure 3. Bias and precision of the methods used to assess energy expenditure (EE). 
The x-axis shows the different methods used to assess EE.
The y-axis represents the bias (mean difference with gold standard indirect calorimetry) and the 
precision (±1 standard deviation) in kilocalories per day. *Variance of the bias significantly smaller 
than that of the predictive equations. EE:Esp25, Energy expenditure calculated with the European 
Society for Clinical Nutrition and Metabolism guideline equation of 25 kcal/kg/day; EE:Faisy, En-
ergy expenditure calculated with the Faisy equation; EE:HB, Energy expenditure calculated with the 
Harris-Benedict equation; EE:PSU, Energy expenditure calculated with the Penn State University 
2003b equation; EE:VCO2, Energy expenditure from ventilator-derived volume of carbon dioxide and 
nutritional respiratory quotient



32 Chapter 2

DISCUSSION

The present prospective observational study in critically ill mechanically ventilated 

patients provides proof of concept that EE can be accurately calculated from EE:VCO2. 

Furthermore, it shows that this method is more precise than frequently used predictive 

equations. The bias or systematic error of EE:VCO2 was 141 kcal/ 24 h, indicating that 

EE:VCO2 as derived from the ventilator systematically overestimates EE compared with 

gold standard EE:Calorimetry. However, this bias corresponds to a relative error of only 

7.7 % of the gold standard, whereas up to 10 % is considered acceptable according 

to a consensus statement [32]. The precision or random error component of EE:VCO2, 

expressed as the SD of the bias and compared between methods by using Levene’s test, 

is visualized by the width of the limits of agreement in the Bland-Altman plots and in Fig. 

2. The precision of EE:VCO2 was significantly better than that of the equations.

The accuracy rates of EE:VCO2 were higher than those of all predictive equations, 

but not significantly so for EE:PSU. However, the inaccuracy of EE:PSU was higher, 

with greater than 25 % and greater than 30 % inaccuracy rates of 10 % and 6 %, 

respectively, indicating that in more than half of the patients with inaccuracy of greater 

figure 4. Accuracy and inaccuracy of the different methods quantified in less than 10 
% and less than 15 % accuracy rates and greater than 25 % and greater than 30 % 
inaccuracy rates.
a Less than 10 % and less than 15 % accuracy rates were defined as the proportion of patients 
for whom energy expenditure (EE) was predicted within 10 % and within 15 % of gold standard 
EE:Calorimetry. b Greater than 25 % and greater than 30 % inaccuracy rates were defined as the 
proportion of patients for whom EE differed by more than 25 % and more than 30 % from gold 
standard EE:Calorimetry. The x-axis shows the different methods used to assess EE. The y-axis rep-
resents the accuracy rates or inaccuracy rates in percentages. The error bars reflect upper bounds 
of 95 % confidence intervals. *Significantly different from EE:VCO2 (p values are shown in Table 3). 
EE:Esp25, Energy expenditure calculated with the European Society for Clinical Nutrition and Metab-
olism guideline equation of 25 kcal/kg/day; EE:Faisy, Energy expenditure calculated with the Faisy 
equation; EE:HB, Energy expenditure calculated with the Harris-Benedict equation; EE:PSU, Energy 
expenditure calculated with the Penn State University 2003b equation; EE:VCO2, Energy expenditure 
from ventilator-derived volume of carbon dioxide and nutritional respiratory quotient
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than 25 %, the error was even larger – namely, more than 30 % difference from EE as 

measured by indirect calorimetry.

High inaccuracy rates were found for EE:HB and EE:Esp25, making these equations 

unacceptable for use in critically ill patients. In all, EE:VCO2 appears to be the most 

precise equation and EE:PSU and EE:HB15 the most unbiased equations. Despite a 

better estimation of the mean EE of the study population, the inferior precision of 

EE:PSU and EE:HB15 led to higher inaccuracy rates, which may result in severe over- or 

underfeeding in a considerable number of patients. Thus, for the individual patient, 

EE:VCO2 performs best.

We further explored the source of the bias of EE:VCO2, which can be due to inac-

curacy of the VCO2 measurement or the RQ estimation. We found an unexpected bias 

of ventilator-derived VCO2 of 14.7 ml/ min (6.5 % of VCO2:Calorimetry). Assuming 

an RQ of 0.86, which is the RQ of most nutritional products, this systematic error 

accounts for 120 kcal/24 h (i.e., 85 % of the bias of EE:VCO2). We noted the largest 

differences between ventilator-derived and calorimetry-derived VCO2 in patients with 

extreme variations in respiratory rate and tidal volume. Rapid and irregular breathing 

may lead to errors in ventilator-derived VCO2 due to dyssynchrony between the flow 

and the CO2 measurement. Furthermore, the ventilator exports a single-breath VCO2 

value once each minute to the PDMS, which can lead to high variability in patients with 

irregular breathing. One way of improving the accuracy of the EE:VCO2 method is the 

development of more accurate VCO2 analyzers in mechanical ventilators, such as by 

more frequent sampling and data export.

A second source of error and an important limitation of our study is that the actual 

RQ of the patients was not known. In the present study, we used nutritional RQ. How-

ever, during critical illness, RQ is influenced not by actual nutritional intake alone. An 

unknown and uninhibitable part of energy is derived from endogenous sources, and 

there are different illness-related degrees of protein synthesis or catabolism, lipogenesis 

or lipolysis, and gluconeogenesis or glycolysis. Because of the uncertainty of actual RQ 

when endogenous sources are used for energy, we could not correct RQ if nutritional 

intake was less than EE. However, our patients received more than two-thirds of actual 

EE, and this is the time point when measurement of EE becomes relevant. RQ is also 

influenced by periods of hypo- and hyperventilation (e.g., induced by stress or sedation 

or in respiratory compensation for metabolic acidosis or alkalosis). This will temporarily 

modulate VCO2 [34]; however, over 24 h, mean VCO2 reflects CO2 produced by metabo-

lism. Although nutritional RQ did indeed not correlate with measured RQ:Calorimetry, 

only 15 % of the bias of EE:VCO2 was attributable to the difference between nutritional 

RQ and RQ:Calorimetry.

In our study, additional calories provided during the study period by glucose and 

propofol were taken into account. With a single exception in a patient who received 
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large amounts of glucose 40 %, these additional calories did not substantially change 

nutritional RQ and subsequently EE:VCO2.

Mehta et al. tested the accuracy of a VCO2 based equation to calculate EE in criti-

cally ill children [35]. Metabolic data from mechanically ventilated children was used to 

derive this equation. The equation was then applied to a second dataset of critically ill 

children to test accuracy. They found superiority of the simplified equation over standard 

equations. These findings further strengthen the concept of using VCO2 measurement 

instead of estimating equations to calculate EE in critically ill adults and children. It 

should be noted, however, that the VCO2 in the Mehta study was not independently 

measured; it was derived from the metabolic monitor. Thus, a direct comparison be-

tween EE:Calorimetry and a ventilator-derived or separate module-derived EE:VCO2 

was not performed. Mehta et al. mentioned this as a limitation of their study. Also, 

measurement periods were relatively short. We were able to perform simultaneous 24-h 

VCO2 and indirect calorimetric measurements in a large and representative population 

of ICU patients ventilated for more than 3 days, providing information on real-time total 

EE.

Indirect calorimetry remains the gold standard. However, the most validated system, 

the Deltatrac, is no longer being manufactured. While we await new, accurate, afford-

able metabolic monitors, EE:VCO2 could be of great benefit for ICUs that do not have 

indirect calorimetry available. The method can also be used to monitor fluctuations in 

EE over time and to identify patients at risk for being over- or underfed. EE:VCO2 allows 

for daily adjustment of nutrition in ventilated patients. This may be important because 

metabolic rate and associated energy requirements vary widely during the day and dur-

ing the course of disease [11, 12, 36, 37]. Another major advantage of EE:VCO2 is that 

the calculation of EE is independent of body length and weight, thereby reducing error.

We are aware of the fact that not all ICUs have mechanical ventilators that measure 

VCO2 continuously. Most modern ventilators do have this option available and cost less 

than a metabolic monitor. Of note, the present validation was performed with one type 

of mechanical ventilator. We do not know the accuracy of VCO2 measurements with 

other ventilators.

We excluded patients with FiO2 exceeding 0.6 for reliability reasons and patients with 

PEEP above 14 cmH2O because of risks associated with disconnection when connecting 

the indirect calorimeter to the ventilator. Therefore, our method was not validated in 

this population. Nonetheless, we suppose that EE:VCO2 is reliable in all mechanically 

ventilated patients, regardless of ventilator settings, provided that air leakage is not 

present.

The most important message of this study is that EE (kcal/day) can be calculated at 

the bedside as 8.19 × VCO2 (ml/min). This equation is derived from the rewritten Weir 
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formula using an RQ of 0.86, which is the RQ of most nutritional products, and after 

converting liters per minute to milliliters per minute.

CONCLUSIONS

In critically ill mechanically ventilated adult patients, the assessment of EE from 

ventilator-derived VCO2 is accurate and more precise than frequently used predictive 

equations. It allows for continuous monitoring and provides the best alternative to gold 

standard indirect calorimetry. Future studies are necessary to improve accuracy of the 

VCO2 measurement, to detect sources of error, and to investigate whether daily adjust-

ment of nutrition based on ventilator-derived EE improves the outcome of ICU patients.

KEY MESSAGES

• EE from ventilator-derived VCO2 is accurate and more precise than predictive equa-

tions.

• This method allows for continuous monitoring and is the best alternative to indirect 

calorimetry.

• EE (kcal/day) can be calculated at the bedside as 8.19 × VCO2 (ml/min).
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With great interest we read the retrospective study performed by Oshima et al. [1] 

evaluating whether VCO2- based energy expenditure (EE-VCO2) could be considered 

as an alternative to EE measured by indirect calorimetry. This study followed several 

prospective studies reporting good agreement between EE-VCO2 and EE measured by 

indirect calorimetry [2, 3]. Indeed, in their retrospective cohort of 278 mechanically 

ventilated patients, the authors found a low bias of −48 kcal/day for EE-VCO2, when 

calculated with a fixed respiratory quotient (RQ) of 0.85. They reported 5%-accuracy 

rates of 46% and 10%- accuracy rates of 77% for EE-VCO2. This indicates that EE-VCO2 

is unreliable in some patients, likely due to extreme RQs or to high ventilator rates as 

observed in young children [4]. The weak spot of using EE-VCO2 is that an RQ has to be 

assumed in order to derive the unknown oxygen consumption (VO2) needed to calculate 

EE according to the Weir formula: EE(kcal/day) = 1.44 × (3.94 × VO2(mL/min) + 1.11 

× VCO2(mL/min)).

However, despite high 10%-accuracy rates, the authors considered a 10% differ-

ence in measured and calculated EE clinically unacceptable and concluded that EE-VCO2 

should not be considered as an alternative to EE measured by indirect calorimetry.

First and foremost, we agree with the authors that indirect calorimetry remains the 

gold standard for assessment of EE in mechanically ventilated patients. However, we 

regret that the authors failed to mention that EE-VCO2 should be considered as the 

best alternative for clinicians not having access to indirect calorimetry. Unfortunately, 

few units have indirect calorimetry available and, more importantly, the most validated 

system (Deltatrac) is no longer being manufactured and new devices are not accurate 

[5]. Many ICU clinicians still rely on predictive equations that have repeatedly proven to 

be inaccurate, leading to deleterious over- and underfeeding. The results of the Oshima 

study underscore findings in prospective studies in ICU patients that EE-VCO2 has good 

accuracy and is superior to predictive equations [2, 3]. Furthermore, when using built-in 

capnographs and flow meters, VCO2 is available from the ventilator and EE-VCO2 can 

be used to assess EE continuously. Continuous measurement is important because EE 

varies over the day and during ICU stay. This is an advantage of EE-VO2 over the short-

term EE measurements by indirect calorimetry.

Therefore, awaiting new, affordable, and accurate indirect calorimeters, EE-VCO2 

appears to be the best alternative in spite of its known limitations. Thus, the use of 

EE-VCO2 assuming an RQ of 0.85, rather than applying predictive equations, is currently 

recommended to reduce over- and underfeeding.
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AbSTRACT

background and Aims: Indirect calorimetry is recommended to measure energy 

expenditure (EE) in critically ill, mechanically ventilated patients. The most validated 

system, the Deltatrac® (Datex-Ohmeda, Helsinki, Finland) is no longer in production. 

We tested the agreement of a new breath-by-breath metabolic monitor E-sCOVX® (GE 

healthcare, Helsinki, Finland), with the Deltatrac. We also compared the performance of 

the E-sCOVX to commonly used predictive equations.

Methods: We included mechanically ventilated patients eligible to undergo indirect 

calorimetry. After a stabilization period, EE was measured simultaneously with the 

Deltatrac and the E-sCOVX for 2 hours. Agreement and precision of the E-sCOVX was 

tested by determining bias, limits of agreement and agreement rates compared to the 

Deltatrac. Performance of the E-sCOVX was also compared to four predictive equations: 

the 25kcal/kg, Penn State University 2003b, Faisy, and Harris-Benedict equation.

Results: We performed 29 measurements in 16 patients. Mean EE-Deltatrac was 1942 

± 274 kcal/day, and mean EE-E-sCOVX was 2177 ± 319 kcal/day (p<0.001). E-sCOVX 

overestimated EE with a bias of 235 ± 149 kcal/day, being 12.1% of EE-Deltatrac. 

Limits of agreement were -63 to +532 kcal/day. The 10% and 15% agreement rates 

of EE-E-sCOVX compared to the Deltatrac were 34% and 72% respectively. The bias 

of E-sCOVX was lower than the bias of the 25kcal/kg-equation, but higher than bias of 

the other equations. Agreement rates for E-sCOVX were similar to the equations. The 

Faisy-equation had the highest 15% agreement rate.

Conclusion: The E-sCOVX metabolic monitor is not accurate in estimating EE in criti-

cally ill mechanically ventilated patients when compared to the Deltatrac, the present 

reference method. The E-sCOVX overestimates EE with a bias and precision that are 

clinically unacceptable.
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INTRODUCTION

Assessment of energy expenditure (EE) is important to guide nutrition in critically ill 

patients. The most accurate method to measure EE in mechanically ventilated patients, 

is by indirect calorimetry [1]. Indirect calorimetry measures oxygen consumption (VO2) 

and carbon dioxide production (VCO2), and EE is calculated using the Weir Formula [2]. 

The Deltatrac® metabolic monitor (Datex, Helsinki, Finland) is considered as gold stan-

dard indirect calorimeter in mechanically ventilated patients. It was clinically validated 

in this patient population in the mid-nineties and has been extensively used since [3]. 

Unfortunately, its production has ceased and support on existing devices has recently 

stopped. This leaves clinicians and researchers interested in pulmonary gas exchange 

and metabolic monitoring resorting to alternative devices. In recent years, several new 

devices have been developed. These devices use breath-by-breath analysis of pulmo-

nary gas exchange and VO2 and VCO2. However, their accuracy, especially in critically ill 

mechanically ventilated patients is not yet established [4-7]. Extensive validation in this 

specific patient group is necessary, since over- or underestimation can lead to harmful 

over- or underfeeding.

The E-sCOVX metabolic monitor (GE healthcare, Helsinki, Finland) is a relatively new,

compact, easy to use breath-by-breath device that can be integrated in the mechani-

cal ventilator module or can be used as a stand-alone monitor. Accuracy was good when 

tested in vitro and in the non-critically ill [8-10]. In a previous study by Sundstrom-

Rehal et al., the agreement of E-sCOVX and Quark RMR (Cosmed, Rome, Italy), with the 

Deltatrac was tested in mechanically ventilated patients. Both devices overestimated EE 

to a clinically relevant and unacceptable level. During the writing stage of the article, 

the authors discovered that the mechanically ventilators they used in the study do not 

have bias flow, while the E-sCOVX assumes a certain inspiratory dead space caused by 

continuous bias flow. They discussed that the absence of bias flow in their ventilators 

may have induced overestimation of EE because of interference with the breath-by-

breath analysis [5]. Furthermore, they performed 20-minute measurements, which may 

be too short to reach a stable metabolic resting state. Therefore, a new validation 

study was necessary to determine the accuracy of E-sCOVX in critically ill, mechanically 

ventilated patients.

The aim of the present study was to test the agreement of the E-sCOVX with the gold 

standard method up to now (Deltatrac) in critically ill mechanically ventilated patients, 

in the presence of bias flow and during longer measurement periods.

The secondary aim was to compare the performance of E-sCOVX to commonly used 

predictive equations.
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METHODS

This was a prospective cohort study performed over a two-month period in the mixed 

intensive care unit of the VU University medical center in Amsterdam, the Netherlands. 

Patients who were mechanically ventilated for more than 24 hours, and able to undergo 

indirect calorimetry were eligible. Patients were excluded if they were hemodynamically 

and/or respiratory unstable, or failed to meet accuracy criteria for indirect calorimetry; 

being a fraction of inspired oxygen of ≥ 0.6, air leakage, a positive end expiratory 

pressure of ≥15 cm H2O. Also patients with a respiratory rate above 35 per minute were 

excluded because, according to the manufacturer of the E-sCOVX, a respiratory rate 

below 35/min is required to ensure its accuracy. Patients could be measured more than 

once, provided that the interval between measurements was at least 24 hours.

Ethical statement

Indirect calorimetry is standard in our intensive care unit, and we used coded patient 

data. Therefore, the medical ethics committee of our hospital waived the need for writ-

ten informed consent (METC-201379).

Deltatrac and E-sCOVX measurements were performed simultaneously (see figure 

1). After a 5-minute stabilization period, the measurements were performed over two 

hours. Minute-to-minute readings of VO2, VCO2, RQ and EE by both devices were re-

corded and averaged. During temporary disconnection from the ventilator (i.e. during 

suctioning and nebulizing), the Deltatrac measurement was paused and restarted after 

equilibration. The corresponding E-sCOVX values were discarded.

Prior to this study an alcohol-burning test was performed to test the gas sensors of 

the Deltatrac, and to calibrate the constant flow generator. Results were good. Prior 

to each measurement the Deltratrac was warmed up and calibrated according to the 

manufacturer’s instruction.

In our intensive care unit we use SERVO-i mechanical ventilators (Maquet, Rastatt, 

Germany), which have a standard bias flow of 2 liters/minute. This bias flow facilitates 

the detection of a breathing effort by the patient, and thereby improves synchronization 

of the ventilator to the patient.

Deltatrac II MBM -200 metabolic monitor (Datex, Helsinki, Finland):

The device is connected to the expiration port of the ventilator. All the expiratory gas is 

collected in the mixing chamber and drawn through the fixed flow generator that entrains 

air at a total constant flow rate. Sampling takes place every minute. The inspired gas is 

sampled to measure the FiO2 (see figure 1). The oxygen content of the inspired and expired 

air is measured with a paramagnetic field and CO2 content with an infrared CO2 sensor. Volu-

metric measurements are made by the constant flow air dilution system that measures the 

exhaled gas volume. Inspiratory volumes are calculated using the Haldane transformation.
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E-sCOVX

A connector with gas sampling ports and a flow sensor (D-lite®) is connected between the 

endotracheal tube and the ventilator tubing. The gas module samples continuously 120 ml/

min of gas side stream. It has a paramagnetic sensor that measures the O2 content, and 

an infrared sensor to measure the CO2 content (see figure 1). The flow measurement is 

based on the pressure drop across a turbulent flow restrictor. As a result of the side stream 

principle, the measurement of gas concentrations and flow are not simultaneous. The flow 

signal is recorded with almost no delay (< 10 milliseconds), while it takes about 1.5 seconds 

for the gas to travel through the sample line to the module where the O2 and CO2 concentra-

tions are measured. This transport time delay is not constant. The module synchronizes the 

flow measurement with the gas concentrations. Additionally, the Haldane transformation is 

applied to avoid the need of absolute accuracy of the volume measurements.

Predictive equations

Performance of the E-sCOVX was also compared to frequently used predictive equations: 

The ACCP-25kcal/kg-equation [11], the PSU 2003b-equation [12], the Faisy-equation 

[13] and the Harris Benedict-equation multiplied by a stress factor of 1.15 [14]. This 

stress factor is based on an earlier study that showed the lowest bias for HB+15% in 

our Intensive Care unit (ICU) population [15]

figure 1. Illustration showing the connection of the E-sCOVX and the Deltatrac to the 
mechanical ventilator and tubing, and the different gas sampling points.
1: Endotracheal tube, 2: Filter, 3: D-lite®-connector with gas sampling ports and flow sensor, 4: Spi-
rometry tubing, 5: Gas sampling line, 6: Expiratory outlet of the ventilator, 7: Inspired gas sampling 
line, 8: Connection between ventilator and Deltatrac, 9: Mixing chamber
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Statistical analysis

Descriptive data are reported as mean (standard deviation (SD)), median (25th-75th 

percentile), or number (percentage) where appropriate. Continuous variables were 

compared with the unpaired T-test or Mann-Whitney U test as appropriate, and propor-

tions by the Chi square test. Correlations were calculated using Pearson’s test and 

strength of correlation was expressed as r. The agreement between E-sCOVX and Del-

tatrac was assessed by determining bias and precision. The bias was calculated as the 

mean difference of EE-E-sCOVX and the EE-Deltatrac. Precision was quantified as the 

limits of agreement (bias ± 2SD), and Bland-Altman plots were constructed to graphi-

cally represent bias and precision [16]. To quantify agreement, the percentage error 

(PE) of the limits of agreement, as compared with the population mean, was calculated 

as was proposed by Critchley and Critchley [17]. The agreement between E-sCOVX and 

Deltatrac was further quantified in 10% and 15% agreement rates, which are defined 

as the proportion of measurements that had a less than 10% or 15% difference in EE 

when compared to the Deltatrac.

Sample Size calculation

Sample size was calculated for a 1-sample mean comparison and based on results of a 

previous study comparing the Deltatrac and the E-sCOVX. Assuming a mean EE Delta-

trac of 2000 kcal/day, a mean EE E-sCOVX of 2200 kcal/day and a standard deviation 

of ±200 kcal/day [5]. For an α of 0.05 and a power of 0.90, a sample size of at least 22 

measurements is sufficient.

RESULTS

Between July 2016 and September 2016, we performed 29 measurements in 16 patients. 

Ten patients were male. The majority of patients were ventilated in pressure support 

mode (83%). Patient characteristics and ventilator settings are shown in table 1.

Mean EE-E-sCOVX was higher than EE-Deltatrac, with a bias of 235 ± 149 kcal/day, 

corresponding to a percentage error of 12.1% of the reference method. EE, VCO2 and 

VO2 measured by E-sCOVX and Deltatrac were significantly correlated. RQ was not.

Mean EE, VCO2, VO2, and RQ for the Deltatrac and the E-sCOVX, as well as the cor-

relation coefficient (r), the bias, limits of agreement of the E-sCOVX are shown in table 

2. Bland-Altman plots for EE, VCO2, VO2, and RQ are shown in figure 2.

The Bland-Altman plots showed a systematic overestimation of EE, VCO2, and VO2, 

measured by the E-sCOVX compared to the Deltatrac. Agreement rates for EE-EsCOVX 

and the predictive equations are shown in table 3. The 10% agreement rate of the 

E-sCOVX was comparable to the 10% agreement rates of the equations. The 15% 
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agreement rate of the Faisy-equation was higher than of the E-sCOVX (76% vs 48%, 

p=0.02).

Post hoc analysis

We hypothesized that the large bias of the E-sCOVX could be caused by problems with 

synchronizing gas sampling, flow and volume measurements in patients with high re-

spiratory rates or irregular breathing patterns. Therefore, we correlated the bias of EE, 

VCO2 and VO2 with respiratory rate for all measurement and for those measured during 

controlled ventilation only. The bias for EE and VO2 did not correlate with respiratory 

rate (r=0.192, p=0.32 and r=0.081, p=0.68 respectively). However, the bias of VCO2 

tended to become higher at higher respiratory rate (r=0.330, p 0.08). The bias of EE in 

Table 1. Patient characteristics
Characteristics Results

Number of measurements 29

Number of patients 16

Male, n (%) 10 (63)

Female, n (%) 6 (38)

Age, yr (mean ± SD) 62.2 ± 22.7

Height, cm 169 ± 9.7

Weight, kg 88.2 ± 20.1

BMI, kg/m2 (mean ± SD) 25.9 ± 6.3

ICU admission diagnosis

Trauma, n (%) 5 (31)

Sepsis, n (%) 2 (13)

Respiratory insufficiency, n (%) 2 (13)

Post-cardiac arrest, n (%) 3 (19)

Cardiovascular, n (%) 4 (25)

Total length of stay in ICU, days (median (IQR)) 29 (15-58)

Length of stay at day of measurement, days (median (IQR)) 9 (6-11)

SOFA score on day of measurement (mean ± SD) 10 ± 3

Mechanical ventilation characteristics during measurement

PS/CPAP, n (%) 24 (83)

PC, n (%) 5 (17)

PEEP, cm H20, (median (IQR)) 8 (5-10)

FiO2, (median (IQR)) 0.4 (0.35-0.45)

Minute volume, L/min, (mean ± SD) 11.3 ± 2.7

Respiratory rate, breaths/minute, (median (IQR)) 23 (19-28)

BMI; body mass index, SOFA; sequential organ failure assessment, PEEP; positive end-expiratory 
pressure, PS; pressure support, CPAP, continuous positive airway pressure, PC; pressure support, 
FiO2; fraction of inspired oxygen, SD; standard deviation, IQR; inter quartile range
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patients on controlled ventilation was not lower than in patients on support mode (284 

kcal/day vs 246 kcal/day, p=0.34).

Table 2. Comparison of EE, VCO2, VO2, and RQ as measured by the Deltatrac and the 
E-sCOVX

Mean ± SD P-value Bias ± SD
(kcal/day)
(%-Error of 
Deltatrac)

Limits of agreement
(kcal/day)
(%-Error of 
Deltatrac)

Correlation

r P-value

EE (kcal/day)

Deltatrac 1942 ± 274 235 ± 149 -63 to +532

E-sCOVX 2177 ± 319 <0.001 (12.1%) (-3% to +27%) 0.885 <0.001

VCO2 (ml/min)

Deltatrac 237 ± 36 26.6 ± 26.2 -25.8 to +79

E-sCOVX 264 ± 49 <0.001 (11.2%) (-11% to +33%) 0.853 <0.001

VO2 (ml/min)

Deltatrac 282 ± 39 32.1 ± 29.8 -27.5 to +91.7

E-sCOVX 314 ± 41 <0.001 (11.4%) (-10% to +33%) 0.725 <0.001

RQ

Deltatrac 0.85 ± 0.06 -0.04 ± 0.06 -0.16 to +0.08

E-sCOVX 0.81 ± 0.04 0.003 (4.7%) (-19% to +9%) 0.362 0.053

EE; energy expenditure, VCO2; carbon dioxide excretion, VO2; oxygen consumption, Bias: mean 
difference of the two measurements (E-sCOVX - Deltratrac); SD: standard deviation: r: Pearson’s 
correlation coefficient

Table 3. Performance of the E-sCOVX compared to predictive equations, using the Del-
tatrac as reference method.

Mean ± SD 
(kcal/day)

Bias ± SD
(kcal/day)
(%-Error of 
Deltatrac)

Limits of agreement
(kcal/day)
(%-Error of 
Deltatrac)

10% 
agreement *

15% 
agreement

EE-E-sCOVX 2177 ± 319 235 ± 149
(12.1%)

-63 to +532
(-3% to +27%)

31% 48%

EE-25kcal/kg 1640 ± 287 -303 ± 366
(15.6%)

-1035 to +429
(-53% to +22%)

21% 41%

EE-HB15 1860 ± 333 -82,6 ± 304
(4.3%)

-691 to +525
(-36% to +27%)

45% 59%

EE-PSU 1878 ± 319 -64,9 ± 262
(3.3%)

-589 to +459
(-30% to +24%)

52% 69%

EE-Faisy 2063 ± 268 121 ± 245
(6.2%)

-369 to +611
(-19% to +32%)

48% 76%**

*10% agreement rates were not significantly different between methods, ** The 15% agreement 
rate of EE-Faisy was significantly higher than the 15% agreement rate of EE-E-sCOVX (p= 0.02)
HB15; Harris-Benedict equation with 15% added, PSU; Penn State University 2003 equation
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DISCUSSION

The present study in critically ill, mechanically ventilated patients, shows that the 

E-sCOVX overestimates energy expenditure compared to the Deltatrac. The bias cor-

responded to 12.1% of EE measured by the reference method, which is more than 

the 10% deemed acceptable according to a consensus statement [18]. Furthermore, 

precision of E-sCOVX was low, as indicated by wide limits of agreement. Only one 

third of the measurements had a less than 10% difference with the Deltatrac. Both the 

systematic error (bias) and the random error (precision) of the E-sCOVX are higher 

than can be clinically accepted. Our results correspond to those of Sundstrom-Rehal et 

al. They suggested that the absence of bias flow in their ventilators could contribute to 

the inaccuracy of the E-sCOVX, because it could interfere with synchronization of gas 

sampling and flow measurement [5]. We therefore tested the agreement of E-sCOVX 

A

C

B

D

figure 2. Bland-Altman plotsland-Altman plots showing the agreement between the 
E-sCOVX and the Deltatrac measurements for A. Energy Expenditure (EE) B. Carbon 
dioxide excretion (VCO2), C. Oxygen consumption (VO2), D. Respiratory quotient (RQ), 
being the ratio of VCO2 and VO2
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using a ventilator with bias flow, and also performed longer measurements. However, 

these measures did not improve the agreement of the E-sCOVX with the Deltatrac.

In the present study, we also compared the performance of the E-sCOVX to that of 

the predictive equations. Although the equations EE-HB15, EE-PSU and EE-Faisy had a 

bias below 10%, their precision was poor. It has repeatedly been shown that equations 

are inaccurate in critically ill patients and should not be used to guide nutrition [15, 19, 

20]. In the present study the E-sCOVX did perform better than the 25kcal/kg-equation, 

but was not better than the other equations.

In accordance with other studies in mechanically ventilated patients, we confirmed 

that breath-by-breath methods seem to overestimate EE compared to the Deltatrac 

[4-7].

Explanation for the inaccuracy of breath-by-breath methods in mechanically ventilated 

patients could be inaccuracies resulting from synchronizing flow and volume during gas 

sampling for analysis. In contrast, the Deltatrac has a large mixing chamber and collects 

all expired air thus avoiding difficult spirometry measurements. Critically ill mechani-

cally ventilated patients may exhibit rapidly changing breathing patterns, especially 

in assisted ventilator modes. In the presence of rapid breathing or a short breathing 

cycle the synchronization of flow and volume becomes less accurate. We tried to reduce 

this cause of error by including patients only if breathing frequency was below 35 per 

minute. Although we did not find a correlation between respiratory rate and increasing 

bias of EE, the bias of VCO2 tended to be higher in patients with higher breathing 

frequency. We did not find lower bias in patients on controlled ventilation compared to 

assisted modes. However, this was not an aim of the present study and the sample size 

was probably too small for such a post-hoc analysis.

Another explanation for overestimation of E-sCOVX compared to the Deltatrac could 

be a consequence of the simultaneous measurements. A small volume of air (120 ml/

min) is sampled by the E-sCOVX and is not collected in the mixing chamber of the Delta-

trac. Leading to lower VCO2 and VO2 values and thus lower EE. In contrast, the Deltatrac 

samples a small volume of air (150 ml/min) for the FiO2 from the inspiratory tubing, 

distal from the sampling point of the E-sCOVX. This volume is therefore not measured 

by the E-sCOVX. However, these volumes account for only 1% of the mean minute 

volume in our patients. Therefore, sampling cannot explain the large errors. Since the 

sampling of the E-sCOVX is continuous and fixed (120 ml/min), a higher respiratory 

rate does not have an effect on the bias as a result of the simultaneous measurement. 

In our patients, there was a correlation between RR and minute volume. Higher minute 

volumes even reduce the effect on bias as a result of the simultaneous measurements 

because the fraction of volume that is not collected by Deltatrac becomes even smaller 

at higher minute volumes.
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In 2006 Singer et al. performed a similar study, testing the agreement between 

MCOVX (an earlier version of the E-sCOVX) with Deltatrac and Evita. In the discussion, 

Singer et al. address the issue of simultaneous or sequential measurement. The authors 

performed all measurements simultaneous. Mean minute ventilation of their patients 

was 10.1 L/min, with sampling of 200 ml/min being 3% of the minute volume. Prior to 

the start of the study, the authors tested the influence of sampling 3%, and found no 

significant variation in minute volume as measured by the Deltatrac or in the VO2 or 

VCO2 measurements [21].

Thirdly, we should not overlook the old-timer status of our Deltatrac that was used 

as reference. The device was tested and recalibrated by alcohol-burning just before the 

study. Nonetheless, it is possible that inaccuracies occurred during the 2-hour measure-

ment period.

The Deltatrac is no longer in production and the need for an alternative device that is 

cheap, easy to use, and accurate is high. Advantage of the E-sCOVX and other breath-

by-breath devices is that they are easy to use and can be used for continuous measure-

ment. This method also allows rapid measurements and conception of small devices.

However, these instruments require stable breathing patterns as seen in the anesthe-

sia setting and appear unreliability in critically ill patients. Recently, the Q-NRG indirect 

calorimeter (Cosmed, Rome, Italy) has become available. It was developed by the 

ICALIC-project group, a collaboration of experts in nutrition, with financial support from 

The European Society of Intensive Care Medicine and the European Society of Parenteral 

and Enteral Nutrition. The Q-NRG indirect calorimeter is specifically developed for use 

in the ICU and has been designed to be accurate, easy to use, compact, and affordable 

[1]. The device has a micro-mixing chamber (2ml), which reduces time stabilization of 

gas concentrations and VO2, VCO2 variability, and seems reliable under conditions of 

an FiO2 up to 0.7 and PEEP levels up to 10 cm H2O. Accuracy was tested in the in-vitro 

setting with promising results [22]. The Q-NRG is currently being tested in a multicenter 

clinical validation study (ClinicalTrials.gov Identifier: NCT02024958). We are eagerly 

awaiting the results of this trial.

Up to now, there are no studies showing that the prescription of nutrition based on 

the energy expenditure measurements improves patient outcome. One of the reasons 

may be that it is not known yet whether prescribing the amount of energy expended is 

the optimal way of feeding, especially not in the early phase. In that phase, matched 

feeding may result in overfeeding due to inflammation-driven endogenous energy [23]. 

One recent randomized controlled trial (EAT-ICU) prescribed nutrition according to 

measured energy and did not find benefit [24]. However, the study prescribed 100% of 

measured energy from day 1, and EE measurements were performed with the Quark 

RMR metabolic monitor that has shown to be inaccurate in critically ill patients [4, 6, 

7]. Nevertheless, metabolic monitoring in mechanically ventilated patients has other 
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interests as well. EE provides information on the metabolic status of the patient. For 

example, a rising EE may indicate emerging sepsis before clinically otherwise detectable 

while decreasing EE may indicate recovery. Most importantly, metabolic monitoring is 

crucial for further understanding of the consequences of nutrition on patient outcome. 

Any future study on timing and dosing of nutrition should include monitoring of EE 

because the dosing of nutrition based on equations, as done in recent large random-

ized controlled trials, is notoriously unreliable. Furthermore, measuring EE can help 

to prevent overfeeding, which should be avoided as there is increasing evidence for 

its association with mortality [25, 26]. On the other hand, during rehabilitation and 

mobilization EE can be much higher than predicted by the equations. In that phase, 

monitoring EE may prevent underfeeding.

Strengths and limitations

Strength of our study is the measurement period of two hours. Other studies comparing 

different indirect calorimetry devices measured for 10-30 minutes only, which, in some 

patients may have been too short to reach steady state. Furthermore, the simultaneous 

measurement provides the best comparison and excludes true differences as a result of 

physiological changes.

Another strength is that we measured in the critically ill population (mean SOFA-score 

of 10 on the day of measurement). Validation in these patients is especially important 

because breathing patterns in this population differ from those in the anesthesia setting, 

in which the present device was validated [8].

Sample size was small but adequate. We even had more measurements than strictly 

needed. The main limitation of the study is that the reliability of the reference method 

may be doubted. However, the device has a mixing chamber, which seems crucial for 

intensive care patients and it was calibrated before the study.

Conclusion:

In critically ill mechanically ventilated patients the E-sCOVX metabolic monitor over-

estimates energy expenditure when compared to the Deltatrac. The E-sCOVX is not 

accurate and its use is therefore not recommended in critically ill patients. Because 

maintenance of the Deltatrac is not supported anymore, we are eagerly looking for a 

new and reliable device.
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AbSTRACT

background/Objectives: A low bioelectrical impedance analysis (BIA)-derived phase 

angle (PA) predicts morbidity and mortality in different patient groups. An association 

between PA and long-term mortality in ICU patients has not been demonstrated before. 

The purpose of the present study was to determine whether PA on ICU admission inde-

pendently predicts 90-day mortality.

Subjects/ methods: This prospective observational study was performed in a mixed 

university ICU. BIA was performed in 196 patients within 24 hours of ICU admission. 

To test the independent association between PA and 90-day mortality, logistic regres-

sion analysis was performed using the APACHE IV predicted mortality as confounder. 

The optimal cut-off value of PA for mortality prediction was determined by ROC-curve 

analysis. Using this cut-off value, patients were categorized into low or normal PA group 

and the association with 90-day mortality was tested again.

Results: The PA of survivors was higher than of the non-survivors (5.0° ± 1.3° vs. 

4.1° ± 1.2°, p<0.001). The area under the ROC-curve of PA for 90-day mortality was 

0.70 (CI 0.59-0.80). PA was associated with 90-day mortality (OR= 0.56, CI 0.38-0.77, 

p=0.001) on univariate logistic regression analysis and also after adjusting for BMI, 

gender, age, APACHE IV on multivariable logistic regression (OR: 0.65, CI: 0.44-0.96, 

p=0.031). A PA < 4.8° was an independent predictor of 90-day mortality (adjusted OR: 

3.65, CI: 1.34-9.93, p=0.011).

Conclusions: Phase angle at ICU admission is an independent predictor of 90-day 

mortality. This biological marker can aid in long-term mortality risk assessment of criti-

cally ill patients.
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INTRODUCTION

Early identification of critically ill patients with a high risk of mortality is important to 

guide preventive and supportive measures. Several scoring systems have been devel-

oped to assess severity of acute and underlying disease and to predict mortality. Among 

them, the Acute Physiology and Chronic Health Evaluation (APACHE) IV system is the 

most recent and best validated international system and is used in the national intensive 

care databases for quality control [1]. The present scoring systems are designed to 

predict hospital mortality but not mortality beyond hospital discharge and can only be 

assessed 24-hours after ICU admission. Furthermore, their calculation is cumbersome.

Bioelectrical impedance analysis (BIA)-derived phase angle (PA) is an alternative 

method to assess mortality risk. BIA is a simple, non-invasive technique that estimates 

body composition by measuring the opposition (impedance) to an applied current while 

passing through the body. Impedance consists of two components: resistance (R), 

which is the opposition to the flow of an alternating current through intra- and extracel-

lular ionic solutions, and reactance (Xc), which is the delay in conduction as a result of 

capacitance by cell membranes and tissue interfaces. Capacitance causes a phase shift 

or phase angle (PA) that is quantified as arc tangent (Xc/R)*180°/p [2]. PA is regarded 

as a biological marker of cellular health as it reflects cell mass, membrane integrity 

and hydration status. PA has repeatedly proven to be a predictor of morbidity and 

mortality in various patient groups [3,4]. Recent studies in critically ill patients showed 

that a low PA was associated with higher 28-day and hospital mortality risk [5,6,7,8]. 

An association between PA and long term mortality risk in ICU patients has not been 

demonstrated before.

We hypothesize that ICU patients with a low PA at ICU admission have limited 

physiological reserve and will have a higher late mortality, often shortly after hospital 

discharge.

The aim of the present study was to determine whether PA on admission predicted 90-

day mortality, independent of age, gender, BMI and APACHE IV predicted mortality rate.

MATERIALS AND METHODS

Setting and patients

This prospective observational study was performed over a 9-month period in the mixed 

medical/surgical ICU of the VU University Medical Centre. All adult patients admitted 

to the ICU were eligible for inclusion. Exclusion criteria were prostheses in extremities 

on both sides, limb amputation, implanted pacemaker, inability to lay still or supine, or 

skin defects on preferred electrode placement sites. Patients were included only when 
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the primary investigator was present, which was mainly during weekdays and daytime 

hours (convenience sample). The institutional review board of the VU University Medical 

Center approved the study protocol and waived the need for written informed consent 

because of the low burden and risk associated with the study and the use of coded 

patient data.

bioelectrical impedance analysis

BIA was performed within 24 hours of ICU admission with a BIA 101 Anniversary edition 

device (GLNP Life Sciences, AKERN, Florence, Italy). This single-frequency, phase-

sensitive BIA device uses an alternating current of 400 mA with a frequency of 50 kHz. 

The patient is placed in supine position, with the extremities in a relaxed position not 

touching the body. Two pairs of electrodes were placed (source and sensor electrodes), 

one pair on the dorsum of the hand and one pair on the dorsum of the ipsilateral foot, 

with each electrode at 5 cm distance. After the application of an insensible current, the 

results for the resistance (ohm), reactance (ohm), and PA (degrees) are directly dis-

played on the BIA device and transferred to a database. Because hydration status at the 

time of BIA-measurement influences PA, the hydration status of patients was classified 

using bioelectrical impedance vector analysis (BIVA). Patients were classified as having 

normal hydration, mild over- or under hydration or severe over- or under hydration by 

comparing BIVA-results to reference values derived from the normal population [9,10].

Other measurements

Demographic and clinical data, including gender, age, weight, height, BMI, APACHE II, 

III and IV-scores, admission diagnosis, and ICU-, hospital-, and 90-day mortality rates, 

were obtained from the patient data management system (PDMS; MetavisionÒ; IMD-

soft, Tel-Aviv, Israel), the hospital information system (MiradorÒ; iSOFT Nederland BV, 

Leiden, The Netherlands). The Municipal Records Database was consulted as reference 

to determine if patients were still alive at 90-days after ICU admission.

Statistics

Variables are expressed as number (%), mean (SD) or median (IQR) where appropriate. 

To compare results between survivors and non-survivors, the independent samples T-

test, Mann-Whitney U, Fisher exact test or Chi-squared test was used where appropriate.

To determine whether PA independently predicted 90-day mortality, univariate and 

multivariable logistic regression analyses were performed. Age, gender, BMI and APACHE 

IV-predicted mortality were tested for confounding. Confounders were added as variable 

in the multivariable logistic regression analyses. To determine the discriminative capac-

ity of PA for 90-day mortality, the receiver operator characteristics (ROC) curve was 

created and the area under the curve (AUC) calculated. To obtain a clinically relevant 
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cut-off value, the PA yielding the highest sensitivity and specificity for 90-day mortality 

prediction was determined from the ROC-curve (Youden’s index). Subsequently patients 

were categorized into either the low or normal PA group according to this cut-off value, 

and these groups were entered as categories in the multivariable logistic regression 

analysis. Finally, Kaplan-Meier curves for 90-day survival were constructed for the low 

and normal PA groups. Differences between curves were evaluated by a log-rank test.

We used SPSS IBM 22 (SPSS Inc., Chicago, IL, USA) for statistical analysis. A p-value 

of <0.05 was considered statistically significant.

Sample size calculation:

Sample size was based on the ability to test the independent association between PA 

and 90-day mortality in a multivariate logistic regression model. Using a ‘validated 

rule of thumb’ for logistic regression sample size calculations, with k=3 independent 

covariates and an estimated 90-day mortality rate of 20%, a minimum of 150 patients 

were needed to attain sufficient power [11]. To account for loss to follow-up and the 

possibility of lower actual mortality, we aimed to recruit 200 patients.

RESULTS

During the study period, 1350 patients were admitted to the ICU with a mean age of 

62.6 ± 16.1 years, and a mean APACHE IV-predicted mortality score of 0.17 ± 0.21. 

BIA was performed in 202 patients within 24 hours of ICU admission. Six patients were 

excluded from analysis because of erroneous values, most likely caused by muscle con-

tractions during the measurement. Therefore, the results of 196 patients were analysed.

The median time interval between ICU admission and BIA measurement was 11 (8-13) 

hours. Patient characteristics of all patients and of 90-day survivors and non-survivors 

separately, are presented in table 1. Mean BIA results for all patients and of 90-day 

survivors and non-survivors separately, are presented in table 2. The mean age of all 

patients was 64.8 ± 13.9 years, and 67% of patients were male. Most patients were 

admitted after major surgery (56.1%). Mean PA was 4.9° ± 1.3°. In total, 30 patients 

died within 90-days of ICU admission (15.3%). Non-survivors had higher APACHE IV 

mortality prediction scores than survivors (0.55 ± 0.34 vs 0.15 ± 0.22, p<0.001).

Phase angle and 90-day mortality

The PA of 90-day survivors was significantly higher than of the non-survivors (5.0° ± 

1.3° vs. 4.1° ± 1.2°, p<0.001). Univariate logistic regression analysis showed that PA 

(as a continuous variable) and APACHE IV were associated with 90-day mortality (PA: 

OR= 0.54, CI 0.38-0.77, p=0.001; APACHE IV: OR 1.04, CI: 1.03-1.06, p<0.001). BMI, 
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Table 1. Patient characteristics of all patients, and of 90-day survivors and non-survi-
vors separately
Characteristics All Patients

(n=196)
Survivors
(n=166)

Non-survivors
(n=30)

p-value

Age (y) 64.8 ± 13.9 64.3 ± 13.7 67.4 ± 14.7 0.267

Male gender (%) 131 (67) 115 (69) 16 (53) 0.088

Height (cm) 174 ± 9.5 173 ± 9.4 174 ± 10.5 0.773

Weight (kg) 80.0 ± 17.5 80.6 ± 17.8 80.0 ± 15.2 0.302

BMI (kg/m2) 26.4 ± 4.6 26.6 ± 4.7 25.5 ± 4.0 0.252

SOFA (1st 24-h) 7.5 ± 2.9 7.1 ± 2.6 9.8 ± 3.3 <0.001

APACHE II 22.9 ± 7.9 21.1 ± 7.1 28.0 ± 7.8 <0.001

APACHE IV predicted mortality (fraction) 0.21 ± 0.28 0.15 ± 0.22 0.55 ± 0.34 <0.001

Admission diagnosis (no,%)

Cardiovascular 10 (5.1) 6 (3.6) 4 (13.3) <0.001

Metabolic/renal 7 (3.6) 5 (3.0) 2 (6.7) 0.322

Neurologic 5 (2.6) 5 (3.0) 0 (0) 0.337

Post resuscitation 22 (11.2) 13 (7.8) 9 (30) <0.001

Post major surgery 112 (57.1) 98 (59.0) 14 (46.7) 0.208

Respiratory insufficiency 13 (6.6) 9 (5.4) 4 (13.3) 0.109

Sepsis 12 (6.1) 11 (6.6) 1 (3.3) 0.490

Trauma 12 (6.1) 9 (5.4) 3 (10) 0.337

Others 3 (1.5) 2 (1.2) 1 (3.3) 0.384

Mechanical ventilation, (no,%) 170 (86.7) 145 (87.3) 25 (83.3) 0.549

BIVA hydration status, (no,%)

Severe dehydration 0 0 0

Mild dehydration 0 0 0

Normal hydration 114 (58.2) 99 (59.6) 15 (50.0) 0.328

Mild overhydration 57 (29.1) 49 (29.5) 8 (26.7) 0.096

Severe overhydration 25 (12.8) 18 (10.8) 7 (23.3) 0.059

Values in mean ± standard deviation or number (percentage). Abbreviations: BMI: Body mass index, 
APACHE: Acute physiology and chronic health evaluation, SOFA: Sequential organ failure assess-
ment, ICU: intensive care unit, BIVA: Bioelectrical impedance vector analysis. P-values depict the 
statistical difference between 90-day survivors and non-survivors: independent T-test, equal vari-
ances not assumed.

Table 2. Mean bioelectrical impedance analysis (BIA) results for all patients, and for 
90-day survivors and non-survivors separately
bioimpedance 
analysis results

All Patients 
(n=196)

Survivors
(n=166)

Non-survivors 
(n=30)

p-value

Resistance (Ω) 459 ± 92 455 ± 89 476 ± 108 0.26

Reactance (Ω) 39.0 ± 11.3 39.8 ± 10.9 34.5 ± 12.7 0.02

Phase angle (°)b 4.9 ± 1.3 5.0 ± 1.3 4.1 ± 1.2 <0.001

P-values depict the statistical difference between 90-day survivors and non-survivors: independent 
T-test, equal variances not assumed. b phase angle=arc tangent of (Xc/R)*180°/p.
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gender and age were not associated with 90-day mortality, nor were they confound-

ers for the effect of PA on 90-day mortality. The association between PA and 90-day 

mortality remained significant when PA was adjusted for APACHE IV in the multivariable 

logistic regression analysis (adjusted OR: 0.65, CI: 0.44-0.96, p=0.031). APACHE IV 

score also was an independent predictor of 90-day mortality (OR 1.04, CI: 1.03-1.06, 

p<0.001), see table 3

The AUC of the ROC-curve of PA for 90-day mortality was 0.70 (CI: 0.59-0.80), see 

figure 1.

Optimal PA cut-off value and 90-day mortality prediction:

The optimal PA cut-off value, derived from the ROC-curve, was 4.8°, yielding a sensitivity 

of 0.73 and a specificity of 0.58. The 90-day mortality rate was significantly higher in pa-

tients with low PA than in patients with normal PA (23.9% vs. 7.7%, p<0.002, figure 2). 

A low PA was a predictor for 90-day mortality in the univariate logistic regression analy-

sis (OR: 3.77, CI: 1.59-8.97, p=0.029) and remained an independent predictor in the 

multivariable logistic regression analysis after adjusting for APACHE IV-score (adjusted 

OR: 3.65, CI: 1.34-9.93, p=0.011) (table 3). APACHE IV score also was an independent 

Table 3. Univariable and multivariable logistic regression analysis for 90-day mortality

Variable

UNIVARIAbLE MULTIVARIAbLE
Phase angle, 
continuous

MULTIVARIAbLE
Phase angle, 
categorial

Unadjusted OR
(95% CI)

p-value Adjusted ORa

(95% CI)
p-value Adjusted ORb

(95% CI)
p-value

Phase angle (°) 0.54 (0.38-0.77) 0.001 0.65 (0.44-0.96) 0.031

Low phase angle
(< 4.8°)

3.77 (1.59-8.97) 0.003 3.65 (1.34-9.93) 0.011

APACHE IV 
predicted mortality

1.04 (1.03-1.06) <0.001 1.04 (1.03-1.06) <0.001 1.04 (1.03-1.06) <0.001

Age 1.02 (0.99-1.05) 0.267

Gender 1.97 (0.90-4.34) 0.092

BMI 0.95 0.251
a Model summary: -2logLH: 119.2, Nagelkerke R2: 0.381, Hosmer-Lemeshow test: Chi2: 8.971, 
p=0.345
b Model summary: -2logLH: 117.33, Nagelkerke R2: 0.395 Hosmer-Lemeshow test: Chi2 : 9.021, 
p=0.341
Univariable and multivariable logistic regression analysis showing the unadjusted and adjusted odds 
ratios for 90-day mortality. a Phase angle entered as a continuous variable, b Phase angle entered as 
a categorical variable (with a cut-off of 4.8°).
Age, gender, BMI and APACHE IV predicted mortality were tested for confounding. Age, gender and 
BMI were no confounders. APACHE IV predicted mortality was a confounder and was adjusted for in 
the multivariable logistic regression analysis.
Abbreviations: APACHE IV predicted mortality, derived from the acute physiology and chronic health 
evaluation system expressed as fraction (range 0-1); BMI, body mass index; CI, confidence interval; 
OR: odds ratio
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predictor of 90-day mortality (OR: 1.04, CI: 1.03-1.06, p<0.001), see table 3. Figure 3 

shows the 90-day survival as Kaplan-Meier curves for the low versus normal PA group. 

Mortality in the low PA group continued to increase during the 90 day study period, 

while mortality of the patients with a PA above 4.8° did not increase after 28 days (see 

figure 3).

figure 1. The Receiver operating characteristics (ROC) curve of phase angle for 90-day 
mortality. The area under the curve (AUC) is 0.70 (95% CI= 0.59-0.80).

Figure 2. 
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figure 2. 90-day mortality in patients with low (< 4.8°) or normal phase angle ( ≥ 
4.8°).
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DISCUSSION

This prospective observational study in ICU patients shows that BIA-derived PA at ICU 

admission predicted 90-day mortality. Patients with a PA below 4.8° had a 3.7 times 

higher adjusted risk of dying. These findings are in line with other studies reporting the 

prognostic value of PA for clinical outcome. The present study is the first study reporting 

the relation between the PA at ICU admission and long-term (90-day) mortality.

PA, being a function of both resistance and reactance, reflects the proportion of 

cellular mass, the integrity of cell membranes and hydration status and represents a 

biological marker of cellular health [2]. PA declines with age and sarcopenia [12,13] and 

a low PA is associated with malnutrition and frailty [4,14,15]. PA may therefore reflect 

limited physiological reserve which explains its association with long-term mortality. A 

low PA on ICU admission is influenced by both the acute illness, as a result of membrane 

dysfunction and fluid shifts, and by the underlying general condition. The measurement 

of PA is easy, non-invasive, cheap, of low risk, and not restricted to the intensive care 

setting, and is therefore an attractive biological marker that is applicable for long-term 

follow up outside the intensive care setting.

Most previous studies in critically ill patients demonstrated the prognostic value of 

PA for short-term mortality. In a study in 95 critically ill patients, da Silva et al. found 

that PA was a good prognostic marker for patients without sepsis, but not for the septic 

figure 3. Kaplan-Meier 90-days survival plot illustrating cumulative survival for patients 
with a low phase angle (< 4.8°) or normal phase angle ( ≥ 4.8°). Log-Rank test, p=0.02.
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cohort [5]. In a multicentre study by Kuchnia et al. including 71 critically ill patients, 

low PA predicted time to live ICU discharge, but only when phase angle cut-offs derived 

from the National Health and Nutrition Examination Survey were used, not with PA as 

continuous value [6]. In the subsequent large international multicentre observational 

landmark study, day-1 PA was independently associated with 28-day mortality [7]. 

Remarkably, Lee found that PA had stronger hospital mortality predictive power than 

several disease severity scores used in the ICU [8]. In two small, single center studies 

performed in Brazil the mortality rate in the low PA group was higher, but there was no 

significant association between PA and mortality [16,17]. The mean PA differed among 

the abovementioned studies (4.0° to 5.4°) as well as the prognostic strength of PA to 

predict mortality, with unadjusted AUCs varying between 0.53 and 0.77. Differences can 

be explained by differences in design (single or multi-centre), case mix (age, ethnicity, 

surgical or mixed surgical/medical admissions, severity of disease, mortality), the type 

of mortality (hospital, 28-day, 90-day), the BIA device used, and the interval between 

ICU admission and PA assessment. The study of Thibault et al. points to the importance 

of the timing of BIA measurement: while day-1 phase angle predicted mortality, day 

5 phase angle did not [7]. A recent study of Kuchnia et al. showed that ethnicity is an 

important variable that should be accounted for when determining population reference 

values for PA [18]. Finally, the present study considered long-term mortality thereby 

including the late mortality risk of patients with a low phase angle at ICU admission. 

The association between PA and long-term mortality has been demonstrated in cancer 

patients by Norman et al. They showed that in cancer patients older than sixty a PA 

below the 5th reference percentile was predictive of decreased muscle strength, im-

paired quality of life, and 1-year mortality [19]. Our results suggest that PA has even 

stronger discriminative power when used for prognostication beyond 28-day mortality. 

The survival curves in our population showed a substantial late mortality in patients with 

a low PA, underscoring the potential of PA as a predictor of late mortality.

The question remains whether PA is a reliable marker of cellular health and muscular-

ity during all phases of critical illness. Previously we have shown that a low muscle 

mass, as measured by CT scanning on ICU admission, is an independent predictor of 

hospital mortality and of discharge to a nursing home [20]. Muscle mass is an important 

marker for both risk stratification and outcome. Kuchnia et al. highlighted the potential 

use of PA as a marker to identify patients with low muscularity [6]. BIA-derived PA 

is considered as a surrogate for fat free mass [7]. Sarcopenic patients have lower 

PA values while the PA of athletes is high [12,13]. Future studies are necessary to 

investigate if PA is a valid surrogate for fat free mass, especially in critically ill patients 

with altered hydration status. PA is an attractive index because it is independent of 

body weight but, being a function of resistance and reactance, BIA also changes with 

altering hydration status. Therefore, large fluid shifts prior to ICU admission or during 
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the first hours of an ICU stay could cause changes in the BIA-derived PA, which likely 

reflect inflammation-induced changes in membrane integrity causing fluid redistribution 

into the extracellular space. In that case, low PA not only reflects body cell mass but 

also the consequences of altered hydration status [4]. The influence of altered hydration 

on PA may explain why day-5 PA (in contrast with day-1 PA) was not discriminative for 

mortality in the Thibault study [7]. Measuring PA early after admission will likely reduce 

the confounding of altered hydration. BIVA was used to assess hydration status of the 

studied patients [9,10]. Non-surviving patients were more often ‘overhydrated’ and 

‘severely overhydrated’ according to BIVA. However, the difference was not significant, 

but might become so if sample size would be larger.

Interestingly, no patients were classified as dehydrated by BIVA. The median time to 

BIA measurement in our study was 11 hours (8-13). It is possible that fluid resuscita-

tion before or in the first hours of ICU admission led to ‘normal- or overhydration’ at 

time of measurement. Patients in the ‘severe overhydration’ group likely have a higher 

degree of inflammation and subsequently decreased cell membranes integrity with fluid 

shift from intracellular to extracellular leading to lower PA values. In contrast to other 

studies, we did not find a correlation between PA and APACHE IV or SOFA-scores [5,7]. 

Reason may be that low PA not only reflects acute changes but also poor underlying 

health, muscle wasting and fragility, which are poorly reflected by the APACHE II score.

Our study has several limitations. We used a convenience sample, meaning BIA mea-

surements were only performed when the researcher was present. Thus introducing 

selection bias by including less acute admissions during off hours. However, baseline 

characteristics and disease severity scores of the studied patients were equal to those 

of all patients admitted during the study period and comparable to other studies 

[5,6,7,8,16,17]. Another limitation is that the optimal PA cut-off value of 4.8° was 

derived from the studied patients and not independently (internal validity). However, 

our cut-off value for PA is equal to the cut off of 4.8° found in patients with heart 

failure [21] and corresponds to the cut-off of 5° found in cancer patients to predict 

functionality, quality of life and mortality [22]. Of note, our PA cut-off value of 4.8° is 

lower than the PA derived from a large data set of more than 210.000 healthy Germans. 

In this data set the mean PA of gender and BMI matched healthy individuals was 6.01° 

± 0.75° for males and 5.59° ± 0.72° for females, with tenth percentile values of 5.14 

and 4.79 respectively [23]. In a smaller data set of 1967 healthy subject from the 

USA, the PA of age matched individuals was 6.96° ± 1.10° for males and 5.97° ± 0.83° 

for females [24]. Cut-off values are population specific as shown by the differences 

between published studies. Furthermore, the sensitivity of our cut-off value was reason-

able, but specificity was poor, suggesting that a low PA identifies the patients at risk of 

dying reasonably well, but a considerable number of patients with a low PA will survive 

up to 90 days after ICU admission. Using cut-off values facilitates implementation of 
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PA measurements in clinical practice, however ideally, the cut-off value used should be 

prospectively validated in a large cohort of ICU patients.

In conclusion, the present study shows that BIA-derived PA at ICU admission is an 

independent predictor of 90-day mortality. PA is a biological marker that can aid in 

long-term mortality risk assessment and may be used to monitor targeted interventions 

aiming to improve long-term outcome of ICU patients. Future studies should aim at 

investigating the confounding effect of altered hydration on PA measurement during 

the course of ICU admission and whether interventions aiming to improve long-term 

functional status, such as increasing protein intake and early mobilisation, also increase 

PA. In that case, PA is an even more attractive monitoring tool.



Phase angle as a predictor of 90-day mortality in intensive care patients 75

5

REfERENCES

 [1] Zimmerman JE, Kramer AA, McNair DS, Malila FM. Acute Physiology and Chronic 
Health Evaluation (APACHE) IV: hospital mortality assessment for today’s criti-
cally ill patients. Crit Care Med 2006; 34:1297-310.

 [2] Lukaski HC. Evolution of bioimpedance: a circuitous journey from estimation of 
physiological function to assessment of body composition and a return to clinical 
research. Eur J Clin Nutr 2013; 67 Suppl 1:S2-9.

 [3] Kyle UG, Bosaeus I, De Lorenzo AD, Deurenberg P, Elia M, Manuel Gomez J, et al. 
Bioelectrical impedance analysis-part II: utilization in clinical practice. Clin Nutr 
2004; 23:1430-53.

 [4] Lukaski HC, Kyle UG, Kondrup J. Assessment of adult malnutrition and prognosis 
with bioelectrical impedance analysis: phase angle and impedance ratio. Curr 
Opin Clin Nutr Metab Care 2017; 20:330-9.

 [5] da Silva TK, Berbigier MC, Rubin Bde A, Moraes RB, Correa Souza G, Schweigert 
Perry ID. Phase angle as a prognostic marker in patients with critical illness. Nutr 
Clin Pract 2015; 30:261-5.

 [6] Kuchnia A, Earthman C, Teigen L, Cole A, Mourtzakis M, Paris M, et al. Evalu-
ation of Bioelectrical Impedance Analysis in Critically Ill Patients: Results of a 
Multicenter Prospective Study. J Parenter Enteral Nutr 2016; First published May 
24, 2016

 [7] Thibault R, Makhlouf AM, Mulliez A, Cristina Gonzalez M, Kekstas G, Kozjek NR, 
et al. Fat-free mass at admission predicts 28-day mortality in intensive care unit 
patients: the international prospective observational study Phase Angle Project. 
Intensive Care Med 2016; 42:1445-53.

 [8] Lee YH, Lee JD, Kang DR, Hong J, Lee JM. Bioelectrical impedance analysis values 
as markers to predict severity in critically ill patients. J Crit Care 2017; 40:103-7.

 [9] Piccoli A, Rossi B, Pillon L, Bucciante G. A new method for monitoring body fluid 
variation by bioimpedance analysis: The RXc graph. Kidney Int 1994; 46(2):534-
9

 [10] Norman K, Stobaus N, Pirlich M, Bosy-Westphal A. Bioelectrical phase angle 
analysis and impedance vector analysis – Clinical relevance and applicability of 
impedance parameters. Clin Nutr 2012; 31:854-861

 [11] Peduzzi P, Concato J, Kemper E, Holford TR, Feinstein AR. A simulation study of 
the number of events per variable in logistic regression analysis. J Clin Epidemiol 
1996; 49:1373-9.

 [12] Kilic MK, Kizilarslanoglu MC, Arik G, Bolayir B, Kara O, Dogan Varan H, et al. Asso-
ciation of Bioelectrical Impedance Analysis-Derived Phase Angle and Sarcopenia 
in Older Adults. Nutr Clin Pract 2017; 32:103-9.

 [13] Basile C, Della-Morte D, Cacciatore F, Gargiulo G, Galizia G, Roselli M, et al. Phase 
angle as bioelectrical marker to identify elderly patients at risk of sarcopenia. Exp 
Gerontol 2014; 58:43-6.

 [14] Kyle UG, Genton L, Pichard C. Low phase angle determined by bioelectrical im-
pedance analysis is associated with malnutrition and nutritional risk at hospital 
admission. Clin Nutr 2013; 32:294-9.



76 Chapter 5

 [15] Wilhelm-Leen ER, Hall YN, Horwitz RI, Chertow GM. Phase angle, frailty and 
mortality in older adults. J Gen Intern Med 2014; 29:147-54.

 [16] Vermeulen KM, Leal LL, Furtado MC, Vale SH, Lais LL. Phase Angle and Onoderas 
Prognostic Nutritional Index in critically ill patients. Nutr Hosp 2016; 33:1268-75

 [17] Berbigier MC, Pasinato VF, Rubin Bde A, Moraes RB, Perry ID. Bioelectrical Imped-
ance Phase Angle in Septic Patients admitted to intensive care units. Rev Bras Ter 
Intensiva 2013; 25:25-31

 [18] Kuchnia AJ, Teigen LM, Cole AJ, Mulasi U, Gonzalez MC, Heymsfield SB, et al. 
Phase Angle and Impedance Ratio: Reference Cut-Points From the United States 
National Health and Nutrition Examination Survey 1999-2004 From Bioimpedance 
Spectroscopy Data. J Parenter Enteral Nutr 2016; First published September 26, 
2016

 [19] Norman K, Wirth R, Neubauer M, Eckardt R, Stobaus N. The bioimpedance phase 
angle predicts low muscle strength, impaired quality of life, and increased mortal-
ity in old patients with cancer. J Am Med Dir Assoc 2015; 16:173 e17-22.

 [20] Weijs PJ, Looijaard WG, Dekker IM, Stapel SN, Girbes AR, Oudemans-van Straaten 
HM, et al. Low skeletal muscle area is a risk factor for mortality in mechanically 
ventilated critically ill patients. Crit Care 2014; 18:R12.

 [21] Alves FD, Souza GC, Clausell N, Biolo A. Prognostic role of phase angle in hospital-
ized patients with acute decompensated heart failure. Clin Nutr 2016; 35:1530-4.

 [22] Norman K, Stobaus N, Zocher D, Bosy-Westphal A, Szramek A, Scheufele R, et al. 
Cutoff percentiles of bioelectrical phase angle predict functionality, quality of life, 
and mortality in patients with cancer. Am J Clin Nutr 2010; 92:612-9.

 [23] Bosy-Westphal A, Danielzik S, Dörhöfer R, Later W, Wiese S, Müller MJ. Phase 
angle from Bioelectrical Impedance Analysis: Population reference values by age, 
sex and body mass index. J Parenter Enteral Nutr 2006; 30(4):309-316

 [24] Barbosa-Silva MCG, Barros AJD, Wang J, Heymsfield SB, Pierson RN. Bioelectrical 
impedance analysis: population reference values for phase angle by age and sex. 
Am J Clin Nutr 2005; 82:49-52







1

6

2

7

3

8

4

9

5

10

A

Chapter 6
Identifying critically ill patients with 
low muscle mass: Agreement between 
bioelectrical impedance analysis and computed 
tomography

Willem G.P.M. Looijaard*, Sandra N. Stapel*, Ingeborg M. Dekker, 
Hanna Rusticus, Sharon Remmelzwaal, Armand R.J. Girbes, Peter 
J.M. Weijs, Heleen M. Oudemans-van Straaten

* both authors contributed equally

Clin Nutr. 2019 Aug 10 [Epub ahead of print]



80 Chapter 6

AbSTRACT

background: Low muscle mass and -quality on ICU admission, as assessed by muscle 

area and -density on CT-scanning at lumbar level 3 (L3), are associated with increased 

mortality. However, CT-scan analysis is not feasible for standard care. Bioelectrical 

impedance analysis (BIA) assesses body composition by incorporating the raw measure-

ments resistance, reactance, and phase angle in equations. Our purpose was to compare 

BIA- and CT-derived muscle mass, to determine whether BIA identified the patients with 

low skeletal muscle area on CT-scan, and to determine the relation between raw BIA and 

raw CT measurements.

Methods: This prospective observational study included adult intensive care patients 

with an abdominal CT-scan. CT-scans were analysed at L3 level for skeletal muscle area 

(cm2) and skeletal muscle density (Hounsfield Units). Muscle area was converted to 

muscle mass (kg) using the Shen equation (MMCT). BIA was performed within 72h of the 

CT-scan. BIA-derived muscle mass was calculated by three equations: Talluri (MMTalluri), 

Janssen (MMJanssen), and Kyle (MMKyle). To compare BIA- and CT-derived muscle mass cor-

relations, bias, and limits of agreement were calculated. To test whether BIA identifies 

low skeletal muscle area on CT-scan, ROC-curves were constructed. Furthermore, raw 

BIA and CT measurements, were correlated and raw CT-measurements were compared 

between groups with normal and low phase angle.

Results: 110 patients were included. Mean age 59 ±17 years, mean APACHE II score 

17 (11-25); 68% male. MMTalluri and MMJanssen were significantly higher (36.0±9.9 kg 

and 31.5±7.8 kg, respectively) and MMKyle significantly lower (25.2±5.6 kg) than MMCT 

(29.2±6.7 kg). For all BIA-derived muscle mass equations, a proportional bias was ap-

parent with increasing disagreement at higher muscle mass. MMTalluri correlated strongest 

with CT-derived muscle mass (r=0.834, p<0.001) and had good discriminative capacity 

to identify patients with low skeletal muscle area on CT-scan (AUC: 0.919 for males; 

0.912 for females). Of the raw measurements, phase angle and skeletal muscle density 

correlated best (r=0.701, p<0.001). CT-derived skeletal muscle area and -density were 

significantly lower in patients with low compared to normal phase angle.

Conclusion: Although correlated, absolute values of BIA- and CT-derived muscle mass 

disagree, especially in the high muscle mass range. However, BIA and CT identified the 

same critically ill population with low skeletal muscle area on CT-scan. Furthermore, low 

phase angle corresponded to low skeletal muscle area and -density.
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INTRODUCTION

Low muscle mass on ICU admission has appeared as an independent predictor of poor 

outcome, including fewer ventilator free days, longer ICU- and hospital length of stay, 

and mortality (1-6). Quantification of muscle mass in critically ill patients is therefore 

of great relevance.

However, measuring muscle mass in clinical practice is challenging. Reference meth-

ods, such as dual-energy X-ray absorptiometry (DXA), whole body magnetic resonance 

imaging (MRI), or isotope dilution methods are not feasible in the critically ill. Ultrasound 

is promising (7), but has high interrater variability (8) and needs further validation. 

Measuring skeletal muscle area on computed tomography (CT)-scans has received 

increasing attention. The skeletal muscle area (SMA) on a single cross-sectional image 

at the level of the third lumbar vertebra (L3) has been found to be a good reflection 

of whole body muscle mass in a cadaver validation study (9). In addition to muscle 

mass, muscle quality may be of prognostic significance. Lower skeletal muscle density 

(SMD) on CT, a marker for decreased muscle quality, has been associated with increased 

lipid infiltration in muscle biopsies (10) and poor outcome in critically ill patients (11). 

However, using CT-scan analysis for measuring muscle mass and -quality has several 

limitations, including radiation exposure, costs, risks associated with patient transport, 

and time consumption.

Bioelectrical impedance analysis (BIA) is an easy, non-invasive, portable method to 

assess body composition. BIA measures the opposition to an alternating current through 

body compartments (resistance) and the delay in conduction by cell membranes (re-

actance). The composite marker phase angle (arc tangent of reactance/resistance) 

reflects the amount and integrity of body cells and predicts patient outcome in a variety 

of diseases (12-14) including the intensive care population (15, 16) and identifies pa-

tients with nutritional risk (17). These raw BIA measurements are independent of body 

weight.

BIA also measures muscle mass by using equations that combine electrical and 

anthropometric data. However, the confounding effect of an unreliable body weight 

and altered hydration status has led to cautious use of these equations in critically ill 

patients. Nonetheless, a recent study in Asian critically ill patients showed agreement 

and a high correlation between BIA and CT-derived muscle mass (18). Therefore, BIA 

may be a potential tool to assess low muscle mass, one of the hallmarks of sarcopenia 

(19), in critically ill patients. However, further validation of the raw and calculated mark-

ers in the Caucasian population is needed.

The aims of the present study were to compare BIA- and CT-derived muscle mass in 

critically ill patients, to determine whether BIA and CT identify the same patients with 



82 Chapter 6

low SMA using previously determined ICU-specific mortality-related cut-off points for 

low SMA (1), and to determine the relation between raw BIA and CT measurements.

METHODS

This prospective observational study included patients admitted to the mixed medical-

surgical ICU of a university hospital (Amsterdam University Medical Centers, location 

VU Medical Center) during a one-year period. Inclusion criteria were age ≥18 years, 

an abdominal CT-scan made for diagnostic or interventional reasons during ICU admis-

sion, and presence of a researcher to perform the BIA measurement. Exclusion criteria 

were inability to perform BIA measurement (e.g. agitation or shivering, the presence of 

internal- or external metal devices (as advised by the manufacturer for safety reasons), 

or if the CT-scan was not suitable for muscle analysis (e.g. L3 level not fully present 

on the scan, presence of artefacts, or insufficient scan quality due to low resolution or 

scattering).

The study was approved by the VU Medical Center institutional review board 

(IRB00002991, decision 2014/357). The need for informed consent was waived because 

of the use of coded data obtained from routine care. The study has been registered at 

ClinicalTrials.gov (NCT02555670).

bioelectrical impedance analysis

BIA was performed within 72 hours of the CT-scan using an AKERN BIA 101 Anniver-

sary (GLNP Life Sciences, Breda, the Netherlands), a single frequency phase sensitive 

bioelectrical impedance device, which generates a 400 µA alternating electrical current 

with a 50 kHz frequency. One pair of adhesive gel electrodes (AKERN BIATRODES, Akern 

SRL, Pontassieve, Italy) was placed on the dorsum of the right hand and one pair on the 

dorsum of the ipsilateral foot, 5 cm apart. Measurements were performed in patients in 

supine position with a pillow supporting the head and the extremities slightly abducted 

to prevent contact between the legs. A small elevation (< 20 degrees) of the bed head 

was allowed.

Raw BIA measurements (resistance, reactance, and phase angle) were imported into 

BIA software (BodyGram Pro, Akern SRL, Pontassieve, Italy), which uses an equation 

developed by the manufacturer (Tony Talluri) to calculate muscle mass (MMTalluri). For 

comparison, muscle mass equations developed by Janssen (MMJanssen) and Kyle (MMKyle) 

(20, 21) were used. The equations are presented in table 1.
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CT-scan analysis

CT-scans were analysed using Slice-O-matic versions 4.3 and 5.0 (TomoVision, Mon-

treal, QC, Canada) by two certified investigators (WGPML and IMD, trained by the Cross 

Cancer Institute, Canada). CT-scans were analysed at the level of the third lumbar 

vertebra (L3), all muscles present on this level were included. The precision of single 

L3 slice CT scan analysis is high (inter- and intra-observer variability <2%) (22) and L3 

SMA is strongly related to whole-body skeletal muscle volume (r=0.83–0.99, p<0.01) 

in healthy adults (23, 24).

Muscle tissue was identified using boundaries in Hounsfield Units set to -29 to +150 

(25). Low SMA was defined using previously determined ICU-specific mortality-related 

cut-off points: males <170 cm2 and females <110 cm2 (1).

MMCT was calculated by converting SMA to whole-body muscle volume using the Shen 

equation (table 1) (23). Subsequently, the volume was converted to muscle mass in 

kg using a density of 1.06 g / cm3 (26). SMD in Hounsfield Units was automatically 

calculated by the software from the mean radiological attenuation of all L3 muscle.

Other data

Baseline demographic data and variables in the Acute Physiology And Chronic Health 

Evaluation (APACHE) III score and its derived predicted mortality (APACHE IV) were 

collected from the ICU patient data management system (Metavision, IMDSoft, Tel Aviv, 

Israel). Patients were weighed using either an automatic bed scale or a lift-based weigh-

ing system. If neither was available or feasible, patients’ weight was obtained from the 

patient or a family member; or estimated by a clinician. Height was measured in supine 

position using a flexible measuring tape.

Primary outcome was the correlation and agreement between BIA- and CT-derived 

muscle mass. Secondary post-hoc outcomes were the ability of BIA-derived muscle 

mass to identify patients with low SMA on CT-scan, and the relation between raw BIA 

measurements (resistance, reactance, and phase angle) and raw CT measurements 

(skeletal muscle area and -density).

Statistical analysis

Values are reported as number (%), mean ± standard deviation (SD), or median (25-

75% interquartile range, IQR). Data are presented for all patients, and for male and 

female patients separately because the CT-derived cut-off points for low SMA are sex-

specific (1).

Independent samples T-tests, Mann-Whitney U-tests, Chi-squared-tests, and Fisher’s 

exact tests were used to compare male and female patients, as applicable. Paired 

samples T-tests were used to assess the difference between CT- and BIA-derived muscle 

mass. To determine the relation between CT- and BIA-derived muscle mass the Pearson 
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correlation coefficient was calculated between MMCT and MMTalluri, MMJanssen, and MMKyle. 

Additionally, to assess agreement Bland-Altman plots were constructed for MMCT and 

MMTalluri, MMJanssen, and MMKyle respectively. The 95% confidence intervals (95% CI’s) of 

the limits of agreement were calculated using Bland and Altman’s approximate method 

with bootstrapping (27). One-sample T-tests were used to test whether the bias (the 

mean difference of the CT- and BIA-derived MM) was significantly different from zero 

to determine whether significant bias was present. The SD’s of the bias were compared 

using Levene’s test for equality of variances to determine which equation has the low-

est variance. Linear regression analysis with difference as dependent- and average 

as independent variable was used to determine whether the bias was proportional. 

To determine the ability of MMTalluri, MMJanssen, and MMKyle to identify patients with low 

SMA on CT-scan, receiver operating characteristic (ROC) curves were made. Finally, 

the relation between BIA-derived raw measurements (resistance, reactance, and phase 

angle) and CT-derived raw measurements (SMA and SMD) was determined using the 

Pearson correlation coefficient, and previously determined phase-angle cut-off points 

for nutritional risk in hospitalized patients by Kyle et al. (5.0 for men, 4.6 for women) 

(17) and for mortality in critically ill patients by Stapel et al. (4.8 for both men and 

women) (16) were used to determine whether CT-derived raw measurements were 

significantly different in patients with a low versus normal phase angle. A sensitivity 

Table 1: Muscle mass equations
BIA

Talluri Total muscle compartment (kg)

0.3 * fat free mass * log(PA)
+ 0.15 * 





total body water
 * log(PA)



0.88 0.8

Janssen Skeletal muscle mass (kg)

5.102 + 




0.401 * 
height 2 




+ (3.825 * sex) + (−0.071 * age)
R

Kyle Appendicular skeletal muscle mass (kg)

−4.211 + 




0.267 * 
height 2 




+ (0.095 * weight) + (1.909 * sex) +
R

(−0.012 * age) + (0.058 * Xc)

CT-scans

Shen Skeletal muscle volume (L)

0.166 * L3 area + 2.142

BIA: bioelectrical impedance analysis, CT: computed tomography, L3 area: CT-derived muscle cross 
sectional area at 3rd lumbar vertebra (cm2), PA: BIA-derived phase angle (°), R: BIA-derived resis-
tance (Ω), Xc: BIA-derived reactance (Ω).
Height in cm; weight in kg; sex male = 1, female = 0.
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analysis was performed including only patients with <24 hours between the CT scan 

and BIA measurement to limit the possible effects of altered hydration status. A second 

sensitivity analysis was performed including only patients with a reliable weight (i.e. 

not estimated). IBM SPSS Statistics 22 (IBM Corp, Armonk, NY, USA), GraphPad Prism 

7 (GraphPad Software, La Jolla, CA, USA), and an online tool for Bland-Altman analysis 

(28) were used for statistical analysis. All statistical tests were conducted two-sided. A 

p< 0.05 was considered statistically significant.

RESULTS

During the study period, 1654 patients were admitted to the ICU with a mean age of 63 

±16 years, and a mean APACHE IV predicted mortality of 24.5 ±30.1%. One hundred 

eighty-five patients fulfilled the inclusion criteria. In nine patients, the BIA measurement 

could not be performed within 72 hours of the CT scan. Forty-five patients were excluded 

because their CT-scan was unsuitable for analysis due to artefacts, scattering, muscles 

cut-off due to windowing, or insufficient scan quality; 12 patients because BIA could not 

be performed due to the presence of internal or external metal devices; and 9 patients 

due to erroneous BIA values because of shivering, dyspnea, or the inability to obtain 

correct positioning. A total of 110 patients were included in final analyses (figure 1).

Patient characteristics are presented in table 2 for the entire population, and for 

male and female patients separately. Mean age was 59 ±17 years, and 75/110 (68%) 

were male. Male patients had a significantly higher height (179 ±7 vs. 169 ±6 cm, 

p<0.001) and weight (84.9 ±15.2 vs. 76.8 ±16.0 kg, p=0.012) than females. Other 

characteristics were not significantly different between males and females. The CT-scan 

was performed on the day of admission in 75 patients (68%). The BIA measurement 

was performed a median of 1 day after CT (0 – 1), and in 97 patients within one day of 

the CT scan (88%).

Correlation and agreement muscle mass

Mean MMCT was 29.2 ±6.7 kg (table 3). MMTalluri and MMJanssen were significantly higher 

(36.0 ±9.9 kg and 31.5 ±7.8 kg, respectively) and MMKyle significantly lower (25.2 ±5.6 

kg) than MMCT (all p<0.001). Muscle mass (both CT- and BIA-derived) and phase angle 

and were significantly higher in male patients, while resistance was higher in female 

patients and reactance was not significantly different between sexes.

Of all BIA-derived muscle mass equations, MMTalluri had the strongest correlation with 

CT-derived muscle mass (r=0.834, p<0.001; figure 2).

On Bland-Altman analysis a significant bias of 6.87 kg (95%CI 5.79 – 7.95, p<0.001) 

between MMTalluri and MMCT was apparent, with limits of agreement -4.31 kg (95%CI 
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-6.37 to -2.66) to 18.06 kg (95%CI 16.41 – 20.12; figure 2). Regression analysis 

showed that the bias was proportional (B 0.428, p<0.001), with an increasing disagree-

ment between MMTalluri and MMCT at higher muscle mass values, whereby MMTalluri was 

higher than MMCT at higher muscle mass

Bias between MMJanssen and MMCT was 2.38 kg (95%CI 1.19 – 3.57, p<0.001) with 

limits of agreement -9.93 (95%CI -12.19 to -8.11) to 14.68 kg (95%CI 12.87 – 16.95). 

Again, proportional bias was found with an increasing disagreement at higher muscle 

mass (B 0.198, p=0.03). Finally, the bias between MMKyle and MMCT was -3.98 kg (95%CI 

-4.88 to -3.08, p<0.001) with limits of agreement -13.29 (95%CI -15.00 to -11.91) to 

5.33 kg (95%CI 3.95 – 7.04). Regression analysis showed an inverse proportional bias, 

disagreement was higher at higher muscle mass, whereby MMKyle was lower than MMCT 

at higher muscle mass (B -0.197, p=0.013).

The bias of MMJanssen was significantly lower than that of MMTalluri and MMKyle (p<0.001). 

The variance (SD of the bias) of MMKyle was significantly lower than of MMJanssen (F 5.86, 

p=0.016). The variances of MMTalluri and MMKyle and of MMTalluri and MMJanssen were not 

significantly different.

Identification of low skeletal muscle area

For male patients, the area under the ROC curve (AUC) for MMTalluri to identify patients 

with low SMA on CT was 0.919 (95%CI 0.858 – 0.979, figure 3). For MMJanssen and 

MMKyle the AUC was 0.743 (95%CI 0.630 – 0.856) and 0.800 (95%CI 0.700 – 0.900), 

respectively. For female patients, the AUC for MMTalluri was 0.912 (95%CI 0.820 – 1.000), 

for MMJanssen 0.821 (95%CI 0.629 – 1.000), and for MMKyle 0.821 (95%CI 0.646 – 1.000).

Correlation raw measurements

Correlations between BIA-derived raw measurements (resistance, reactance, and 

phase angle) and CT-derived raw measurements (skeletal muscle area and -density) 

are shown in table 4. BIA-derived phase angle and resistance were correlated with 

CT-derived SMA (r=0.542, p<0.001 and r=-0.409, p<0.001, respectively). BIA-derived 

phase angle and reactance were correlated with CT-derived SMD (r=0.701, p<0.001 

and r=0.539, p<0.001, respectively) (figure 4). Finally, both SMA and SMD were lower 

in patients with low phase angle when compared to those with normal phase angle 

using nutritional-risk based cut-off points (17). SMA in females was 117 vs 130 cm2 

(p=0,066) and in males 151 vs 183 cm2 (p<0,001), SMD in females was 28,2 vs 40,7 

HU (p<0,001) and in males 31,9 vs 48,3 HU (p<0,001). Using the mortality-based 

cut-offs from Stapel et al. (16) similar differences were seen: SMA in females 119 vs 

131 cm2 (p=0,088) and in males 145 vs 184 cm2 (p<0,001), SMD in females 30,2 vs 

41,2 HU (p=0,001) and in males 31,0 vs 47,1 HU (p<0,001).
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Sensitivity analyses

Sensitivity analyses were performed in patients in whom the BIA measurement was per-

formed within one day of the CT scan (n=97) and in those with a reliable weight (n=85). 

Characteristics of patients with <24 hours between BIA measurement and CT scan were 

not significantly different from those with a longer time interval (24-72 h) between CT 

scan and BIA measurement (supplemental tables 1 and 2), nor were those of patients 

with a reliable weight different from those with an estimated weight, except that more 

ventilated patients had an estimated weight (supplemental tables 3 and 4). Correlation 

and agreement between MMTalluri, MMJanssen, and MMKyle and MMCT (supplemental figures 1 

and 3), ROC curves of MMTalluri, MM Janssen, and MMKyle identifying low SMA (supplemental 

figures 2 and 4), and correlations between raw measurements (supplemental tables 3 

and 6) from both sensitivity analyses were comparable to those found in all patients.

Patients admitted to the ICU

n=1.654

Eligible patients

n=185

Patients included
 

n=110

Excluded patients
CT-scans not suitable for muscle analysis

n=45
Inability to perform BIA

n=12
Erroneous BIA values (i.e. due to 

shivering)
n=9 

Patients with BIA and CT

n=176

BIA > 72 hours of CT-scan
n=9

figure 1. Consort diagram showing the inclusion process.
BIA: Bioelectrical impedance analysis, CT: Computed Tomography
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DISCUSSION

This prospective observational study in 110 critically ill patients with an abdominal CT-

Table 2: Patient characteristics.
All patients

(n=110)
Male patients

(n=75)
female

patients
(n=35)

P-value
male vs.

female

Age, y 59 ±17 59 ±18 59 ±14 0.947

Height, cm 176 ±8 179 ±7 169 ±6 <0.001

Weight, kg 82.4 ±15.8 84.9 ±15.2 76.8 ±16.0 0.012

BMI, kg/m2 25.3
(23.1 – 29.4)

25.4
(22.9 – 29.7)

25.1
(23.5 – 28.8)

0.827

Underweight 0 (0%) 0 (0%) 0 (0%)

Normal weight, no (%) 52 (47%) 35 (47%) 17 (49%)

Overweight, no (%) 33 (30%) 22 (29%) 11 (31%)

Obese, no (%) 17 (16%) 15 (20%) 2 (6%)

Morbidly obese, no (%) 8 (7%) 3 (4%) 5 (14%)

Admission type 0.536

Medical, no (%) 45 (41%) 28 (37%) 17 (49%)

Surgical, no (%) 25 (23%) 18 (24%) 7 (20%)

Trauma, no (%) 40 (36%) 29 (39%) 11 (31%)

Diagnosis type 0.578

Cardiovascular, no (%) 9 (8%) 7 (9%) 2 (6%)

Metabolic/renal, no (%) 3 (3%) 3 (4%) 0 (0%)

Neurologic, no (%) 7 (6%) 5 (7%) 2 (6%)

Post resuscitation, no (%) 5 (5%) 2 (3%) 3 (9%)

Post surgery, no (%) 25 (23%) 18 (24%) 7 (20%)

Respiratory insufficiency, no (%) 11 (10%) 6 (8%) 5 (14%)

Sepsis, no (%) 8 (7%) 4 (5%) 4 (11%)

Trauma, no (%) 40 (36%) 29 (39%) 11 (31%)

Other, no (%) 2 (2%) 1 (1%) 1 (3%)

APACHE II scorea 17 (11 – 25) 18 (11 – 25) 17 (12 – 24) 0.799

APACHE IV predicted mortalityb, % 16 (6 – 46) 16 (5 – 48) 20 (7 – 46) 0.585

Mechanically ventilated, no (%) 72 (66%) 49 (65%) 23 (66%) 1.000

Time between ICU admission and CT scan, d 0 (0 – 0) 0 (0 – 0) 0 (0 – 0) 0.419

Time between ICU admission and BIA, d 1 (0 – 1) 1 (0 – 1) 1 (0 – 1) 0.646

Time between CT scan and BIA, d 1 (0 – 1) 1 (0 – 1) 1 (0 – 1) 0.100

APACHE: acute physiology and chronic health evaluation, BIA: bioelectrical impedance analysis, 
BMI: body mass index, CT: computed tomography, ICU: intensive care unit, d: days.
a n=106, four missing values due to missing data.
b n=109, one missing value due to missing data.
P-values in bold indicate a significant difference
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scan shows that the agreement between BIA- and CT-derived muscle mass was poor, 

but the two are significantly correlated. Importantly, BIA identified critically ill patients 

with low skeletal muscle area on CT-scan, as defined by previously found cut-offs, and 

BIA-derived low phase angle corresponded to low CT-derived skeletal muscle area and 

-density.

In the present study, we used muscle mass equations, which rely on assumptions and 

primary measured variables. The poor agreement between muscle mass equations can 

Table 3: CT- and BIA-derived muscle mass and raw measurements.

BIA
All 

patients 
(n=110)

Male 
patients 
(n=75)

female 
patients 
(n=35)

P-value
male vs. 

female

Muscle mass

Talluri equationa, kg 36.0 ±9.9 39.4 ±9.7 28.7 ±5.7 <0.001

% of body weight 44 ±10 47 ±10 38 ±7 <0.001

Janssen equationb, kg 31.5 ±7.8 34.6 ±6.8 25.0 ±5.7 <0.001

% of body weight 39 ±9 41 ±8 33 ±8 <0.001

Kyle equationc, kg 25.2 ±5.6 27.3 ±5.0 20.6 ±4.0 <0.001

% of body weight 31 ±5 32 ±4 27 ±5 <0.001

Raw measurements

Resistance, Ω 465 ±101 450 ±91 498 ±115 0.019

Resistance/m, Ω/m 265 ±60 252 ±52 295 ±65 <0.001

Reactance, Ω 40 ±15 40 ±15 38 ±15 0.550

Reactance/m, Ω/m 23 ±9 23 ±9 23 ±9 0.903

Phase angle, ° 4.8 ±1.4 5.0 ±1.5 4.3 ±1.1 0.013

CT-scans

Muscle mass

Shen equationb, kg 29.2 ±6.7 31.6 ±6.3 23.9 ±3.5 <0.001

% of body weight 36 ±7 38 ±7 32 ±6 <0.001

Raw measurements

Skeletal muscle area, cm2 152 ±38 166.6 ±36.0 122.7 ±20.2 <0.001

Low skeletal muscle aread, no. (%) 52 (47%) 43 (57%) 9 (26%) 0.002

Skeletal muscle index, cm2/m2 49.2 ±10.6 51.9 ±10.7 43.3 ±7.8 <0.001

Skeletal muscle density, HU 38.1 ±12.7 40.0 ±13.4 33.9 ±10.0 0.009

Low skeletal muscle densitye, no. (%) 14 (13%) 4 (5%) 10 (29%) 0.001

BIA: bioelectrical impedance analysis, CT: computed tomography, HU: Hounsfield units.
For full equations see table 1.
a Talluri equation calculates total muscle compartment.
b Janssen and Shen equations calculate skeletal muscle mass (19, 22).
c Kyle equation calculates appendicular skeletal muscle mass (20).
d Skeletal muscle area cut-offs: 170 cm2 for males and 110 cm2 for females (1).
e Skeletal muscle density cut-offs based on BMI and age (32).
P-values in bold indicate a significant difference.
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primarily be explained by the fact that the different equations assess different muscle 

compartments and also by the fact that neither the Shen equation nor the BIA-derived 

MM-equations have been validated in intensive care patients, and both make assump-

tions that may not be accurate in this patient population.

Our findings are in agreement with a recent retrospective study in an Asian surgical 

critically ill population by Kim et al. in which skeletal muscle mass evaluation by BIA 

and CT was also compared (18). The study showed good correlation and agreement 

between BIA and CT-derived skeletal muscle mass, also in subgroups of patients with 

low skeletal muscle mass and even in case of severe edema. Accuracy was determined 

by correlation and by agreement based on Bland-Altman analysis. . Unfortunately, the 

study does not describe the applied muscle mass equation, nor in which population this 
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figure 2. Regression plots (upper panel) and Bland-Altman plots (lower panel) show-
ing the correlation and agreement between CT-derived muscle mass (MMCT) and the 
BIA-derived muscle mass equations. A. Talluri equation (MMTalluri), B. Janssen equation 
(MMJanssen), and C. Kyle equation (MMKyle).
BIA: bioelectrical impedance analysis; MM: muscle mass.

Table 4: Pearson correlation coefficients between CT- and BIA-derived raw measure-
ments.

BIA-derived raw measurements

Resistance Reactance Phase angle

r P-value r P-value r P-value

CT-derived raw measurements

Skeletal muscle area -0.409 <0.001 0.197 0.039 0.542 <0.001

Skeletal muscle density -0.010 0.920 0.539 <0.001 0.701 <0.001

BIA: bioelectrical impedance analysis, CT: computed tomography.
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figure 3. Receiver operating characteristics (ROC) curves and area under the curves (AUC) 
showing the ability of the BIA-derived muscle mass equations (MMTalluri, MMJanssen, MMKyle) 
to identify patients with low muscle mass on CT-scan (CT low SMA). Curves for males (left 
panel) and females (right panel) are shown separately. BIA: bioelectrical impedance analy-
sis; MM: muscle mass; SMA: CT-derived skeletal muscle area at lumbar level 3.
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equation was validated. Since body composition is ethnicity specific (29), the results 

may not be applicable to the Caucasian population. Our prospective observational study 

further validates BIA as a potential tool in identifying Caucasian critically ill patients with 

low muscle mass on CT-scan.

We also found that the raw BIA measurements phase angle, resistance, and reac-

tance correlated with the raw CT measurements skeletal muscle area and -density, and 

that low phase angle corresponded to low CT-derived muscle area and -density. This 

is important because the raw BIA and CT measurements are, in contrast to the muscle 

mass equations, independent of body weight, directly measured, and not dependent on 

assumptions which may not be valid in the critically ill population. Specifically, phase 

angle and reactance correlated with skeletal muscle density (as marker of muscle qual-

ity) and phase angle and resistance with muscle area (muscle mass).

Previous studies demonstrated that low phase angle and impedance ratio were as-

sociated with low muscularity on CT-scan, but only in a multivariable logistic regression 

model (30). We found the strongest relation between phase angle and skeletal muscle 

density. Phase angle has previously been demonstrated to have prognostic significance 

in critically ill patient (15, 16). Phase angle therefore seems a simple and useful bio-

marker of cellular health. The presently found correlation with muscle density on CT 

scan, confirms the notion that phase angle not only reflects cellular mass but also the 

integrity of cell membranes and thus cellular quality (31). Both phase angle and CT-

derived muscle density at ICU admission were found to be associated with mortality (11, 
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figure 4. Regression plot showing the correlation between the BIA- and CT-derived 
markers of muscle quality: phase angle and skeletal muscle density. BIA: bioelectrical 
impedance analysis; HU Hounsfield Units.
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15, 16). The present study is the first study that assesses the relation between phase 

angle and CT-derived skeletal muscle area and -density.

Agreement between BIA- and CT derived muscle mass was poor. Of note, the three 

BIA-derived muscle mass equations use different raw BIA measurements in their cal-

culations and assess different muscle compartments. MMTalluri assesses the total muscle 

compartment, MMJanssen assesses skeletal muscle mass, and MMKyle assesses appen-

dicular skeletal muscle mass. This may partially explain the high bias between MMTalluri 

and MMCT. The three extreme outliers in the Bland-Altman plot constructed for MMTalluri 

and MMCT were all relatively young, male patients (median age 41) who were in good 

condition prior to their acute ICU admission. These patients might have relatively more 

skeletal muscle in arms and legs. Their muscle distribution may therefore deviate from 

the population in which the Shen equation for CT-derived muscle mass was developed, 

and cause single slice measurements at the L3 level to be inaccurate. Additionally, resis-

tance, the most important determinant of muscle mass, depends on the cross-sectional 

area of the tissue the electrical current is passing through, and BIA measurements may 

therefore be disproportionally influenced by arms and legs due to the smaller cross 

sectional area of extremities relative to the trunk.

All BIA-derived MM-equations showed proportional bias with increasing disagreement 

at higher muscle mass. However, in the lower muscle mass range, agreement was bet-

ter. This explains why BIA-derived MMTalluri had a good discriminative capacity to identify 

patients with low SMA on CT-scan. Since this is the population at risk for adverse out-

come, BIA might be a clinically useful tool to identify at-risk patients, not only by using 

phase angle but also by measuring muscle mass. However, further validation is needed.

Strengths and limitations

Main limitations are that BIA and CT-scan are not reference methods for measuring 

muscle mass. Both assess muscle mass indirectly by using equations based on algo-

rithms that are not validated in the critically ill population with altered hydration, altered 

membrane capacitance and an unreliable body weight. CT measures muscle area at a 

single L3 level and extrapolates this to total skeletal muscle mass, via the Shen equation 

and tissue density. CT-derived muscle area has been validated for the assessment of 

total skeletal muscle mass in healthy volunteers (23, 24), however, a disproportionate 

muscle distribution cannot be assessed by CT analysis at a single L3 level.

BIA assesses muscle mass using algorithms that combine the raw BIA measurements 

with sex, age, height, and weight. The main limitation of all BIA equations in the criti-

cally ill is that they are influenced by hydration status. Resistance is highly sensitive to 

changes in fluid status, thus affecting the reliability of the muscle mass calculations. 

Furthermore, capillary leak may decrease the capacitance of cell membranes and leads 

to underestimation of muscle mass. CT-scans are also influenced by hydration status as 
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muscles can become edematous. However, extrafacial edema present in the subcutane-

ous fat tissue can be identified, due to the difference in HU of water (HU 0) and muscle 

(mean HU 38.1). Other limitations are that in 12 patients the time between the CT-scan 

and the BIA measurement was longer than 24 hours and that body weight was not mea-

sured in all patients. Hydration status changes rapidly in the critically ill and may have 

influenced either measurement in these patients. Nevertheless, a sensitivity analysis 

including only patients with less than 24 hours between the CT scan and BIA measure-

ment and including only patients with reliable body weight showed similar results.

Our study has several strengths. This is the first prospective study comparing BIA 

and CT measurements of the muscle compartment, and the first in the Caucasian 

population. Although showing disagreement, it demonstrates that BIA can identify the 

same population with low SMA. The cut-off points used for low SMA on CT-scan are 

previously determined ICU-specific cut-off points related to mortality (1). Furthermore, 

the correlation between phase angle and skeletal muscle density, and the finding that 

low phase angle, as defined by nutritional risk- and mortality-related cut-off points (16, 

17), corresponded to low CT-derived muscle area and -density are new and provide 

future perspectives. Compared to the recent Korean study, the interval between BIA and 

CT measurements was smaller. Future research should focus on validating BIA-derived 

muscle mass in critically ill patients, for example by comparing regional BIA with three-

dimensional measurements of the muscle compartment to CT scan or ultrasound and 

independent measures of body water, and to determine whether and how equations can 

correct for fluid imbalance. In addition, the relation between phase angle and skeletal 

muscle density as markers of cellular quality and health could be explored further.

CONCLUSION

The present study in critically ill patients demonstrates that absolute values of BIA- and 

CT-derived muscle mass are not comparable, but they are significantly correlated. Im-

portantly, BIA and CT identified the same critically ill population with low muscle mass. 

The present study also shows a correlation between phase angle (BIA) and skeletal 

muscle density (CT), and that low phase angle corresponds to low muscle area and 

-density.

Key messages

• Previous studies have shown that low muscle mass is associated with outcome. The 

absolute values of BIA- and CT-derived muscle mass are not comparable but the two 

are significantly correlated.

• BIA and CT identify the same critically ill population with low muscle mass.
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• The BIA- and CT- derived markers for muscle quality, phase angle and skeletal 

muscle density, are correlated.
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ADDITIONAL fILES

Supplementary table 1: Patient characteristics of patients with BIA measurement per-
formed within one day of CT-scan and within more than one day of CT-scan.

bIA <1 day of 
CT- scan (n=97)

bIA >1 day of 
CT- scan (n=13)

P-value

Age, y 58 ±17 65±12 0.173

Male, no (%) 64 (66%) 11 (85%) 0.219

Height, cm 176 ±9 174 ±8 0.451

Weight, kg 82.4 ±15.3 82.3 ±20.2 0.984

BMI, kg/m2 25.1 (23.5 – 29.4) 26.1 (21.4 – 30.8) 0.893

Underweight, no (%) 0 (0%) 0 (0%)

Normal weight, no (%) 47 (49%) 5 (39%)

Overweight, no (%) 28 (29%) 5 (39%)

Obese, no (%) 16 16%) 1 (8%)

Morbidly obese, no (%) 6 (6%) 2 (15%)

Admission type 0.893

Medical, no (%) 39 (40%) 6 (46%)

Surgical, no (%) 22 (23%) 3 (23%)

Trauma, no (%) 36 (37%) 4 (31%)

Diagnosis type 0.903

Cardiovascular, no (%) 7 (7%) 2 (15%)

Metabolic/renal, no (%) 2 (2%) 1 (8%)

Neurologic, no (%) 6 (6%) 1 (8%)

Post resuscitation, no (%) 5 (5%) 0 (0%)

Post surgery, no (%) 22 (23%) 3 (23%)

Respiratory insufficiency, no (%) 10 (10%) 1 (8%)

Sepsis, no (%) 7 (7%) 1 (8%)

Trauma, no (%) 36 (37%) 4 (31%)

Other, no (%) 2 (2%) 0 (0%)

APACHE II score 17 (11 – 25) a 20 (11 – 30) 0.350

APACHE IV predicted mortality, % 15 (5 – 47) b 26 (6 – 61) 0.357

Mechanically ventilated, no (%) 64 (66%) 8 (62%) 0.763

Time between ICU admission and CT scan, d 0 (0 – 0) 0 (-1 – 0) 0.011

Time between ICU admission and BIA, d 1 (0 – 1) 2 (1.5 – 2) <0.001

Time between CT-scan and BIA, d 1 (0 – 1) 2 (2 – 3) <0.001

APACHE: acute physiology and chronic health evaluation, BIA: bioelectrical impedance analysis, 
BMI: body mass index, CT: computed tomography, ICU: intensive care unit, d: days.
a n=93, four missing values due to missing data.
b n=96, one missing value due to missing data.
P-values in bold indicate a significant test result
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Supplementary table 2: CT- and BIA-derived muscle mass and raw measurements of 
patients with BIA measurement within one day of CT-scan.
BIA CT and bIA <1 

day (n=97)
bIA >1 day 
of CT scan 

(n=13)

P-value

Muscle mass

Talluri equationa, kg 36.0 ±10.0 35.9 ±9.9 0.966

% of body weight 44 ±10 44 ±6 0.874

Janssen equationb, kg 31.2 ±7.9 33.5 ±7.4 0.332

% of body weight 38 ±9 41.7 ±9 0.198

Kyle equationc, kg 25.0 ±5.6 26.1 ±5.9 0.503

% of body weight 31 ±5 32.2 ±5 0.259

Raw measurements

Resistance, Ω 470 ±100 429 ±106 0.170

Resistance/m, Ω/m 268 ±60 246 ±57 0.208

Reactance, Ω 41 ±15 32 ±11 0.061

Reactance/m, Ω/m 23 ±9 19 ±6.2 0.071

Phase angle, ° 4.9 ±1.4 4.3 ±1.1 0.197

CT-scans

Muscle mass

Shen equationb, kg 29.0 ±6.5 30.0 ±8.3 0.634

% of body weight 36 ±7 36 ±4 0.587

Raw measurements

Skeletal muscle area, cm2 152 ±37 157 ±47 0.634

Low skeletal muscle aread, no. (%) 44 (45%) 8 (62%) 0.377

Skeletal muscle index, cm2/m2 48.8 ±9.6 52.2 ±16.4 0.277

Skeletal muscle density, HU 38.1 ±13.1 37.9 ±9.2 0.969

Low skeletal muscle densitye, no. (%) 13 (13%) 1 (8%) 1.000

BIA: bioelectrical impedance analysis, CT: computed tomography, HU: Hounsfield units.
For full equations see table 1.
a Talluri equation calculates total muscle compartment.
b Janssen and Shen equations calculate skeletal muscle mass (19, 22).
c Kyle equation calculates appendicular skeletal muscle mass (20).
d Skeletal muscle area cut-offs: 170 cm2 for males and 110 cm2 for females (1).
e Skeletal muscle density cut-offs based on BMI and age (32).
P-values in bold indicate a significant test result
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Supplementary table 3: Pearson correlation coefficients between CT- and BIA-derived 
raw measurements of patients with BIA measurement within one day of CT-scan.

BIA-derived raw measurements

Resistance Reactance Phase angle

r P-value r P-value r P-value

CT-derived raw measurements

 Skeletal muscle area -0.376 <0.001 0.250 0.014 0.567 <0.001

 Skeletal muscle density 0.022 0.829 0.569 <0.001 0.709 <0.001

BIA: bioelectrical impedance analysis, CT: computed tomography.
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Supplementary table 4: Patient characteristics of patients with estimated vs reliable 
body weight.

Weight reliable 
(n=85)

Weight 
estimated 

(n=25)

P-value

Age, y 58 ±16 62±18 0.373

Male, no (%) 60 (71%) 15 (60%) 0.337

Height, cm 176 ±9 174 ±8 0.142

Weight, kg 82.9 ±15.8 80.7 ±16.1 0.549

BMI, kg/m2 25.4 (23.5 – 29.2) 25.1 (22.9 – 29.4) 0.932

Underweight, no (%) 0 (0%) 0 (0%)

Normal weight, no (%) 40 (47%) 12 (48%)

Overweight, no (%) 26 (31%) 7 (28%)

Obese, no (%) 13 (15%) 4 (16%)

Morbidly obese, no (%) 6 (7%) 2 (8%)

Admission type 0.341

Medical, no (%) 33 (39%) 12 (48%)

Surgical, no (%) 22 (26%) 3 (12%)

Trauma, no (%) 30 (35%) 10 (40%)

Diagnosis type 0.476

Cardiovascular, no (%) 8 (9%) 1 (4%)

Metabolic/renal, no (%) 3 (4%) 0 (0%)

Neurologic, no (%) 4 (5%) 3 (12%)

Post resuscitation, no (%) 3 (4%) 2 (8%)

Post surgery, no (%) 22 (26%) 3 (212%)

Respiratory insufficiency, no (%) 7 (8%) 4 (16%)

Sepsis, no (%) 6 (7%) 2 (8%)

Trauma, no (%) 30 (35%) 10 (40%)

Other, no (%) 2 (2%) 0 (0%)

APACHE II score 17 (11 – 25) a 19 (16 – 26) 0.170

APACHE IV predicted mortality, % 15 (5 – 43) 20 (8 – 63) 0.243

Mechanically ventilated, no (%) 51 (60%) 21 (84%) 0.032

Time between ICU admission and CT scan, d 0 (0 – 0) 0 (-1 – 0) 0.644

Time between ICU admission and BIA, d 1 (0 – 1) 0 (0 – 1) 0.003

Time between CT-scan and BIA, d 1 (0 – 1) 0 (0 – 1) 0.001

APACHE: acute physiology and chronic health evaluation, BIA: bioelectrical impedance analysis, 
BMI: body mass index, CT: computed tomography, ICU: intensive care unit, d: days.
a n=82, three missing values due to missing data.
P-values in bold indicate a significant test result
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Supplementary table 5: CT- and BIA-derived muscle mass and raw measurements of 
patients with estimated vs reliable body weight.
BIA Weight reliable 

(n=85)
Weight 

estimated 
(n=25)

P-value

Muscle mass

Talluri equationa, kg 36.9 ±10.3 33.0 ±7.9 0.089

% of body weight 45 ±10 41 ±8 0.145

Janssen equationb, kg 32.0 ±8.2 29.9 ±6.5 0.252

% of body weight 39 ±9 38 ±9 0.648

Kyle equationc, kg 25.5 ±5.9 23.9 ±4.6 0.207

% of body weight 31 ±5 30 ±5 0.456

Raw measurements

Resistance, Ω 465 ±105 465 ±89 0.989

Resistance/m, Ω/m 265 ±63 268 ±49 0.810

Reactance, Ω 41 ±15 37 ±14 0.246

Reactance/m, Ω/m 23 ±10 21 ±8 0.281

Phase angle, ° 4.9 ±1.4 4.4 ±1.3 0.102

CT-scans

Muscle mass

Shen equationb, kg 29.6 ±6.9 27.5 ±5.6 0.170

% of body weight 36 ±7 35 ±6 0.389

Raw measurements

Skeletal muscle area, cm2 155 ±39 144 ±32 0.170

Low skeletal muscle aread, no. (%) 39 (46%) 13 (52%) 0.652

Skeletal muscle index, cm2/m2 49.7 ±11.2 47.4 ±8.4 0.342

Skeletal muscle density, HU 38.9 ±13.1 35.2 ±11.0 0.206

Low skeletal muscle densitye, no. (%) 9 (11%) 5 (20%) 0.303

BIA: bioelectrical impedance analysis, CT: computed tomography, HU: Hounsfield units.
For full equations see table 1.
a Talluri equation calculates total muscle compartment.
b Janssen and Shen equations calculate skeletal muscle mass (19, 22).
c Kyle equation calculates appendicular skeletal muscle mass (20).
d Skeletal muscle area cut-offs: 170 cm2 for males and 110 cm2 for females (1).
e Skeletal muscle density cut-offs based on BMI and age (32).
P-values in bold indicate a significant test result
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Supplementary table 6: Pearson correlation coefficients between CT- and BIA-derived 
raw measurements of patients with reliable body weight.

BIA-derived raw measurements

Resistance Reactance Phase angle

r P-value r P-value r P-value

CT-derived raw measurements

Skeletal muscle area -0.473 <0.001 0.153 0.163 0.527 <0.001

Skeletal muscle density -0.085 0.438 0.485 <0.001 0.674 <0.001

BIA: bioelectrical impedance analysis, CT: computed tomography.
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Regression plots and Bland-Altman plots showing the correlation and agreement between CT-derived muscle mass and the BIA-derived muscle mass equations,
for patients in whom the BIA measurement was performed within one day of the CT-scan (n=97).

Supplementary figure 1. Regression plots (upper panel) and Bland-Altman plots (low-
er panel) for patients in whom the BIA measurement was performed within one day of 
the CT scan (n=97), showing the correlation and agreement between CT-derived muscle 
mass (MMCT) and BIA-derived muscle mass equations A. Talluri equation (MMTalluri), B. 
Janssen equation (MMJanssen), and C. Kyle equation (MMKyle).
BIA: bioelectrical impedance analysis; MM: muscle mass.
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Receiver operating characteristics (ROC) curves and area under the curves (AUC) showing the ability of the
BIA-derived muscle mass equations to identify patients with low muscle mass on CT-scan, for patients in whom the
BIA measurement was performed within one day of the CT-scan (n=97).

Supplementary figure 2. Receiver operating characteristics (ROC) curves and area 
under the curves (AUC) for patients in whom the BIA measurement was performed 
within one day of the CT scan (n=97), showing the ability of the BIA-derived muscle 
mass equations (MMTalluri, MMJanssen, MMKyle) to identify patients with low muscle mass 
on CT-scan (CT low SMA). Curves for males (left panel) and females (right panel) are 
shown separately.
BIA: bioelectrical impedance analysis; MM: muscle mass; SMA: CT-derived skeletal muscle area at 
lumbar level 3.
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Regression plots and Bland-Altman plots showing the correlation and agreement between CT-derived muscle mass and the BIA-derived muscle mass equations, for
patients with a reliable weight (n=85).

Supplementary figure 3. Regression plots (upper panel) and Bland-Altman plots 
(lower panel) for patients with a reliable weight only (n=85), showing the correla-
tion and agreement between CT-derived muscle mass (MMCT) and BIA-derived muscle 
mass equations A. Talluri equation (MMTalluri), B. Janssen equation (MMJanssen), and C. Kyle 
equation (MMKyle).
BIA: bioelectrical impedance analysis; MM: muscle mass.
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Receiver operating characteristics (ROC) curves and area under the curves (AUC) showing the ability of the BIA-derived
muscle mass equations to identify patients with low muscle mass on CT-scan, for patients with a reliable weight (n=85).

Supplementary figure 4. Receiver operating characteristics (ROC) curves and area 
under the curves (AUC) for patients with a reliable weight only (n=85), showing the 
ability of the BIA-derived muscle mass equations (MMTalluri, MMJanssen, MMKyle) to identify 
patients with low muscle mass on CT-scan (CT low SMA). Curves for males (left panel) 
and females (right panel) are shown separately.
BIA: bioelectrical impedance analysis; MM: muscle mass; SMA: CT-derived skeletal muscle area at 
lumbar level 3.
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AbSTRACT

background: Optimal nutrition for ICU patients has been proposed to be the provision 

of energy as determined by indirect calorimetry, and protein provision of at least 1.2 

gram/kg.

Methods: Prospective observational cohort study in a mixed medical-surgical ICU in 

an academic hospital. In total 886 consecutive mechanically ventilated patients were 

included. Nutrition was guided by indirect calorimetry and protein provision of at least 

1.2 gram/kg. Cumulative intakes were calculated for the period of mechanical ventila-

tion. Cox regression was used to analyze the effect of both protein and energy target 

achieved (PET) or energy target achieved (ET), both versus neither target achieved 

(NT) on 28 day mortality, with adjustments for sex, age, BMI, APACHE II, diagnosis, 

and hyperglycemic index.

Results: Patient mean age was 63+16 years, BMI 26+6, APACHE II 23+8. For NT, ET, 

and PET energy intake was 75+15%, 96+5%, and 99+5% of target and protein intake 

was 72+20%, 89+10%, and 112+12% of target, respectively. Hazard ratios (95% CI) 

for ET and PET were 0.83 (0.67-1.01) and 0.47 (0.31-0.73) for 28 day mortality.

Conclusions: Optimal nutritional therapy in mechanically ventilated critically ill patients, 

defined as both protein and energy targets reached, is associated with a decrease in 28 

day mortality by 50%, whereas only reaching energy targets is not associated with a 

reduction in mortality.
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INTRODUCTION

Optimal nutrition therapy aims at conservation or restoration of the body protein mass 

and of provision of adequate amounts of energy. One proposed definition of optimal 

nutrition is provision of energy meeting energy expenditure as assessed by indirect 

calorimetry, as well as protein provision of more than 1.2 g/kg pre-admission weight for 

critically ill patients (1). Actual measurement of energy expenditure, as preferred over 

predicted energy expenditure, has been incorporated in the recent ESPEN guidelines for 

intensive care (2). The evidence base for protein requirements of critically ill patients 

is still limited, but there are some convincing studies to support the prescription of at 

least 1.2 g/kg (3-5).

It has been shown that inadequate provision of energy correlates with the occurrence 

of complications, such as acute respiratory distress syndrome (ARDS), infections, renal 

failure, pressure sores and need for surgery, and mortality (6-9). Recent results of a 

prospective randomised controlled pilot study show that very tight control of energy 

balance through provision of energy guided by indirect calorimetry both by enteral and 

parenteral nutrition led to cumulative positive energy balances, whereas the control 

group (targeted at 25 kcal/kg) had negative cumulative energy balances. Importantly 

hospital mortality decreased in the intervention group, but at the same time length of 

hospital stay and complication rate increased (10).

Larger studies, aimed to improve nutritional support by implementing evidence based 

algorithms, have failed to demonstrate significant beneficial effects on survival, but 

the nutritional targets as described above were never achieved (11-13). These studies 

therefore cannot be used as evidence against the concept that nutrition is relevant for 

outcome in critically ill patients.

Recently, we have developed a nutrition algorithm to improve nutritional therapy (see 

figure 1). Our nutritional algorithm (14), fully incorporated into our patient data man-

agement system (15), selects an appropriate nutritional formula for a specific patient 

and provides adequate pump speed, in order to reach prespecified optimal protein and 

energy targets as described above. In a previous smaller therefore possibly insufficiently 

powered study we were able to show beneficial effects on mortality, however in females 

only (16).

In the current larger prospective observational study, based on a large cohort of 886 

mechanically ventilated critically ill patients undergoing indirect calorimetry, we aim to 

investigate the effects of our nutritional targeted approach on clinical outcome.
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MATERIALS AND METHODS

This is a prospective observational study in mixed medical-surgical patients in a tertiary 

university hospital. According to the American Association of Respiratory Care (AARC) 

guideline (17) we focused on patients who require long-term intensive care. These long-

term critically ill patients were included if on day 3-5 (timing of indirect calorimetry) the 

predicted period of need for artificial nutrition was at least 5-7 additional days, admitted 

to ICU between August 2004 to March 2010. Other inclusion criteria were: indirect 

calorimetry measurement performed , age over 18 years, first admission to the ICU with 

indirect calorimetry measurement. Exclusion criteria were: FiO2>0.6, air leaks through 

cuffs and or chest drains, unavailable metabolic monitor and/or personnel.

The study was approved by the ethics committee of the VU University Medical Center. 

Informed consent was waived because the study protocol only included variables that 

are routinely performed in clinical practice

Early enteral feeding is initiated in hemodynamically stable patients within the first 

24 hours of admission to the ICU (see figure 1). The route of administration is prefer-

ably via the gastrointestinal tract. We allow gastric residuals upto 250 mL/6 hours. If 

residuals surpass this amount we administer erythromycin 1-3 mg/kg body weight for 

2 days and continue feedings. In case of limited effect of this medication, post pyloric 

feeds are administered. Parenteral nutrition is provided only when the gut fails (fistulas, 

short bowel, obstruction) and is not given as parenteral supplementation to inadequate 

amounts of enteral nutrition in the early phase of nutritional therapy.

When enteral nutrition is initiated energy requirements are predicted by Harris-Bene-

dict (17, 18) with added 20% for stress (19) and 10% for activity (20), until indirect 

calorimetry is performed. Indirect calorimetric measurements are performed as part of 

routine care, usually between day 3-5 after admission (17). Indirect calorimetry was 

performed with a Deltatrac (DeltatracTM MBM-100 Metabolic Monitor, Datex-Engstrom 

Division, Instrumentation Corp. Helsinki Finland) connected to the mechanical ventila-

tor. After calibration of the device, measurements were each performed over a period of 

1-1.5 hours in resting steady state conditions with a maximum coefficient of variation 

of 10%. Thereafter the energy target was equivalent to resting energy expenditure 

by indirect calorimetry with 10% added for activity, and nutrition was adjusted ac-

cordingly within 24 hours to meet the new energy target. Repeated measurements 

were performed when clinically indicated (17). Protein was provided with a target of 

1.2-1.5 grams per kg pre-admission body weight, according to national guidelines on 

protein provision, and for patients with BMI >30 body weight is adjusted (based on BMI 

27.5 kg/m2) with corresponding protein requirement (21). To achieve both energy and 

protein targets we used an algorithm for enteral nutrition that determines the nutritional 

formula (product) and amount to be given to meet both requirements in an individual 
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figure 1. Nutrition policy at the ICU VU University Medical Center.
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patient (14). The enteral nutritional formulas used were: Nutrison standard® (total 

energy 1000 kcal/L and protein 40 g/L); Nutrison protein plus® (1250 kcal/L and 63 

g/L); both Numico, Zoetermeer, The Netherlands, and Promote® (1000 kcal/L and 63 

g/L) from Abbott Nutrition, Hoofddorp, The Netherlands. Parenteral nutrition during 

the study period was initially provided by our pharmacy as an all-in-one admixture 

containing 1000 kcal/L and 47 g/L of amino acids, and later a commercially available 

product was used (Struktokabiven, Fresenius-Kabi) containing 1050 kcal/L and 50 g/L 

of amino acids.

Data from indirect calorimetric measurements are entered in our data management 

system (Metavision®, IMD-soft, Israel).

For every patient age (y), gender, weight (kg) and height (cm), BMI (kg/m2), Acute 

Physiology And Chronic Health Evaluation (APACHE) II score, diagnosis group, length of 

ventilation, length of stay in the ICU, measured energy expenditure, daily energy and 

protein intake from all sources during the period of mechanical ventilation and all blood 

glucose values during the ICU admission period were recorded. For every individual 

patient the probability of death was calculated from the APACHE II score, from which 

the Standardized Mortality Ratio for groups was calculated (22).

For weight and height of the patients we used pre-admission data, retrieved from the 

pre-assessment outpatient clinic, from earlier measurements done during admission or 

from data obtained in other health care settings. Otherwise, the relatives or if possible 

the patient was asked to provide these data. If these data could not be retrieved, weight 

and height were estimated by two experienced intensivists and the mean value was 

used, supine height was measured by experienced intensivists.

Cumulative energy and protein intakes were calculated for the entire period of me-

chanical ventilation. Patients were categorized into four groups according to whether 

energy and protein targets were reached or not reached: 1. Neither protein nor energy 

target reached (NT) 2. Both protein and energy target reached (PET) , 3. Only energy 

target reached (ET), 4. Only protein target reached (PT).

Determination of adequacy of the glycemic control was performed by calculation of 

the hyperglycemic index (HGI) in mmol/L per patient during the entire ICU period. The 

average number of glucose samples per patient was 6.2 per day. The HGI is defined as 

the area under the concentration-time curve above the upper limit of normal (glucose 

level 6.0 mmol/l) divided by the total length of ICU stay (23).

Statistical analysis

Descriptive data are reported as mean, standard deviation (SD) and/or median and 

interquartile range (for skewed distributions) or as frequency and percentage. Kruskal-

Wallis and ANOVA with posthoc Bonferroni were used to compare target groups. Cox 

regression analysis with length of hospital stay as the time variable, and ICU, 28 day, 
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and hospital mortality as outcome variable and PET achieved (yes/no) or ET achieved 

(yes/no) as independent variable. Hazard ratios (HR; 95% CI) were adjusted for sex, 

age, BMI, APACHE II score, diagnosis category, and hyperglycaemic index (HGI). SPSS 

17 (SPSS Inc., Chicago, USA) was used for statistical analysis. A second model was gen-

erated to assess the possible confounding effect of the time to reach the energy target 

(in days) and the amount of parenteral nutrition (in mL/day, based on the whole period 

of mechanical ventilation). A p value <0.05 was considered statistically significant.

RESULTS

A total of 886 sequential patients fulfilled the inclusion criteria. 647 patients (73%) 

were fed exclusively with enteral nutrition, nine patients (1%) were exclusively fed with 

parenteral nutrition and 230 patients (26%) received enteral and parenteral nutrition 

during the period of mechanical ventilation.

Table 1 shows patient characteristics, nutritional intake and outcome data catego-

rised by target group. The group of patients that only reached the protein target, but 

not the energy target, was not considered further statistically because of the small 

number of patients in this group (PT; n=24). For NT, ET, and PET energy intake was 

75+15%, 96+5%, and 99+5% of target and protein intake was 72+20%, 89+10%, 

and 112+12% of target, respectively. Table 2 illustrates results related to nutritional 

intake and variables related to patient outcomes (number of ventilator days, length 

of ICU stay, length of hospital stay). Length of ICU and total hospital stay (days) and 

number of ventilator days were shorter in the NT group compared to the ET and PET 

group (p<0.05). ICU, 28 day, and hospital mortality (%) were not significantly different 

across target groups (p>0.05).

Table 3 shows Hazard ratios for ICU, 28 day, and hospital mortality for model 0 

(unadjusted HR), model 1 (adjusted for sex, age, BMI, APACHE II score, diagnosis 

category, and hyperglycaemic index), and model 2 (additionally adjusted for time to 

reach energy target in days and amount of parenteral nutrition used). Adjusted HRs did 

not change or only slightly improved 28 day mortality. Post-hoc subgroup analysis per 

diagnosis revealed that patients with sepsis showed increased HR. Effect modification 

by gender was not found (as in ref 16), however figure 2 shows that females appear to 

benefit more than males.
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Table 1. Patient characteristics.
NT PET ET PT All

Number of patients 412 245 205 24 886

Age, y (SD) 62.6 (16.0) 62.7 (15.7) 63.8 (16.6) 55.6 (19.5) 62.7 (16.2)

Gender, %male 72.1 53.1 55.1 79.2 63.1@

Admission diagnosis, % N=399 N=238 N=198 N=859

Trauma 5.3 6.7 4.5 12.5 5.7

Sepsis 11.5 17.2 16.7 20.8 14.6

Respiratory 17.0 22.7 26.3 16.7 20.7

Surgical 24.1 26.5 22.7 16.7 24.2

Neurologic 7.0 7.6 10.6 4.2 7.9

Post reanimation 13.5 2.5 5.6 0.0 8.3

Metabolic/renal 1.0 1.7 2.0 4.2 1.5

Cardiovascular 17.5 12.2 9.6 20.8 14.3

Other 3.0 2.9 2.0 4.2 2.8

Body weight, kg (SD) 82 (18) 69 (17)# 75 (16)#$ 76 (26) 77 (18)*

Body height, cm (SD) 174 (9) 170 (10)# 171 (10)# 173 (10) 172 (10)*

BMI, kg/m2 (SD) 27 (6) 24 (6)# 25 (5)$ 25 (8) 26 (6)*

Apache II (SD) 23 (8)
N=399

23 (8)
N=238

23 (8)
N=198 22 (9) 23 (8)

N=859

Hyperglycemic index (SD) 1.32 (0.57)
N=408 1.11 (0.45)# 1.19 (0.51)#

N=203 1.03 (0.55) 1.22 (0.53)*
N=880

* One-way ANOVA indicated signifi cant target group eff ect
# ANOVA, post hoc Bonferroni signifi cantly diff erent from No target group
$ ANOVA, post hoc Bonferroni Energy target group signifi cantly diff erent from Nutrition target group
@ Kruskal-Wallis test indicated signifi cant diff erent proportion of males across groups

Model 1 Model 2

Hazard Ratio for 28 day mortality

figure 2. The 28 day mortality Hazard ratio with 95% confi dence interval for PET and 
ET group; HR model 0 is unadjusted; HR model 1 adjusted for gender, age, BMI, diag-
nosis, hyperglycaemic index, Apache II score; HR model 2 additionally adjusted for time 
to energy target and use of parenteral nutrition.
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Table 2. Nutrition therapy and clinical outcome. Missing values are indicated with exact 
number of observations for the specific variable.

NT PET ET PT All

Number of patients 412 245 205 24 886

Energy intake, kcal/d 1572 (404) 1897 (359)# 1819 (333)# 1898 (384) 1728 (403)*

Energy, %target 74 (15) 99 (9)# 96 (5)#$ 85 (4) 86 (16)*

Protein intake, g/d 67 (21) 89 (15)# 78 (15)#$ 88 (19) 76 (20)*

Protein, g/kg/d 0.83 (0.23) 1.31 (0.18)# 1.06 (0.14)#$ 1.21 (0.15) 1.02 (0.28)*

Parenteral nutrition, % 18.2 38.4 29.8 37.5 27.0&

Parenteral nutrition, ml/d 108 (310) 297 (537) 131 (301) 396 (604) 173 (403)

Energy intake d1-3, kcal/d 808 (379) 1266 (545)# 1094 (436)#$ 876 (433) 1003 (486)

Protein intake d1-3, g/d 22 (19) 47 (28)# 34 (21)#$ 28 (23) 32 (24)

Time to energy target, d 3.5 (5.1) 1.7 (1.5)# 2.1 (2.0)# 2.5 (2.3) 2.7 (3.8)*

Time to protein target, d 3.6 (5.4) 3.3 (5.0) 3.9 (5.8) 3.1 (4.1) 3.6 (5.4)

Length of ventilation, d 16.4 (16.6) 28.3 (17.0)# 25.4 (17.9)# 27.1 (24.3) 22.1 (18.0)*

Median (IQR) 12 (11) 25 (20) 20 (21) 20 (23) 17 (18)

Length of ICU stay, d 18.8 (18.0) 31.7 (19.6)# 28.0 (18.3)# 28.8 (24.5) 24.8 (19.5)*

Median (IQR) 14 (13) 26 (22) 22 (24) 21 (22) 19 (19)

Length of hospital stay, d 40.1 (35.0) 65.7 (58.4)# 49.9 (38.9)#$ 59.1 (56.6) 49.9 (45.4)*

Median (IQR) 31 (36) 53 (51) 42 (40) 44 (34) 39 (40)

ICU mortality, % 17.7 22.4 23.9 16.7 20.4

28 day mortality, % 20.4 14.7 19.5 12.5 18.4

Hospital mortality, % 31.3 39.5 36.6 20.8 34.4

* One-way ANOVA indicated significant target group effect
# ANOVA, post hoc Bonferroni significantly different from No target group
$ ANOVA, post hoc Bonferroni Energy target group significantly different from Nutrition target group
& Kruskal-Wallis test significant different portion with parenteral nutrition across groups

Table 3. Relationship between nutrition therapy and ICU, 28 day, and hospital mortality 
presented as Hazard Ratio with 95% confidence interval, HR model 0 is unadjusted; HR 
model 1 adjusted for gender, age, BMI, diagnosis, hyperglycaemic index, Apache II score; 
HR model 2 additionally adjusted for time to energy target and use of parenteral nutrition.

PET ET

Model 0

ICU mortality 0.91 (0.64-1.31) p=0.626 1.03 (0.86-1.25) p=0.733

28day mortality 0.59 (0.40-0.88) p=0.010 0.90 (0.74-1.09) p=0.291

Hospital mortality 0.76 (0.58-0.99) p=0.041 0.93 (0.81-1.08) p=0.339

Model 1

ICU mortality 0.79 (0.54-1.17) p=0.242 0.99 (0.81-1.20) p=0.886

28day mortality 0.51 (0.33-0.78) p=0.002 0.84 (0.68-1.03) p =0.085

Hospital mortality 0.70 (0.53-0.94) p=0.017 0.91 (0.79-1.06) p=0.233

Model 2

ICU mortality 0.72 (0.48-1.09) p=0.116 0.98 (0.80-1.19) p=0.834

28day mortality 0.40 (0.26-0.64) p<0.001 0.79 (0.64-0.97) p=0.024

Hospital mortality 0.62 (0.46-0.84) p=0.002 0.89 (0.77-1.04) p=0.137
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DISCUSSION

Setting and reaching personalised energy and protein targets in mechanically ventilated 

critically ill patients results in a 50% decrease of 28 day hospital mortality compared 

to those patients that do not reach either target. Meeting only the energy target ap-

pears to be insufficient for improvement of outcome and thus for optimal nutrition. This 

observation underscores the importance of dietary protein intake, especially in critically 

ill patients who depend on artificial nutrition for a relatively long period of time.

There are several challenges in defining and attaining optimal nutrition as well as 

observing an outcome benefit.

First optimal nutrition needs to be defined. A recent definition of optimal nutrition 

has been proposed as energy supply according to measured energy expenditure by 

indirect calorimetry plus 10% for activity and protein supply of at least 1.2 grams per 

kg pre-admission weight for mechanically ventilated critically ill patients (1). The CBO 

Guideline Perioperative Nutrition of the Dutch Institute for Healthcare Improvement 

adopted these recommendations although with estimated rather than measured energy 

expenditure by indirect calorimetry (21). The National Healthcare Inspectorate indicator 

for adequate nutritional therapy of malnourished patients uses protein intake of at least 

1.2 g/kg.d on day 4 from admission. Evaluation of effectiveness of the present definition 

of optimal nutrition is therefore both of academic and practical importance.

The second challenge is to achieve optimal nutrition. Firstly we had to acknowledge 

that setting targets for both energy and protein, which are derived from different 

concepts, would also change the demands on the nutritional formula of enteral and 

parenteral feeding. A standard formula and also a 2 liter/day bag policy would not result 

in optimal nutrition. We performed a theoretical evaluation of our patient population and 

found that only about 25% of patients would reach both their energy and protein target 

with one standard formula. Therefore we developed an algorithm that is easily applied 

to individual patients, requiring only body weight and energy needs of the patient (14). 

The algorithm subsequently recommends an enteral formula and pump speed based on 

the limits for optimal protein supply of 1.2 to 1.5 g/kg. This approach would theoretically 

result in about 90% of patients reaching both their energy and protein targets. In real 

practice the percentage of our patients reaching their protein target increased from 

30% to about 60% after introduction of the algorithm incorporated in our patient data 

management system (15).

The third challenge is to prove that it actually is of clinical benefit to the individual 

patient when optimal nutrition is both set by targets and that these targets are reached. 

We present the first prospective study to investigate outcome effects of achieving both 

energy and protein targets. It is quite remarkable that compared with the NT group, 

who had a mean protein intake of more than 0.8 g/kg, we still observe such an impres-
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sive improvement in outcome in the groups in whom energy targets and especially the 

protein targets are actually achieved. Achievement of only energy targets does not 

appear to be sufficient, although it should be kept in mind that our NT group already 

had a mean energy intake of almost 1600 kcal/d, which is already much higher than in 

other outcome studies (11-13). Moreover, these previous studies implementing nutri-

tion guidelines have not resulted in noticeable improvements in protein and energy 

nutrition as well as in outcome (11-13) and are difficult to compare to our study. Mean 

reported protein intake of less than 0.5 g/kg (12,13) appears to be much lower even 

than 0.8 g/kg in our NT group or 1.3 g/kg in our PET group. The present study clearly 

shows that reaching preset nutritional targets is feasible in a dedicated center with a 

focus on clinical nutrition. Although data were included from 2004, reaching nutrition 

targets was most succesfull almost a year after introduction of the computer assisted 

nutrition algorithm in 2006 (15), which is probably related to necessary changes in 

attitudes and behaviour of (nursing) staff in using the algorithm within our patient data 

management system to its full potential. Over the whole observation period the data 

from this study show that only 1 in 4 patients reached both nutrition targets, while we 

were able to increase this to almost 2 out of 3 patients by early 2008. There was no 

selection in patients, other than that it was mandatory that indirect calorimetry was 

performed early during ICU stay.

The international multicenter observational study by Alberda et al. (24) already re-

ported very significant effects of both energy and protein supply, studying a total of 

2772 mechanically ventilated ICU patients. However, their reported intakes are much 

lower than in our study: only a mean 59% of energy and 56% of protein compared to 

86% for both energy and protein in the total group. One should take into account that 

their intake is only derived from the first 12 days of observation, while our data are 

based on the entire length of ventilation. The median length of ventilation is 9.0 days 

for the Alberda study and 22.1 days in the present study. Alberda et al. argue that with 

more nutrition days it is more likely to cover the initial energy deficit. This is actually 

part of the important message that reaching the targets matters, and not only the first 

days or first week, but the whole period of nutritional therapy should be considered. For 

this reason we present mortality risk data for patients that reach or not reach the preset 

targets, in stead of presenting mortality risk for an arbitrary increase of 1000 kcal or 30 

grams of protein as in the Alberda study. The downside that could be argued is, that we 

have chosen an “arbitrary” cutoff point (target), but we have provided our arguments 

for these targets above. The Alberda study (24) nicely shows that nutrition therapy is 

not only relevant to the malnourished group with BMI<20, but also for so-called normal 

weight patients (BMI 20-25) and obese patients (BMI > 35).

Recently the prospective randomized controlled tight calorie control study (TICACOS; 

n=112) showed that energy and protein intakes averaged over the first 14 days of ICU 



122 Chapter 7

admission improved significantly in the tight calorie control group versus the control 

group (1976 vs 1838 kcal/d; 76 vs 53 g protein/d) (10).The percentage of energy 

target that is actually delivered to patients in their study and control group corresponds 

exactly to our ET and NT groups (96% and 73%) and also the percentage of protein 

target (79% and 57%) is highly comparable to our study. Major outcomes are a lower 

hospital mortality, but also increased length of stay and increased infectious complica-

tions. A major difference however is that parenteral nutrition has been used to obtain 

an energy supply that meets the target, therefore comparison is hampered but overall 

this randomized study confirms our observational findings.

Higher body weight appears to be important, as administration of the volume of enteral 

nutrition formulas is a limiting factor early in the course of nutritional therapy, therefore 

patients with smaller body weight are more likely to reach their nutritional targets. 

When patients are split into groups with body weight higher and lower than the median 

value of 75 kg, the effect of PET or ET is the same for heavier and lighter patients (data 

not shown). Since most women in our study are under 75 kg, the lower body weight 

could have been of influence on the effect modification by gender as previously reported 

by our group (16). However, any discussion on the causative effect remains speculative 

as this is an observational study and not a randomised controlled trial.

By using pre-specified targets and categorising patients into target groups, we gained 

insight into the important contribution of protein as well as of energy supply. Alberda et 

al. argue that there is a fixed ratio between energy and protein (24). However, by intro-

ducing our nutrition algorithm into computer assisted nutrition therapy, we have been 

able to use different feeding formulas specifically aimed at reaching nutrition targets 

(14,15). In this context it is important to realise that the protein target is based on body 

weight and the energy target is based on measured energy expenditure. Also, measured 

energy expenditure can be very different (both lower and higher) from predicted energy 

expenditure based on body weight, and this appears to be worse in patients compared 

to healthier groups (25-27). Thus protein needs are by definition fixed to body weight, 

but energy expenditure is more variable relative to fixed body weight. By using different 

enteral formulas we have been able to increase protein intake (g/kg) by 58% (compar-

ing PET versus NT group). This appears to be a unique feature of our study, and provides 

an opportunity to compare energy plus protein versus energy alone, which cannot be 

accomplished applying a fixed enteral formula. Furthermore, another difference between 

the PET and ET group is that protein is only derived from nutritional formula, while energy 

can be derived from glucose infusion and fat containing medication (such as Propofol). 

There are also endogenous sources of energy available, while lean body protein mass is 

heavily compromised during critical illness (28). The importance of protein targets for 

optimal nutritional therapy has been stressed before (16, 28). The protein target group 

appears to perform well, but the small number of patients (n=24) restricts conclusions. 
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Therefore, especially in the long-stay mechanically ventilated critically ill patient, both 

protein and energy targets should be considered for optimal nutrition.

The energy deficit occurs especially in the first days after admission, when targeted 

volume cannot be administered for practical reasons such as gastric retention, slow 

increase of nutritional volume towards the targeted volume, hemodynamic instability 

and diagnostic and therapeutic interventions.

Preliminary results show that provision of >1500 kcal/day in the first three days of 

admission excluding parenteral glucose reduces ICU and hospital mortality (29), and 

more evidence accumulates about the relevance of early feeding (30). Early provision 

of energy diminishes the cumulative caloric deficit. The current focus on early nutri-

tional therapy, most likely with enteral nutrition supplemented with parenteral nutrition, 

maybe beneficial for critically ill patients (31,32). However, especially those patients 

with a long stay (mean duration of mechanical ventilation in this study is >3 weeks) 

clearly require a protein-energy goal-oriented therapy (33). Although our nutrition 

policy is to start enteral nutrition as early as possible, we have to state explicitly that 

our nutrition policy does not include to supplement inadequate enteral nutrition with 

parenteral nutrition. Nonetheless, it appears from the results of our study that addition 

of parenteral feeding does indeed contribute to reaching targets (as shown in table 

2). However, when Hazard ratios in the current study were adjusted for time to reach 

energy target as well as the amount of parenteral nutrition used, there was no change 

or rather a slight improvement in the effect of achieving nutritional targets or not on 

28 day mortality. This indicates that the effect of energy and protein targets reached 

cumulatively over the whole period of mechanical ventilation appears to be independent 

from early nutrition or the use of parenteral nutrition.

The main limitation of our study is the observational nature of the design. Randomised 

trials are needed for actual cause effect relationships to be substantiated. In the present 

analysis we adjusted hazard ratios for gender, age, BMI, APACHE-II, diagnosis group and 

glycemic control, however other factors might be relevant for outcome as well. Another 

limitation is that setting protein and energy targets as we did is not as evidence based 

as we would like them to be, because of lack of adequate studies on protein and energy 

requirements of mechanically ventilated critically ill patients (3-5, 34). Another point is 

that patients nutritional intake is evaluated over the periode of mechanical ventilation, 

and not over the entire hospital stay. After weaning from mechanical ventilator and 

when oral feeding is an option, it is much more difficult to monitor all nutritional intake 

of the patient. We can assume, and in fact we have evidence, that nutritional intake on 

the nursing wards will be less optimal. This may relate to a relatively high hospital mor-

tality in the PET group, although this group also has more sepsis patients and patients 

that required parenteral nutrition. On the other hand the main strength of this study is 

the large sample size from a single center. Another strength is that we have a consistent 
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nutrition policy fully automated and computer-guided by implementation of a nutrition 

algorithm that automatically selects the appropriate enteral nutrition (14) or parenteral 

nutrition (35) formula that is needed for a specific patient in order to reach both energy 

and protein targets, along with the correct pump speed. Furthermore, another strength 

is that all patients had their individual energy needs measured by indirect calorimetry.

Conclusion

In conclusion, our study shows that successfully reaching both a predefined energy and 

protein target cumulative over the whole period of mechanical ventilation, with energy 

provision guided by indirect calorimetry and protein provision guided by at least 1.2 

grams/kg pre-admission body weight, is associated with a decrease in 28 day mortal-

ity as much as 50%. Reaching only energy targets does not appear to be sufficient, 

although it should be kept in mind that our control NT group already had a mean energy 

intake of almost 1600 kcal/d. We are in need of randomised controlled trials to show the 

real value of protein and energy nutrition in mechanically ventilated critically ill patients 

and predefined subgroups.
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AbSTRACT

background/objectives: During continuous venovenous hemofiltration (CVVH) there 

is unwanted loss of amino acids (AA) in the ultrafiltrate (UF). Solutes may also be 

removed by adsorption to the filter membrane. The aim was to quantify the total loss 

of AA via the CVVH circuit using a high-flux polysulfone membrane, and to differentiate 

between the loss by ultrafiltration and adsorption.

Methods: Prospective observational study in ten critically ill patients, receiving predilu-

tion CVVH with a new filter, blood flow 180 mL/min, predilution flow 2400 mL/h. Arterial 

blood, post-filter blood and UF samples were taken at baseline, and 1, 8 and 24-hours 

after CVVH initiation, to determine AA concentrations and hematocrit. Mass transfer 

calculations were used to determine AA loss in the filter and by UF, and the difference 

between these two.

Results: The median AA loss in the filter was 10.4 g/day, the median AA loss by UF was 

13.4 g/day, median difference -2.9 g/day (IQR: -5.9 to -1.4 g/day). For the individual 

AA, the difference ranged from -1 g/day to + 0.4 g/day, suggesting that some AA 

were consumed or adsorbed and others were generated. AA losses did not significantly 

change over the 24h study period.

Conclusion: During CVVH with a modern polysulfone membrane, the estimated amino 

acid loss was 13.4 g/day, which corresponds to a loss of about 11.2 g of protein per 

day. Adsorption did not play a major role. However, individual AA behaved differently, 

suggesting complex interactions and processes at the filter membrane or peripheral AA 

production.
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INTRODUCTION

Acute kidney injury is a frequent manifestation of critical illness. Continuous venovenous 

hemofiltration (CVVH) is commonly used as renal replacement therapy (RRT) modality. 

During CVVH, clearance is mainly achieved by convection, the process where solutes 

small enough to pass the pores in the semipermeable hemofilter are transported with 

plasma water to form the ultrafiltrate (UF). Due to the non-selectivity of the filtering 

process, ‘useful’ solutes are also lost, including amino acids (AA). Studies investigating 

AA loss during RRT reported losses of 5-15 grams per day, the degree depending on RRT 

modality, type of filter and effluent rate [1-10]. These studies measured AA concentra-

tions in the UF, and thereby only reported convective loss. Solutes can however also be 

removed by adsorption to the filter membrane. The degree of convective and adsorptive 

clearance depends on physical and chemical properties of solute and membrane. In 

vitro studies have shown that there can be considerable adsorptive losses of proteins, 

cytokines and antibiotics under filtration conditions [11-17]. However, to our knowledge 

no study reported absorptive AA loss during CVVH in vivo. In addition, other processes 

may contribute to the total flux of AA in the extracorporeal circuit. Therefore, the actual 

AA loss could be different from previously reported UF losses alone. This may have 

implications for protein requirements in patients receiving CVVH.

The primary aim of this study in critically ill patients was to quantify the total loss of 

AA in the extracorporeal CVVH circuit using a high flux polysulfone membrane, and to 

differentiate between the loss by ultrafiltration and adsorption. The secondary aim was 

to determine the loss of individual AA and their sieving coefficients (SC).

MATERIAL AND METHODS

This prospective observational study was performed at the mixed medical-surgical 

intensive care unit of the Amsterdam UMC, location VU University Medical Centre, The 

Netherlands. Adult critically ill patients, ready to receive CVVH with a new filter, were 

eligible for inclusion, provided the researcher was present to handle the samples (con-

venience sample). The Medical Ethics Committee of the VU University Medical Center 

waived the need for informed consent because no extra burden or risk was associated 

and patient data were coded (METC number 2013/308).

Continuous venovenous hemofiltration

Vascular access was obtained by an 11F or 13F double lumen catheter in the femoral 

or jugular vein (D -LINE® EXTRA-FLOW CATHETER, Joline). CVVH was performed using 

the multiFiltrate® device (Fresenius, Bad Homburg, Germany) with two filter types: 
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Ultraflux AV 600S 1.4 m2 and Ultraflux AV 1000S 1.8 m2 (Fresenius, Bad Homburg, 

Germany) having a similar polysulfone membrane with a wall thickness of 35 µm; only 

the surface area differed. The machine was set according to department protocol: blood 

flow 180 mL/min, predilution replacement flow 2400 mL/h. Net UF was adjusted to the 

desired fluid balance. Anticoagulation was primarily achieved with citrate as part of the 

predilution fluid or with heparin if systemic anticoagulation was required [18].

Study protocol

The total study period was 24 hours. An arterial blood sample was taken before initiation 

of CVVH or before a new CVVH session to determine baseline plasma AA concentrations. 

Arterial blood was subsequently taken at 8-hours and 24-hours after start and post-filter 

blood and UF samples were taken 1-hour, 8-hours and 24-hours after initiation of CVVH 

to determine AA concentrations and hematocrit (Ht), see figure 1. Arterial concentra-

tions were used as prefilter AA concentrations. The baseline arterial sample was used 

as prefilter concentration at 1-hour, supposing that plasma concentrations of AA would 

not change within one hour.

Blood and UF for AA determination was collected in heparin tubes and directly cen-

trifuged; 500 µL plasma and UF were deproteinized using sulphosalicylic acid and im-

mediately stored at -80 °C until assayed. Individual AA concentrations were determined 

using high-performance liquid chromatography [19]. The coefficient of variation for the 

AA measurements was 2.6 ± 1.2%.

figure 1. Schematic drawing of the CVVH circuit with the different sample points shown
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Other measurements

Demographic and clinical data, including age, gender, admission diagnosis, Acute Physi-

ology And Chronic Health Evaluation (APACHE) II and III scores, CVVH characteristics, 

the type and amount of nutrition, and survival were extracted from the patient data 

management system MetaVision® (iMDsoft, Tel Aviv, Israel).

The mass transfer and Sieving coefficient calculations are shown in table 1.

AA concentrations were converted from µmol/h to mg/h by factoring the molecular 

weights of the individual AA. To estimate the median AA loss in g/day, the median of 

all obtained values of AA loss in g/h was factored by 24. To determine the SC for the 

individual AA, the mean SC of the 3 time points was calculated.

Statistical analysis

Variables were tested for normal distribution using the Shapiro Wilk test. Variables 

are presented as median (25th-75th percentile), or mean (standard deviation) where 

appropriate. To determine if AA loss varied in time, an analysis of variance (ANOVA) 

was performed. SPSS IBM 22 (SPSS Inc., Chicago, IL, USA) and Graphpad prism 7.0 

(GraphPad Software, La Jolla, California, USA) were used. A p <0.05 was considered 

statistically significant.

Table 1. Mass transfer and Sieving coefficient calculations
Mass transfer calculations

AAloss in the filter = AAcircuit in − AAfilter outlet

AAcircuit in  = [AApl] * Qpl prefilter

Qplprefilter = (1 − Htprefilter) * Qbl

AAfilter outlet = [AApl postfilter] * Qpl postfilter

Qpl postfilter  = Qpl postfilter + Qpredil − Quf

AAloss by ultrafiltration = [AAuf] * Quf

Sieving coefficients of the individual amino acids

SC = 
2 * [AAuf]

[AApl prefilter] + [AApl postfilter]

[AApl prefilter] = [AApl] *
Qpl prefilter

Qpl prefilter + Qpredil

Where, [AApl]: AA concentration in the plasma (µmol/L), Qpl prefilter : prefilter plasma flow rate, before 
the administration of the predilution replacement fluid (L/h), Htprefilter: hematocrit before administra-
tion of the predilution replacement fluid, Qbl : blood flow rate before the administration of predilution 
replacement fluid (L/h), [AApl postfilter]: AA concentration in the postfilter plasma (μmol/L), Qpl postfilter: 
the post filter plasma flow rate (L/h), Qpredil: the predilution replacement fluid flow rate (L/h), Quf: ul-
trafiltration flow rate (L/h), [AAuf]: AA concentration in the ultrafiltrate (μmol/L), Qnet uf : net (desired) 
ultrafiltration flow rate (L/h), [AApl prefilter]: AA concentration in the plasma prefilter, after administra-
tion of the predilution replacement fluid.
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RESULTS

Ten patients were included. Baseline and clinical characteristics are shown in table 2. All 

patients were anuric (median urine production 9 mL/24 h, range 0-102 mL/24 h). Five 

patients were included when CVVH treatment was initiated, five after filter change. The 

femoral route was used in six, the jugular in four patients.

Baseline total AA plasma concentration per patient are shown in figure 1 of the 

eSupplement. Patient 8 had acute ischemic liver failure and had the highest plasma 

AA concentration. The median baseline plasma concentration of the individual AA and 

the proportion of patients outside the reference range are presented in table 1 of the 

eSupplement.

Amino acid loss in the filter

AA losses in the filter are presented in figure 2. Patient 8 (acute liver failure) lost the 

greatest amount of AA (mean 2213 mg/h, equivalent to 53.1 g/day). Based on all 

samples, the estimated median AA loss in the filter was 435 mg/h (351-635 mg/h), 

corresponding to a median AA loss of 10.4 g/day (8.4-15.2 g/day). AA loss in the filter 

did not change significantly over the 24-h study period, see table 3.

Table 2. Baseline and clinical characteristics of the study population
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1 f 56 1.65 70 sepsis 39 sepsis EN 30 yes

2 m 68 1.75 90 cholesterol emboli 22 ischemia none 0 yes

3 m 79 1.82 90 Aortic enteral fistula 19 ischemia EN 28 no

4 m 44 1.61 66 cardiogenic shock 27 ischemia EN 105 yes

5 m 74 1.85 90 Mycotic aneurysm after EVAR 29 major surgery EN 97 yes

6 f 22 1.65 55 trauma 31 ischemia EN 20 yes

7 m 58 1.84 78 post cardiac arrest with bowel 
ischemia

28 sepsis PN 90 yes

8 m 57 1.72 80 Post cystectomy with Bricker 
deviation complicated by anastomotic 
leak, peritonitis and ischemic liver 
failure

24 major surgery 
& ischemia

EN 7 no

9 f 75 1.64 65 sepsis 28 sepsis EN 85 yes

10 m 75 1.65 65 Post cardiac arrest 40 ischemia EN 81 yes

AKI: acute kidney injury, APACHE: acute physiology and chronic health evaluation, EVAR: endovas-
cular aneurysm repair, EN: enteral nutrition, PN: parenteral nutrition,
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Amino acid loss by ultrafiltration

AA loss by ultrafiltration is presented in figure 2. Median AA loss by UF was 559 mg/h 

(491-725 mg/h), corresponding to a median daily UF loss of 13.4 g/day (11.8-17.4 g/

day). UF loss did not change significantly over the 24h study period, see table 3.

filter loss minus Uf loss

The median difference between filter loss and UF loss was -123 mg/h (-249 to -58 

mg/h), corresponding to -2.9 g/day (-5.9 to -1.4 g/day). The absolute range of this 

difference was -443 mg/h to +243 mg/h, suggesting that some AA were ‘generated’ in 

the filter and some were ‘lost’. The filter minus UF loss did not change significantly over 

the study period (see table 3). Filter loss minus UF loss for the individual AA are shown 

in figure 3.

Sieving coefficients

The mean calculated SC of the individual AA are shown in figure 4.

figure 2. Amino acid loss in the filter (A) and in the ultrafiltrate (B) per patient over the 
24-hour study period. Lines represent the mean AA loss (mg/h) for that patient during 
the 24h study period.

Table 3. Amino acid loss in the filter, in the ultrafiltrate, and their difference at 1h, 8h 
and 24h after the start of CVVH session

T1 mg/h a T8 mg/h a T24 mg/h a p-value b

Filter AA loss 435 (306-916) 420 (369-585) 435 (329-702) 0.72

Ultrafiltrate AA loss 508 (479-839) 587 (493-751) 563 (486-704) 0.84

Filter loss minus ultrafiltrate 
loss

-76.6 (-229 to 52) -139 (-262 to -88) -105 (-263 to -42) 0.41

a Results in median (25th-75th percentile)
b Change over time (ANOVA)



136 Chapter 8

Clearance of individual AA

The individual AA clearances are shown in table 2 of the supplement.

figure 3. Filter loss minus ultrafiltrate 
loss in mg/h for the individual amino 
acids. Glu: glutamate, Asn: asparagine, 
Ser: serine, Gln: glutamine, His: histi-
dine, Gly: glycine, Thr: threonine, Cit: 
citruline, Arg: arginine Ala: alanine, Tau: 
taurine, Aab: α- aminobutyric acid, Tyr: 
tyrosine, Val: valine, Met: methionine, 
Ile: isoleucine, Phe: phenylalanine, Trp: 
tryptophane, Leu: leucine, Orn: orni-
thine, Lys: lysine

figure 4. Sieving coefficients of the individual amino acids. The sieving coefficient is 
the ratio of the solute filtrate concentration to the respective solute plasma concentra-
tion. A sieving coefficient of 1 indicates unrestricted transport; a sieving coefficient of 0 
means no transport at all. The mean sieving coefficient of the three different time points 
are given.
Glu: glutamate, Asn: asparagine, Ser: serine, Gln: glutamine, His: histidine, Gly: glycine, Thr: 
threonine, Cit: citruline, Arg: arginine Ala: alanine, Tau: taurine, Aab: α- aminobutyric acid, Tyr: 
tyrosine, Val: valine, Met: methionine, Ile: isoleucine, Phe: phenylalanine, Trp: tryptophane, Leu: 
leucine, Orn: ornithine, Lys: lysine
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DISCUSSION/CONCLUSION

Our study in critically ill patients demonstrates that the median total AA loss during 

the first 24 hours of a CVVH session, using a high flux polysulfone filter membrane was 

13.4 g, while the median AA loss in the filter was 10.4 g. AA loss in the filter therefore 

appeared to be lower than loss by ultrafiltration, indicating that adsorption does not play 

an important role when using a polysulfone membrane. However, individual AA behaved 

differently. The difference was positive for some and negative for others, suggesting 

that some AA were consumed or adsorbed, and others appeared to be locally generated 

and subsequently filtered. Our findings implicate that AA loss during CVVH is consider-

able and may contribute to a negative protein balance. Furthermore, measuring AA loss 

in the filter, as we did, may underestimate total AA loss.

Our primary aim was to determine AA loss by UF and adsorption separately. Find-

ing a lower loss when measuring the difference between blood circuit inlet and circuit 

outlet than by measuring loss directly from UF, and therefore a ‘negative adsorption’ 

was unexpected. Several in vitro studies have shown considerable adsorptive losses of 

proteins, peptides and antibiotics under filtration conditions using different membranes 

[11-17]. We expected to find some degree of AA adsorption that would decrease over 

time due to saturation of the filter membrane. Druml et al. suggested that adsorption to 

synthetic membranes occurs primarily in the first hour after a new filter placement with 

filter saturation occurring after 4 to 8 hours [20]. De Vriese et al. found that cytokine 

adsorption to a AN69-membrane steadily decreased after filter change and found indica-

tions for filter saturation after 12 hours [14]. An explanation for the absence of overall 

adsorption could be that the molecular sizes of AA are so small (average 110 Daltons) 

compared to the pores of the high flux membrane, that they are readily filtered and do 

not adhere to the membrane, at least not permanently.

Although our data suggest an overall lower loss in the filter than by UF, individual AA 

behaved remarkably different. Several processes have been identified that may influ-

ence the fluxes and balances over the membrane, and thus the measured concentra-

tions and SC. Firstly, there may be direct interactions between charged AA with charged 

proteins that bind to the filter membrane. Secondly, the Gibbs-Donnan effect may cause 

unequal distribution of charged solutes across the membrane. The Gibbs-Donnan effect 

is caused by charged substances (such as circulating proteins) that are unable to pass 

the membrane and thus create an uneven electrical charge. Thirdly, local generation 

and subsequent convection would lead to a calculated SC of >1. Uchino et al. showed 

that during isovolemic hemodilution with predilution both chloride and glucose had an 

SC of >1, and that the SC of Na and K was <1 [21]. They also found an SC of >1 for 

urea at increasing predilution, probably as a result of dilution and subsequent release of 

urea from erythrocytes. The SC of >1 for glucose remained unexplained [21]. Another 
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explanation may be that the assumption that AA concentrations in arterial blood are the 

same as in the filter inlet is incorrect. Indeed, skeletal musle and the brain are known 

producers of glutamine and alanine, thereby increasing the concentration in the femoral 

and jugular vein respectively, compared to arterial blood. Others found an arteriovenous 

glutamine concentration difference in critically ill patients during CVVH [22]. Generation 

of glutamine could have led to higher circuit inlet concentrations than the arterial con-

centration that we used. If other AA can be produced in substantial amounts too, is less 

well established. During hemodyalisis, the reduction of the plasma AA pool accounted 

for less than 20% of the total dialysate loss. Enhanced appearance of new AA during 

dialysis, most likely from tissue stores such as skeletal muscle was suggested [23].

Also, recirculation can alter local concentrations of AA depending on the SC, by mixing 

inlet and outlet concentrations. Moreover, AA may bind to each other and form complexes 

that act differently than individual AA [24]. Furthermore, erythrocytes, leucocytes and 

platelets all contain free AA. These may be released when their membrane perme-

ability changes or during hydrostatic disequilibrium due to predilution and subsequent 

ultrafiltration. For example, taurine has a crucial role in cell volume homeostasis and can 

restore the osmotic imbalance in case of hyper-or hypotonicity [25]. Taurine also has 

anti-oxidant and anti-inflammatory properties and may be locally consumed. Finally, 

activated leucocytes and platelets may take up AA for metabolic support.

Sieving coefficient

Due to the small molecular size of AA, an SC of 1 is expected. However, fourteen out 

of twenty AA had an SC above 1 with alanine having the highest SC (1.07), suggesting 

‘facilitated transport’ or local production at the blood side and subsequent convection. 

The SC of glutamate (0.60), taurine (0.83), tryptophan (0.84) and ornithine (0.85) 

were below 1. The low SC of glutamate has been reported previously [2, 10]. Glutamate 

is negatively charged in physiologic conditions and may therefore be repelled by the 

negatively charged polysulfone filter membrane. It is known that during deproteinisa-

tion of samples the tryptophane concentration decreases because it binds with plasma 

proteins. The above mentioned partially unknown and unexplained processes at the 

membrane, influence the calculated SC, which does not necessarily reflect restricted 

or ‘facilitated’ membrane passage. Most importantly, organ production of AA inducing a 

higher concentration in the venous compared to the arterial compartment, will induce 

an overestimation of the SC.

AA Clearance

Individual AA clearances ranged from 16.6 ml/min for glutamate to 36.4 ml/min for 

alanine. Previous studies reported similar but also higher or lower AA clearances [1, 3, 
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6, 7, 10]. These discrepancies are likely caused by differences CRRT dose and modality, 

and type of filter.

Strengths and limitations

To our knowledge, this is the first study reporting adsorptive AA loss during CVVH in 

vivo. AA concentrations were measured using state of the art techniques.

Our study has some limitations. Sample size of our study was small, yet in accordance 

with other studies. With the exception of patient 8 having acute liver failure, differences 

in AA loss between patients were small and consistent. We did not measure AA profile in 

the first hour of hemofiltration, thus very early adsorption could have been missed. AA 

levels in the arterial blood sample at baseline were used to calculate prefilter AA con-

centration at 1-hour to reduce costs. A difference in arterial AA concentration between 

baseline and at 1-hour would lead to over or underestimation of actual AA loss, which 

could play a role in case of massive fluid infusion or removal. Because fluid infusion was 

massive during the first sample time-point in patient 1, we removed this sample from 

the analysis. Furthermore, another limitation of our study is that we used an arterial 

sample for prefilter concentration (see above). However, this does not impact the total 

amount of AA loss during CVVH. Furthermore, the mass transfer calculations assume a 

constant blood and predilution flow. In practice, CVVH (blood) flow is not constant [26]. 

If, as a result the ratio of predilution flow to blood flow changes, actual plasma concen-

trations at the blood site of the membrane may differ from calculated concentrations. 

However, the consistency of our findings over time supports the reliability of our results 

and are in accordance with other studies [1, 10]. Our study does not show whether 

adsorption, local consumption or generation, skeletal muscle or brain AA production or 

other unknown mechanisms explain the differences between the loss in the blood circuit 

and by UF. Further studies are needed to elucidate these intriguing events. Finally, our 

results are only applicable to the specific polysulfone hemofilter and CVVH effluent rate 

we used. Nowadays, polysulfone is the most commonly used membrane and the applied 

CRRT dose is according to current guidelines.

Clinical implications

The estimated median total AA loss of 13.4 g/day corresponds to a total loss of 11.2 

grams of protein per day. The median protein intake in our study population was 56 g/

day, therefore 20% of nutritional protein intake was lost during CVVH, potentially induc-

ing or aggravating protein malnutrition. Increasing protein intake in patients on CVVH 

seems therefore rational. Scheinkestel et al. found that a protein intake as high as 2.5 

g/kg/d neutralized nitrogen balance and corrected AA deficiencies in patients receiving 

CVVH [8]. Also, Bellomo et al. found near neutral nitrogen balance at parenteral nutri-

tion administration containing 2.5 g AA/kg/day [3]. However, a neutral nitrogen balance 
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does not necessarily imply better patient outcome. Nowadays, a protein intake of 1.3 g/

kg/day is recommended for the general ICU population[27]. Nonetheless, unless liver 

failure or other disturbances in protein handling are present, it seems rational to increase 

daily protein intake by 10-15 grams in patients on continuous RRT to compensate for 

the loss of AA. Whether a higher protein intake is safe and leads to improved outcome 

remains to be shown.

Conclusion

During CVVH with a modern polysulfone membrane, the estimated amino acid loss was 

13.4 g/day, corresponding to a loss of about 11.2 g of protein per day. Adsorption does 

not play a major role. However, individual amino acids behaved differently, suggesting 

complex interactions and processes at the filter membrane or peripheral production.
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ADDITIONAL fILES

Supplementary Table 1. Median amino acid concentrations of the study population at 
baseline and the proportion of patients outside reference range*

Reference 
plasma range 
(lab)

Median plasma 
AA concentration 
(IQR)

No of patients 
below reference 
range

No of 
patients 
above 
reference 
range

µmol/L µmol/L

Essential AA

Threonine 74-175 96.0 (66.0-221) 4/10 3/10

Tryptophan 24-112 24.7 (16.9-35.7) 4/10 0

Methionine 13-33 33.3 (20.0-263) 0 4/10

Phenylalanine 40-81 91.0 (78.5-115) 0 7/10

Lysine 107-244 139.8 (129.9-245) 2/10 2/10

Non-essential AA

Glutamic acid 12-98 33.0 (14.3-54.3) 1/10 0

Asparagine 36-71 46.6 (41.8-82.8) 1/10 3/10

Serine 67-161 51.2 (36.5-113) 7/10 1/10

Glutamine 482-938 423.7 (389.7-886) 6/10 2/10

Histidine 62-150 78.7 (76.0-157) 0 2/10

Glycine 121-409 155.0 (116.0-299) 3/10 1/10

Arginine 50-126 56.8 (49.7-141) 3/10 2/10

Taurine 38-197 32.6 (21.3-59.4) 5/10 1/10

Alanine 203-518 204.8 (170.2-402) 5/10 1/10

Tyrosine 43-90 54.2 (48.8-87.0) 2/10 2/10

Ornithine 24-112 57.3 (36.8-117) 2/10 2/10

Citrulline 14-57 22.6 (18.5-37.9) 1/10 0

α- aminobutyric 
acid

9-45 27.0 (9.2-45.4) 2/10 2/10

Essential branch-chained AA

Valine 168-350 224.9 (129.5-273) 4/10 1/10

Isoleucine 42-98 89.0 (48.3-107) 2/10 3/10

Leucine 73-172 118.5 (62.9-167) 4/10 2/10

*reference values were obtained from 44 healthy volunteers
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Supplementary table 2. Clearance of individual AA
Amino Acid Mean clearance ± SD, mL/min

Glutamate 16.6 ± 4.9

Asparagine 34.8 ± 3.3

Serine 33.0 ± 3.5

Glutamine 34.2 ± 3.1

Histidine 33.4 ± 3.0

Glycine 33.5 ± 3.2

Threonine 34.0 ± 3.2

Citruline 30.8 ± 3.8

Arginine 34.1 ± 3.8

Alanine 36.4 ± 4.4

Taurine 26.4 ± 5.3

α- aminobutyric acid 32.9 ± 3.0

Tyrosine 34.7 ± 3.5

Valine 32.7 ± 2.6

Methionine 34.9 ± 3.8

Isoleucine 33.0 ± 3.5

Phenylalanine 35.1 ± 3.0

Tryptophane 26.5 ± 6.3

Leucine 33.0 ± 3.5

Ornithine 27.7 ± 2.6

Lysine 30.6 ± 2.9

Clearance was calculated as: 

[AAuf]*Quf

[AApl] , where [AApl]: AA concentration in the plasma, (µmol/L), 
Quf: ultrafiltration flow rate (mL/min), [AAuf]: AA concentration in the ultrafiltrate (μmol/L).
The mean individual AA clearance of the three measurements in all patients is presented.
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The principal goal of nutrition support in the critically ill is to minimize the loss of lean 

body mass, to maintain an adequate nutritional status, and to ultimately achieve better 

patient outcome. The research described in this thesis was conducted with the aim to 

optimize nutrition in critically ill patients.

Chapter 1, the introduction, provides an overview on important aspects of nutrition 

in critically ill patients. The metabolic stress response and the different phases of critical 

illness are described. A background is provided on the assessment of energy expendi-

ture, the assessment of body composition, and on the role of nutritional protein in the 

critically ill. Finally, the aims and outline of this thesis are given.

Part I - Assessment of energy expenditure (EE) in the critically ill

Measurement of EE by indirect calorimetry is recommended to guide nutrition. However 

the current gold standard metabolic monitor for intensive care patients, the Deltatrac® 

metabolic monitor (Datex, Helsinki, Finland), is no longer in production and its use 

is time and resource consuming. Therefore, in clinical practice equations are used to 

estimate EE, which have repeatedly shown to be inaccurate. In indirect calorimetry, EE 

is calculated from measured oxygen consumption (VO2) and carbon dioxide production 

(VCO2) using the Weir equation. Most modern ventilators measure VCO2 continuously, 

and when the respiratory quotient, the ratio of VCO2 to VO2 (RQ) is assumed, EE can 

be calculated with the rewritten Weir equation (EE-VCO2). In chapter 2, we tested the 

accuracy of EE-VCO2. We performed simultaneous 24-hour measurements of VCO2 from 

the ventilator and of EE by indirect calorimetry (EE-IC) in 84 mechanically ventilated 

critically ill patients and used the RQ of the actual nutrition to calculate VO2 and EE. 

We found that EE-VCO2 was accurate, with a bias of 7.7%, and more precise than fre-

quently used predictive equations. EE-VCO2 appeared as the best alternative to indirect 

calorimetry. The most important message of the study is that EE can be estimated at 

the bedside as 8,19*VCO2 (ml/min). This message is especially important for ICUs that 

do not have access to indirect calorimetry. Furthermore, using VCO2-derived EE allows 

for continuous measurement of EE, which may be important in critically ill patients with 

variation of EE over time. Main limitation of the VCO2 method is that an RQ has to be 

assumed in order to derive the unknown oxygen consumption needed to calculate EE 

according to the Weir equation. EE-VCO2 has other limitations as well, we also found that 

EE-VCO2 derived from the ventilator was systematically higher than from the DeltatracÒ 

and that the largest differences between EE-VCO2 and EE-IC were noted in patients 

with extreme variations in respiratory rate and tidal volume. This is probably caused 

by inaccuracies in the synchronization of flow and volume for analysis. Thus, EE-VCO2 

should probably not be used in patients with irregular and rapid breathing patterns.

In chapter 3, we respond to a database study by Oshima et al., that evaluated 

whether VCO2 based EE could be considered as an alternative to indirect calorimetry. In 
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their retrospective study they found a low bias of 1.1%. However, based on low 5% ac-

curacy rates of 49% they concluded the agreement was not sufficient to consider VCO2 

based EE as an alternative to indirect calorimetry. In our letter to the editor we agreed 

with the authors that indirect calorimetry remains the gold standard for assessment of 

EE in mechanically ventilated patients. However, in spite of its known limitations, we 

emphasize that VCO2 based EE appears to be the best alternative for clinicians not hav-

ing access to indirect calorimetry and underscore its superiority to predictive equations. 

We refer to several prospective studies for evidence, including the one presented in 

chapter 2. We however, share the opinion of the authors that a new accurate, easy to 

use and affordable indirect calorimeter for the critically ill population is needed.

Chapter 4 features the results of a comparison of a new breath-by-breath indirect 

calorimeter, the E-sCOVX (GE Healthcare, Helsinki, Finland), to the reference method 

DeltatracÒ. EE was measured simultaneously with the E-sCOVX and the DeltatracÒ 

for two hours and agreement was tested. The performance of the E-sCOVX was also 

compared to predictive equations. A total of 29 measurements in 16 patients were 

performed. The agreement between E-sCOVX and DeltatracÒ was poor, with a clinically 

unacceptable bias of 12.1 % and wide limits of agreement. Our findings were in accor-

dance with other studies that have shown overestimation of EE measured by breath-by-

breath metabolic monitors, such as the Quark and V-max, compared to the DeltatracÒ 

(1-4). In this chapter, we provide explanations for the inaccuracy of breath-by-breath 

methods in critically ill patients. The inaccuracy probably results from inaccuracies in the 

synchronization of flow and volume for analysis. Critically ill patients may exhibit rapidly 

changing breathing patterns, especially in assisted ventilator modes. In the presence 

of rapid breathing or a short breathing cycle the synchronization of flow and volume 

becomes less accurate. In contrast to breath-by-breath methods, the DeltatracÒ uses a 

mixing chamber, which may explain its superiority.

Part II - Assessment of body composition in the critically ill.

Assessment of body composition seems important for the identification of patients who 

are at nutritional risk and have limited physiologic reserve. Bioelectrical impedance 

analysis (BIA) is a simple, non-invasive, bedside technique that estimates body compo-

sition. BIA measures the opposition to an alternating current while passing through body 

compartments (resistance) and the delay in conduction by cell membranes (reactance). 

The composite marker phase angle (calculated as arc tangent (reactance/resistance) * 

180°/p), reflects cellular mass and the integrity of cell membranes. Phase angle is pro-

posed as a marker of cellular health and has appeared as a predictor of morbidity and 

mortality in various patient groups (5, 6). We hypothesized that a low phase angle on 

ICU admission is a predictor of long-term outcome and that measuring phase angle can 

aid in risk assessment of patients on ICU admission. In chapter 5, we report the results 
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of a prospective observational study in 196 patients in whom we tested whether phase 

angle as measured by BIA on ICU admission independently predicts 90-day mortality. 

We found that low phase angle was associated with mortality, independent of validated 

ICU risk scores. ICU patients with a phase angle below 4.8 had a 3.7 times higher 

adjusted risk of dying within 90 days. Previous studies in critically ill patients have 

shown the predictive value of phase angle on 28-day and hospital mortality (7-10) . Our 

results suggest that phase angle has even stronger discriminative power when used for 

prognostication beyond 28-day mortality. The survival curves in our population showed 

a substantial late mortality in patients with low phase angle, underscoring the potential 

of phase angle as a predictor of late mortality. Identification of these patients with 

limited physiological reserve is important to guide preventive and supportive measures. 

In addition, phase angle seems an interesting biomarker to monitor targeted interven-

tions aiming to improve long-term outcome of ICU-patients.

It should be noted that the phase angle cut-off value of 4.8 was derived from the stud-

ied patients. Ideally, the cut-off value should be prospectively validated. Furthermore, 

phase angle is a function of resistance and reactance and changes with altering hydra-

tion status. Large fluid shifts before ICU admission or during the first hour of ICU stay 

could cause changes in phase angle. In that case low phase angle does not only reflect 

low body cell mass but also the consequences of increased hydration. Nevertheless, low 

phase angle on ICU admission, whether due to poor cellular health or fluid overload, 

seems an interesting biomarker of physical health.

In the critically ill, low muscle mass and quality on ICU admission, as assessed by 

muscle area and density on CT-scan at the level of the third lumbar vertebra, are as-

sociated with poor outcome (11-17). However, using CT-scan analysis for assessment 

of muscle mass and -quality has several limitations, including radiation exposure, costs, 

risks associated with patient transport, and time consumption. BIA also assesses muscle 

mass and is an attractive technique because of its ease of use at the bedside. However, 

the main limitation of both BIA and CT is that they assess muscle mass indirectly. Both 

rely on equations to convert the raw parameters (CT: muscle area and muscle density, 

and BIA: resistance, reactance, phase angle) to muscle mass. These equations are not 

validated in the critically ill with increased hydration and an unreliable body weight. 

Nonetheless, a recent study in Asian critically ill patients showed agreement and a 

high correlation between BIA and CT-derived muscle mass (18). Therefore, BIA may 

be a potential tool to assess low muscle mass in critically ill patients. However, further 

validation of the raw and calculated markers of muscle mass as assessed by BIA and CT 

in the Caucasian population is needed.

In Chapter 6, we report the results of a prospective observational study in 110 ICU 

patients in whom we compared CT-derived muscle mass and BIA-derived muscle mass 

and tested the ability of BIA to identify patients with low muscle mass on CT-scan. 
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We also determined the relation between the raw BIA markers (resistance, reactance, 

phase angle) and the raw CT measurements (skeletal muscle area and skeletal muscle 

density).

We found that all three BIA-derived muscle mass equations showed a proportional 

bias compared to CT-derived muscle mass with increasing disagreement at higher 

muscle mass. However, in the lower muscle mass range, agreement was better. Impor-

tantly, BIA had good discriminative capacity to identify patients with low muscle mass 

on CT-scan. Since this is the population at risk for adverse outcome, BIA might be a 

clinically useful tool for identification of patients at risk; not only by using phase angle 

(chapter 5) but also by identification of low muscle mass. Interestingly we also found 

that muscle density on CT-scan, proposed as a marker of muscle quality, correlated with 

phase angle, a proposed marker of cellular health, and that CT-derived muscle area and 

density were significantly lower in the patients with a phase angle lower than 4.8, the 

mortality-related cut-off value, as found in our previous study (chapter 5), compared to 

those with higher phase angle. The significant relation between the primary measured 

markers of BIA and CT are therefore of clinical interest.

Part III - The role of protein in critical care nutrition

Not only the amount of nutritional energy (kcals), but also the amount of nutritional pro-

tein seems important for outcome in critically ill patients. Optimal protein nutrition aims 

at limiting the loss of muscle and other lean body mass during the catabolic state and at 

restoring the protein pool during the anabolic phase. Chapter 7 reports a prospective 

observational cohort study in 886 mechanically ventilated patients undergoing indirect 

calorimetry aimed to investigate the effect of reaching personalized energy and protein 

targets on clinical outcome. Targets were: the provision of energy meeting energy 

expenditure assessed by indirect calorimetry + 10%, as well as a protein provision of 

more than 1.2 grams per kg preadmission body weight. Cumulative energy and protein 

intakes were calculated for the entire period of mechanical ventilation and patients were 

categorized in four groups based on whether energy and protein targets were reached 

or not. We found that reaching both energy and protein target was independently as-

sociated with a decrease in 28-day mortality by 50% compared to when neither target 

was reached which remained after adjustment for confounders. Whereas only reaching 

energy targets was not associated with a reduction in mortality. The group of patients 

in which only the protein target was reached was too small for analysis. Main limitation 

of our study is the observational design; thereby a cause-effect relationship cannot be 

shown. These results are however hypothesis generating.

Acute kidney injury is a frequent manifestation of critical illness, and continuous ve-

novenous hemofiltration (CVVH) is commonly used as renal replacement therapy (RRT) 

modality. During RRT, amino acids are lost via the filter membrane and a higher protein 
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intake may be warranted. Previous studies showed considerable losses of amino acids 

in the ultrafiltrate during CVVH. During CVVH solutes are not only removed by filtration, 

but also by adsorption to the filter membrane. We aimed to investigate the loss of amino 

acids during CVVH with a modern polysulfone filter and to differentiate between the loss 

by ultrafiltration and by adsorption. We hypothesized that apart from loss by UF there 

would also be loss by adsorption to the filter membrane. In Chapter 8, we report an 

observational study in ten patients treated by predilution CVVH and measured the loss 

of amino acids by adsorption to the filter membrane and by ultrafiltration. We found 

an estimated amino acid loss of 13.4 g/day, corresponding to a loss of about 11.2 g of 

protein per day. This loss corresponded to 20% of the amount of protein administered 

by nutrition. Adsorption did not play a major role. However, individual amino acids be-

haved differently, suggesting complex interactions and processes at the filter membrane 

or peripheral amino acid production. Limitations were the small sample size, the use of 

arterial samples to calculate prefilter concentrations, and the assumption of a constant 

blood flow and predilution flow. However, the consistency of our findings over time and 

the concordance with findings in other studies supports the reliability of our results. In 

patients treated by CVVH it seems therefore rational to increase daily protein intake by 

10-15 grams to compensate for the loss of amino acids provided that liver failure or 

other disturbances in protein handling is not present.
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Energy requirements

For a long time, it was thought that nutritional energy delivery should equal energy 

expenditure. This dogma resulted from observational studies that showed that a nega-

tive energy balance was associated with more complications, such as infections and a 

longer ICU stay (1-3).

However, numerous RCT’s comparing different amounts of energy to standard feeding 

did not provide evidence for this notion. RCT’s that compared optimized energy intake 

to standard feeding found little or no benefit (4-7), and the landmark EPANIC-trial, in 

which enteral intake was supplemented by parenteral nutrition (PN) during the first 

week, even found harm (8). Moreover, RCT’s that compared intentional underfeeding 

to standard feeding found no difference in mortality or other clinical outcome measures 

(9-11). Despite many confounders, such as differences in route, timing, protein intake, 

case mix and the use of equations or indirect calorimetry to determine EE, the results 

from these trials suggested that early full nutrition might cause harm and that restrict-

ing energy in the early phase of critical illness may be protective. The role of timing is 

supported by a post hoc analysis of the INTACT-trial. In this RCT in patients with acute 

lung injury, a high energy and protein intake, was compared to standard feeding. The 

trial was stopped early because of significantly greater hospital mortality in the high 

energy and protein group. A post-hoc analysis, in which the role of timing was studied, 

showed that the occurrence of death after 8 days was higher in patients who received 

more energy and protein from day 1 to day 7 and lower in patients receiving more 

energy and protein after day 8 (12).

Early full energy feeding may cause harm

Three mechanisms have been proposed for the association between early full feeding 

and harm. First, the inflammation-driven endogenous energy production that occurs in 

the early phase of critical illness, can mount up to 75% of resting energy expenditure 

(REE). The endogenous energy production cannot be suppressed by nutrition. Thus, 

early full feeding in this phase will results in energy overfeeding, which is associated 

with complications. Second, nutrition inhibits autophagy, a cellular process in which 

nutrients are recycled and damaged proteins and organelles as well as pathogens are 

cleared from the cell. Autophagy seems of paramount importance for the recovery from 

organ dysfunction (13). Third, early full feeding can cause refeeding syndrome, which 

is also associated with a worse outcome. In fact, an RCT by Doig et al., showed that 

energy restriction in patients developing hypophosphatemia after initiation of nutrition, 

a marker for refeeding, survival was significantly higher than in those receiving standard 

feeding (14).

In summary, the optimal amount and timing of energy remains controversial, but it 

seems clear that overfeeding, especially in the early phase should be avoided.
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Assessment of EE to guide energy nutrition

Although the optimal amount and timing of energy nutrition is controversial, an accurate 

assessment of EE seems crucial to determine patient-specific energy targets. In the 

early phase of critical illness, assessment of EE can prevent overfeeding. On the other 

hand, during rehabilitation and mobilization EE increases, and in that phase assessment 

of EE may prevent underfeeding, which is associated with ongoing catabolism. Assess-

ment of EE has other advantages as well. It provides information on the metabolic 

status of the patient and, for example, a rising EE may indicate emerging sepsis before 

clinically otherwise detectable, while a decreasing EE may indicate recovery. Indirect 

calorimetry is the best method to assess EE. However, indirect calorimetry is often not 

available, and is resource- and time consuming. In clinical practice predictive equations 

are used to estimate EE. These equations have repeatedly shown to be inaccurate in 

the critically ill. We have shown that VCO2-derived EE is superior to EE determined by 

equations (chapter 2). Similar studies in critically ill children and adults also showed 

superiority of VCO2-derived EE over estimating equations and proposed VCO2 -derived 

EE as the best alternative when indirect calorimetry is not possible (15-17). The current 

gold standard metabolic monitor for intensive care patients, the Deltatrac®, is no longer 

in production and other devices have shown to be inaccurate (chapter 4). Fortunately, 

a new indirect calorimeter, the Q-NRG (Cosmed, Rome, Italy), has recently become 

available. It was developed especially for use in the ICU by a collaboration of experts in 

critical care nutrition. Accuracy was tested in the in-vitro setting with promising results 

(18). Results from the in vivo validation study are pending. A new gold standard indirect 

calorimeter will provide opportunities for both clinical practice and for future research on 

optimal energy requirements during the different phases of critical illness.

Protein requirements

Apart from the amount of energy, the amount of protein seems important to improve 

outcome in critically ill patients. A higher protein intake stimulates protein synthesis and 

thereby improves protein balance and is likely needed to overcome anabolic resistance 

associated with critical illness (19-21). The optimal amount of nutritional protein is not 

yet clear. A retrospective study by Ishibashi et al., showed that 1.5 g protein/kg/day in 

the first week of critical illness maintained total body protein the best, with no further 

improvement at higher protein intake. After correction for overhydration the proposed 

optimal amount was 1.2 g protein/kg pre-illness body weight/day (22). Our observa-

tional study, described in chapter 7, supported the hypothesis that protein is important 

for outcome as it showed that reaching both protein and energy goals reduced 28-day 

mortality whereas only reaching the energy target had no effect.
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Clinical studies on the amount of nutritional protein

Several observational and retrospective studies have shown an association between 

overall higher protein intake and improved survival (23-26). However as with energy, 

the optimal dose and timing of nutritional protein are controversial. Randomized con-

trolled trials have shown diverging results. In a small RCT by Rugeles et al., the effect 

of a high protein hypocaloric nutrition on the decrease in sequential organ assessment 

failure (SOFA) score was studied, and a significantly higher reduction after 48 hours was 

found compared to the control group (27). However, it should be questioned whether 

nutrition can be beneficial after 48 hours already. Another RCT by Ferrie et al., compared 

an amino acid intake of 1.2 g/kg to 0.8 g/kg, using PN. They found no difference in 

the primary outcome: hand grip strength at discharge, but did find improvement in 

fatigue and handgrip strength at day 7 (28). A third pilot RCT, the FEED-trial, compared 

a protein intake of 1.5 g/kg/day to 1.0 g/kg/day. The high protein group showed a 

decrease in subjective global assessment (SGA) malnutrition score, and less reduction 

in quadriceps muscle thickness on ultrasound at discharge (29). In the study by Doig et 

al., comparing early supplemental PN to standard care, showed reduction of ventilation 

time and improved general health status when 1 g/kg/day protein was administered 

(6). On the other hand, a recent RCT in 199 patients combining high energy with high 

protein did not find an effect on functional outcome at 6 months or on other outcome 

parameters with higher protein intake (30). Albeit several confounders have been 

postulated that may explain the lack of benefit in this study (31). Importantly, the 

endogenous energy production was not taken into account and targeting 100% of REE 

within 24h after admission may have induced overfeeding. Furthermore, in this study 

the E-sCOVX metabolic monitor was used for the assessment of EE, while we showed in 

chapter 4 that the E-sCOVX is not reliable in critically ill patients. The diverging results 

from clinical trials may again be explained by the many confounders in the studies, such 

as differences in route, timing, energy intake, calculation of protein needs (using actual, 

pre-illness or ideal body weight), case mix, and concomitant treatment.

Timing of nutritional protein

As with energy, the timing of protein provision appears to be relevant. Controversy ex-

ists about the benefit of early high protein. Observational studies and post-hoc analysis 

have shown diverging results. Weijs et al., evaluated the impact of early (day 4) energy 

and protein provision on mortality in mechanically ventilated critically ill patients. In 

non-septic non-overfed patients, a protein intake equal to or higher than 1.2 g/kg/day 

was independently associated with a reduction in hospital mortality (32). Bendavid et 

al., also showed benefit of early high protein in a retrospective study, with more vs. 

less than 0.7 g/kg/day in the first 3 days was associated with improved survival (33). 

In contrast, in a post-hoc analysis of the EPANIC-trial the authors showed that early 
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protein intake was associated with delayed recovery. The inhibition of autophagy by 

protein in the acute phase of critical illness was postulated as explanation (34). In a 

retrospective database study on the timing of protein intake on outcome, Koekkoek et 

al., also found a time-dependent association of protein intake and 6-months mortality. 

Although an overall low protein intake was associated with the highest mortality risk, a 

high protein intake during the first 3 to 5 days of ICU stay was associated with increased 

mortality. The authors suggested a gradual increase in protein during the first week of 

critical illness (35).

Specific patient groups

Patients at nutritional risk

Patients who are at nutritional risk will theoretically benefit more from nutritional therapy 

and especially protein, than patients that have a good nutritional status. Identification 

of patients at risk is however difficult. Nutritional risk screening tools are not validated 

in the critically ill and conventional markers, such as BMI, do not necessarily reflect 

nutritional status. Most trials have used surrogate markers such as BMI and excluded 

patients that were classified as malnourished or the number included was too small for 

analysis. The assessment of body composition may be useful in identifying critically ill 

patients who are at nutritional risk and have limited physiologic reserve. BIA might be 

a clinically useful tool, not only by using PA (chapter 5) but also by identification of 

patients with low muscle area on CT-scan (chapter 6). The hypothesis that patients 

with low muscle mass may benefit more from protein intake was recently supported 

by Looijaard et al. In a retrospective database study the authors found that early high 

protein intake was associated with lower mortality in critically ill patients with low skel-

etal muscle area and -density, but not in patients with normal skeletal muscle area on 

admission (36).

Patients with sepsis

A benefit of early (day 4) high protein was not found in the septic patients of in the 

cohort of Weijs et al. A possible explanation is the inhibition of autophagy by protein in 

the early phase of critical illness. Of note, In the before mentioned EAT-ICU study, the 

largest subgroup had sepsis, which may be another confounder that may explain a lack 

of benefit found in this study.

Patients with renal dysfunction

A post-hoc analysis of an RCT that compared the effect of high intravenous amino 

acid supplementation versus standard care on renal function found a survival benefit 

in patients with normal renal function. In patients with renal dysfunction there was 

no benefit or harm (37, 38). Of note, patients on RRT were not studied. For patients 
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receiving continuous renal replacement therapy (CRRT), official guidelines vary in their 

recommendation. The American guideline for the provision and assessment of nutrition 

support therapy in the adult critically ill patient recommends a high protein intake up 

to a maximum of 2.5 g/kg/d for critically ill patients receiving CRRT (39). This rec-

ommendation is based on reported amino acid losses during CRRT (chapter 8) and 

on studies investigating the relation between protein intake and nitrogen balance and 

amino acid profile. In an RCT, Scheinkestel et al., found that a protein intake as high as 

2.5 g/kg/day appeared to optimize nitrogen balance and correct amino acid deficiencies 

in patients receiving CVVH (40). Also, an observational study by Bellomo et al. found 

a near neutral nitrogen balance with parenteral nutrition containing 2.5 g amino acids/

kg/day in patients receiving continuous venovenous hemodiafiltration (41). However, a 

neutral nitrogen balance is a surrogate endpoint and does not necessarily reflect better 

outcome. High-quality evidence supporting this recommendation is lacking. Whether a 

higher protein or amino acid intake in patients receiving CVVH actually leads to improved 

patient outcome, remains to be shown.

future perspectives

Assessment of energy expenditure

Metabolic monitoring is crucial for further understanding of the consequences of nutrition 

on patient outcome and any future study on timing and dose of nutrition should include 

assessment of EE, because dosing of nutrition based on equations as done in most of the 

recent large randomized trials is notoriously unreliable. Despite the availability of a new 

indirect calorimeter, the Q-NRG, many ICUs will not have indirect calorimetry available. 

Future research could focus on improving accuracy of the VCO2 measurement by the 

ventilator and thus the accuracy of VCO2-derived EE. This will allow for better estimation 

of EE and more individualized nutrition. Furthermore, VCO2-derived EE allows for con-

tinuous assessment of EE, which may be important in critically ill patients with variation 

of EE over time. Continuous assessment after the acute phase of critical illness, may 

aid in further optimization of energy nutrition. Whether, continuous assessment actually 

leads to differences in energy intake and improves outcome remains to be shown.

Assessment of body composition

The assessment of body composition and especially muscle mass is currently of great 

interest. Limitation of both BIA and CT is that muscle mass is assessed indirectly and 

that the equations used are not validated in the critically ill. Validation towards reference 

methods is extremely challenging in the critically ill population.

Regarding BIA-derived phase angle, future research should validate the use of phase 

angle for risk assessment in critically ill patients and could focus on studying the con-

founding effect of hydration on phase angle measurement. In addition, the relation 
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between phase angle and skeletal muscle density, as a marker of cellular quality and 

health, needs further exploration. The question remains if BIA-derived phase angle 

and BIA and CT-derived muscle mass can serve as true biomarkers in the critically ill 

populations and whether identification of patients with low phase angle and or muscle 

mass and subsequent targeted interventions ultimately leads to altered outcome. In-

terestingly, in the non-critically ill, both nutrition and exercise were able to influence 

BIA-derived phase angle, with improvement after protein and energy rich nutritional 

supplements and after physical training (42, 43). Whether nutrition and exercise, can 

also influence these biomarkers in the critically ill, and leads to better outcome is a very 

interesting question and needs further exploration.

The role of nutritional protein

Ideally, future clinical trials on nutritional protein should account for important con-

founders. They should include patients at high nutritional risk that will likely benefit 

more from nutritional interventions. BIA and CT may aid in identifying these patients at 

risk. Concomitant early energy overfeeding should be avoided. And the higher protein 

intake should be accompanied with protocolized exercise.

Exercise and post-ICU care

The combination of protein intake and exercise may be necessary to overcome anabolic 

resistance in the critically ill and should be evaluated in future research. A trial on 

this topic was considered as having the highest priority for new research in the field 

of nutritional management of critically ill patients by a panel of experts in critical care 

nutrition (44).

We should also aim to optimize nutrition after ICU-discharge. Nutritional intake is 

often inadequate in post-ICU patients and can therefore be potentially optimized. A 

nutritional intervention in the ICU alone may simply be too short to have an impact on 

long-term outcome.

final conclusions

Nutrition in critically ill patients is complex. Despite a multitude of studies, the optimal 

amount and timing of both energy and protein delivery are not yet elucidated. What is 

clear is that early overfeeding should be avoided and that nutritional protein is impor-

tant. One size does not fit all and the definition of optimal nutrition varies in the different 

stages of critical illness and in different patient groups. Therefore a more individualized 

and tailor-made approach is essential. Accurate assessment of EE can aid to guide 

nutrition and is crucial for further understanding of the consequences of nutrition on 

patient outcome in future trials. Assessment of body composition by BIA may identify 

patients at risk who may benefit most from nutrition. BIA may also provide biomarkers 
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to monitor the effects of nutrition and exercise. New randomized controlled trials that 

account for important confounders are necessary for further optimization of nutrition in 

the critically ill. 
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AA  amino acids

APACHE  acute physiology and chronic health evaluation

AUC  area under the curve

BIA  bioelectrical impedance analysis

BIVA  bioelectrical impedance vector analysis

BMI  body mass index

CI  confidence interval

CPAP  continuous positive airway pressure

CT  computed tomography

CVVH  continuous venovenous hemofiltration

EE  energy expenditure

EE-VCO2  carbon-dioxide production derived energy expenditure

ESPEN  European society of parenteral and enteral nutrition

FFA  free fatty acids

FFM  fat free mass

FiO2  fraction of inspired oxygen

HB15  Harris-Benedict equation with 15% added

HR  hazard ratio

ICU  intensive care unit

IQR  interquartile range

Kg  kilogram

L3  third lumbar vertebra

MAP  mean arterial pressure

MM  muscle mass

OR  odds ratio

PA  phase angle

PaO2  Partial pressure of arterial oxygen

PC  pressure controled

PDMS  patient data management system

PEEP  positive end-expiratory pressure

PN  parenteral nutrition

PS  pressure support

PSU  Penn state university 2003 equation

RCT  randomized controlled trial

REE  resting energy expenditure

ROC  receiver operator characteristics

RRT  renal replacement therapy
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RQ  respiratory quotient

Rz  resistance

SC  Sieving coefficient

SD  standard deviation

SGA  subjective global assessment

SMA  skeletal muscle area

SMD  skeletal muscle density

SOFA  sequential organ failure assessment

UF  ultrafiltration

VCO2  carbon dioxide production

VO2  oxygen consumption

Xc  Reactance
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