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Critical illness presents a great challenge in a patient’s life. Patients suffer from multiple 
organ failure and inflammation; are intubated, artificially fed, and immobile for long 
periods of time. Mortality rates are decreasing worldwide due to advances in bedside 
patient care and technology [1]. With 78.944 intensive care unit (ICU) admissions in 
The Netherlands in 2017, and 87.4% of these patients surviving hospital admission [2], 
a significant number of patients is faced with the challenge of recovering after critical 
illness. 
Functional disability, with great impact on quality of life, has been found in ICU survivors 
as long as five to eight years after ICU admission [3-5]. With a quarter of patients after 
acute respiratory distress syndrome not being able to return to work and a median 
6-minute walking test distance of only 76% of predicted, these patients suffer from 
severe limitations in their daily physical functioning. Many of these long-term effects 
can be attributed to muscle wasting. 

Muscle wasting
Muscle wasting during (critical) illness is the consequence of an adaptive process in 
which the body breaks down its largest protein reserve, muscle, to gain amino acids 
for gluconeogenesis, tissue repair, and the building of acute phase proteins. However, 
the stress on a body during critical illness is  so large that this process may turn from 
adaptive to maladaptive, and detrimental effects may arise from muscle breakdown. 
During critical illness, patients may lose as much as 18% of muscle in 10 days [6]. This 
weakens patients and recovery may be very slow, or even incomplete. Additionally, 
short-term effects of muscle wasting include a longer ICU length of stay and delayed 
weaning off the ventilator [7].
Therefore, decreasing muscle wasting in the ICU could improve both short-term and 
long-term outcome, and greatly help patients on the long road to recovery after critical 
illness. Since muscle comprises the body’s largest protein reserve, we hypothesize that 
we can influence muscle wasting through the use of protein nutrition. In this thesis we 
lay the foundation for future randomized studies to test this hypothesis. In part one we 
focus on measuring muscle quantity and quality and determine their association with 
clinical outcomes. In part two the focus shifts to nutrition and the association between 
protein- and energy intake and clinical outcomes, specifically in patients with low 
muscle mass and -quality.

Part one: Measuring muscle mass in the ICU
Reduced muscle mass is one of the key diagnostic criteria in the recent Global Leadership 
Initiative on Malnutrition (GLIM) criteria for the diagnosis of malnutrition, used to guide 
metabolic support [8]. Reliable, well tolerated, and quick methods to measure body 
composition, especially muscle mass, are needed. Equations to estimate muscle mass 
are not accurate and often overestimate muscle mass in critically ill patients due to an 
altered hydration status [9]. Gold-standard methods on the other hand, such as in vitro 
neutron activation analysis (IVNAA), whole-body magnetic resonance imaging (MRI), 
or dual energy X-ray absorptiometry (DEXA), are not feasible in critically ill patients. 
In recent years, the use of computed tomography (CT)scan analysis, musculoskeletal 
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ultrasound, and bioelectrical impedance analysis (BIA) in the ICU has increased. However, 
knowledge about the different methods and insight into their strengths and limitations 
is essential to be able to accurately interpret study results and determine which method 
is most suitable in a given situation. Therefore, in chapter two we present a review of 
current literature and discussion of advantages and limitations of the different methods 
to monitor muscle mass in critical illness.   
In this thesis both CT-scan analysis and BIA have been used to measure muscle mass. 
CT-scanners use an X-ray generator with an opposite X-ray detector which rotates 
around a patient to produce cross-sectional images (slices) of the scanned area. As the 
X-rays pass through the body, denser tissues such as bone attenuate (absorb or scatter) 
X-rays more than less dense tissues and this difference in attenuation is used to generate 
two-dimensional radiographs (comparable to conventional X-ray images). These images 
generated from different angles are then digitally processed to produce cross-sectional 
images of the entire scanned area. The pixels in these images are assigned a value on 
the Hounsfield Unit scale based on the attenuation of the tissue. On the Hounsfield Unit 
scale water has an attenuation of 0 Hounsfield Units (HU), air is -1000 HU and bone is 
typically above +1000 HU. 
To measure muscle mass using CT-scan analysis we have analysed CT-scans made 
in routine care and special software (SliceOmatic, TomoVision, Magog, QC, Canada), 
capable of setting boundaries in HU (thresholding) which define the density of tissues to 
be included in the analysis and excludes more- and less dense tissues. Software output 
includes both the surface area of the analysed tissues in cm2 and the mean density of 
the tissues expressed in HU. Muscle surface area on a single slice image at the level 
of the third lumbar vertebra (L3) has been shown to be very well correlated to whole-
body muscle mass [10-12]. Additionally, mean skeletal muscle density can be used as a 
marker of muscle ‘quality’ as opposed to ‘quantity’, since a lower muscle density reflects 
more fatty infiltration of muscle or myosteatosis, and could possibly also reflect muscle 
necrosis [13, 14]. Abdominal CT-scans have been used to assess muscle mass in many 
different patient populations, mainly oncological patients in whom CT-scans are often 
part of routine follow-up [15-20]. In critically ill patients CT-scans are often made in the 
diagnostic process around ICU admission. This provides an unique opportunity to assess 
muscle mass, without further burden or risks for patients.
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Figure 1. Example of thresholding for muscle 

tissue. The yellow area within the circle is 

identified as muscle tissue (HU between 

-29 and +150). Red areas have already been 

identified as muscle tissue 

Analysed using SliceOmatic®.
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BIA uses an alternating current which flows through a patient’s body between two pairs 
of electrodes which are attached to the hand and foot on the same side of the body. During 
BIA measurement, the body’s opposition (impedance, Z) to this current is measured. 
This opposition arises from resistance (R) and reactance (Xc). Some BIA devices are able 
to independently measure resistance and reactance and calculate impedance. Tissues 
rich in water and electrolytes such as muscle conduct electricity well and will cause 
low resistance, while fat tissue and bone do not and cause higher resistance. Reactance 
on the other hand is a measure of the delay in conduction of the current caused by cell 
membranes which can ‘hold’ the current for a short period of time. Together, resistance 
and reactance can be used to calculate the phase angle, a measure of both the amount 
and integrity of cell membranes. In addition to these directly-measured values which are 
independent of and assumptions, equations can be used to give an estimation of muscle 
mass.
Body composition has been found to be an important prognostic factor in many different 
diseases. In critical illness however, body composition remains challenging to determine. 
A simple measurement is the body mass index (BMI). A number of meta-analyses has 
been published on the so-called obesity-paradox, the observation of a lower hospital 
mortality in critically ill patients with a BMI in the overweight (25 to 30) and obese 
(30 to 40) range [21, 22]. However, BMI cannot discriminate between different tissues 
compartments and high BMI is not only associated with an increased fat mass, but 
also with an increased muscle mass. At the same time, a normal BMI is not exclusively 
based on a normal fat mass, but may be the result of a high fat mass with a relatively low 
muscle mass or vice versa. Normal muscle mass, and thus an adequate protein reserve at 
admission to the ICU, before critical illness-related muscle wasting starts, may be crucial 
to recovery and survival. We hypothesized that patients admitted to the ICU with low 
muscle mass had a higher mortality, independent of BMI. Therefore, in chapter three 
we present a retrospective observational study to determine the association between 
L3 skeletal muscle area as assessed from abdominal CT-scans at ICU admission 
and hospital mortality, corrected for severity of disease, sex, and BMI, in a cohort of 
mechanically ventilated critically ill patients.
Not only the quantity, but also the quality of muscle seems important [23]. Fatty 
infiltration of muscles, or myosteatosis, has been identified as a possible cause of loss 
of muscle quality [23]. Myosteatosis can be measured on CT-scan by skeletal muscle 
density (SMD) when present within muscle fibres [24], or by directly measuring the 
amount of adipose tissue between muscles (intermuscular adipose tissue or IMAT). 
Because myosteatosis has been associated with increased (systemic) inflammation [25] 
and poor clinical outcomes in non-ICU populations [19, 26], we hypothesized that low 
muscle quality at ICU admission is associated with poor outcome, independent of muscle 
quantity and severity of illness. Therefore, chapter four is a retrospective observational 
study in which we expanded upon the cohort from chapter two and investigated whether 
low skeletal muscle quality, as assessed by low SMD or high IMAT on abdominal CT-
scans, were associated with 6-month mortality, corrected for severity of disease, BMI, 
and skeletal muscle area.
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In chapters two and three we used CT-scan analysis to measure muscle quantity and 
quality at ICU admission using CT-scans obtained in routine care. However, using CT-
scans for routine muscle measurements at ICU admission or follow-up in critically ill 
patients is not feasible due to radiation exposure, costs, risks associated with patient 
transport, and time consumption. BIA on the other hand is an easy, non-invasive, portable 
method to assess body composition. Muscle mass can be measured using BIA by the use 
of equations that combine electrical and anthropometric data. However, confounding 
effects of an unreliable body weight and altered hydration status have led to cautious 
use of these equations in critically ill patients. To investigate whether BIA can be used as 
an alternative for CT-scans to identify patients with low muscle mass, in chapter five we 
present a prospective observational study in critically ill patients in whom an abdominal 
CT-scan was made and performed a BIA measurement within 72 hours of the CT-scan. 
Our aim was to determine whether BIA and CT identify the same patients with low 
muscle mass and to determine the relation between raw BIA- and CT measurements.

Part two: Nutrition in the ICU
Nutrition in the ICU remains a topic of much debate, especially nutrition during the acute 
phase of critical illness. This phase can be divided into an early phase characterized 
by hemodynamic- and metabolic instability, and a late phase characterized by 
hemodynamic- and metabolic stabilization. Throughout the acute phase the body is 
in a catabolic state, it uses its own reserves for endogenous energy production, tissue 
repair, and the building of acute phase proteins, resulting in profound muscle wasting. 
After this acute phase, which is typically the first week of ICU admission, the body enters 
either a rehabilitation phase in which anabolism or the rebuilding of the body’s reserves 
(i.e. muscles) begins, or a chronic phase with prolonged catabolism, inflammation, and 
hospitalization.
Controversial topics include the timing of initiation of nutrition, the amount of energy 
and protein to be provided, the rate of increasing the amount of nutrition up to target, 
and whether feeding should be continuous or intermittent. Much research has focused 
on energy intake and route of administration, while the interest in protein has only 
been sparked in recent years. Since many studies used nutrition with a fixed energy-
to-protein ratio, they may have been confounded by opposing effects of increasing 
energy- and protein intake. Additionally, many studies used nutritional targets set by 
predictive equations and not by gold-standard indirect calorimetry. Predictive equations 
perform poorly in the critically ill and may over- or underestimate energy expenditure 
(EE) by as much as 60% [27]. Therefore, these studies may also have been confounded by 
unintentional overfeeding , which may be harmful. 
Recent ESPEN guidelines [28], often based on clinical experience from the guideline 
development group, advice to consider medical nutrition for all patients staying in the 
ICU for more than 48 hours and to assess malnutrition at ICU admission (including the 
measurement of muscle mass). Furthermore to start nutrition early, preferably using 
an oral diet, if not possible using continuous enteral nutrition, and to use parenteral 
nutrition if this is not tolerated after the first week. When indirect calorimetry is available 
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to administer hypocaloric nutrition (<70% of EE) during the first two days and to increase 
this to 80-100% of EE after day three, or when predictive equations are used not to exceed 
70% of EE to prevent overfeeding. Regarding protein, however, the guidelines are less 
detailed and only advice to progressively deliver 1.3g/kg of protein equivalents per day.
On the long way to determine an optimal nutritional strategy we focused the second part 
of this thesis on protein nutrition. In our ICU we have used a nutritional algorithm which 
determines the best nutritional formula and feeding rate from a range of formulae with 
different protein-to-energy ratios since 2004 [29]. Because we used different nutritional 
formulae with different protein-to-energy ratios, we were able to independently study 
the effect of protein and energy. Additionally, we mainly used measured EE, either by 
indirect calorimetry or by ventilator-derived VCO

2
 (carbon dioxide production [30]) 

instead of predictive equations. Using the nutritional algorithm, we see that regarding 
nutrition, one size does not fit all. Therefore, in the second part of this thesis, we looked at 
individual patients’ protein needs in an effort to take the first steps towards personalized 
nutrition.
While several observational studies have shown that higher protein intake is associated 
with lower mortality [31-34], conflicting results have also been published. In a post-hoc 
analysis of the EPaNIC trial, the cumulative amount of protein/amino acids on day 
3, but no more on day 5, was associated with delayed recovery [35], and in a study on 
muscle wasting including 50% patients with sepsis, more pronounced muscle wasting 
in the case of higher protein intake was found, although this was not the main focus of 
the study and information about nutrition is lacking [6]. A proposed mechanism of the 
observed negative effect of protein is that early protein-feeding inhibits autophagy, the 
body’s house-keeping service used for clearing cell debris and also active in bacterial 
killing [36]. Indeed, in post-mortem muscle biopsies, impaired autophagy correlated 
with the amount of infused amino acids [37]. Therefore, we hypothesized that while a 
protein intake of >1.2 g/kg is beneficial, this could be harmful in patients with sepsis, 
possibly because of inhibition of autophagy, which has a crucial role in microbial 
clearance. Additionally, we hypothesized that the negative effect of energy-overfeeding 
might obscure the positive effect of high protein intake. Therefore, chapter six is a post-
hoc analysis of a prospective observational study in critically ill patients with energy 
expenditure measured by indirect calorimetry to determine the association between 
protein- and energy-intake and hospital mortality, accounting for overfeeding and sepsis.
Achieving protein targets may be challenging, especially in the early phase of critical 
illness. Patients may suffer from hemodynamic instability, delayed gastric emptying, 
or gastrointestinal dysfunction. Therefore, large amounts of enteral nutrition are often 
not tolerated. Additionally, trying to achieve protein targets with nutritional formulae 
with traditional protein-to-energy ratios of 40-63 g protein/1000 kcal can easily cause 
energy overfeeding. Therefore, nutritional formulae with higher protein-to-energy ratios 
are required. In addition to the amount of protein, the type of protein may matter. Of all 
protein sources, whey protein has the largest concentration of leucine. The amino acid 
leucine has a central role in stimulating muscle protein synthesis trough activation of 
the mTOR pathway [38, 39]. Chapter seven is a prospective observational pilot study 
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evaluating the achievement of protein targets without energy overfeeding using a high 
protein-to-energy ratio (82 g/1000 kcal) enteral formula containing hydrolysed whey 
protein in critically ill patients.
In line with a general trend towards personalized medicine, several studies have focused 
on identifying those patients who may specifically benefit from high protein intake. 
For example, a high protein intake was associated with improved outcome in patients 
diagnosed with malnutrition by a dietician, admitted with a high nutrition risk in the 
critically ill (NUTRIC) score, or those with a normal kidney function, while this benefit 
was not shown in those without malnutrition, with a low NUTRIC score, or decreased 
kidney function [40-42]. Since muscle comprises the body’s largest protein reserve, 
patients admitted with low muscle mass or -quality may also benefit from higher 
protein intake. This might provide the body with amino acids needed during critical 
illness that muscles cannot provide, or prevent a further decrease of muscle mass and 
-quality. We hypothesized that patients admitted to the ICU with low skeletal muscle 
mass and -quality may benefit from early high protein intake. To provide the foundation 
for a future randomized study to test this hypothesis, in chapter eight we present a 
retrospective observational study in critically ill patients to determine the association 
between protein intake and mortality and other clinical outcomes in patients admitted 
with low- versus normal skeletal muscle area and -density on abdominal computed 
tomography (CT) scans.

Aim and outline of thesis
The general aim of this thesis is to identify critically ill patients with a high mortality risk 
due to low muscle mass and -quality and to determine the association between energy 
and protein intake and clinical outcomes in these patients, taking the first steps on the 
road to personalized nutrition.
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